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EFFECT OF COMBUSTOR INLET GEOMETRY ON ACOUSTIC SIGNATURE AND FLOW
FIELD BEHAVIOUR OF THE LOW SWIRL INJECTOR

Peter L. Therkelsen, David Littlejohn, and
Robert K. Cheng
Lawrence Berkeley National Laboratory
Berkeley, California, USA

ABSTRACT

Low Swirl Injector (LSI) technology is a lean premd
combustion method that is being developed for figsible gas
turbines. The objective of this study is to chagdee the fuel
effects and influences of combustor geometry on ltB¢'s
overall acoustic signatures and flowfields. The ezkpents
consist of 24 flames at atmospheric condition viithk flows
ranging between 10 and 18 m/s. The flames burp @Hp =
0.6 & 0.7) and a blend of 90%,H 10% CH by volume (at) =
0.35 & 0.4). Two combustor configurations are ussmhsisting
of a cylindrical chamber with and without a divemgguarl at

the dump plane. The data consist of pressure spectr

distributions at five positions within the systenmda 2D
flowfield information measured by Particle
Velocimetry (PIV). The results show that acousticithations

increase with Y and ¢. However, the levels in the 90%,H
flames are significantly higher than in the Ctmes. For both
fuels, the use of the quarl reduces the fluctuagiressures in
the combustion chamber by up to a factor of 7. Phéresults

suggest this to be a consequence of the quarliatesir the

formation of large vortices in the outer shear tayA

Generalized Instability Model (GIM) was appliedaoalyze the
acoustic response of baseline flames for eacheofwio fuels.

The measured frequencies and the stability treodthése two
cases are predicted and the triggered acoustic rsbdpes
identified  [Keywords: DLN, flame instabilities, awgstic

model]

INTRODUCTION

To satisfy increasingly strict emissions regulasiomodern
gas turbine engines primarily operate by burningarLe
Premixed (LP) natural gas. However, all LP turbinenbustors

experience undesirable dynamics under some consitio

Compared to diffusion flame burners, LP combustgrasnics

Imaging

J. Enrique Portillo and Scott M. Martin
Siemens Energy, Inc.
Orlando, Florida, USA

are more complex due to unstable heat release vdnedtes
flow field instabilities and pressure oscillatiqis.

Unsteady heat release in LP flames is caused by
mechanisms: fuel/air ratio oscillations and vors&edding [2].
Fuel/air ratio oscillations are generated by adouscillations
in the premixing section, causing fluctuations iocdl
mixedness of the fuel/air mixture. Combustion ibgites
caused by fuel/air ratio oscillation most often wcoear the
lean blow out limit for a fuel, where small changesfuel
concentration can result in local pockets of norwostible
mixture. Conversely, vortex shedding is generatgdflow
separation primarily due to rapidly expanding costbu
geometries, such as step changes in flow boundaheaump
plane of the injector into the combustion cham@ére large
vortex structures are characterized by intenseutenigce and
shear stresses that distort the LP flame fronts altet heat
release rate. Removal of large-scale vortices addation of
flow separation, by modifying combustor geometrthwihe

two

addition of a quarl, has been shown to reduce press

oscillations [3].

Specific design requirements of the LP combustimtesns
can limit the number of available options to cohtmmbustion
dynamics. Unlike diffusion flame based combustbFssystems
operate at lower peak combustion temperatures andhad
require large amounts of secondary air. Consequehtire are
far fewer secondary air holes in the LP combustarlto serve
as acoustic dampers. Thus, the unsteady heat eedédke LP
flame, coupled with a lack of dampers in the cortdous
chamber, can turn the combustor into a resonatiagnber [4].
In turn, the resonance can propel acoustic wavek tmfuel
injection sites leading to further fuel/air ratilmdtuations and
flame instabilities. This feedback results in slétained, large
amplitude, low frequency pressure oscillations [H].the
magnitude of the pressure oscillations is suffidyerhigh,
harmful effects can arise. These effects can imcludon
uniform exhaust gas thermal distribution, poor castion



efficiency, thermal NQ growth, and wall stress which can lead
to premature hardware fatigue and failure [1].

While most LP gas turbines operate with natural fgas
interest in hydrogen-based syngas fuel derived fasification
of coal and biomass has grown in recent years.i&tughow
that a stable flame can become unstable (and \acgay with
the addition of hydrogen in the fuel stream [6,THje cause of
flame transition to a stable or unstable conditidne to
hydrogen fuel addition is linked to the changetie turbulent
flame speed. As hydrogen concentration is incredsea LP
flame, its turbulent flame speed also increases,tduhe high
reactivity of hydrogen. This turbulent flame speeldange
results in an increase in the bulk heat releageaat! a shift in
the axial location of the flame. If the location leéat release
comes into phase with the combustor acoustic moldege
acoustic oscillations will develop [2].

OBJECTIVE AND BACKGROUND

The goal of this study is to gain some preliminasights
into the oscillation characteristics of the flamengrated by the
Low Swirl Injector (LSI). The LSI is a promising we
technology for fuel-flexible LP gas turbines. Itesptes on a
principle that is fundamentally different than thosf other LP
gas turbine injection systems. Traditional LP gagedtion
systems rely either upon bluff body or aerodynamic
recirculation zone to stabilize the flame. In castr the LSI
operates on a non-recirculating flame stabilizattoncept that
exploits the propagating nature of lean premixetbulent
flames. Originally developed for laboratory fundanta studies
[8-12], the LSI has been successful adapted tmgeraf ultra-
low emission combustion applications. These apfitina
include industrial heaters and natural gas fueledliom size
gas turbines, achieving N@mission levels less than 5 ppm @
15 % Q [13, 14]. In addition to the development for natugas
applications, the LSI has also been evaluated fuighs of a
wide range of Wobbe indices to demonstrate its-fleglble
capability [15, 16].

Although acoustic measurements of the LS| weretadcatn
during the gas turbine tests or the laboratory Ipigtssure
experiments, its combustion dynamics charactesistiovards
lean blow off were found to be different than tho$e¢he other
LP combustors. Other than anecdotal evidence, aheustion
oscillation characteristics of the LSI remain ldygenexplored.
In a study of the effect of acoustic forcing at ives
frequencies on flame heat release behavior of dl 213 cm
diameter LSI, Kang et. al. [17] reported that theagoustic
coupling of the flame with the acoustic forcing waminly
evident in the outer shear layer. In laboratorydistsi at
atmospheric and high pressure conditions, with bo#thane
and hydrogen based fuels, the outer shear layenefb at the
combustor entrance dump plane, is shown to infleciteme
stability, as well as the stabilization mechanidithe hydrogen
flames [16]. These laboratory results show that s is
affected by the outer shear layer, and changing itthet

geometry of the combustor can be a convenient #edtiee
means to address some of the LSI flame oscillation
characteristics.

In this study the effects of combustor entrancenggoy on
flame acoustics are analyzed to gain some insighthe
oscillation characteristics of the LSI system. Tammbustor
geometries are considered. The first is a combugiibra 90
sudden expansion entry from the injector at the mlysiane.
The second has a divergent quarl of B@lf-angle at the entry
to reduce corner vortex formation. The experimantdude
flames at atmospheric conditions burning ,Chihd a fuel
mixture of 90% H - 10% CH at different equivalence ratios
and bulk flow velocities. The diagnostics consistpoessure
transducers, to characterize fluctuating presspectsa, and
Particle Image Velocimetry (PIV), to measure thebalent
flowfields. Additionally, a General Instability Medl (GIM) has
been developed and used to predict dominant acousti
frequencies generated by the LSI burner, as wet asnduct a
first order stability analysis on the system. Simee current
goal is to assess the validity of the GIM model gath some
insights for further development for future useaapredictive
tool, a simplified combustor configuration withcatrestriction
at the exit is chosen. Our next step is to develdyeat release
model for the LSI flame in a combustor with existréction
with and without a quarl at the entrance. When hipes, the
GIM can help explain changes in acoustic levelsnidifferent
fuels, flow conditions, and combustor geometriesdusith the
LSI burner. Additionally, the model will show whaperating
conditions and combustor geometries are less stisleefo self
excited LSI flame oscillations.

NOMENCLATURE
D LSI Diameter
GIM General Instability Model
LP Lean Premixed
LSI Low Swirl Injector

P1 - P5 Pressure Transducers

PIV Particle Image Velocimetry

Q Heat Release Rate

Uo Bulk Flow Velocity

[0} Equivalence Ratio

r Radial Distance

St Struhal number

Tag Adiabatic Flame Temperature
X Axial Distance

EXPERIMENTAL SETUP

The heart of the LSI is a shallow angle vane swirle
surrounding an open center-channel that allows dbeter
portion of reactants to remain un-swirled [9]. Toan-swirling
center flow inhibits vortex breakdown and promotibmsw
divergence, a key aerodynamic feature for the L&mé
stabilization method. The center channel is pdytiblocked
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Figure 1 Schematic and photo of the LSI

with a screen to achieve the desired flow splitveen the
center and outer swirling section. The LSI burnevdpces a
lifted flame that stabilizes downstream of the @tge exit plane
(Figure 1). The distance between the injector pi¢ihe and the
flame is dependent upon the turbulent displacefiteemie speed
of the fuel/air mixture and the divergence ratehaf flow field

generated by the LSI. The flame stabilizes at thiatpwvhere
the local displacement turbulent flame speed matthe local
injector exit flow velocity.

The LSI used in this study is configured for NETLS
SimVal high pressure experimental facility [16]. Ke
dimensions of this LS| are: Li = 6.8 cm, Lc = 21A,d.s = 2.8
cm, Ri = 2.8 cm, and Rc = 1.9 cm. The injector aorg 16
aerodynamically shaped thickened blades with détharge
angle. The center screen contains 37, 3.66 mm dtkarheles
arranged in a three concentric circle pattern sumdong a
center hole. At SimVal, the center hole is reserfeedilot fuel
injection that is needed for ignition only. Thenefp it was
blocked for our experiments to simulate the LP mrhtion in
SimVal. This center screen permits approximatel938f the
reactants to pass through the un-swirled centdiopomvith the
remainder passing through the swirl vane annulbgs ISI has
been developed specifically for experimental stsid@éesupport
CFD validation. It has been optimized for fuel-flde
operation and can burn methane and pure hydrog#routi
requiring hardware change. Its design has beeedtdalfit the
sizes of other test facilities. The CAD model df thjector has
been shared with many CFD developers.

In order to measure the acoustic signature of t8g &n
experimental test stand was constructed to faiglifressure
and PIV measurements. The schematic of the expetangow
system is shown in Figure 2. A venturi mixing tubr@mixes
fuel and air before being fed into a cylindricattieg chamber.
The LSI assembly is mounted on top of the settthgmber
and contains a 5.6 cm diameter swirler. Mountethatexit of
the LSI, and on top of the combustor dump planeais
cylindrical chamber with dimensions identical t@ ttombustor
in NETL's SimVal high-pressure test rig [16]. Theaenber is
18 cm in diameter and 32 cm tall, creating a 3dufnp plane

to injector diameter ratio. For PIV measurementguartz tube
is used as the combustion chamber. For acoustisureraents
a stainless steel tube of the same dimensionstwilpressure
taps is used. The SimVal facility has an exit piaith an orifice
opening of 9.0 cm. As discussed above, it was setl dor this
study to facilitate the acoustics analysis. To rfyothie dump
plane geometry, a detachable quarl of 3.8 cm tali @80° half

angle is used. This short quarl doe not completblscure the
flame to allow PIV interrogations of the flame’sitmg edge
for gaining some insight on the quarl’s effectsta flowfield.

As shown by the images of Fig. 2, the leading eafgbe flame
resides inside the quarl. However, the flame pmsitind the
overall flame shape are relatively unaffected by tise of the
quarl.

The experimental setup of Figure 2 is an atmospheri
system supplied by a fan-blower. It supplies aiween 0.16
and 1.05 kg/s, corresponding to LSI exit bulk fleelocities,
Uo, from 3 to 20 m/s. Fuel flows are supplied throegimputer
controlled mass flow controllers upstream of theing tube.
Therefore, the reactants are assumed to be wedidrixd the
observed oscillations cannot be caused by inlelfaiueratio
fluctuations.

Acoustic dynamics of the combustor system were oreds
by attaching five sensors to the locations, P1 —ifbcated in
Figure 2. The first three are located in the aletiine (P1),
premixer plenum (P2), and just upstream of thelswhlades
(P3). The two sensors mounted on the side armshef t
combustion chamber are located at 3.8 cm from t¢imebaistor
top (P5) and bottom (P4) respective or this dust
investigation of flame acoustics, wed—Jected tolizgti
economical and readily available pressure tranggude
acquire the acoustic signals - Freescale Semicémduc
MPX5010 differential pressure sensors with 10 kRferéntial
pressure range. The manufacturer specifies a lesgonse for
the transducer output to change from 10% to 90%heffinal
value in response to a step change in pressurele Vit

P5

combustion
chamber

settling chamber

Figure 2 Schematic of the flow system for PIV ambustic
measurements
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transducer’s response to high frequencies will thenaated, it
should be adequate for a comparative study of thmef
acoustics signatures with dominant frequenciebata350 Hz
as indicated by a preliminary microphone investaat
Additionally, comparison of the pressure transduaerd
microphone acoustics spectra showed that the Fakeesc
transducers have significant responses up to 3500 THis
suggests that the manufacturer’'s specificationoisservative.
The pressure sensor signals were recorded usingtianal
Instruments A/D board. Pressure data were sampledl ¢
recorded at 5000 Hz for 1.64 seconds from eacteffive
sensors located on the experiment (Figure 2). Eouri
transforms of the signals were obtained to identife
frequencies of oscillations that occurred at test@e@rating
conditions.

Axial location of heat release from the enclosedl flsBnes
was estimated with unfiltered flame luminesceno®ades were
recorded with a Xybion ICCD camera with a specimisitivity
range of approximately 300 to 800 nm (UV respoirsédd by
lens cutoff). The luminescence images were prodessebtain
a mean intensity profile along the flow axis toused as inputs
to the acoustic model. Measurements show the emisgiom
the 90% hydrogen flames were significantly closer the
injector outlet than those of the methane flaménds Theans an
upstream shift in the Hflame position that is consistent with
previous observations [16].

Details of the PIV system and data analysis arerites] in
[13]. The system is based around a New Wave SololdXer,
with double 120 mJ pulses at 532 nm and a KodakiRde
ES 4.0 digital camera with 2048 by 2048 pixel ragoh. The
optics are configured to capture a 13 cm by 13iefd bf view.

A cyclone particle seeder seeds the airflow withrosé 200,
synthetic amorphous silica particles, with nomisele of 12
nm. Data analysis was performed on 224 image fairsach
experiment, with software developed by Wernet [18ing 64
X 64 pixels cross-correlation interrogation regiomish 50%
overlap, a spatial resolution of approximately 2 mmendered.

EXPERIMENTAL RESULTS

The experiments were conducted with Gifid a 90% k-
10% CH, fuel blend by volume. The 90% hydrogen fuel isduse
instead of pure hydrogen because the 909%4udl produces
visible flames to allow for easy detection of bagin the outer
shear layer, which occurs at highOuter shear layer burning is
due to a combination of the higher turbulence isités in the
shear layer and the increase in the displacemamieflspeed of
H,. As discussed in Cheng et. al. [16] the hydrogeseld flame
eventually attaches to the rim of the LSI and foinie a M-
shaped flame when burning at typical gas turbiremd
temperatures of 1700K <,J< 1800 Ec the current LSI, the
attachment limit of the 90% H 10% <} flames was found to
be at$ > 0.4. Consequently, the experiments with the 3096
fuel had to be conducted below this limit to avdide

3.5

——P1 - Air Inlet

——P2 - Plenum |
3.0 ——P3 - Burner H

—— P4 - Combustor - Low ||
——P5 — Combustor - High||

25

2.0 ‘

Pressure (millibars)
w

Frequency (Hz)

Figure 3 Spectral plot for CHbaseline case from all sensors

complications introduced by the changes in flaroe/fl
interaction process associated with flame attachmen

The experiments were performed af £/ 10, 15, and 18
m/s with CH, at¢$ = 0.60 and 0.70, the 90%;, HL0% CH, fuel
at ¢= 0.35 and 0.40. As such, the Adiabatic Flame
Temperatures () of the methane flames (1669K @t= 0.6
and 1847K ath = 0.7) are higher than those of the 90%-H
10% CH, flames (1270K aty = 0.35 and 1384K ab = 0.4).
The combustor without the quarl, i.e. sudden expandump
plane at the entry is the baseline configuratiote Ttwo
baseline flames are GHit¢ = 0.7 and 90% b+ 10% CH, at ¢
= 0.4, both at Y= 18 m/s. Though the flame temperatures of
the two baseline cases are not matched, their \ashionheat
release rates are similar to give a valid basisttieracoustics

analy

Pri—<ure spectral distribution from the five semnsél —
P5, obtained for the Cpbaseline flame is seen in Figure 3. The
plot indicates that the five sensors report the eséiraquency
responses. The pressure spectral distributionsllofemsors
span across a large frequency range up to 2500 Iz figure
focuses on a small frequency range that displayguifisant
responses. Data from P4, located 3.8 cm above dtierb of
the combustion chamber, is exclusively presentedutihout
the rest of the paper. This sensor is of interasttd its location
near the flame.

Peak frequency and fluctuating pressure at P4hioetght
CH,; and 90% H — 10% CH flames at Y = 18 m/s are listed
respectively in Tables 1 and 2. The two baselingesaare
highlighted in bold face. From these Tables thect# of flow
and combustor geometry changes can be evaluatadingt
with the two baseline cases, they both excited shene
frequency of 320 Hz. The peak pressure magnitutide®0%
H, — 10% CH baseline flame is three times higher than thg CH
baseline flame, even though the CHhme releases 113 kW,
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Figure 4 Mean heat release rate profiles measurdtei two
baseline cases

compared to 74 kW released by the 90%+H. 0% CH flame.
The difference in the fluctuating pressure magmtisl most
likely associated with the different flame locasoand the heat
release distribution as seen in Figure 4. Due ® ftames
extending beyond the image area of the camerati§iedrheat
release values cannot be deduced for the basdimeed.
Instead, integrated luminosity values in the radlakction,
normalized to the peak value of the 90%-H10% CH flame
are plotted. Figure 4 shows the 90% H0% CH, flame is
more compact as indicated by the narrower peaksohéat
release rate profile. The flame brush is closah&combustor
entrance and releases the bulk of its energy aheehrate than
the methane flame. The heat release rate profieessed in the
GIM analysis and discussed below.

Table 1 Peak frequencies and fluctuating presdupd dor CH,
flames at =18 m/s

Peak Peak Normalized
Frequency | Fluctuating Peak

(Hz) Pressure | Fluctuating

(millibars) Pressure

¢ = 0.7 w/o Quarl 319 0.90 1.00

¢ =0.7 w/ Quarl 529 0.13 0.14
¢ = 0.6 w/o Quarl 293 0.14 0.15
¢ = 0.6 w/ Quarl 472 0.12 0.13

Table 2 Peak frequencies and fluctuating presdupd dor 90%
H,- 10% CH, flames at Y= 18 m/s

Peak Peak Normalized
Frequency | Fluctuating Peak
(Hz) Pressure | Fluctuating
(millibars) Pressure
¢ = 0.4 w/o Quarl 320 2.72 1.00

¢ = 0.4 w/ Quarl 500 0.39 0.14
¢ = 0.35 w/o Quarl 406 0.82 0.30
¢ = 0.35 w/ Quarl 408 0.11 0.04

As equivalence ratiand entrance geometry are varied,
both peak frequency and pressure fluctuation madeitshift.
Though the shifting trends are not the same forttvee fuels,
the addition of a 30quarl creates a consistent reduction in the
peak fluctuating pressure. For ¢Chit ¢ = 0.7, peak fluctuating
pressure is reduced to 14% of the baseline valuth, te
associated frequency increasing to 529 Hz. Intiewglgt the
quarl also reduced the peak fluctuating pressutheo®0% H
— 10% CH ¢ = 0.4 flame by the same relative amount, to about
14% of the corresponding baseline value. Its peaguency
also shifted to 500 Hz.

In general, lowering for both fuels, i.e. lowering the total
heat release, results in an overall reductions hi@a peak
fluctuating pressure. For GHwithout the quarl, changing
¢ from 0.7 to 0.6 lowers the peak fluctuating presgor15% of
the baseline value, even though the change in be@ release
is comparatively modest from 117 kW to 81 kW. Doethe
relatively low peak fluctuating pressure of the LCbi= 0.6
flame, the use of the quarl brings about a quaitiiié but very
small decrease. For the 90% H10% CH flames without the
quarl, loweringd from 0.4 to 0.35 reduces the peak fluctuating
pressure to 30% of the baseline value. It is alserésting to
note that the peak fluctuating pressure of the \B4 &= 0.35,
90% H, — 10% CH flame is about same as the baselire0.7
CH, flame which has more than two times the total helaase.
This observation supports the notion that the higbeal heat
release rate of hydrogen flames may account for High
fluctuating pressures. With the quarl, the peakctélating
pressure of theé = 0.35, 90% H—- 10% CH flame is reduced
to about 13% of valued measured in the correspgnfiame
without the quarl.

In Figure 5, the effects of flow velocity on acadost
signatures are shown by the contours plots of dhatatg
pressure on the frequency versug plane. Due to the large
range in the peak fluctuating pressures, the cositare plotted
with a nonlinear, 0-1 millibar, color scale to shdetails at the
lower pressure levels. This scale covers variationpressure
for all cases except for some points of the 9096-H0% CH
flames which exceed 1 millbar. Note that there &rang line
seen in every case at 480 Hz, which is an artitfcthe
experimental system. This is confirmed by measurihg
pressure spectra for cases with air only and withreactants
flowing into the LSI but without lighting the flame

In general, the fluctuating pressures of the 9096-H0%
CH, flames are higher than those of 100%,Gldmes. As
decreases, pressure levels across the whole fregigpectrum
also decrease due primarily to the reduction iraltdteat
release. However, the shifts in the peak frequanaiith
decreasing b are not consistent. This is clearly seen in the
cases with no quarl (left column). For the two raeth sets at
¢ =10.6 and 0.7 and also the set for 90%HL0% CH at¢ =



0.35, the peak pressure frequency decreases witkateng .
In contrast, the set for 90%,H 10% CH at¢ = 0.4 shows an
opposite trend with the peak pressure frequenagases with
Uo.

Comparing the contours on the left column of FigGre
(without quarl) to those on the right column (wdharl), it is
clear that the quarl is effective in reducing thealp fluctuating
pressure. During the experiments, the effectivenésse quarl
was readily observed as it lowered the audible dl@imise quite
significantly. However, the fluctuating pressureecfpa and
reduction in flame noise cannot fully explain hohanges in
fuel, flow, and combustor geometry alter the adoustsponse
of the system.

To gain further insights, PIV measurements were arad
investigate the effect of the quarl on the reactamgl non-

reacting flowfields. 2D velocity vectors for thedadine cases
with the contours of the Reynold stress plotted the
background are shown in Figure 6. The corresponding
fluctuating pressure spectra obtained at P4 arensho their

left with the location of P4 indicated on the vetpcvector
plots. Because the quarl obscured the combustoared, the
PIV field-of-view for these cases was moved 3.8 cm
downstream to capture the flow exiting the quarl.

PIV measurements made inside the quartz cylinder ar
corrupted by the reflection of the incident lasght from the
inner and outer surfaces. The defects are cleadn @s the
bright vertical stripes on the raw PIV image (Figuf). This
causes data dropout due to an increase in sigmadise ratio.

In the velocity vector plots, the laser reflectiamprints
generate vertical strips of high Reynolds stressesdata
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Figure 5 Contours of baseline cases and variedatipeal parameters



dropout at r/D =-0.5, -0.7, 0.7 and 1.

For the baseline cases without quarl shown in aperow of
Figure 6, the Reynolds stress contours clearlyir@itthe
formation of a shear layer at the rim of the L3awrtracing of
the velocity vectors outside of the shear layelires a circular
pattern to indicate the formation of a recirculatone at the
corner of the dump plane. Inspection of the raw Rhéges
(Figure 7) and also the instantaneous velocityarecshowed
that the shear layer is characterized by large restheolled up
vortex structures entraining combustion produapped in the
corner. These large structures, when convected stosam,
interact with the trailing edge of the LSI flameheTrmost likely
consequence of such interaction will be oscillatian heat
release rate that may explain the strong pressakspseen for
both fuels around 320 Hz. With the quarl, the veplots in the
bottom row of Figure 6 indicate that it guided fi@wv into a
slightly more divergent pattern than the baseliages. As seen
in Fig. 2, use of the quarl does not change theallvame
shape and its mean positions. Consequently, exiwepthe
formation of a weak central recirculation zonetlie farfield of

the CH, flame, the quarl does not alter the overall fl@ldi
features. The level of shear stresses at the &theoquarl is
comparatively lower than the baseline cases. Becties quarl
fills the void at the corner of the dump plane,gérortex
structures cannot be formed in the shear layerffeectathe
flame. The reduction in the fluctuating pressurapparent by
the lack of peaks at 320 Hz. Although there areemth
mechanisms that may have contributed to the LSindla
acoustics, the formation of the corner recircutattone seems
to be the leading cause of flame insta.

ACOUSTIC MODEL FOR BASELINE CASES

Results presented in this section are aimed anmttaa
preliminary assessment of the thermoacoustic behafi the
LSI flame. It should be emphasized that the anslgsesented
here are intended as a first step towards deveajom@n
fundamental understanding of this flame in this tipalar
system.
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Figure 6 Pressure spectral distributions and 2Dnmreéocity vectors obtained for the baseline cagdsand without quarl

The experimental system shown schematically in riéigl
is designed for atmospheric conditions and doesatiotv for
choked points to isolate the acoustics boundafiesrefore, an
acoustic system with open boundaries would be thst b
approximation to model its acoustic features. Opeandary
systems similar to the one being considered hewe heeen
modeled by a General Instability Model [19]. GIMhas the
eigenfrequencies via a linearized Euler solver [@0§l solves
for the temporal stability of the system by solviagwave
equation via the modified Galerkin method [21].

Figure 8 shows the schematic of acoustic modethiorl_SI
and the combustion chamber as an open straightcdusisting
of three zones. Zone 1, where P3 is located, istipply pipe
of the LSI that fits inside the plenum, and inclsidee swirler.
Zone 2 is the combustor entry and Zone 3 is thebesitor with
a non-restricted open exit where P4 and P5 araliedt For
this first preliminary study, GIM has been appliedthe two
baseline cases without quarl in ordergoify its validity for the

LSI system. Implementation of GIM to the other getrmes and
flow conditions are outside the scope of this paget are left
for future work. Table 3 presents the flow propestiat each
zone. Note that only zone 3 is different betweea ttwo

baseline cases due to the differences in theireflEmperature.

Table 3 Flow properties for acoustic model

units Zone
1 2 3(CH) | 3(H
Length m 0.45| 0.04 0.28 0.28
Diameter m 0.06 0.18 0.18 0.18
Temp. °K 290 290 1837 1382
Press. atm 1 1 1 1
sonic | e | 341 | 341| 826| 738
Velocity
Density | Kg/inf | 1.2 1.2 0.19 0.24
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Figure 8 Schematic of the acoustic model

Table 4 shows frequencies obtained for baselines aid
90% H — 10% CH flames with GIM’s linear Euler solver. As
can be seen, the predictions of the GIM first Itujnal (1L)
mode compare very well with experimental data fathb
flames. The small peak observed near ~500 Hz, as B®
Figure 6, corresponds to the 2L. However, the sigmangth is
too low to provide a single frequency with confiden A
computed 3L frequency of ~780 Hz, which differsnfrahe
small peaks observed ~650 Hz, suggests the ~650s Hz
harmonic of the 1L mode or that the plenum and paeig tube
may be participating at these higher frequencies.

The normalized acoustic pressure for the 1L andn@des
of the CH, baseline case are plotted in Figure 9 alongside th
normalized maxima of the measurements made atidonsaP3,
P4 and P5 for both CHand 90% H- 10% CH, cases. Not
shown here are the mode shapes for the 9% H% CH,
case; this is because the mode shape does nasigaificantly
between the two baseline cases. In this figureyxaal position
of zero corresponds to the entrance to the infed.pihe swirler
is located at 0.34 m from the entrance and the dplape at
0.45 m. No measurements are included for the 2Lenthee to
the small acoustic pressure amplitudes observedhese
frequencies (see Figure 6).

The 1L has a pressure anti-node very close todbetibn
of the swirler (P3 is located slightly upstreamtbé& swirler
entrance) while the 2L has a pressure node alattegion. Note
how the normalized measurements follow closelyttbad for
the 1L mode. Given the good match between measutsraad
calculations in both frequency and mode shaps, édoncluded
that the triggered mode in this system correspdadbe first
longitudinal acoustic mode of the open-open system.

Table 4 Measured and predicted acoustic frequeacids
Strouhal numbers for the baseline flames highligjlitebold
type in Tables 1 and 2

Measurementg GIM
Case mode Freq Freq.
(H2) St (H2) St
1L 319 13.6] 323 13.8
CH, 2L - - 483 20.7
3L - - 783 | 335
90% Hy . 1L 320 13.7] 320 13.7
10% CH, 2L - - 472 20.2
3L - - 779 | 333

Next, GIM was used to perform a stability analysighe
system. To represent the flame in the analysisstaltuted heat
addition nt model is used:

') /T =n-p'(1~7)/

and:

1
E——

o2z

5
A

Ll

g)=

(x-u} | ‘

where n represents the interaction index of theehad the

time lag between pressure and the heat addiﬁ_@'rs the heat

release rateA the cross sectional area,and p the normal
distribution’s mean and standard deviation [22].

This model assumes that the strength of the flame
oscillations is proportional to the measured, tisted heat
release rate, and that the perturbations are isephdth local
acoustic pressure fluctuations (by settirtg zero). It should be
noted that this modeadoes not represent a specific mechanism
per se; it only mimics the location and strengththaf forcing
that the flame unsteadiness provides to the system,
independently of the mechanism that caused theadistess.

To simplify the analysis, the heat release distiiou
measured from the luminescence images (see Figures 4
approximated by a Gaussian distribution and appt@dhe
model. Figure 10 shows the axial distribution fdwe ttwo
baseline cases implemented into GIM.

GIM stability analysis of the system for the first
longitudinal mode results in linear growth ratestasulated in
Table 5. In this model, positive values of growthtes
correspond to linearly unstable cases. The assampfi zero
time delay between the local acoustic pressurel fegld the
local heat release rate means that the flame rdspostantly to
local pressure perturbations. Although this assiompt
precludes other mechanisms that may have contdbtatehe
flame/acoustics coupling, this provides a starpfogt as a first
effort to understand the acoustic response of Ble &nd helps
to establish initial hypothesis that will directduoe tests and as
well as model development.
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Table 5 Calculated growth rates for baseline cases

Q. Growth

Case modd M ° ol Rate
m m MW/m3 | rad/sec

CH, 1L | 0.53| 0.024 74.1 2.71

90% H,

10% CH, 1L | 0.50| 0.015 77.1 3.02

For the 1L mode, these calculations show a largewtl
rate for the 90% K- 10% CH, case than for the CHlame.
This is in agreement with the measurements. PHisichree
effects are taking place as Hiel is added and the equivalence

ratio is lowered:

(1) The flame moves upstream due to the increased flame
speed. This increases the system instability sithee

flame sits closer to the pressure anti-node.

N
|

[y

Unsteady Heat Release (MW/m)
P
(6)]

o
o

Dump Plane————>

0 L n
03 04 05

Axial Position (m)
Figure 10 Distributed unsteady heat release ratddseline
cases. The dashed lines are taken from Figure 4.
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(2) The flame brush becomes thinner due to increased
reactivity of H. This increases the energy density of
the perturbations and thus, the instability level.

(3) The combustion energy decreases due to the lower
flame temperature. This decreases the energy amulit
therefore the strength of the oscillations.

A combined effect of the last two points is refegtin the
heat release per unit volume (seg @ Table 5). As it can be
seen, they are very close to each other, meanaigtith cases
are forced with the same relative energy despigggaificant
difference in the total energy. Additionally, sindke two
baseline cases have the same Strouhal number &xe 4),
changes in macroscopic convective processes ara fexttor
here. Therefore, in can be postulated that the 8% 10%
CH, case is more unstable than the,CHse mostly because the
flame is moved upstream, closer to the 1L presantienode.

Since the 2L mode is not triggered by the systeththr
unsteady heat release model selected here doewausl any
particular mechanism, a stability analysis for #hemode will
not represent any flow physics and is thereforepoogued.

Insight as to why the 2L mode is not triggered d¢en
gained by analyzing the perturbation velocity matiape as
shown in Figure 11. For clarity, this figure showasly the
envelope of the velocity fluctuations as a functafrthe axial
location. As it can be seen, a velocity node issené at the
dump plane for the 2L mode; this indicates thatoeity
perturbations near the corner recirculation zoeesaraller than
for the 1L case, for which velocity fluctuationgarot as small.
This supports the hypothesis that the corner relition zone
is one of the mechanisms responsible for LSI inifitials.

Finally, it is worthwhile to note that in order toodel the
instability mechanisms, models such as those inclwhhe
unsteady heat release is coupled to velocity orsrflagy rate
perturbations, with their corresponding time delaged to be
used. As mentioned previously, these studies atsdsuof the
scope of this paper and are therefore left asdutark.
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Normalized Acoustic Velocity

DISCUSSION

The velocity data and visual evidence shown onRhé
raw images indicate that the coherent vortex riigsd from the
dump plane are most likely responsible for trigggrthe self-
excited flame instability observed in the baseliceses. A
significant finding is of course the fact that theédition of the
quarl resulted in much more stable operation. Tikisnost
likely due to a decrease in the magnitude of treallgadial
velocity gradients in the shear region. Smalleosity gradients
indicate a less unstable system.

The pressure spectral distributions measured ssystem
also raised may questions such as:

1. What are the mechanisms that control the peak émcjas
and their shifting trends withdand¢ ?

2. What can be learned from the frequency shift reiggrthe
flame/chamber interactions?

3. How to utilize the observed pressure oscillatiankelp
address combustion dynamics problems?

Although the GIM is a lower order model for the

combustion oscillations, its application to the LSttem has
helped to identify the main cause of the self-edtiacoustic
instabilities. We plan to continue the developmeinthe GIM

model to consider the variation in the combustangetry such
as the quarl configuration and the restrictionha&t ¢tombustor
exit. Unsteady heat release models for the LS| al$lo be
developed. As to the experiments, the analysis idizates
that simple changes in the dimensions of the exparis can
bring about fresh insights on the acoustic propsrtif the LSI
flames. These include varying the positions of ribele points
by changing the length and diameter of the combansthamber
and also the length of the LSI feed pipe. Our apghois to
conduct a coordinated experimental and modelingrteffo

understand the mechanisms causing instabilitien@osed LSI

z Acoustic Velocity Mode Shape
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Figure 11 Computed first and second longitudindbeity

mode shape for the baseline (tase.
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flames and to develop combustor geometries thaimiza the
acoustic coupling with the LSI flame.

CONCLUSIONS

The fuel effects and influences of combustor geomen
flame acoustics have been studied and analyzedito spme
insight into the oscillation characteristics of ttfgl system. The
experimental LSI is developed to support CFD redeand is
capable of burning CHand H flames without requiring
hardware change. Two combustor geometries are demesi in
this study. The first is an open end cylindricahictber with a
90° sudden expansion entry and the second is the speme
ended combustor fitted with a divergent quarl of Balf-angle
at the entry. The experiments include flames atoapheric
conditions burning ClHand a fuel mixture of 90% H 10%
CH, at different equivalence ratios and bulk flow \Giies
form 10 to 18 m/s. The diagnostics consist of dyicgmmessure
transducers to characterize fluctuating pressurectsp and
Particle Image Velocimetry (PIV) to measure thebtilent
flowfields.

The pressure spectral distribution show that adimg
excites acoustics frequencies between 300 to 40Wvitzthe
highest pressure fluctuating intensities at 320cbizesponding
to the first longitudinal resonance frequency o #issembly
consisting of the LSI supply tube and the combuastibamber.
As expected, the acoustic oscillation level inceeaith U, and
¢ due to the increases in the bulk heat releases raftethe
flames. The fluctuating pressures measured in % #, -
10% CH,flames are significantly higher than in the Odéspite
the fact that the bulk heat release rates of thé 8D - 10%
CH, flames are lower. Comparison of the mean heatsele
profiles along the axis of the combustor show that90% H -
10% CH, flame has a higher local release rate due torawer
flame brush. The flame positions also shift clasethe dump
plane due to an increase in the turbulent flamedmpempared
to the CH flame.

For both fuels, the use of the quarl reduces tietifating
pressures in the combustion chamber by up to arfa€t7. The
PIV results show this to be a consequence of tharlqu
restricting the formation of large vortices in tbeter shear
layer. Without the quarl, the 2D velocity vectorstlime a
recirculation zone formed at the corner of the costtr dump
plane. From the raw PIV Mie scattering image, theas layer
is characterized by coherent vortex rings shedftomg the LSI
lip to trigger self-excited flame instabilities. Withe quarl, the
overall flowfield features are not significantlyterled except for
the fact that the shear stresses in the sheardagdowered.

A General Instability Model (GIM) has been applied
predict dominant acoustic frequencies generatetthéy S| and
to conduct a stability analysis on two baselinenia without
the quarl. The results show that GIM is able to etdbe self-
excited combustion instabilities and confirms thhe LSI
triggers the 1L mode of the system. The analysie aliggests
that the higher instabilities observed in the based0% H -



10% CH, is attributed to the flame moving upstream with
respect to the baseline ¢Hlame. The implication is that the
source of unsteady heat release has moved closeptessure
anti-node and therefore increases the system ilistab
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