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ABSTRACT

The low-swirl injector (LSI) is a lean premixed cbuostion
technology that has the potential for adaptatiofud-flexible
gas turbines operating on a variety of fuels. Thgdive of
this study is to gain a fundamental understandfngeeffect of
syngas on the LSI flame behavior, the emissions toed
flowfield characteristics for its adaptation to thembustion
turbines in IGCC clean coal power plants. The expents
were conducted in two facilities. Open laboratotanfes
generated by a full size (6.35 cm) LSI were usebht¥estigate
the lean-blow off limits, emissions, and the flosld
characteristics. Verification of syngas operatian etevated
temperatures and pressures were performed withdaced
scale (2.54 cm) LSl in a small pressurized combasthannel.
The results show that the basic LSI design is abiento
burning syngases with up to 60% Fbyngases with high H
concentration have lower lean blow-off limits. FroRIV
measurements, the flowfield similarity behavior arle
turbulent flame speeds of syngases flames are stensiwith
those observed in hydrocarbon and pure or dilutgdtdgen
flames. The NQemissions from syngas flames show log-linear
dependency on the adiabatic flame temperature amd a
comparable to those reported for the gaseous feglerted
previously. Successful firing of the reduced-sdab at 330 <
T < 446 F and 8 atm verified the operability of this copicat
gas turbine conditions.

INTRODUCTION

The objective of our research is to adapt the laivis
injector (LSI) concept to the combustion turbined-utureGen
power plant that burn syngases derived from gadifio of
coal. The low-swirl injector operates on a novej-kiw-NO,
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lean premixed combustion method that has been
commercialized for industrial heaters. For gas ihg® low-
swirl injectors have been developed for naturale@agines of 5

— 7 MW in partnership with Solar Turbines of Cafifa and

for microturbines of 100 kW in partnership with ibtt Energy
Systems of Florida [1, 2].

To verify the feasibility of the low-swirl combusti
concept for FutureGen combustion turbines, ouriptesv/study
reported atmospheric laboratory experiments thatosestrate
the LSI operating with kHand diluted H [3]. The velocity data
obtained from particle image velocimetry (PIV) stealithat the
overall flowfield features of the Hlames are not significantly
different than those of the hydrocarbon flames. Turbulent
flame speeds of the,Hlames correlate linearly with turbulence
intensity, u’. The value of the turbulent flame sgecorrelation
constant is about 50% higher than the constantrdated for
the hydrocarbon flames. Comparison of the mean ramsl
velocity profiles show that the nearfields of the flames
exhibit self-similarity features that are similarthose found in
hydrocarbon flames. Therefore, the LSI mechanisrmas
sensitive to the differences in the hydrocarbond Hp flame
properties. These results show that the LSI conisegtnenable
to burning of H.

This paper reports a study of LS| operation withgases.
The syngases derived from gasification of coal gaheconsist
of a blend of H and CO, CQ CH, and other diluents such as
N, and steam. The concentration of each constituantes
depending on the type of coal that is being gabiied the heat
content of the syngases is generally lower thaarabgas. Our
previous studies showed that the LSI can deliverppm NQ
(@ 15% Q) performance while burning fuels of a wide range
of heating contents [2-5]. This can be explainednypking an
analytical model that describes the coupling of shé-similar



features of the LSI nearfield to the turbulent fearapeed.
Additionally, these studies showed that lean bldfimits are

insensitive to bulk flow velocity, §Jand the NQ emissions
from atmospheric LSI flames have log-linear depacgien the
adiabatic flame temperature 4T The feasibility of operating
the LSI with syngases has already been demonstiratedtudy
by Sequera & Agrawal [6]. The goal of this papetoiconduct
laboratory experiments at atmospheric pressureterghine the

lean blow-off and obtain more N@missions from syngases to

verify the log-linear dependency. Velocity statistobtained by
PIV were used to determine if the analytical maalsb applies
to syngas operation. These were followed by vetifoo of LSI
operation at high temperatures and pressures asirggluced
scale prototype.

NOMENCLATURE

dU /dx . . .

= T normalized axial flow divergence (1/mm)
0
= d\L/J/dr normalized radial flow divergence (1/mm)
0
L; swirler recess distance
m = mymg mass flux ratio
me mass flux through center channel
ms mass flux through swirl annulus
q 2D turbulent kinetic energy = ¥2fuv'?)Y?
Re Reynolds number 2Ry/v
R =R/R; ratio of the center channel radius, B
injector radius, R

r radial distance
S swirl number
S laminar flame speed
Sr turbulent flame speed
Tag adiabatic flame temperature
Uo bulk flow velocity
U axial velocity
u’ axial rms velocity
\% radial rms velocity
uv shear stress
X axial distance from injector exit
Xs leading edge position of the flame brush
Xo virtual origin of divergent flow
BACKGROUND

The LSI is based on an aerodynamic flame stahbibizat
method that utilizes a divergent flow to sustainfraely
propagating premixed turbulent flame [7]. The djemt flow is
formed only when the swirl intensities are well dwel the
critical vortex breakdown threshold. Linear decdytie axial
velocity within the divergent flow allows the flante settle
where the local velocity is equal and oppositeh®s turbulent
flame speed. Matching the flowfield velocities te tturbulent

Center

channel LSI flame at STP &

Up=9.6 m/s
Fig. 1: The first prototype LSI for Taurus 70 enghe

Swirl annulus

The key component of the LSl is a swirler that digspthe
reactants through two passages: an outer annugénraevith
swirl vanes and an open center-channel that allopsrtion of
the reactants to remain unswirled [8] (Fig. 1). Bupply of
unswirled reactants through its center is the umitpature of
the LSI and its presence retards the formation afeatral
recirculation zone and promotes the formation odwfl
divergence. The flame is detached from the LSI.liftsoff
position is controlled by the divergence rate t@t be adjusted
by changing the flow split between the swirled ati
unswirled flows. The most convenient means to chahg flow
split is by varying the blockage ratio of the pesafted screen
covering the center-channel.

The LSI of Fig 1 utilizes an annular vane swirler Solar
Turbine’s T70 SoLoNOx injector [1]. To convert tlsavirler
from high-swirl to low-swirl operation, its centbtuff body is
removed and replaced by a perforated plate whosekdfje
ratio is selected to give a swirl number, S, of @4.55. The
swirl number is defined as [8]

2 1-R°
S=—tano 5 5 PR —

3 1-R°+[m @/ R°-D°]R
wherea is the vane angle aril = R/R. m = m/mswherem,
andm are respectively the mass fluxes of the unswialed the
swirled flows, andm is inversely proportional to the blockage
ratio of the perforated plate. The SoLoNOx swirkas an
internal radius of 3.175 cm and consists of sixisawed vanes
with a discharge angle = 40°. The center-channel to injector
radius ratio R is 0.63. As reported in Nazeer kt[2} a fully
functional LSI has been developed. Test resultsvstdhat the
LSI meet all the operational and performance remoénts of
the T70 engine.

The scientific foundation obtained for the LSI Ipasvided
useful insights for its adaptation to gas turbifes. [9-14].
Analyses of the velocity measurements show that LtBé
nearfield exhibits self-similarity behavior. Two rpaeters
deduced from the centerline velocity profiles amgoked to
characterize self-similarity [4, 5]. They are theual origin of
the divergent flow, x and the non-dimensional axial

Eq. ()

aerodynamic stretch ratg, 3o characterize the flame, the local
turbulent flame speedsy,Sand the position of the leading edge
of the flame brush,;xare used. Analysis of;Shows a linear

flame speed is therefore the critical design dater



dependency on turbulence intensity, u’. An anadytequation
(Eq. 2) for the velocity balance at shows that a coupling of
the self-similar flowfield and a linear turbulerirhe speed
correlations with u’ is the reason why the LSI flamemains
stationary through a wide range of velocities aneél fair
equivalence ratios.

1oV X =x%) S §  Ku
dx U U, U, U,

[0} [0}

The two terms on the far RHS simply state that f&r
hydrocarbon flames increases linearly with u’ abowe
baseline value of the laminar flame speed,& a slope oK.
This slope is an empirical correlation constantvier from the
experimental measuremeht3he first term of RHS tends to a
small value at large bulk flow velocity,Ubecause the laminar
flame speeds of typical hydrocarbon and hydrogeméils at the
ultra-lean operating conditions of gas turbines@arghe order
of 0.2 to 0.3 m/s. The second term on RHS is a taohs
because turbulence in the center core of the L&brigrolled by
the perforated plate and scales with On the left hand side,
self-similar means that,a= dU/dx/U, in the second term is
constant. The main consequence is that for a gradue ofK
the flame position x— X has an asymptotic value at large U
Therefore, wherf_ is held constant at a certadn significant
flame shift, i.e. changes ir, occurs only at low velocities
where | is in the same order as.$When U >> S, changing
stoichiometry and/or §Jdo not generate significant flame shift.

Eq. 2 is a simple linear analytical expression thexticribes
the relationship between the LSI flowfield and ttuebulent
flame properties. Because the aerodynamic stretdh is
proportional to the swirl number [8], this expressiis a
convenient top order model to show how the LS| ¢&n
adjusted to accept different fuels.

Eq. (2)

EXPERIMENTAL APPARATUS & DIAGNOSTICS

The LSI referred to as LSI-LH1 in our previous stud],
was chosen for our atmospheric studies on syngasatipn
because it can accept fuels with high ¢bncentrations. It is
6.35 cm in diameter with a center-channel of 4 ¢ameters.
The swirler from Solar Turbines described earl@erécessed
9.5 cm from the exit. The center channel plateviaagble hole
sizes as shown in the insert of Fig. 2. By meagutie effective
areas of the center channel covered by the platetraen swirl
annulus, the ratio of the flows through the unssdrlnd the
swirled passages is 0.39 to give a swirl number of S = 0.51.
The LSI was mounted vertically on top of a cylirdti settling
chamber (Fig. 2). Air supplied by a fan blower eatkat the
side of a 25.4 cm diameter chamber and flowedtmd_SI via
a centrally placed 30 cm long straight feed-tulee pfoduce a
uniform flow into the LSI, a perforated screen vaéaced 5 cm

! Linear dependency ofrSn u’ is not universal ast3n other burners
tends to be non-linear and shows “bending” 15. to@v, A.N. and J.
Chomiak, Turbulent flame speed and thickness: phenomeno®gluation,
and application in multi-dimensional simulationBrogress in Energy and
Combustion Science, 20028(1): p. 1-74.

upstream. The air flow rate was adjusted by a P@ralted
valve and monitored by a turbine meter. Fuel wgectad into a
commercial venturi premixer to ensure a supply of
homogeneous mixture to the injector. Both the &arel the PIV
seeder flows were controlled by electronic massw flo
controllers and set according to a predetermineldievaf
mixture compositions angl The fuel and air supply system had
a maximum capacity of 65 g/s to deliver maximumkbildw
velocity Uy = 22 m/s.

Flowfield information on the open flames was obtgin
using Particle Imaging Velocimetry (PIV). The Pl\ysgeem
consists of a New Wave Solo PIV laser with doubk® nJ
pulses at 532 nm and a Kodak/Red Lake ES 4.0 Hgtaera
with 2048 by 2048 pixel resolution. The optics capt a field
of view of approximately 13 cm by 13 cm coveringe th
nearfield as well as the farfield of the flames hwi®.065
mm/pixel resolution. A cyclone type particle seesieeds the air
flow with 0.6-0.8 um Al,O; particles which should track
velocity fluctuations up to 10kHz [16].

Data acquisition and analysis were performed using
software developed by Wernet [17]. Because ofcivaplex
and 3D nature of the swirling flow-field, care hadbe taken to
optimize interframe timing, camera aperture seftligit-sheet
thickness, and seed density to ensure high daghtyid Using a
portion of the light sheet with approximately 1.innthickness
(away from the 0.3 mm waist produced by the 450 mm
spherical lens) and a short interframe time (2% helped to

3.05 mm 3.26 mm 3.45 mm

Quartz cylinder
(only used for
measuring emissions)

LS| swirler

Air —  Venturi Premixer

A

—
Flow Settling Chamber

Fig 2 Schematics of the LSI setup for atmospheric
laboratory studies
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PV seeds —s




freeze the out-of-plane motion of seed particl&ets of 224
image pairs were recorded for each experiment sporeling
to minimum criterion required to produce stable maad rms
velocities. The PIV data were processed using &4pigel
cross-correlation interrogation regions with 25%erap. This
rendered a spatial resolution of approximately 2.mifhe
velocity statistics were checked to ensure thatifiognt spatial
bias or “peak-locking” was not taking place.

The NQ, and CO emissions from the syngas flames were
measured by enclosing the flame in a 30 cm longrtgua
cylinder of 20 cm in diameter (Fig. 2) to preveritet
entrainment of ambient air into the combustion piis. A
water cooled sampling probe was placed at the caft¢he
quartz tube at the exit. The samples were driea lgssicant
before being analyzed by a Horiba PG-250 analyzar was
calibrated using 7.9 ppm NO in nitrogen and 31.6@pO in
nitrogen (Scott Specialty Gases). The instrumens ba
accuracy of £ 0.5 ppm for NOneasurements.

Tests of the LSI syngas operations at gas turlonditons
were performed in an optically accessible pressdriz
combustor. The facility uses a 7.6 cm diameter tquiaube to
simulate the combustor casing. Therefore, it cary on
accommodate a reduced scale LSI. The LS| chosethése
pressurized tests is based on the design of Hwarad, §18]. It
has a diameter of 2.54 cm with a swirler with a B.55 center-
channel and 8 straight bladesoat 45'. Hwang et. al. operated
this reduced scale LS| at 1 to 5 atm but at aivelgtiow bulk
flow velocity of 3 m/s. To configure the LSI for leeities > 25
m/s, laboratory atmospheric pressure tests werlorpggd to
select the perforated plate that will give an optimflame
positions and lean blow-off. The LSI configured hwithis
process has a swirl number of 0.425.

RESULTS

Table | — Syngas compositions and conditions for th
PIV experiments

P Tad S_

Name Composition 0 (K (m/s)
SG1 | 02H-04CO-04CH 0.52] 1591 0.14

0.58| 1708| 0.18
SG2 | 0.3H-04CO-04CO 0.55] 1575] 0.14

0.64| 1698| 0.22
SG3 0.6 H—0.4 CO 0.45| 1586| 0.22

0.5 | 1696| 0.29

Atmospheric Pressure Experiments

The compositions of the three simulated syngaseserh
for the atmospheric pressure laboratory studiesliated in
Table I. They represent the syngases generatedabipug
gasification processes. The laminar flame speezlde@ermined
from the PREMIX module of CHEMKIN, using GRI 3.0.

To start, lean blow-off limits for the three syngaswere
determined at bulk flow velocities of 7 <g& 20 m/s. The
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Fig. 3 Lean-blow off limits determined for simuldtelry
syngases, CHand H

results are shown in Fig. 3 together with the badfvlimits
obtained previously for CH diluted CH and H. From Fig. 3,
it is clear that the lean blow-off limits of thengjases have the
same trend as all the other fuels in that they rafatively
insensitive to the bulk flow velocity JJThe equivalence ratio,
¢, and the adiabatic flame temperaturg, Bt which blow-off
occurs decrease with increasing ¢bncentration and provide
more evidence to show that the addition of promotes
flammability. A comparison of the lean blowoffs f&G1 and
SG2 illustrates the effectiveness of Hddition. SG1 has a
higher heat content and 10% lessthain SG2. But SG2 blows
off at T,q of about 100K lower than SG1.

The NQ, and CO emissions from the syngas flames are
shown in Fig. 4. These measurements were madethethair
supplied to the LSI at 27 g/s §& 10 m/s). In Fig. 4a, the NO
emissions from syngas flames are shown to be densiwith
those from the hydrocarbon flames at STP and atuame
conditions [1, 4, 5]. This is the same conclusiamf an earlier
study by Sequera and Agrawal [6]. Due to the higinfability
of the syngases, the flames burn at loywwhere NQ can be <
1 ppm (@ 15% §). Though the uncertainties of the emissions
data at these conditions are relatively highQ.5 ppm) the NQ
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Fig. 4 NQ, and CO emissions of LSI fueled with syngases coetpwith results from other LSI tests with hydrdeams and hydrogen at
laboratory and gas turbine conditions.

data from syngases provide more evidence to suppertog- 10 msec) compared to the Sequera & Agrawal expetsne
linear dependency of LSI N@n Taq (about 30 msec).

The CO emissions shown in Fig. 4(b) are mostly We20 Table | also lists the mixtures used for the Plgexxments.
ppm. The exceptions are for SG1 and a fuel withH)L3 0.5 The reactant compositions were set at the condition

CO at 1500 < Iy < 1900K. These modest increases in CO corresponding to Jz~ 1600 and 1700K. For each mixture, PIV
concentrations do not seem to correspond to the CO measurements were made at three bulk flow velddity 10,
concentrations in the fuels. But their trends (€& decreasing 14 and 18 m/s.

with decreasing J and ¢) are consistent with insufficient Shown in Fig. 5 are the normalized mean velocitytwes
residence time for CO burnout to occur. In theudgtof LSI for the flames at )= 14 m/s and J;~ 1600K. It can be seen
firing with syngases Sequera & Agrawal [6] reporié@, and that the overall features of the flowfields are s@nificantly
CO concentrations at different locations downstreafimthe different. In the nearfield (x/D < 0.5) the divengaature of the

flame. They found that the CO concentrations justrtstream flow is shown by the outward pointing vectors. Tfiew
of syngas flames with the samg, €an differ by almost an order  discharge angles (outlined by the blue and redotmstof high
of magnitude. But with sufficient residence time Burnout to shear stress region of the outer mixing layerghefthree cases
occur, their CO concentrations are compatible atethclosure are also quite similar. The main differences arewshin the
exit. Therefore, the differences shown in Fig. 4(byy be farfield where the SG1 and SG2 flames generated sevatral
attributed to the short residence time of our expents (about recirculation zones while the SG3 flame did not egate
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Fig 5 Normalized velocity vectors for syngas flaraéth = 14 m/s and J;= 1700K Red dashed lines mark the leading edgdeof t
flame brushe
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Fig. 6 Centerline profiles from the syngas flaméth W4 ~

1600K

recirculation. The reason for the difference magkglained by
the differences in their flame dynamics. In prerditarbulent
flames, heat release through the thin reaction z@ne
accompanied by a sharp increase in the flow vel¢tR]. This
velocity jump,Au, can be estimated ayu = § (t-1) wherer is
the expansion ratioJTo. For the three flames in Fig. 5, their
values are the same but theiré@e not. From Table |, it can be

seen thatAu in the SG3 flame is about 50% higher. The

consequence of the larger velocity jumps acrosfiahee fronts

is evident by comparing the lengths of the veloeiggtors at

x/D > 0.5. Due to the higher axial momentum gereetan the

products region of SG3 the central recirculatiomas formed

as all the velocity vectors leaving the upper bamdf the

PIV domain are positive. These results demonstifsdie the

farfield features of the LSI are coupled to theridturbulence
interactions at the flame fronts. The presenceadnsgnce of the
central recirculation zone is an artifact of theawyic processes
associated with the interactions.

The centerline profiles for the syngas flames wiith ~
1600K are shown in Figure 6. Because these flamshles are
close to the LSI exit, only a very small portiontloéir nearfield
linear velocity decay regions is shown (Fig. 6a)s A
consequence, the parameters to characterize thdiettba
region, i.e. the virtual origin, ox of the divergent flow and
normalized axial divergence ratg, =3U/5x/U, [4] cannot be
determined from these data with a high degree ofidence.
Therefore, these axial profiles can only be usedotopare the
velocity distribution downstream of the flame brushere the
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Fig. 7 Radial profiles (at x = 10 mm) from the sgadlames
with T~ 1600K

flow accelerations associated with the higharfrom the SG3
flames can be seen. Profiles of the normalized @Mutent
kinetic energy, g’ = (& + v3¥3)/2 of Fig 6(b) show that
turbulence along the centerline remains relatigelystant. This
is same behavior observed in most other hydrocaitbores.
Radial profiles for the syngas flames wity# 1600K are
shown in Fig. 7. These profiles were extracted at X0 mm
just below the flame brushes. Unlike the axial pesf the
radial profiles collapse onto consistent trendsshow self-
similar behavior. In Fig 7(a), the UgWrofiles have a central
low velocity region that has a deficit corresporyin the non-
swirling flow supplied through the center-channiéhe central
non-uniform distribution is a feature of this L3lat uses a
perforated plate with varying hole size [3]. Vaioat in U/U,
within the core regions corresponds to the scattdd/U, as
shown in Fig. 6 (a) at x = 10 mm. The two veloqgigaks
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Fig. 8 Turbulent flame speed correlation for LSAnfles
firing with fuel blends consisting of HiCH,, CO, N,
and CQ

flanking the central region correspond to the smgriflow. In
Fig 7(b), the linear regions of the \{lprofiles within the
center region (-15 < r < 15 mm) show that the ndized radial
divergence rates & 3V/dr/Ug are nearly the same for all cases
and averaged about 0.012 thmin the absence of the
normalized axial divergence rate data, thelata provide the
evidence to show that the nearfields of the syrilgases are
self-similar. However, the values of are higher than those
found in the hydrocarbon flames and seem to benastpuence
of the close proximity of the flame brush to thel [eSit. The
g’/U, profiles (Fig 7(c)) have relatively flat distriboms in the
center regions surrounded by intense turbulencé&sp&daese
features are the same as those found in all otBeflames.

The local turbulent flame speed; & the LSI centerline is
the basic turbulent flame property that explaing thSlI
stabilization mechanism because the freely projpagpdlame
settles at the point within the center divergemivftegion where
the mean flow velocity is equal and opposite to Brom
previous studies using low-swirl burners fitted hwir-jets [9,
13], it has been shown that/S_ correlates linearly with u’/S
More recent data from the Ghdir LSI flames at 7 < pJ< 22
m/s [4] and from two 5.08 cm ID LSBs of R = 0.8 &hé [8]
give further support to this correlation.

The S for the syngas flames were also deduced from the
current data set but because of the close proxiafithe SG3
flames to the LSI exit, only three out of the sianfes were
deemed suitable for extracting reliable iBformation. Fig. 8
compares the Sobtained for the fifteen syngas flames together
with all previous $ measurements from the LSI. This plot
differs from previous Splots in two significant respects. First
of all, it contains $ data obtained only in the LSI where as
previous plots include data from all other low-$wiurners
Second, recent Svalues for un-stretched laminar flames were
used for the normalization [20]. The most sigmific change is
the new $ values at the ultra lean conditions are much highe

than the old. Due to this difference, the maximuatugs of
S;/S. and u'/$ for our data set are reduced. However, the
adjustment does not change the linear increasamgl tof $/S;

with u’/S; or the correlation constari, The value oK for the
methane/air flames generated by the LSl is 1.78& iBhslightly
lower than the value of 2.14 obtained by including S data
from all the other low-swirl burners. The correteticonstant K

of 3.15 for the H flames is the same because only the LSI has
been used for Hlame studies.

Fig 8 shows that the;®f syngas flames are between those
for methane and hydrogen and the results for egogas
exhibit linear dependencies on u’ but with sligiffedences in
their turbulent flame speed correlation constahtese trends
show that the syngas turbulent flame speed behawesys that
are consistent with previous conclusion. That lig primary
effect of H addition is to increase the Sorrelation constant K.
Based on the analytical model Eq (2), an increas€implies a
slight decrease in the flame brush position if stérl number
and the bulk flow velocity of the LSI are held ctarg. This is
verified qualitatively by the lowered flame brushbsfiions of
the high H content SG3 flames as mentioned above.

High Pressure Experiments

A series of tests were performed with Chhd H/CH,
blends to verify the compatibility of the reducazhie LS| with
the pressurized combustor and to obtain baselare bdow-off
limits. The experimental conditions covered a nezexit
velocity range of 20 to 40 m/s, temperatures at<430< 505 K
and pressures at 1.5 < P < 14 atm. The flame wastoned by
a standard JVC camcorder at 30 fps and thermoceuple
mounted at various positions on the combustor arttieé LSI.
Although the lean blow-off limits of the reducecabz LS| are
consistent with those observed in other systenesexiperience
indicated that this LS| with straight swirler bladis not highly
compatible with the pressurized combustor because t
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co "CH,
Fig 9 Syngas compositions evaluated at GIT's
pressurized combustor
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Fig 10 Equivalence ratios and adiabatic flame enafpres
of the high pressured syngas experiments. Colog cod

optimum operating range is restricted tq, & 20 m/s.
Therefore, the high pressure syngas experiments weastly
conducted at the low velocity range.

The compositions of the fuels tested at 450 F <505 K ’ .
and P = 8 atm are shown as circular dots in Fighh@re the (b) 20% H2 40% CO 40% CHg= 0.28
corners of the triangle represent 100% concentratibhe T=509 K and P=7.8atm,31.8 m/s,
ranges of the concentrations for each componen?@¥e < H
< 56%, 25% < CO < 60%, 19% < GH 51%. The equivalence
ratios tested, shown in Fig. 10, varied from 0.3 Q&5
corresponding to adiabatic flame temperatures 6DK3< T4
< 1800K. These experiments were performed by stagith a
CH, flame and adding fHand CO into the fuel stream while the
flame was lit.

Four representative images are shown in Fig. 11 to
illustrate the flame shape as determined form glsinideo
frame. Fig. 11 (a) shows a flame with low tdel concentration :
and it assumes a bowl shape similar to the opemefiaf Fig. 1. (c) 15% H 68% CO 17% Chig= 0.41
The flame is lifted from the LSI though it is ndbvaous from T=442K and P=7.87 atm,;d16.87 m/s
the camcorder image because the LSI exit is obdduyehe lip
of the mounting flange of the quartz liner. Fig(b) shows one
of the few syngas flames studied at higher velooftyl m/s.
The shape and location of this leas 0.28 flame are not very
different than the flame of Fig 11 (a). The flameHg. 11(c) is
not very discernable due to the apparent increabaékground
luminosity by the camcorder’s built-in auto-expasiueature
that compensated for the reduction in luminositytha$ flame
burning a syngas with a higher 15% ¢bncentration. However,
the region of high luminosity associated with thiantfe
impingement on the quartz liner suggests that tsitipn of the
flame is relatively unaffected by the change il fumposition.

Fig. 11 (d) shows the image of a syngas flame @it H, that (d) 51% B 26% CO 23% CHl ¢= 0.39

has very low luminosity. The useful information piced by T=442K and P=7.87atm ,;516.65 m/s,

this image is that significant flame shift does seém to occur

with the higher Hfuel concentration. Fig 11 Luminosity images of syngas flames generbyeal

reduced scale LSI captured by a camcorder



These syngas flame images show that the flamei@osit

and to a lesser extend the flame shape are nofficigrly

changed at high temperatures and pressures. Althtne test
conditions were limited, the range of the fuel cosipons
explored and the fact that the LSI can easily ttiamsfrom one
fuel composition to the next demonstrated the \itsgbof this

concept for syngases.

CONCLUSION

Open laboratory flames generated by a full size (6535 cm)
were used to investigate the lean-blow off limisyissions, and
the flowfields characteristics. The results shoat tthe basic
LSI design is amenable to burning syngases withgto 60%.
Syngases with high Hconcentration have lower lean blow-off
limits to show the effectiveness of,Haddition to enhance
flammability. The PIV measurements show that theral
features of the flowfields of the syngas flames thee same as
those found in the hydrocarbon and the hydrogamefta The
nearfields show similarity behavior and the turbtilélame
speeds correlate linearly with turbulence intensity These
results show that the analytical model developedHte LSI is
also valid for syngases. The main implication &t tthe syngas
flame positions changes with the kdoncentration due to the
increase in the turbulent flame speed correlationstant K.

The NQ, emissions from syngas flames show log-linear
dependency on the adiabatic flame temperature aed a

comparable to those reported for the gaseous fegerted
previously. Verification of syngas operation at velied
temperatures and pressures were performed withdaced
scale (2.54 cm) LSl in a small pressurized combasthannel.
Successful firing of the reduced-scale LS| at 450 < 505 K
and 8 atm verified the operability of this concapgas turbine
conditions.
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