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Response of a Model Gas Turbine
Combustor to Variation

R. M. Flores . .y
w.m.myasate | IN Gaseous Fuel Composition
V. G. McDonell The effect of fuel composition on performance is evaluated on a model gas turbine com-
G.S.S | 1 bustor designed to mimic key features of practical devices. A flexible fuel injection system
= 9. amue se“ is utilized to control the placement of the fuel in the device to allow exploration and
e-mail: gss@uci.edu evaluation of fuel distribution effects in addition to chemistry effects. Gas blends reflect-
. ing the extremes in compositions found in the U.S. are considered. The results illustrate
UCI Gombustion Laboratory, that, for the conditions and configuration studied, both fuel chemistry and fuel air mixing
University of California, play a role in the performance of the device. While chemistry appears to be the predomi-
Irvine, CA 92697-3550 nant factor in stability, a role is noted in emissions performance as well. It is also found

that changes in fuel distribution associated with changes in fuel momentum for fixed firing
rate also have an impact on emissions. For the system considered, a strategy for sustain-
ing optimal performance while fuel composition changes is illustrated.

[DOI: 10.1115/1.1377011

Motivation fuel injection system based on radial jets is employed in order to
ovide control over the fuel distribution entering the combustor.

Gas turbines have been developed to operate on a wide var:E formance maps based on CO, jN@nd lean blow offLBO)

of fuels and the significant role of the fuel composition in bot . ; o)
operability and emissions have been noteg., [1]). Lean- are generated as a function of fuel type and inlet fuel distribution.

premixec ombusion 15 ncreasigly becoming the method dfe e SSULIOn = cheterion ot e et piane g an
choice for reducing pollutant emissions from natural gas-fired gas P P )

turbine power plants. However, as these systems operate Closeé%eriment

the edge of combustion stability to reduce emissions of,,NO

modest upsets in operating conditions, including those due toTest Facility. The test facility utilized provides a wide range
variation in fuel composition, are becoming intolerable. of operating conditions and flow metering. The test stand is de-

Typical constituent concentrations for natural gas within th§igned to operate at 1 atm with inlet temperatures up to 800 K.
United States average 93.9 percent methane, with ethane, propamg model combustor test rig, shown in Fig. 1, is attached to a
and higher hydrocarbons rounding out much of the remainingree-dimensional traverse system which allows the combustor to
composition at 3.2, 0.7, and 0.1 percent, respectively. Howevee moved as necessary to map out points both within and at the
methane, ethane, and propane compositions can approach valy@splane.
of 74.5, 13.3, and 23.7 percent, respectivigRy). - )

This wide range of compositional variability in the U.S. natural Model Combustor. The model combustor utilized is shown
gas supply poses a significant challenge for the developmentsghematically in Fig. 2. Figure 3 shows the fuel injection options
combustors that can maintain optimal performance despite a wiéailable. The fuel injection strategy involves a multipoint ap-
range of natural gas compositions. As a result, a need for tREach with the ability to control fuel flow splits between three
systematic study of the effects of fuel composition on thédependent fuel injection circuits. One available fuel injection
performance of combustion systems is required. In addition, deption is to inject fuel radially from the centerbody into the swirl-
lineation of the key phenomena occurring is required in order to
develop combustor designs that are insensitive to variations in
fuel composition. Exhaust Exhaust

Sampling Sampling
Obijectives Probe B Section

The objectives of the current study are(fy delineate the ef-
fects of fuel composition on the overall performance of a model
combustor and?2) relate the variation in performance to fuel in- L
jection effects(i.e., mixing and/or reaction characteristi¢se.,
chemical kinetics

Model
Combustor

Approach
The approach taken is to develop and apply a model combustor Traverse

with characteristics similar to those found in practice. A flexible

To whom correspondence should be addressed.

Contributed by the International Gas Turbine InstitU@&T!) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna-
tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany,
May 8-11, 2000; Paper 00-GT-141. Manuscript received by IGTI Oct. 1999; final
revision received by ASME Headquarters Oct. 2000. Associate Editor: D. Wisler. Fig. 1 Atmospheric test facility

824 / Vol. 123, OCTOBER 2001 Copyright © 2001 by ASME Transactions of the ASME

Downloaded From: http://gastur binespower .asmedigitalcollection.asme.or g/ on 02/05/2015 Terms of Use: http://asme.or g/terms



40mm
[ ]
ExHAUSTE T A \ Va
SAMPLING| . !
T PLaNE 300mm ;
170mm S PILOT.
* mn l/‘\_/l ™
I } 25Smm wJ wJ
45° -"\>< \
- ‘ ?
f— B0mm —e 160mm cB AR b }‘
45¢ 't <
i
‘/[\ VIEW A-A : FUEL SWIRLER
: 2 —1 Fig. 3 Detail of fuel injection options
] - 2Smm
AIRJ FUEL probe is heated to 325 K to protect the probe and quench the
sample while avoiding condensation of water vapor in the sample.
Fig. 2 Model combustor The emissions are pumped through a Teflon line heated to 408 K

to prevent water condensation, and the sample is then split into

two streams. The NQstream goes through a converter to reduce
ing air stream. This centerbody injection circuit, labeled “CB” inany NO, to NO prior to the water drop out.
Fig. 3, consists of six equally spaced fuel holes located circum-All of the emissions measurements from the analyzers are re-
ferentially along the side of the fuel manifold. The fuel manifolccorded using a digital data acquisition system. The measurements
is mounted to the centerbody tip, and is positioned directly agairfsdm the analyzers are sampled over a 20 second period at a rate
the swirler hub. The second fuel injection option is to inject thef 5 Hz. One hundred samples from each analyzer are averaged
fuel radially from the surrounding wall. This wall injection circuit,and recorded in a data file. The residence time associated with the
labeled “WJ” in Fig. 3, consists of six equally spaced fuel holegases flowing through the combustor and to the exhaust sample
in positions that are staggered with respect to the centerbody prebe is 24.8 msec. The reference velo¢iitgsed on nonreacting,
jection holes. The final fuel injection option is to inject the fuehonpreheated conditionfor the model combustor is 1.55 m/s.
axially into the air stream. This axial injection circuit, labeled The nonreacting fuel distribution at the swirler exit was mapped
“PILOT” in Fig. 3, consists of a single fuel injection hole locatedwith a 12.7 mm o.d. stainless steel probe and a high range flame
at the tip of the centerbody. ionization detectofHoriba Model FIA-236-].

The baseline configuration is a four vane axial swirler. The

nominal firing rate for the system is 15 KW at 0.0093 kg/sec of ari% Fuel Blending. For the current study, a subset of a compre-

nsive fuel blending system was utilized as illustrated in Fig. 4.
atural gas, ethane, and propane can be combined in any desired
combination using this system. A series of Brooks mass flow con-
trollers are utilized in conjunction with a LabView based control
Diagnostics. Exhaust emissions of carbon monoxid80), program which allows the user to set fuel composition and flow
carbon dioxide (C@), hydrocarbongHC), oxygen (Q), and ni- splits as desired. The overall accuracy of the blended fuel flow
trogen oxides (N¢) were measured using Horiba Ltd, analyzergate is*2 percent.
These instruments are part of an integrated sampling and comNoteworthy is the use of natural gas as a baseline fuel. In order
puter data acquisition system. to account for any compositional variations in the natural gas, a
A 12.7-mm o.d. water-cooled, stainless steel bulk emissiodedicated on-line gas composition analyzer is utilized to provide
probe is used to sample the exhaust emissions downstream ofliheeline concentrations.
exit plane of the combustor as shown in Fig. 1. This probe is Table 1 summarizes the typical natural gas composition uti-
designed to take an integrated average measurement of the eifiied. Fortunately, methane comprises the vast majority of the
sions over the diameter of the sampling plane. The water in thatural gas. As a result, by studying the effect of adding 15 per-

though the fuel flow rates were varied to assess the system’s
formance. An air inlet temperature of 700 K was utilized in al
cases.

{ FUEL COMPOSITION) / FLOW PANEL \

SYSTEM

> WALL
|3 CENTERBODY
—» PILOT

@ NATURAL
—® GAS

"@@ PROPANE i o
@ FUEL BYPASS
_@ ETHANE
Fig. 4 Fuel blending system
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Table 1 UCICL natural gas composition is subtracted. The results illustrate several key features. First, for
the cases without pilot fugFigs. 5a) and 3b)), the NQ, levels

0 Constituent y(i)'\ggcem appear relat!vely in_sensitive to fuel splipercent _Centerbody
while revealing typical dependency upon reaction temperature

1 Methane CH 96.975 (Eg. Ratig. CO emissions reveal a “u-shaped” profile with an
% F'fr?a;‘ﬁe %6 8-?83 increase in CO under extremely lean conditions and at equiva-
4 iSO—B?Jtane ngo 0.014 lence ratios greater than 0.47.
5 n-Butane GHyo 0.015 Figures %c) and 5d) illustrate that the pilot fuel has a signifi-
6 iso-Pentane [42 0P 0.004 cant impact on the performance. Although the LBO limits are
g ”'ngta”e Q?"le 8-88‘1‘ extended fromp=0.38 to»=0.32, high amounts of CO and NO
9 c7 C,Hig 0.001 are emitted. Since the pilot fuel is injected axially into the central
10 c8 GHig 0.000 recirculation zone, a rich, high-temperature core with limited
11 co, 1.574 mixing must result to give rise to the higher N@nd CO. As
12 O 0.000  gych, the extension of the LBO limit is handicapped by increased
13 N, 0.322 S

Totals 100.00 emissions. - . _

As shown in Fig. 5, CO and NGemission levels often move in
opposite directions. As a result, it is important to identify condi-
tions and configurations that minimize both. This can be achieved
by utilizing a “performance function.”J:

Table 2 Gas compositions utilized
Wobbe J= W'r]C -J 77C+ WNOX' ‘]NOX (l)
Indext S.G. relative LHV
Blend M/ to ar MIN®here 7. is the combustion efficiency, which is a function of CO

Natural Gas 44.3 0.576 33.6 and unburned hydrocarboiC) emissions, and the terms,
85 percent Natural Gas/ 46.8 0.645 37.6 andwyo are weighting factors whose sum is equal to one. For
ég Eg{ﬁgﬂ} E&ﬁ?‘; Gas/ this study, since HCs were zero for essentially all casesythe
20 percent Propane 50.5 0.765 442 represents a normalized function of CO emissions. The functions
Propane 70.1 1.523 86.5 J,c andJyo are defined as
* 1/2
Wobbe Index=LHV/[SG]"* ([1]) [NOX] 4

1-0.75 5 | [NO,J<5 ppm
cent ethane or 20 percent propane by volume, the effects of the Ino, = [NO, Jyax —[NO,]
minor constituents present in the baseline natural gas are felt to (1—0.75)‘L, [NO>5 ppm
carry a negligible effect relative to the results obtained. [NOydwax —5

For the present study, four fuel compositions were considered.
Some of the associated properties are summarized in Table 2. 0, 7<99.98 percent
— _ 1/2
Results Jne= (A) ., 7=99.98 percent.
100 percent pyn

Overall combustion performance is first summarized, followed
by correlations with fuel distribution, and finally, fuel injection . . .
mechanisms. The combustor performance is based on the leafn® functionsl,. andJyo were selected to yield high values
blow off (LBO) limits and the emissions of CO and Cboth of 0f J when the combustion efficiency is higlow CO) and the
which are corrected to a fixed dilution of 15 percent.On the NOy is low. From the definitions of . andJyo,, the values of
current system, the LBO limit will depend upon both the mixinghat may be obtained range from a minimum of zero, signifying
and reaction rates. As fuel composition changes, the reaction rptsr performance, to a maximum of one, indicating ideal perfor-
will change. An increased reaction rate will help extend the LB@hance. For the results presented heve, andwyo, are equally
limits. However, since a radial fuel injection strategy is utilizedyeighted at 0.5.

and the fuel distribution depends upon the momentum ratio of theyith this combined CO and NGunction, the areas on the map

fuel jet to the swirling air, the fuel composition can also affect thgiin optimal performanceor nonoptimal performangecan be

jet behavior and the subsequent mixing. In addition, thg M@  jgentified and the extent to which fuel composition alters the re-

els will depend not only the local reaction temperature, which Cqtons of optimal performance noted.

be a function of fuel composition, but also upon differing NO™ Figure 6 shows the results from Fig. 5, presented in terms of the

formation mechanismee.g.,[3,4)). performance index, with the results for three other fuel compo-

sitions. Figure 6 illustrates the utility of combining the Né@nd

CO performance into a single quantity in order to evaluate opera-
Emissions. The combustion performance for each fuel mixtional trends. The pilot fuel has a major impact on performance

ture was assessed via maps of Ngdd CO emissions, correctedfor the conditions selected, and a distinct maximum in perfor-

to 15 percent @, as a function of injector fuel splitelative to the mance is observed for cases without pilot. The response appears

Pilot, Wall Jet, and/or Centerbody injectprigure 5 summarizes as a ridge associated with a fairly broad range of equivalence

the results obtained for 100 percent natural gas with and withaattios. However, the ridge has a peak which is a function of the

pilot fuel. The white regions on the lean side of each plot refle@wel splits.

regions beyond the LBO limits. Results are shown for,N@nis- As a result, it can be seen that the fuel composition has an

sions (Figs. a) and 5c)) and the corresponding CO emissionsmpact on the optimal fuel injection strategy for the conditions

(Figs. 8§b) and 8d)) as a function of overall equivalence ratio andunder considerations in this study.

percentage of fuel injected radially outwards from the centerbodyTo help provide additional insight into the behavior, some spe-

(recall Fig. 3. Note that the fuel split between the centerbody andific conditions were identified for further analysis. These cases

wall injectors is of the remaining fuelfter the pilot fuel(if any) are indicated on Fig. 6. One set reflects a fixed equivalence ratio

Combustor Performance
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a) NOy without Pilot ¢) NOx with 20% Pilot

MOk (ppm MO (pprm
S 1004
b= 15 = 35
g i i § i) i
4 15 = 25
Bl =
5 bl = 20
S w sl O 15
= 10 £ 0
% 0 5 § I 5
Bl " 2 2y J
026 03 042 05 05§ 026 034 042 05 058
Equivalence Ratio Equivalence Ratio
b) CO without Pilot d) CO with 20% Pilot
CO {ppm) C (ppm)
==, 100 i = 10
E l 120 = 1m
o & 1 2 ® 1K1
1 "
% B 40 E w LY
=
& & o b
P L)
= 0 = ih
§ m | (TR 1}
= o | E 0
i S, LA o . |
026 034 042 0.5 (5% 026 034 042 0.5 054
Equivalence Ratio Equivalence Ratio

Fig. 5 Emission levels for 100 percent natural gas

and fixed fuel injection strategy to isolate the effect of fuel conereased, while NQlevels increased. Part of this behavior may be
position (cases 1-% The other set reflects the optimal perforexplained by the calculated reaction temperatures, which are also
mance for each fuel compositiqnases 5-) included in Table 3 for a fully premixed case.

The isolated effect of fuel composition is summarized in Table Table 3 illustrates two key points. First, the average premixed
2 for an equivalence ratio of 0.42 and a fuel split of 80 percetemperatures are well below the threshold for,N@mation(i.e.,
centerbody—20 percent wall with no pilot fuel. These result$900 K). This means that, for the appreciable N@vels mea-
show that, compared to 100 percent natural gas, CO levels dered, local regions with higher temperatufes., equivalence

1009 Natural Gas B5% Matural Gas / 15% Ethane  80% Natwral Gas / 20% Propane [ (% Propane
L1 10K} 101 i
=
'S [
B 80 a0 a0 e
= o7
E L) il &0 LR
S :
= ) a0 e .
=} 0.3
o 07
=4 i} o m ¥
a LN
e 0
i 0 i il .
026 034 042 050 058 0.26 034 042 050 0.5% 3 034 042 030 058 026 034 042 050 058
100 100 1001
el
§ S &0 i
3w 0 0
S
[ 40 40
5
E 0 0 P
0 a 0 0
026 034 042 050 058 026 034 042 050 (058 026 034 042 050 058 026 034 042 050 058
Equivalence Ratio Equivalence Ratio Equivalence Ratio Equivalence Ratio
Fig. 6 Performance function for fuel composition (top: no pilot fuel; bottom: 20 percent pilot fuel )
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Table 3 Relative emissions and calculated temperatures ver- Reaction Rate

sus fuel composition for fixed equivalence ratio (¢#=0.42) and (Batch Reactor, T=1800K, P=1atm, Adiabatic)
fuel split
P 10.000 & 100% CH4
Case CO/CQy gas NOy /NOy nat gas Tad, K ® 85%CH4-15%C2H6
A 80%CH4-20%C3H8
85 percent 0.54 1.25 1616 g 1.000 - ° ® 100% C3H8
nat gas 25 o ° ®
15 percent o §
ethane 5 8 0.100 A//f""‘f”‘__—‘
(Case 2 g3 -_/1’_1——.——’.
80 percent 0.86 1.25 1620 8 13
nat gas
20 percent 0.010
propane M’__,*——O——"
(Case 3
100 percent 0.55 1.87 1637 0.001 g T - T T
propane 0.20 0.30 0.40 0.50 0.60 0.70 0.80
(Case 4 Equivalence Ratio
*Tadiabatic for Case 1: 1612 K Fig. 7 Calculated reaction rates for methane—85 percent

methane—15 percent ethane, and 80 percent methane—20 per-
cent propane ([8])

ratiog must be present if thermal N@s contributing. The results tion in LBO. However, the relative contribution of fuel distribu-
also illustrate that the peak temperatures will be higher for theyn must also be assessed to substantiate this conclusion.

” :

temperatures may also lead to faster oxidation of CO. What is : ; : :
revealed in Table 3 is the relative contribution of nonthermal, NS%I (equivalence ratigs Due to the difference in the heat content
of the fuels, the gas volume flow rates also varied substantially.

mechanismge.g., NO pathway which can also depend upon fueléa a result, it might be expected that the fuel distributions will

%g? t()[;[]rz.rﬁgéhg]r%s(iﬁggﬁf?ri;gr?%gﬁred’ it has been suggestvary depending upon the gas blend. To start assessing this issue,

calculations were done based on an empirical expression for a jet
Lean Blow-Off Limits. The fuel composition and fuel injec- injected into a cross flow for the different fue&])

tion strategy also have an impact on the LBO limits. “Pure” 038

natural gas has the richest, LBO limit while the 100 percent pro- Xx=D.... q°%425. Y ©)

pane case has the widest LBO range. Without pilot fuel, a slight jet 9 Djet

trend of improved LBO limits with increased centerbody fuel inWh

jection is indicated.
With pilot fuel, the LBO range is broadened, but the overall Pjet'v'2

ere

. . . t
performance is systematically worse compared to the cases with q —Jze

no pilot fuel. The reason for this degraded performance is attrib- Pair Vair
uted to higher emissions of both CO and N@s illustrated in  Figure 8 shows the results for natural gas and propane for a
Fig. 5. fixed firing rate of 12.7 kW at a constant crossflow velocity. The
That the pilot fuel extends the LBO limits is not surprising andesults illustrate that the natural gas fuel jet penetration is limited
is, in fact, expected. The pilot fuel enriches the recirculation zone substantially less than half the annulus by the time it reaches
and thereby extends the limits. However, the improved LBO linthe reaction zone; and accordingly, the propane jet penetration is
its is accompanied by a degradation in performafktg. 6). Be- 50 percent lesgcorresponding to a 2.5 flow rate ratioThese
cause the amount of fuel utilized may play a role, additional testssults illustrate the potential for fuel composition to play a role in
were conducted with 10 percent pilot fuel. These tests revealg spatial distribution of the fuel.
similar trends. Consideration has not yet been given to the use offo add to the understanding of the fuel distribution effects on
a more energetic fugle.g., H addition—[5])) but remains the performance, the spatial distribution of fuel entering the combus-
topic of future planned work.
In the case without pilot fuel, the fuel composition itself im-

pacts the LBO limits in a manner consistent with reaction rates 4 1

Figure 7 illustrates this factor by comparing the calculated relativ —8—100%CB,0.42 Eq, CH4
reaction rates of 100 percent methane, a mixture of 85 perce —8—100%CB,0.42 Eq, C3H8
methane and 15 percent ethane, and a mixture of 80 percent me~ 2 1

ane and 20 percent propane. These amounts of ethane and propg Quarl Exit

lead to reaction rates that are a factor of ten or more faster. Thig
of course, is one reason why long premixing times can lead t®
problems with auto-ignition when fuel compositions vary. Recens
work has illustrated a correlation of LBO limits with Peclet num- <
ber, which is based in part on the kinetics of the pro¢ess,[6]).

This appears to be the case in the present study as well. With pil:

Fuel Distribution MeasurementPlane

fuel, less variation in LBO limits are noted, suggesting a different o , r c.emerb,ody T.'p , r
stabilizing mechanism in this case.g., since the fuel is injected 000 0.08 0.16 024 0.32 040 048 056 0.64
directly into the reaction zone, a more “diffusion-type” reaction Radial Dist(cm)

is present

o o Fig. 8 Relative penetration of natural gas and propane at fixed
Fuel Distribution. Based on the emissions results, the chenfiring rates for centerbody injection, wall jet injection, and a 50

istry of the process appears to be the primary reason for the vararcent split
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a) Case 1: 100 Nawral Gas (] = 0L8T) by Case 2: 85% Natural Gas ¢ 153% Ethane (] = (L86]
o = 0.42, Fuel Split = 80% Centerbody ¢ = A2, Fuel Split = 8% Centerbody

12

g
= E 4
& &
=
c E il
Z Z
= 5 -4
- - 4
- 12
=12 = ! 4] 4 -] 12 -12 - -4 il 4 & 2
X - POSITION (mum) X - POSITION immb
¢} Case 3: 0% Natural Gas [ 2FF Propane (] = (LE&) dy Case 4 1004 Propane (1 = {0L65F)
o= 0042, Fuel Split = 80% Centerbody 0 =10,42, Fuel Sphit = BIF: Comterbody

POSITICN (mim )
POSITION (nam)

¥

12 8 4 0 4 B 12 12 -8 -4 0 4 & 1
X - POSITION {mm) X - POSITION {mm)

Fig. 9 Fuel distributions for cases 1-4 in Fig. 6 (concentrations presented in
equivalent C atoms )

tor was measured for the seven cases which are numbered on Bimal performance cases for each fuel blend. For these four
6. Nonreacting hydrocarbon measurements were conducted atages, the NQand CO levels are comparable. When comparing
plane 3 mm downstream of the centerbody face. The results the optimal cases, significant differences are exhibited compared
the seven cases are shown in Figs. 9 and 10. The arrows indidatéhose in Fig. 9Figs. 9a) and 1@a) are the same The results

the direction and location of the fuel jets, with the swirl directiorlisplayed in Fig. 10 show a more uniform fuel distribution at the
indicated by the counterclockwise arrow; the location of the fowptimal conditions compared to the corresponding nonoptimal
swirl vanes are also represented as the open boxes. conditions shown in Fig. 9e.g., cases 4 versus 7, 3 versus 6, 2

The results illustrate several key points. First, the distinct fugkrsus 3. This suggests that fuel distribution does play a role in
jets are evidenced by the high fuel concentrations near the cent@e performance in addition to the chemistry and that different
body and wall jet injection locations. The six discrete centerbodyel blends require different optimization conditions. To help
injection points are easily distinguished in the results, suggestiggantify the differences, Table 4 shows the relative variation in
that the fuel is not well mixed at the combustor inlet. fuel distribution for each case with the relative performance.

The results also reveal a distinct asymmetry in the jets, espome trend with improved mixing.e., reduced normalized rms
cially the jets at the “12 o'clock” and "6 o'clock” positions. s noted, for a given fuel compositiofe.g., cases 4 versus 7, 3
Closer assessment of the geometry reveals the reason for \Bgsus 6, 2 versus)5
variation in the jet behavior. The alignment of the jets and vanes ] ] )
lead to three different patterrwith a symmetry plane consisting Fully Premixed Studies. To further isolate the effects of
of a 180 deg sectdrThe position of the jet relative to vane playschemistry from mixing, a study was conducted using fully pre-
a key role in the mixing. The 12 o'clock and 6 o'clock jets arénixed conditions. This was achieved by injecting the fuel well
oriented at the same location, as are the 1:30 and 7:30 and 4upstream of the inlet to the combustor and measuring the exhaust
and 10:30 pairs. Depending upon the location of these pafglissions at various equivalence ratios up to LBO limit. The fully
relative to the position of the swirler vanes, the mixing varieBremixed condition was verified using the setup used to measure
considerably. the fuel distributions shown in Figs. 9 and 10.

Considering the analysis from Fig. 8, it is anticipated that the The NQ and CO emissions results from this study are shown in
propane would penetrate much less than the natural gas. Howe¥égs. 11 and 12 in terms of calculated adiabatic flame temperature
for the results presented, the jet is heavily underpenetrating faased on the equivalence ratio. A dependency of the lean blow off
either propane or natural gas. As a result, at the measuremimit with fuel composition is illustratedmost clearly shown in
plane shown in Fig. 8, differences may be difficult to resolve. Fig. 12). The trends are consistent with the observations based on

Indeed, based on the measured fuel distribution shown in Fifje kinetics calculation&=ig. 7). The results also illustrate that the
9, no clear differences are noticed as a function of fuel distributidnel composition plays a role in the emissions performance at
for the same equivalence rat{0.42, despite a large change intemperatures above 1750 K. Propane generates moretiNm
performance between cases 1 and 4. Since the distribution remaiatural gas at the same reaction temperature. This is attributed to
similar for the different fuel compositions, the changes in perfothe role of the nonthermal NOnechanisms that are impacted by
mance are attributed primarily to chemistry at the given equivéidel composition, including prompt NCand NO pathways. Fi-
lence ratio and fuel split. nally, comparing the results from Fig. 11 to those in Fig. 5 indi-

To further explore the role of fuel distribution, Fig. 10 presentsates that the current system could achieve somewhat lowgr NO
the distributions for cases 1 and 5-7. These cases representlé¢iels with improved mixing. However, the requirements of turn-
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ah Case 12 1O0F% Manaral Cias (1 = 0,87)
G =042, Fual Sphit = 80% Centerbody
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Fig. 10 Fuel distributions for optimal fuel injection strategies
ordinates are shown in millimeters and concentrations are presented in equivalent
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down, avoidance of flashback and autoignition, and robustness *~,, _

fuel composition variability make a completely premixed syster

less attractive than the controlled lean rapid mix injection strater  1a i

utilized in the present study.

Summary and Conclusions
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The results presented illustrate the role of fuel composition (z 4]
the performance and fuel distribution in a model gas turbine cor

bustor with controllable fuel injection strategies. The combustic 2

performance in the present case is based on emissions of CO

NO,, which are combined into a performance function, and tt 0

lean blow off limits.
The results indicate that:

e Changes in lean blow-off limits correlate with reaction rate,
suggesting that a kinetic mechanism is responsible for stabilizing
the reaction in the present case. This is reaffirmed by studies using
fully premixed conditions.

» The measured fuel distributions for fixed operating conditior=
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Fig. 11 NO, concentrations for fully premixed cases

T
—a— B5% CH4 - 15% C2H6

—i— B0 CH4 - 20%, C3HA
+— 100% C3HB

reveal little dependency upon fuel composition despite signi
cantly varying momentum flux ratios. This is attributed to ths o
1
.
g 30
Table 4 Spatial variation versus fuel type and condition ‘? 1
Case J, Performance Rms Fuel Concentration/Mean g b
Fuel Concentration 1
|:| 4
1 0.87 0.83 ! ]
2 0.90 0.77 1
5 0.94 0.68 0+
3 0.87 0.78 1450
6 0.92 0.61
4 0.69 0.75
7 0.92 0.65
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Fig. 12 CO concentrations for fully premixed cases
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