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Rapid Liquid Fuel Mixing for
m.v.Leong' I | @an-Burning Combustors:
c.s.smugeresky | LOw-Power Performance

Graduate Researcher

V. G. McDonell Designers of advanced gas turbine combustors are considering lean direct injection strat-
Senior Research Scientist egies to achieve low NQemission levels. In the present study, the performance of a

multipoint radial airblast fuel injector Lean Burn injector (LBI) is explored for various

G.S. Samue|sen2 conditions that target low-power gas turbine engine operation. Reacting tests were con-

Professor ducted in a model can combustor at 4 and 6.6 atm, and at a dome air preheat temperature

of 533 K, using Jet-A as the liquid fuel. Emissions measurements were made at equiva-

UCI Combustion Laboratory lence ratios between 0.37 and 0.65. The pressure drop across the airblast injector holes
University of California was maintained at 3 and-B percent. The results indicate that the LBI performance for

Irvine, CA 92697-3550 the conditions considered is not sufficiently predicted by existing emissions correlations.

In addition, NQ, performance is impacted by atomizing air flows, suggesting that droplet
size is critical even at the expense of penetration to the wall opposite the injector. The
results provide a baseline from which to optimize the performance of the LBI for low-
power operation. [DOI: 10.1115/1.1362318

Introduction autoignition and flashback. In addition, the stability limits of the

. . . LPP combustor tend to fall in a narrow range, and ignition of the
The goal of the next generation of gas turbine combustors is \xture may be difficult.

reduce NQ emissions to meet regulatory levels that cannot be anqiher fuel preparation concept for lean-burning combustors
attained with present-day conventional combustors. In conveg-jean direct injectionLDI), in which fuel is injected immedi-
tional gas turbine combustors, thermal NS one of the major ately upstream of the reaction zone, thereby reducing the potential
contributors to overall NQ production. Thus, the reduction of for autoignition and allowing for smaller overall combustion sys-
NO, is mainly accomplished by lowering the reaction temperaem dimensions. The low-NQOpotential of the LDI has mainly
ture, which itself can be achieved by operating the combustbeen demonstrated for gaseous fuel injectibacina,[6]), but the
under fuel-lean conditions. The attainment of a lower level of NCchallenges of atomizing and vaporizing liquid fuel sufficiently for
production by these lean-burning, advanced gas turbine comblew-NO,, LDI combustion have been met with the lean burn
tors primarily depends on the preparation of the fuel-air mixturigjector (LBI). The LBI nozzle prepares a vaporized fuel-air mix-
by fuel injectors. NQ production increases with fuel-air unmix-ture (as in the LPP concepfor combustion in the confines of a
edness in both spatiglyons [1]) and temporal domaingFric ~ contracting mixing section. Developed by Shaffar, Sowa, and
[2]). Although the mixture may be overall lean, a wide distribuSamuelseni7], the LBI assembly consists of a fuel tube center-
tion of local equivalence ratios that bracket the stoichiometrfeody, swirler, and venturi mixing section that is also referred to as
condition will encourage thermal NOproduction. These lean- & “quarl” (Fig. 1. Rapid mixing of liquid fuel and air is achieved
burning, low-NQ combustion concepts, though, are not withoutt)y injecting spray jets of fuel radially from the center body, into a

. - irling crossflow of air. The sprays are formed by airblast atomi-
disadvantages. For example, operating near the lean flammability. X . h
S . . .. zation, which allows for higher fuel turndown ratios compared
limit runs the risk of combustor blow out or combustor instability

L . with pressure-swirl atomizers. The fuel sprays mix with the swirl-
In addition, the levels of carbon monoxid€0), unburned hydro- 4 air in the contracting venturi section. The fuel-air mixture is

carbons(UHC), and air toxics(e.g., aldehydgsmay increase to gypsequently ejected out of the venturi section and into the pri-
unacceptable levels. Low-NOcombustion methods that burnmary dome of the combustor. The swirling component in the fuel-
fuel-lean must overcome these challenges in order to becomeigmixture induces the recirculation zone that anchors the com-
viable technology. bustion process. As noted by Shaffar and SamuelEgh

One low-NQ, lean combustion concept—the lean-premixedeombustion stabilizes downstream of the venturi throat, which
prevaporized(LPP) combustor—involves the introduction of aalso helps to prevent flashback. The quarl section, serving as both
uniformly lean mixture of fuel vapor and air into the dome regio@ fuel-air premixing section and as a flame arrestor, is the main
of a combustor. Low NQlevels can be achieved by burning thenovel feature of the LBI injector assembly. _ _
fuel in its vapor phase rather than as droplétsfebvre[3]). The ~ The LBI concept can be applied to aeroengine and industrial
low-NO, potential of LPP combustion has led to studies charafndine, and to conventional as well as to the next generation of

terizing the effect of mixing on combustion instability and emis!W-NOx combustors. However, the thrust of the current develop-

sions (e.g., Shih et al[4]; Dutta et al.[5]). However, the pre- mce)me'lg‘r’g"evnesir:gvzsnﬁggtri‘gnthgEg#?rrrgﬁgcgaor%hee[é%;‘:;snl_ow'
mixed state of the fuel and air makes LPP combustion prone o * 9 PP .
strated low NQ performance with NQEI less than 9 for a con-
Ipresently at United Technologies. R h Center. East Hartford. CT 0618dition of 5 atm. 700 K preheat, betweei=0.45—-0.70. To prove
resently at Unite echnologies, Researc enter, £ast Hartrord, . A e . .
2Corresponding author: gss@uci.edu the potentlal utility and versatllllty of the injector across the entire
Contributed by the International Gas Turbine Institd@TI) of THE AMERICAN aeroeng'ne duty cycle, a balse“ne survey of LBI perfqrmance must
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME dURNAL oF  be established. The objective of the present study is to evaluate
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna-the robustness of the LBI design for low-N©@ombustion, prima-

tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germal _ e
May 8-11, 2000; Paper No. 00-GT-116. Manuscript received by IGTI Feb. ZOOrE[Iy at low power conditions where low preheat temperatures and

final revision received by ASME Headquarters Jan. 2001. Associate Editor: M. MaBf€Ssures may not fully atomize and vaporize drops before the
nolet. mixture exits the quarl mixing section. The effect of spray atomi-
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Fig. 1 LBl injector, swirler, and quarl assembly i ! L

. . . . Fig. 2 LBI injector, combustor in elevated pressure facili
zation on combustion performance is evaluated by varying the g I P vy

atomizing air supply to the injector. Emissions measurements are
primarily used to assess combustion performance in terms of low-
NO, and high combustion efficiency, and are compared with tHime to supply the atomizing air. The air flows are controlled by a

predictions of existing correlations. system of thermal mass flow meters and electropneumatic control
valves. Both air circuits can be heated by electric circulation heat-
Experiment ers. However, in this experiment, the injector atomizing air was

not heated in order to establish a baseline condition for future tests
LBI Injector.  The LBI assemblyFig. 1) consists of an eight- involving the effect of airblast air temperature on fuel-air mixing
port injector, a production cast swirler with a swirl number of 2.2and combustion performance.
and a quarl. The LBI injector used in the combustion tests em-
ploys the same design used by Shaffar and Samué¢&emhe
injection lance is comprised of a fuel tube and an outer air tu
The fuel tube itself is comprised of two concentric tubes with th
tip of the annular region welded shut so that fuel can only e
through eight holes that are 0.66 mm diameters each, drilled rai

ally through the tube and an outer ring welded on to the outside S - X - .
the tube. The atomizing ai9—15 percent of the mass flow of - .7 mm in diameter was designed to yield area-weighted emis-
sions across the combustor can.

dome aij flows through the center of the fuel tube as well a Th i dure involved individual. ind d
through the annulus formed by the outer fuel tube and the inner ajr) "€ S8Mpling procedure involved individual, independent mea-
rement of emissions at each port. The gas sample was sent

tube. The airblast-atomized spray emerges from holes drilled H hani bath d h ; on f
the outer air tube. The total effective area of all eight air orifices rough an ice water bath to condense the water in preparation for

36.1 mnt. The injection point occurs 19.1 mm downstream from! e_analyze_rs, which measure dry gas sample conce_ntrations. The
: -6ﬁ_s|dence time of the sample from the probe to the ice bath was

The main difference between the present injector and the inj%proximately 1 sec. Any condensate forming in this section of

Measurements. Emissions samples were obtained 271 mm
bgownstream of the quarl throat. At this point, the calculated bulk
@'sidence time of the combustion products is 8 msec. The emis-
ons sampling system utilized the pressure differential between
e experiment and the exhaust at atmospheric pressure to drive
sample through the probe. A multiport water-cooled probe

tor used by Shaffar and Samuelsen lies in the dimension of t line was filtere_d at the water dropout_ ;t_ation immediately
fuel hole diameter, which was enlarged to preclude potential co gvv_nstr:eam OcI the ice wgterdbabth. 'I;]heIpOSSIblllty osziEsglv-_ il
ing issues for the range of operating conditions considered. THY ' the condensate existed, but the loss was presumed minima
enlargement does not impact the basic behavior of the spray ause c_Jf the short residence time that the sample gases were in
indicated by the study of Lorenzetto and Lefeby@d, which Co\fl‘\jfiﬁt \;]wth the \1vater. . h Hood .
found that initial fuel stream diameter has little effect on the spray V!t the sample gas venting to an exhaust hood, a pump in a

behavior of low viscosity liquids atomized by plain-jet airblast@MPling unit(Horiba ES-510 drew a slip stream of gas. The
atomizers. sample was then split and sent to two units for analysis. The total

unburned hydrocarbon concentrations were measured by a flame

Elevated Pressure Facility for Combustion Tests. The LBI ionization analyzelHoriba FIA-510 while CO, CGQ, O,, and
combustor tests are conducted in a pressure facility designed N, were measured by a portable gas analyktariba PG-250.
marily for reacting experiment@=ig. 2). The LBI injector is in- The portable gas analyzer employs non-dispersive infrared
stalled in a model 80 mm ID can combustor assembly that (8IDIR) methods to measure CO and £0a galvanic cell to
downward fired. The combustor is bolted to the bottom flange afeasure @, and chemiluminescence to measure,NOhe un-
the pressure vessel. The cylindrical vessel has an inside diametntainty associated with the analyzers is within 1 percent of the
of 0.30 m and a height of 0.86 m. Four 152 mm diameter porfsll scale reading.
along the circumference of the vessel provide optical access a3 he analog signals from the emissions analyzers were collected
well as an opening for the insertion of an emissions probthrough an 8-channel, 16-bit analog input boéxational Instru-
Smaller ports are also available in the vessel wall for thermaents FP-AI-110 which was connected to a computer through an
couples and pressure taps. The top of the vessel is a blind flafRf®-485 network interface boaftlational Instruments FP-1001
through which the LBI injector tube passes. The injection tube & routine written in the software program that accompanied the
secured to the vessel after it is inserted into the combustor assédmmards (LABviEW 5.0, National Instrumentsrecorded and pro-
bly. The products of this down-fired combustion rig pass througtessed the signals. The signals from the analyzers were sampled
a water quench section before exhausting. Vessel pressure is regila rate of 2 Hz, for a duration of 50 sec. The mean emissions
lated by a control valve downstream of the water quench systedata exhibited a stationary temporal distribution. Temporal signal

The facility utilizes two separately metered air circuits—a higfluctuations only contributed up to 1 percent of the overall
flow line to feed the plenum of the pressure vessel, and a low flamcertainty.
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Table 1 Operating conditions for the LBI low-power tests Table 2 Lean blow-out levels for the various tests

c IFP3 kn}air rl?ai/rblast A Roa/irblast Condition LBO
ase name (kPa (kg/seg (kg/seg (%) 4 2im/B DP YD
4 atm/8 DP 412 0.15 0.021 8 4 atm/3 DP 0.41
4 atm/3 DP 412 0.15 0.014 3 6.6 atm/7 DP 0.43
6.6 atm/7 DP 670 0.24 0.035 7 6.6 atm/3 DP 0.36
6.6 atm/3 DP 670 0.24 0.023 3

The computerized data acquisition system also sampled theguivalence ratio that was measured in this case, the radial profile
mocouple readings at the same rate. Type-K chromel-alumel thefas uniform for NQ, but nonuniform for the CO and UHC emis-
mocouples were used to measure the temperature of the preheateds.
dome air prior to its passage through the swirler, as well as theFigure 4 presents a condensed depiction of the radial profile
temperatures of the nozzle air, fuel, and combustor skin. A typetmiformity, as represented by the standard deviation of the con-
platinum-rhodium thermocouple monitored the bulk reaction tengentrations measured at each condition. Only the profiles for, CO
perature 106 mm downstream from the quarl throat. The shield®y, and CO are shown for clarity, since the trends fgrrir-

1.59 mm OD type-B thermocouple was also sheathed with a 3.1®ed those for C®, and since the trends for UHC closely fol-

mm OD alumina ceramic cover to protect the thermocouple frofawed those for CO.

the harsh turbulent and reacting environment. The reported temThe standard deviations for each test case are plotted with re-

peratures were corrected for radiation heat loss. The uncertaiffiect to equivalence ratio. Lower standard deviation values corre-

associated with the temperature measurements were as high &9@nd to a more uniform radial concentration profile. The shape of

percent of the corrected values. the curve indicates how the degree of uniformity changes with
. . . . respect to equivalence ratio.

Test Matrix. To assess the utility of the LBI injector in  The standard deviation values for the 4 atm/8 percent dp case
aeroengine applications, the injector is tested at practical condijmmarize the observations made in Fig. 3 for the case. For ex-
tions. The flow rates in these tests are comparable to the o\ e uniform CQ@ profiles at each equivalence ratio, observed
power regime of ground idle and subsonic cruise conditions. TheFig. 3, are represented by the low standard deviation values in
four cases and their main operating parameters are listed in Tapls_ 4. The small degree of variation in the curve for Q@flects
1. Two ambient pressure cases were tested: 412&Ram and he yniformity in profiles at the differenp. The nonuniform CO
670 kPa(6.6 atm. The overall mass flow of aim,; through the profile obtained aw=0.45 in this casdsee Fig. 3 is reflected
combustor, which is the sum of the swirl and atomizing air magg, 5 high standard deviation value at that equivalence ratio
flow rates, was determined by the combustor pressure drop, Wh'[g e Fig. 4.
was maintained at 4 percent. For each ambient pressure conditionn gi1 of the cases tested, the radial profile of concentrations
the atomizing air flow was set at two pressure drops that bracke{gg:ame more uniform as leaner equivalence ratios were attained.
the typical range of air pressure drops available in aeroengif,o exceptions to this point are found in the CO profile measure-
combustorg4—7 percent, according to Lefeb\i@]). The airblast ment. As discussed earlier, the 4 atm/8 percent dp case produced
vglouty rema!ned constant at a given pressure drop condition, fgrhighly nonuniform CO profile at theé=0.45 condition. Like-
different ambient pressures. wise, the 6.6 atm/3 percent dp condition produced a similar result

While the overall air mass flow rate was kept constant, thgear the lean blow-out limit, ab=0.37. Similar high CO standard
fuel-air equivalence ratio was changed by varying the fuel floyeyiation values in the 4 atm/3 percent dp and 6.6 atm/7 percent
rate of Jet-A(Unoca). Measurements were begun at an equivay, cases would probably have been achieved if emissions mea-
lence ratio between 0.55 and 0.65. Emissions concentrations Wglfements had been made near the LBO limit.
measured after lowering the equivalence ratio in increments ofgy|k reaction temperatures were measured nearly halfway be-
0.05. After attaining the desired condition, the system was giv@fyeen the quarl throat and the emissions probe, where the thermo-
5—_10 min to thermally stabilize before measurements were Oébuple protruded 25 mm into the combusting flow. The tempera-
tained. For all of the tests, a fuel ajras low as 0.45 was reached.res shown in Fig. 5 represent time-averaged values across the

After attaining the=0.45 level, the equivalence ratio was degampling duration of emissions at the particular equivalence ratio
creased further by increments of 0.01 until LBO occurred. In thregndition.

of the cases. LBO occurred between 0.41 and (sé& Table 2 At a given equivalence ratio, the bulk reaction temperature
At the 6.6 atm/3 percent dp condition, LBO occurred/at0.36.  should be the same. Figure 5, however, shows some deviation in
] ) the measured temperatures, particularly for the equivalence ratios
Results and Discussion from 0.45 to 0.55. The 4 atm/8 percent dp case produced tempera-
tures that were significantly higher than those from the other 3
cases, which amongst themselves registered temperatures within
. - ﬁﬂ'experimental uncertainty af20 K. The differences in reaction
weighted average. The area-weighted average 8@ G, con- 4o erature between the cases show that, though uniform flow
centrations were compared with their respective eqUIllbrIUI’ﬁl'ay have been achieved at the plane of the emissions probe,

values calculated at corresponding equivalence ratio conditio iform flow may not have yet been attained at the plane of the
The emissions measured for the 4 atm cases agreed well to W"E‘?grmocouple

2 percent of predicted values, whereas the emissions for the 6.
atm cases varied up to 15 percent of predicted values. Combustion Performance. Two parameters used to assess

Radial profiles for the measured species concentration samptesnbustion performance are the combustion efficiency and the
are presented in Fig. 3 for the 4 atm/8 percent dp case. The umieduction of pollutant emissions. The gas turbine combustor
form radial profiles of C@ and G seen in this case at the differ- should operate at a high efficiency while forming minimal levels
ent equivalence ratios were also typical of the other three cases. pollutants.

The CO, UHC, and NQradial concentration profiles in this 4 The combustion efficiency, calculated from the CO and UHC
atm/8 percent dp case were also uniform at equivalence ratmmissions, indicates the degree to which complete combustion
ranging from 0.50 to 0.65. The magnitude of the profiles dgroducts is attained. As seen in Fig. 6, the LBI injector combus-
creased ag decreased from 0.65 to 0.50. &t=0.45, the leanest tion efficiency is above 99.90 percent for every condition except

Combustion Product Uniformity. A radial profile of emis-
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oy ® 0.60 Fig. 5 Bulk temperature measured 106 mm downstream of
= 4.00 1 4055 quarl throat
QO L 4
L 2.00 - * . e * 050
o ©0.45 most 1800 K, the steep exponential Nformation rate associated
0.00 with the thermal mechanism is avoidésamuelsehl0]; Lefebvre
0 0.5 1 [3)]).
/R dist ¢ For a given airblast pressure drop, a direct comparison can also
R distance from center be made between different ambient pressure conditions because

Fig. 3 Radial emissions profile for the 4 atm /8 percent DP case the ALR_S were 3'59 kept constant at each equwalencg rat'o'_ In
cases with similar airblast pressure drops, an increase in ambient
pressure generally led to an increase in the, NED

Existing emissions correlations were compared with measured
the 6.6 atm/3 percent dp case where emissions obtainedN&, and CO concentrations to determine their applicability to the
¢=0.37 near the LBO limit led to a 99.57 percent efficieringt LBl combustion process. NQand CO correlations developed by
shown in the figurg In general, at each pressure condition, highdrefebvre[11] and by Rizk and Mongi&12] were applied. Lefe-
efficiencies are obtained for the 7—8 percent airblast pressure diype’s correlations are primarily used for conventional spray com-
condition than for the corresponding 3 percent pressure drop casestors, but can be applied to LPP combustion with a suitable

Pollutant emissions are often represented by emission indidesnperature variable substitution. The correlations of Rizk and

(El), which cast the volumetric measurements of the emissioMongia[12] include the effects of spray evaporation and mixing

onto a mass basis. Figure 7 shows the,NEDacross the range of on combustion emissions production.

equivalence ratios tested in each case. Thg EOmeasured are  When applied to the LBI data, the “spray version” of the Lefe-

all below 5, which can be attributed to the low reaction temperévre [11] correlation and the Rizk and Mongfa2] correlations

tures seen in Fig. 5. With overall reaction temperatures reachinggabduced NQ and CO trends that were inversely proportional to

Journal of Engineering for Gas Turbines and Power JULY 2001, Vol. 123 / 577
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equivalence ratio

Fig. 6 LBI combustion efficiencies at the various operating
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Fig. 8 Droplet D3, as predicted by the Lorenzetto and Lefebvre

conditions correlation [9]
5.00 T
__ 4501 / d * datm/8%dP
® 4.00 1 4 0,
% 350 4 o ,/ * : :;:x/;::,, As the fuel flow is lowered to decreage the ALR increases.
S 300 a )y ° s 66atm/3%dP Higher airblast pressure drops, which increase the relative veloci-
%250' & g /5 /’ - — - _4atm / 8% dP pred. ties between the atomizing air and fuel stream also lead to higher
5123: R 4 — - datm /3% dP pred. ALRs. In airblast sprays higher ALRs result in smallBr,
3 yool L4 /// —— 6.6atm/ 7% dP pred. (Lefebvre[13]). Smaller droplets vaporize faster than larger drop-
= 0.50 | L7 6.6atm / 3% dP pred. lets, resulting in faster fuel vapor mixing with air. Thus, at higher
0.00 ’ . . airblast pressure drops, one expects lower, d@issions result-
0.35 0.45 0.55 0.65 ing from smaller droplet sizes, as the data in Fig. 7 depict. Risk

equivalence ratio

and Lefebvre[14] also observed this relationship between de-

creasing droplet size and lower N®missions in their study.

In relation to the uniformity of the emission fields, decreasing
D5, values corresponded to increasingly uniform emissions fields
at lower equivalence ratios up until the point when LBO is
reachedsee Fig. 4 The higher combustion efficiencies obtained
the measured values. The “LPP version” of the Lefebvre corravith increased airblast pressure drop also correlated to the smaller
lation predicted NQEI and CO EI trends that were similar to thedropletD 3, values that occur here at the lowgr(see Fig. 6.
measured data, but were also unsatisfactory in their accuracy. Despite the small dropld23, produced by airblast atomization,

The NQ, curves predicted by the “LPP version” of the Lefe-the conditions of the tests did not induce full vaporization of the
bvre correlation, shown overlaid on the N@&I plot in Fig. 7, spray by the quarl exit plane. The droplet evaporation times cal-
illustrate the lack of fit to the data. As seen in Fig. 7, the curvesilated for the given operating conditions and droplet sizes were
follow the decreasing NQwith decreasingp data trend. How- at least four times greater than the calculated residence time of the
ever, the NQ EI curve for the 7—8 percent airblast dp cases agpray from the point of injection to the quarl ex.75 msef,
higher than the corresponding 3 percent cases for each presswggesting that droplets persisted in the dome region.
condition. For the constant overall air flow rates at the 4 and 6.6 The penetration of the spray into the swirling dome air can be
atm cases, the predicted curves should coincide for these pressusslicted by a modified correlation describing the maximal spray
conditions. In addition, the 4 atm cases are predicted to produggrface trajectory into the crossflow. Leong et[45] derived a
higher NQ EI than the 6.6 atm cases. The main parameters tharrelation from images captured, in an experiment modeled after
vary in the Lefebvre correlation are pressure and the primary zothe LBl hardware, of a single spray jet injected into a uniform
temperature, and since the measured reaction temperatures,cdessflow. Although the trajectory analysis neither accounts for
picted in Fig. 5, were already shown to deviate at eaotondi- the highly nonuniform velocity profile in the quarl contraction nor
tion, the NQ EI predictions were also similarly affected. In anyfor droplet vaporization, the correlation can give a general esti-
case, this insufficient fit by the LPP-based Lefebvre correlationate of spray penetration into the quarl.
and by the spray combustor model of Rizk and Mongia points In the spray correlation of Leong et 4lL5], images were ob-
toward the need to measure and model the fuel-air mixture chéained at ambient pressures of 1, 3, and 5 atm, at different airblast
acteristics in and immediately downstream of the quarl so that theessure drops. The trajectory of maximum penetration was de-
model can accommodate the mixing features of the LBI injectoscribed by an equation that incorporated a jet-to-crossflow
momentum-flux ratio. For a single phase jet, the momentum-flux
ratio is clearly defined, but for a two-phase flow, such as the
) . . o irblast spray jet, the momentum-flux ratio must incorporate the
spray droplet size and penetration correlations were utilized. Th& mentum of both liquid and airblast air streams. The following

droplet size of interest in combusting flowsDs,, which repre- gefinition was developed in the 1998 work to describe the two-
sents the ratio of the total volume to the total surface area of t flase momentum-flux ratiqy :

spray droplets. Thé s, values of the sprays produced in this
experiment were calculated using the Lorenzetto and Lefdl®\re
correlation for plain-jet airblast atomizers, which according to
Shaffar and Samuels¢8] satisfactorily predicted the droplet size
of sprays from the LBI injector. where A,ipiast IS the annular area corresponding AQ; minus

Figure 8 shows the predicted droplet sizes for the conditiodg,., andV .ssiiow COrresponds to the bulk crossflow velocity at
tested, as well as for the LBO limits. The simil@rs, values the point of injection. The derived correlation described the upper
obtained at the same airblast pressure drop conditions reflect sluigface trajectory well at the 3 atm case, but underpredicted the
similar airblast air to liquid mass flow ratidéLR) used in these spray trajectories at the 1 atm condition, and overpredicted the
cases. trajectories at the 5 atm condition.

Fig. 7 Spatially averaged NO , emission indices overlaid with
LPP predictions from Lefebvre [10]

Spray Atomization and Penetration. To explain the com-
bustion performance in relation to fuel atomization and mixin

q2= {[ ( PVZA)fueI+ (PVZA) airblasJ/AjeL}/ ( Pvz) crossflows (1)
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30 x vicinity of lean blow out. Despite achieving finer droplets, it is

a probable that the spray droplets persist in the flow at the relatively

20 s & s o4 atm /8% dp low air preheat temperature associated with low power operation.
{‘°¢ o4 atm /3% dp We conclude the following.

ﬁé A6.6am/7%dp 1 The LBI is an attractive strategy for the introduction of fuel
10 A6.6atm/3%dp| and the promotion of rapid mixing. At low power conditions,
attention must be directed to the identification of design and op-
0 eration parameters that minimizand precludethe penetration of
‘ ) j liquid fuel to the quarl wall.
Y 0.5 1 1.5 2 2 The crossflow injection of evaporating droplets presents
downstream distance z/Dfuel novel challenges for existing penetration and emissions correla-
tions. The effects of pressure, air preheat, initial spray character-
Fig. 9 Upper spray penetration predicted by modified correla- istics (e.g., size distribution, component of swjratomizing air
tion of Leong et al. [15] properties, and fuel propertigsand secondary atomization have
particular significance in crossflow configurations.

penetration x/Dfuel

One reason for the insufficient fit lies in the lack of a term t
account for the atomization quality of the spray. Adding the fa(:t(O%r‘cknOWIedgmentS
(D3,/Dye) to the curve fit of Leong et aJ15] to account for the ~ The authors would like to acknowledge the following people
droplet size greatly improved the correlation. A least squaréer their assistance with the LBI experiment: S. W. Shaffar for the
analysis performed with the additional factor resulted in the foflesign of the emissions probe and for discussions regarding the
lowing curve fit which describes the upper surface penetratidl operation and R.L. Hack, J. Auckland, and R. Pessa for their

X/ Dyyer: help with integrating the experiment into the high pressure facil-

. A2% A3s A ity. This research program was funded by the NASA John H.

XID1yer=(AL)* 45" (2/D1ye) ™* (D 32/ Diye)) ™, (2)  Glenn Research Center at Lewis Field under Contract No. NCC3-

wherez/Dy,q represents the downstream distance, and constaﬁi’szl_W'th R. R. Tacina and J. D. Holdeman serving as program
A1=13.8,A2=0.67,A3=0.22, andA4=0.39. monitors.

The g, values ranged between 28—29 for the 7—8 percent ajr lat
blast pressure drop cases, and between 12—13 for the 3 percenlgl(%nenc ature
cases. Varying the liquid fuel flow to achieve different equiva- ALR = airblast air to liquid mass flow ratio
lence ratios does not significantly impact the valuegef The Dj, = total droplet volume to total droplet surface area ratio
result of applying the modified correlations of Leong et al. using EI = emission index(g emissiow(kg fuel)
the g, values for the present test conditions is shown in Fig. 9. LBO = equivalence ratio at which lean blow-out occurs
At the point of spray injection, the distance between the LBl ¢, = two-phase jet to crossflow momentum-flux ratio
injection tube to the quarl wall is 16 mm. Furthermore, the con- ¢ = fuel-air equivalence ratio
tinued contraction of the quarl section narrows the gap between
the injector and the quarl wall. Thus, to avoid wall impingemenReferences
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