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TRANSTENT AND STEADY-STATE PERFORMANCE OF A SINGLE TURBOJET
COMBUSTOR WITH FOUR DIFFERENT FUEL NOZZLES

By Richard J. McCafferty and Richard H. Donlon

SUMMARY

Acceleration and steady-steate performsnce of a single tubular com-
bustor opersting with four different fuel nozzles were determined at two
simulated altitude, part-throttle condlitions. The nozzles were the dnal-
entry duplex nozzle usually used in this combustor, a single-entry duplex
type, and two simplex nozzles. Additional tests were made over a range
of initial fuel flows (heat-release rate) while maintaining the combustor-
inlet air varigbles constant at the two altibtude - engine speed conditions.

The rates at which combustor temperature and pressure responded to
fuel addition varied with the nozzles; sn appreciable response lag was
observed with 2ll the nozzles. Limiting rates of change of fuel flow
(acceleration limits) were cbserved only with the dual-entry nozzle; the
observed combustlon fallures were attributed to an interrupted fuel-flow
delivery during acceleration. At the particular altitude conditions used,
heat release rate was not found to be an important factor in controlling
acceleration limits as was suggested in a previous investigation. No
combustion fallures were observed during saccelerstion with three other
nozzles that geve uniform flow delivery, excepting those accelerations to
final fuel-glr retios producing steady-state rich blow-out. These results
suggest that combustion fallures during high-altitude acceleration are due
to rich blow-ocut limits belng exceeded during transient operation; or are
due to discontinmuity in fuel-flow delivery, which is a function of fuel
nozzle used.

The best steady-state combustion efficienciles were obtained with the
dual-entry duplex nozzle because of its superior atomization at these
part-throttle conditions. As this nozzle also gave the poorest accelera-
tion, steady-state efficlency performance is no reliable criterion of
trensient performence.
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INTRODUCTION

Research 1s being conducted at the NACA Lewis laboratory to deter-
mine the factors that affect engline acceleration. As part of this re-
search, an investigation of the effect of fuel-nozzle design on the com-
bustion behavior during fuel-flow increase in a single tubular combustor
is reported herein: ' '

A study of one full-scale engine indicated that combustlion flame-out
was a factor limiting engine acceleration at altitudes above 35,000 feet
(ref. 1}. Precise control of the fuel input during acceleration was nec~
essary in order to avold unstable combustor cperating conditions. An in-
vestigation describing combustion response to rapid fuel-flow changes is
reported in reference 2. Limiting time rates of change of fuel flow
(acceleration limits) were determined and the effects of certaln air-flow
variebles were studied. Further studies indicated that small varlations
in the axial position.of the liner with respect to the nozzle affected
both transient and steady-state performence (ref. 3). These investiga-
tions (refs. 2 and 3) were conducted in a J35 combustor with a dusl-entry
duplex nozzle, which is the standsard nozzle for this combustor.

The present investigation used & similer-type combustor with four
different fuel-injection nozzles to determine effects of some variatlons
in nozzle design on trensient—and steady-state combustion performance.
The four nozzles provided a range of fuel-spray characteristics at any
given fuel flow rate. The J47 combustor chosen for this investigation
vas so designed that variations in axial position of the liner with re-
spect to the nozzle would not occur.

Data were obtained with the four fuel nozzles at combustor-inlet
conditions simulating 58-percent—rated rotor speed and altitudes of 35,000
and 45,000 feet. Additional tests were conducted to determine the effects
of initial (before.acceleration) outlet temperature, fuel-air ratio, and _
heat-release rate on the acceleration characteristies. The data are ana-
lyzed to indiceaete the effect of fuel-spray characteristics on steady-state
combustion efficiencles and transient combustor behavicr. Photogrephe of
the fuel sprays provided by the four nozzles are also shown and discussed.
Descriptions of the speclel epparatus and instrumentation used are
presented.

APPARATUS AND INSTRUMENTATION
Conbustor - -
The axlal relation of the llner to the nozzle has been shown to be

8 varlgble factor influencing combustion performasnce in the J35 combustor
(ref. 3). For this reason, a J47-GE-19 single combustor was chosen for
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this investigation. The liner of this combustor is anchored near the up-
stream end of the combustor at the cross-fire tubes; thus, only small
axial movement of the liner with respect to the nozzle occurs as a result
of liner thermal expansion. The combustor-outer-housing wall was rein-
forced with metal bands to eliminste structural failure at low Ilnterior
pressures.

Combustor Installation

The combustor was connected to the laboretory alr facilities as shown
disgrammatically in flgure 1. Air-flow rate and alr pressure were regu-
lated by remote-control valves upstream and downstream of the combustor.
Alr flow was mesasured by means of a verigble-ares orifice. In order to
assure a uniform air and exhsust supply free of line surges, choke plates
were placed in the inlet and exhaust ducting of the combustor. ILocation
and construction of these choke plates are shown in figure 2. The Inlet
choke plate admitted sir through fifty l/é-inch—diameter holes. The out-
let choke-plate assembly consisted of two slotted plates, one of which
was movable with respect to the other, permitting a range of flow areas to
be selected. The inlet choke plate and outlet choke sssembly were in-
stalled in the ducting at positions corresponding to the last stage of
the compressor and to the turbine nozzle dlaphragm in the full-scale
engine.

Fuel-Injector Systems

Two fuel systems were used to obtain the required flow rates for the
steady-state and transient phases of the investigation. A conventional
fuel system containing fuel storasge drums, pumps, rotameters, piping, and
manual reguleting valves was used to obtalin steady-state combustion data.
A separste fuel system containing a pressurized container, motorized flow
control vaelve, and surge chambers was used to obtain transient data. A
detailed description of the fuel acceleration system is given in reference
2. The fuel used was MIL-F-5624A, grade JP-4 (NACA fuel 52-288).

The four different fuel injectors used in this investigation were
instelled in the same relative position within the combustor. A descrip-
tion follows:

Dual-entry duplex nozzle. - The dual-entry duplex nozzle is used in
the J47 turbojet engine. It has two intermel flow paths, called large and
small slots, which converge and feed out through a single orifice. An ex-
ternal flow divider splits the flow to each slot path in the engine in-
stallation. At low flow rates all the fuel goes through the small slots.
When the pressure within the smell-slot path exceeds & preset value, ex-
cess fuel is diverted to the large slots. An orifice in the large-slot
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supply line was used in the test apparatus to approximate the actlon of
the external flow divider. The nozzle, supply plplng, and locatlion of
fuel-measuring instruments are shown in the following sketch:

— Acceleration fuel

Steady-state a»—
fuel Measuring anemometer

Small-slot line

Large-slot line

Orifice Pressure-differential

plckup

> Nozzle

The transilient fuel-flow rate was measured wlth a pressure-
differentiel pickup and a constant-current hot-wire anemometer. The
pressure-differential plckup was connected across the orifice in the
large-slot fuel-supply line, as shown in the preceding sketch. The pres-
sure pickup, properly calibrated, measured steady-state fuel flow accu-
rately and was used to indicate the flow before and during accelerstion.
The anemometer, installed in the main fuel-supply line, had s higher
frequency response but was leas accurate; the anemometer was used to de-
termine the time elspsed during the fuel-flow change. The signals ob-
tained from both flow-measuring devices were recorded on an oscillograph.

Single~-entry duplex nozzle. - This nozzle has two flow slot paths
and a single orifice similar to the dual-entry duplex, but division of
flow 18 done within the nozzle body. As the flow division 1s internal,
one supply line feeds the nozzle as shown by the following sketch:

Acceleration fuel

Steady-steate

fuel Measuring anemometer

Orifice Presgure-differential
plckup
] Nozzle
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The flow-measuring anemometer and pressure pickup were installed in series
in the single fuel-supply line,

Simplex-type nozzles. - Two different capacity simplex nozzles were
used. They were constant-ares, single-orifice units having 60.0 and 15.3
gellon-per-hour capacities at 100-pounds-per-square-inch pressure differ-
ential. The internal parts of a duplex nozzle were removed and the sim-
plex units were attached to the end of the duplex body. The supply line
arrangement was identical with the single-entry duplex arrangement.

Temperature and Pressure Instrumentation

Combustor-inlet air temperature was measured by two single-junction
iron-constantan thermocouples located at station 1 (fig. 1). Steady-state
combustor-inlet static pressure was measured by static taps located at
station 2 (fig. 1). Trensient combustor-inlet static pressure was mess-
ured at the same station (2) with a diaphragm-type differential pressure
plickup and was recorded on &n oscillograph.

Combustor-outlet gas temperature was measured by three five-junction
chromel-alumel thermocouple rakes located at station 3 (fig. 1). These
thermocouples were connected through an averaging circuit to a potentiom-
eter and were used to indicate steady-state outlet temperatures before
and after fuel acceleratlions. The repid variations in combustor-outlet
tempersture during the acceleration process were indicated by a single
thermocouple that was compensated for thermsl lag. The single thermo-
couple, located between the rakes at station 3, comsisted of 0.010-inch-
diameter wires butt-welded between two heavier support wires. The posi-
tion of the single thermocouple junction in the gas stream was selected
to indicate the same temperature as the average reading of the 15 outlet
thermocouples during steady-state operation. The temperature indications
were recorded by an oscillogrsph. A detailed discussion of the methods
of thermocouple compensation 1s given in reference 2. The theory of com-
pensatlon is presented in reference 4.

PROCEDURE
Test Procedure

Transient combustion response characteristics and steady-state com-
bustion efficiencies were studled at the following operating conditions:
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Simulated flight conditions]|Inlet static|Inlet Inlet |[Reference|Outlet
Altitude,| Rotor speed, pressure, |air air veloclty, |temper~
£t percent rated in. Hg abs |temper-|flow, ft/sec ature,
ature, {lb/sec CF
oF
35,000 58 18 85 2.0 95 520
45,000 58 . 11.5. 85 1.3 g6 510

These conditions simuisted operation of the conbustor in a 5.2-pressure-
ratio turbojet engine at a flight Mach number of zero. Reference veloci-
ties are based on the maximum cross-sectlonal area of the combustor (0.48
8q ft), the inlet-ailr density, and the mass-air flow rate.

Combustor steady-state temperasture-rise data were obtained with all
four fuel nozzles at the two operating conditions noted. At each test
condition, deta were recorded for fuel-air ratlos boih higher and lower
than those required for the outlet tempereatures shown in the table.

Transient combustion response data were obtained in the following
manner: Steady-state combustion. was attalned and the transient instru-
mentation was calibrated against the steady-state instrumentation. The
acceleratlion fuel system was then asdjusted and energlzed to increase fuel
flow at the desired rate. For selected final values of fuel flow, the rate
of fuel accelexrgtion was increased by readjusting components of the ac-
celerating system until combustion failed or the limit of the fuel system
was reached. This procedure was repeated for each combustor test condi-
tion with each of the four fuel nozzles. Limlted acceleration dsta were
obtained over a range of initial fuel-air ratlios to determine the effecis
of Initial outlet tempersture and fuel-alr rabtlc on acceleration limits,

Method of Determining Fuel Acceleration Rates

The fuel acceleration rates referred to herein represent the fuel-
fiow Blopes and were computed as the change of fuel-alr ratic per unit
time., Figure 3 shows & sketch of . a typical fuel trace as recorded by the
pressure~differential pickup. This oscillogreph trace was obtaluned with
the dual-entry duplex fuel nozzle. The acceleration rate was calculated
by dividing the difference between initial. fuel-air ratic and final fuel-
alir ratio by the amouut of time (seconds) between the point on the trace
where the accelerastion begins and the point where the fuel flow first
reaches the final flow rate.

3638
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RESULTS
Combustor Transient-Response Characteristics

The transient-combustion performence data obtained with the four
nozzles at both similated altltude - rotor speed conditions are presented
in table I. Trncluded in these tgbles are data indicaeting the rate of
combustion response to fuel acceleration. Combustion "dead time™ is de-
fined as the time between the start of the acceleration and the point
where temperature and pressure first exceed their initial values. Total
response lag is the time required after the start of the acceleration for
the combustor-inlet temperature (as indicated by the single compensated
thermocouple) approximstely to level off at the higher temperature at the
end of the trensient. Both lag and dead time are a combination of fuel
transport and combustion process time.

Osclllograph records typical of those obtained at the simulated
35,000-foot altitude test condition are presented in figures 4 and 5. A
composite plot of the data from figures 4 snd 5 is presented in figure 6,
which shows faired curves for the fuel-flow, cambustor-outlet-temperature
(as indicated by the single compensated thermocouple), and Iinlet-static-
pressure veriations during acceleratiouns with each of the four nozzles.
In most cases tThe fuel-supply system was adjusted to increase outlet tem-
perature from 520° to 1500° F during the acceleration. With the smallest
simplex nozzle (15.3- gal/hr) aveileble supply pressure limited the final
temperature to sbout 1250°% F.

Results of two runs at different acceleration rates with the dual-
entry duplex nozzle sre shown in figure S(a). The gap in the flow curves
for both runs resulted from the trace exceeding the limits of the cali-
bration. As Tuel flow was increased, combustor-outlet tempersture and
inlet static pressure first decressed and then increased; dead time was
gbout 1.58 seconds. An outlet tempersture of sbout 1500° F was abiained
in about 2 seconds (total response lag). The dotted-line curves represent
an unsuccessful acceleration; the more rapid increase in fuel flow re-
sulted in a decrease in tempersture and pressure with no recovery. Un-
successful accelerations following this response paeth are referred to as
"quench-out” polnts. Simllar response characteristics of a J35 combustor
operating with the same dual-entry duplex nozzle are reported in refer-
ence 2. Another unsuccessful response path, called ™blow-out", is re-
ported in reference 2. During acceleration.to high final fuel-air ratios,
the fuel addition would provide some increase in temperature rise before
flame blow-out occurred. A possible explanation of these response pathse
is included later. . T

Results obtained in a typical run with the single-entry duplex nozzle

are shown in figure 6(b). For this run, the change from initisl to final
flow rate occurred in sbout one-tenth of the time taken for the successful



8 r ) NACA RM ES5HO3a,

acceleration run with the dual-entry duplex nozzle (fig. 6(a)).
Combustor~-outlet temperature and inlet pressure responded immediately to
the increase in fuel flow; no Intermediate decreases were observed. The
time required for outlet temperature to reach the final temperature of
1500° F was, however, approximately the same wifh Doth single- and dual-
entry nozzles. Once the tempersture began tc respond to the increase in
fuel flow, 1t rose more rapidly with the dusl-entry nozzle.

Response curves for the 650.0- and 15.3-gallon-per~hour simplex
nozzles are presented in figures 6(c) and (d), respectively. The fuel
accelergtion time with each nozzle was sbout the same ag with the single-
entry duplex nozzle. Temperature and pressure responded immediately with
both simplex nozzles, but they increased more slowly than with the duplex
nozzles. Total responee lag wes greater wilth the large capacity than with
the smaller capacity nozzle. The conclusions obtalned from the represent-
ative runs shown in figure 6 are supporited by the response time data for
all the runs (table I).

Limits of Fuel Acceleration

Effect of final fuel-air ratio. - Acceleration rate, calculated as
the change in fuel-eir ratio per unit+time, is plotted against final fuel-
air ratio in figure 7 for the simulated 35,000- and 45,000-foot-altitude
conditione, All accelérations shown In figure 7 were started from fuel-
alr retios required to.give sbout 520° F for the 35,000-foot condition
and 510° F for the 45,000-foot condition. The range of steady-state, rich
blow-~cut—Ffuel-alr ratios observed at the higher altitude is included on
figure 7(b). At the 35,000-foot altitude the rich blow-out fuel-air
ratios were beyond the limits of the temperature instrumentation. The
unsuccessful acceleration data were all quench-out points with the ex-
ception of those within the steady-state, rich blow-out region.

Unsuccéssful accelerations were observed with the dual-entry duplex
nozzle at both altitude conditions; lines sre falred through the data to
represent limits of successful acceleration. No unsuccessful accelera-
tione were cbserved with the other three nozzles at elther test condition
except when the final fuel-air ratio was within the steady-state blow-out
range (fig. 7(b)). At both altitude conditions, the range of final fuel-
alr ratio investigated provided outlet temperatures in excess of the max-
imum alloweble turbine-inlet temperature, about 1600° F

Effect of initisl condltions before acgceleration. - Acceleration data
were obtalned for a range of 1nitis]l fuel-alr ratios at both simulated
altitudes. These accelerations were made to a final outlet temperature of
about 1500° F. Acceleration rate is plotted against fuel-alr ratio before
acceleration in figure 8, and againet combustor-outlet temperature and
hest-release rate before acceleration in flgure 9.

3638
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The dual-entry duplex nozzle gave unsuccessful accelerations at both
altitude conditions. At the 35,000-foot'condition, the limiting accelera~
tion value increased rapidly as fuel-air ratio, outlet temperature, and
heat-release rate before acceleration. increased (figs. 8(a) and 9(a)).

The trend was directly opposite at the 45,000-foot condition (figs. 8(b)
and 9(b)).

No combustion blow-out or quench-out was observed with the single-
entry duplex and the two slmplex nozzles over the range of initial condi-
tions represented by the data of figures 8 and 9. No data sre shown on
figures 8(a) and 9(a) for the 15.3-gallon-per-hour nozzle; the final tem~-
perature with this nozzle was limited by insufficient fuel-supply pres-
sure. However, successful accelerations were cbtained over the same range
of initial conditions to sbout 1250° F final temperature with the 15.3-
gallon-per-hour nozzle.

Steady-State Combustion Efficiency

Steady-state combustion performance data obtained at combustor-inlet
conditions simulating pert-throttle cperation at 35,000- and 45,000-foot
altitude are presented in table II. Data were cbtained at the low fuel-
alr ratios that would exist during engine operation at part throttle at
any altitude. Acceleration to higher fuel-zir ratios would begin with
these steady-state conditions. Combustor-ocutlet temperature is plotted
agalinst fuel-alr-ratio, for each of the different fuel nozzles, in fig-
ure 10. Included in figure 10 are lines of constant combustion effi-
ciency; by interpolating between these lines the combustion efficiency
value of each date polut can be estimated. These lines of constant effi-
ciency were computed as the ratio of enthalpy rise through the cowmbustor
to heat content of the fuel.

A comparison of the combustion efficiencies obtained with each nozzle
at both altitudes 1s presented in figure 11, The efficiencies are lower
gt the higher altitude. In genersal, the dual-entry duplex nozzle provided
the highest efficiencies of the four nozzles studied. The 60.0-gallon-
per-hour simplex nozzle gave the poorest performance, with efficlencies
es much.as 48 percent lower than the others at a given fuel-air ratio
value. - - - -

Spray Characteristics

In an effort to explain the results obtained in this investigation,
a cursory examination was mede of the spray characteristics provided by
each of the fuel nozzles. Motion pictures and still photographs were
taken of each nozzle ejecting water at flow rates similar to those used
in the combustion performance investigation. Both steady-state and tran-
sient flow observations were made. The combustor was removed from the
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test rig and the nozzles sprayed into the test room. The same injection
systems that were used to provide fuel in the performance Investigation
supplied water to the nozzles.

Steady-state tests showed that at any given flow rate the different
nozzles gave & wide range of spray angles and drop sizes. All the nozzles
gave hollow~-cone-type sprays when fully developed. "~The dual-entry duplex
nozzle produced the finest atomizatlon, with & spray angle of sabout 170°
through the small slots at low flows. As flow increased and as the large
slots came into operstion, the spray angle converged to sbout 120°. The
other nozzles emltted a narrow-angle bulb-type spray at-low flows that
diverged to a fully developed cone as flow increased. The fully developed
spray angles were 110° for the single-entry duplex nozzle, 80° for the
large-capacity simplex nozzle, and 70° for the small-capacity simplex noz-
zle. The large-capacity simplex nozzle produced the coarsest atomlzation.

Selected frames of the motlon plctures taken of the single-entry and
figures 12 and 13, respectively. The spray pattern development was the
same during acceleration gs during steady-state conditions for all nozzles
except the dual-entry duplex. In figure 13 the spray from the dual-entry
duplex nozzle is shown to converge from a wide angle to s more narrow
angle, with the 16w ocutput ceasing completely for a period of about 0.02
to 0.04 second during the transition. This flow interruption occurred
only when the spray was emitting from the small slots at the start of the
gcceleration; no flow interruption was observed when both slots were com-
pletely filled at higher flows. Bince the fuel-measuring instrumentation
indicated an increase in flow during this flow interruption, recirculation
of the fuel within the nozzle and injection system probably occurred.

DISCUSSION

Operation of the single turbojet combustor with different fuel noz-
zles showed that both steady-stateand transient performence were affected
by nozzle deslign. Photographic studies of the sprays formed at both
steady-state and translent conditions will be used to explain the results
observed in previous investigations (refs. 2 and 3) and those reported
herein. The discussion is divided into two parts: (1) acceleration and
(2) steady-state combustion efficiency.

Acceleration
Response characteristics. - The previous investigation conducted in

a J35 combustor with a dual-entry duplex nozzle showed that combustor re-
sponse to a rapid increase in fuel flow followed one of three paths:

zZaze
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(1) Successful aeceleration with sustained burning at higher levels
of tempersture, pressure, and fuel-air ratio

(2) Acceleration to higher levels of temperature, pressure, and fuel-
alr ratio momentarily, followed by combustion blow-out if the final
conditions approached the steady-state, rich blow-out limit

(3) Immediate combustion blow-out {quench out) during very rapid
rates of fuel-flow increase.

In paths (1) and (2) dead time was observed as the inlet-air pressure and
outlet temperature Tirst decreased and then lncreased with an lncrease in
fuel-flow rate. Response delay was shown to be one of the factors that
made accelerstion of an engine difficult to control in the tests reported
in reference 5. Delays of sbout 0.03 second, which consisted of fuel
transport and combustion process time, were observed during acceleration
at ses level. With the J35 and dual-entry nozzle combustion system, the
observed dead time was 0.25 second at the 25,000-foot simulated altitude
and about 2.0 seconds at 50,000 feet (ref. 25.

Similar response paths were observed in the present investigation
with the J47 combustor and dual-entry nozzle; the observed dead time was
1.58 seconds at 35,000-foot simulated altitude (fig. 4(a), run 13). Also,
a comparison of the response time date in tables I(a) and (b) shows
that total response lag increased with all the nozzles as altitude in-
creased from 35,000 to 45,000 feet. The response characteristics with
the single-entry duplex and the two simplex nozzles were quite different
(figs. 4(b), (c), and (d)). Combustor-outlet temperatures and inlet
static pressures did not follow the dip-and-rise pattern In response to
edded fuel; during successful accelersations they increased immedlately
with no dead time. However, response lag was observed wlth these nozzles.
The temperature and pressure during successful acceleration did not
attain the higher levels as fast as the fuel could be added; the time
required varied with the individusl nozzle. For all the runs wlth the
nozzle producing the slowest temperature response, the average response
leg time was 7.8 seconds at the highest simlated altitude condition
(teble I(b)). This type of delsy would probebly not be as harmful as
the dead-time type of response, since there would be less tendency to
cause overshoot of the scheduled fuel Flow during acceleration; but re-
sponse lag times of this magnitude are obviously appreciable when com-
pered to the 20 to 40 seconds that might be required for an engine ac-
celeration at 45,000 feet.

The variaetion in type of response lag observed may be explained by
considering the manner in which the nozzles spray fuel during accelersa-
tion. . The photogrephs showed that the dual-entry duplex nozzle ceased
flow output immedlately after the start of aecceleration. The other noz-
zles had no such interruption; thelr sprays diverged into a fully devel-
oped cone uniformly. This flow interruption with the dual-entry nozzle
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decreased the amount of fuel belng burned during the initial stage of the
acceleretion, resulting in the momentary decreases in temperature asnd
pressure. After the interruption, the fuel entered the combustion zone

at a more rapid rate than the calculated acceleration time would indicate,
as shown by the fuel flow traces of figure 4(a). Higher acceleration
rates, then, resulted in overloading a primary combustion zone in which
the heat-release rate had already been reduced by the interruption in
fuel flow. Only a portlon of the fuel would therefore burn before blow-.
out occurred (response path 2). The following two possible interpreta-
tions are suggested for quench-out (response path 3): (1) still faster
accelerations would result in sudden, complete gquench-out of the combus-
tion with 1ittle or none of the added fuel being burned; and (2) the
nature or duratlon of flow lnterruptlion may have changed as acceleratlon
rate lncreased, resulting In combustion lean limit blow-out with not
enough fuel present to support combustion. In reference 2, the initial
decreases in temperature and pressure were attributed solely to the 1in-
creased fuel vaporizatlion cccurring during the acceleration. While vapor-
lzation mey have Influenced the eccelerations in the present lnvestiga-
tion, the fact that no lnitlel decrease was noted with the three single-
entry nozzles 1ndicaetes that flow interruption was the primery factor.

Acceleration limits. - No unsuccessful acceleratlons were obtalned
with the single-entry duplex and two slmplex nozzles up to the maximum
acceleration rates provided by the equipment (fig. 5), excepting those
accelerations where the finsl fuel-alr ratlos were in the range of rich-
limit steady-state blow-out. Acceleration limits were obtalned with the
dual-entry nozzle in both the J47 combustor used in this investigation
and the J35 combustor used previously (refs. 2 and 3). These previous
lnvestigations ilndlcated that the limiting acceleratlion rates lncreased
as initial outlet temperature and heat-relesse rate increased; a simdilar
result was observed at the 35,000-foot-simulatéd-altitude condition in
this investigation (fig. 7(a)). These accelerations were all started in
the fuel-flow range where interruption of the flow occurred. The in-
crease in limiting acceleration rate indicates thst the effects of fuel-
spray lnterruption become of lesser importance as the volume of burning
is larger or the nature of the flow interruption changes. At the 45,000-
foot simulated altitude, increasing these inlet veriables did not permit
faster acceleratlion rates; instead, the limits decreased (figs. 6(b) and
7(b)). The more severe inlet-ailr conditions present at this higher alti-
tude apparently resulted in unstable combustion, and rich-limit fuel-air
ratios were reached In the primery zone during saccelerstion. Unsuccess-
ful accelerations at the higher fuel-air ratlos resulted from blow-out.

Axial position of the dual-entry duplex nozzle was shown in reference
3 to have a marked influence on acceleration performance at eltitude con-
ditions. For the complete range of nozzle positions and combustor-linlet
conditions covered in reference 3, the dats showed differences in accel-
eration limits of about one order of magnitude. The highest acceleration
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rates were observed when the tip of the nozzle was nearly flush with the
contour of the dome inner wall. These high acceleration rates may be due
to fuel wash on the liner dome that counteracted the effects of the fuel-
flow interruption. The fuel on the walls may have acted as a reservoir
to supply the combustion with fuel during the flow interruption. With
the wide spray angle produced by the dual-entry nozzle, the smount of
fuel impinging on the walls would be expected to increase as the nozzle
was shifted upstream. ' '

In summary, acceleration performence of the J47 combustor was gov-
erned by the manner in which the fuel nozzle operated durlng acceleration.
Temperature and pressure response to fuel addition was different with the
different nozzles; two types of response lag were chserved. Unsuccess-
ful accelerations to fuel-air ratios below steady-state rich limit blow-
out were observed only wlith the nozzle that produced an interrupted flow
during scceleration. Increases In lnitial bheat-release rate did not
consistently increase acceleration limlits with this nozzle at the alti-
tude conditions investigated, as was observed in previous tests (ref. 2).
With fuel nozzles that provided uniform flow lncreases during accelera-
tion, combustion fallures occurred when the final fuel-air ratio was with-
in the range of steady-state rich blow-out. This emphasizes the need for
a sufficient margin between rich blow-out fuel-alr ratios and the fuel-air
ratio necessary to glve enough temperature rise for engine acceleration.

These results apply only to the equipment, fuel, and range of varia-
bles investigated. Also, the results obtained with the dual-entry duplex
nozzle mey not apply rigidly to an engine using these nozzles. It is notb
known if the engine fuel supply and control apparatus used with the noz-
zles produce flow interruptions durlng transient fuel additions.

Combustion Efficlency

Of the four nozzles used, the dual-entry duplex nozzle gave the
highest efficiencles and the large simplex the lowest at both altitude
conditions (fig. 9). These efficlency data were obtained in the low
fuel-air-retio renge that would correspond to part-throttle operstion.

At these fuel flows, the spray photographs showed that the dual-entry
duplex gave the finest atomization and the widest spray angle, while the
large simplex gave the poorest atomlzation and narrowest epray angle.

The efficiencies were lower with the simplex nozzle because (1) the poorer
atomlzation increased the time required for fuel vaporization, and (2) the
narrow spray angle reduced fuel-air mixing in the primexry combustion zone.
With this nozzle, the efficiency increased repldly with fuel-air ratio
because of improvement in spray configuration and atomization at the high-
er fuel flows. The effects of fuel-spray characteristics on combustion
performance have been investlgated and discussed previously in references
6 and 7.
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A comparison of steady-state efflciency and acceleration performance
of the nozzles shows that acceleration performance did not depend on com-
bustion efficlency at the Initilal condltions. Successful acceleration
deta were obtained at maximum accelerstion rates with fuel nozzles giving
large differences in combustlon efficiency at the operating conditions
preceding the acceleration.

SUMMARY OF RESULTS

Transient and steady-state combustion performance of a single tubular
combustor with four different fuel nozzles wag measured at simulated part-
throttle altitude condlitions. The nozzles were a dual-entry duplex type,
a single-entry duplex, and two slmplex nozzles. The results were as fol-
lows:

1. For a glven acceleration rate, the manner and time in which the
combustor-outlet tempersture and lnlet static pressure responded to fuel
acceleration were affected by the nozzles. Two types of response lag
were observed; with the dual-entry duplex nozzle a "dead time" was ob-
served before the tetmiperature and pressure increased sbove their initial
values; with the other nozzles the temperature and pressure increased
lmmedigtely but did not reach thelr final velues as rapldly as did the
fuel-flow rate. Both types of time lag conslsted of fuel transport and
combustion process time.

2. Limliting rates of acceleration were observed with the dusl-entry
duplex nozzle; these combustion fallures were sttributed to an interrup-
tlon in fuel flow provided by this nozzle. Combustor-inlet alr conditions
and fuel flow were shown to affect these. accelerstion limits. The effect
of initial fuel-alr ratio (heat-release rate) on acceleration limite was
not consistent at two altitude conditions and could not be used rligidly
to control ascceleration llmits, as had.been suggested In a previous
investigation.

3. Except for steady-state rich-limit blow-out, no combustion fail-
ures were abserved during acceleration with a single-entry duplex and
two different capaclty simplex nozzles. With these nozzles, the fuel
flow to the cowbustor increased uniformly during acceleration.

4. At part-throttle operation, the highest combustion efficiencles
were generally obtalned with the dual-entry duplex nozzle, which produced
the fluest atomizetion and the widest spray angle at these conditlonms.
Since this nozzle gave the poorest acceleration chaeracteristics, 1t 1s
apparent. that steady-state efficiency performance is no criterion for
Judging transient performance. - -

3638
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CONCLUDING REMARKS

Acceleration performance was governed by the manner in which the fuel
nozzles opersted during acceleration. The only combustion failures ob-
served resulted either from a steady-state, rich fuel-air-ratio limita-
tion, or from a discontinuity in fuel flow during acceleration. These
results show no effect of transient fuel flows on the gbility of the com-
bustion process to produce temperature rise allowing time for equilibrium;
they suggest thet combustlon failures during scceleration are not a re-
sult of rate limltatlons for some phase of the combustion process, such
as vaporization or kinetics, as long es steady-state operating limits are
not exceeded.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, August 4, 1955
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TABLE I. -~ TRANSIENT COMBUSTION PERFORMANCE DATA WITH FOUR

NOZZIES FOR SIMULATED ALTITUDES

[Simulated rotor speed, 58 percent rated; inlet static
pressure, 18.0 in. Hg abs; alr flow, 2.0 Ib/sec; inlet

temperature, 85° P; reference velocity, 95 Tt/sec.]

(a) Altitude, 35,000 feet

Run |Initisl|Final |Time forjAcceleras- |Combus-|Total Combus-
fuel- fuel~ |acceler-|tion rate, |tion regponse [tion re-
air air ation, fuel-air- |dead lag, sponse®
ratio |[ratio sec ratio tinme, sec

change/sec| sec

Dusl-entry duplex nozzle

510.0062 10.0128 0.17 0.038 ———— ———— S
6 .0128 15 044 ———— ———— Q
7 0157 Al .022 0.63 1.79 S
8 0157 34 .028 ———— ———— Q
9 .0194 .68 .019 ———— -———— Q
10 .01941 1.08 .012 1.40 2.0z S
11 .0212 .86 .017 l.64 2.18 S
12 .0212 .60 .025 —_—— ———— Q
13 02331 1.4 .013 1.58 2.00 8
14 .0233 .80 021 ———— -—— Q
15 0264 1.1 .018 2.04 2.88 S
16 0264 .80 025 ———— ———— Q
17 0282 .84 .025 .90 2.06 S
18 Y .0282 .86 .033 -—— ———— Q
19| .006S 0230 .72 .022 .88 1.84 s
20| 0069 .0230 .55 .029 —— ———— Q
21| .0083 .0224 .20 .070 .26 1.62 S
221 .0076 0224 .24 062 .28 1.62 S
23| .0072 | .0224 .20 .076 ——— ——— Q

85, successful; Q, unsuccessful (quench-out).
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TABIE I. - Continued.

-

WITH FOUR NOZZLES FOR SIMULATED ALTITUDES

TRANSIENT COMBUSTION PERFORMANCE DATA

[Simulated rotor speed, 58 percent rated; inlet static
pressure, 18.0 in. Hg abs; air flow, 2.0 Ib/éec; inlet

temperature, 85° F; reference velocity, 95 ft/sec.]

(a) - Concluded.

‘Altitude, 35,000 feet.

Run |Initiali|Finagl |Time for |Accelera- (Combus-|Total Combus-
fuel~ fuel- |acceler-|tion rate, jtion response|tion re-
air air ation, fuel-air- |dead lag, sponsed-
ratio jratio sec ratio tine, sec

change/sec sec
Single-entry duplex nozzle
70 10.0079 |0.0246 0.12 0.14 -—— 2.0 S
711 .007S .0238 .13 ——— 2.2
72| .0094 .0236 .12 —_—— 1.4
73] .0103 .0234 .11 ——— 1.9
741 .0089 0230 .13 ———— 1.0
751 .0054 .0234 .15 —_——— 1.4
76| .0038 .0232 13 .15 ———— 2.0
771 0078 .0208 .14 .092 ———— 1.3
78| .0078 0172 .12 .078 _— 1.9
79 .0078 | .0139 1 .056 -——— 1.8 Y
60.0-gal/hr simplex nozzle
85 10.010 0.0188] 0.12 0.073 ——— -— S
86 .0199 Al .080 ———— —-——
87 .0218 1L .10 — 9.0
88 0234 .12 .11 ———— 6.0
89 .0243 .12 .12 ———— 6.5

101 |, .0118 .0232 12 094 ———— —_—

102 .0088 .0229 .12 .12 —_— -—

lS.S—gal/hr simplex nozzle

122|0.0074 [0.0161| '0.12 0.072 ———— 6.0 S

123 | .0074 .0187 .12 .078 ———— 4.0

124! .0074 .0149 .12 062 ——— 8.0

125| .0074 .0128 .12 046 ———— 4.5

126 .0082 0167 J1 Q77 ——— 3.5

127 | .0098 .0165 .13 .051 ——— 5.5

128 | 011 .0162 12 .042 ——— 5.5

128 | .0050 .0162 .12 083 ——— 6.5 Y

&5, successful; Q, unsuccessful (quench-out).

17
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WITH FOUR NOZZLES FOR SIMULATED AITTITUDES

TRANSTENT COMBUSTION PERFORMANCE DATA

[ Simulated rotor speed, 58 percent rated; inlet static
pressure, 1l1.5 1n. Hg abs; air flow, 1.3 Ib/sec, inlet

tempersture,

85° F; ¥

(p) Altitude, 45,000 feet

veference velocity, 96 ft/sec.)

Ron|Initial|Final |Time forl|Accelera- |Cambus~|Total Combus -~
fuel- fuel- |acceler-|tion rate, [tion response |tion re-
air alr ation, fuel-gir- (dead lag, sponse®
ratio |ratio sec ratio time, sec

change/sec sec
Dusl-entry duplex nozzle
27(0.0070 |0.01761 1.4 0.0076 2.6 5.1 B
28] .0070 .0176] 1.1 .011 - -—- Q
29! .0068 .0188 1.2 .0098 2.0 4.5 S
30 .0186 .74 .016 -—— -~ q
31 .0212] 1.5 .0096 2.9 4.3 8
32 .0212] 1.0 .014 ——- ~—— Q
33 .0226 1.4 .011 2,5 4,9 g
34 .0226) 1.0 .015 -— -— Q
35 .0248] 1.6 011 2.2 3.9 S
36 .0248 1.3 .014 —— -—— Q
37 .0260] 1.9 .010 2.2 4-.1 S
38 .0260| 1.4 014 - -——— Q
39 .0278 2.0 .010 1.7 4.1 S
40 02781 1.3 .018 -—- - Q
41 0324 3.0 .0086 - -—— S
42 .0324 2.5 Q10 —~—— -—— *}
43 .0368 2.4 .Ql2 ~—— ——— B
44 .0357| 5.5 .0052 -~ - B
45 .0207 2.0 0070 2.6 4,1 S
sl Y .0207| 1.2 .012 —— - Q
47| .0085 .0207 1.5 .0081 1l.4 3.2 S
48| .0085 0207 1.2 .010 - -—— Q
48| .0107 .0214 1.4 .0076 2.2 ———— B
50 .0l07 .0214! 2.2 .0048 5.3 - -—— B
51| .0i28 0214 2.5 .0034 4.4 - B.

a3, successful; Q, unsuccessful.(quenchrout), B, unsuccesaful

(blow-out).
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TABLE I. ~ Concluded. TRANSIENT COMBUSTION PERFORMANCE DATA

-

WITE FOUR NOZZLES FOR SIMULATED ALTTTUDES

[Simulated rotor speed, 58 percent reted; inlet static
pressure, 11.5 in. Hg abs; air flow, l.S'Ib/éec; inlet
temperature, 85° F; reference velocity, 96 ft/éec.]

{b) - Concluded.

Altitude, 45,000 feet.

Run |Initial{Fingl [Time for |Accelera~ |Combus- |Total Combus-
fuel- |fuel- |acceler- [bion rate,|tion response |tion re-
sir air ation, |[fuel-sir- |dead 1ag, sponse®
ratio [ratio sec ratio time, sec

change/sec sec
Single-entry duplex nozzle
55]0.0094 {0.0237| 0.15 0.095 -— 3.4 8
56 .02869 d4 12 — 2.8 S
57 .0291 .15 .13 - 2.2 8
58 .0312 A1 «20 —— 2.8 s
591 .0086 .0334 .13 .18 ——— 3.3 S
60| .0098 0344 13 A8 -—— -— B
81| .0096 | .0366 .13 .21 - -—— B
62| .0113 .0246 A3 .10 -— -—- s
63| .0113 0259 «13 «11 —— 3.2 S
64| .0113 0269 .13 .12 -—— 3.4 S
65| .0lz22 .0267 .13 A1 -— -—— s
60.0-gal/hr simplex nozzle
93 10.0128 {0.0368| 0,12 0.20 -—— 5.0 B
84| .0128 | .0348 .12 .18 —-——— 6.0 B
95| .0128 .0288 .13 Jd2 —— 8.0 s
g6} .0128 .0268 .12 .12 —_— 7.2 s
87| .0152 .0261 .12 091 —— 8.3 S
98 | .0107 .0261 .10 .15 -— 8.0 s
991 .0128 .0229 011 .092 —_—— 9.5 8

100 | .01l28 .0208 .13 .0682 —-_——— 10.5 s

l5.3-gal/hr simplex nozzle

108 [0.009 [0.0180| 0.08 0.087 -— 5.5 S

107{ .009 .0176 11 .078 —— 6.1

108 | .009 .0198 Jd1 .088 —— 5.0

109 | .008 " | 0222 .d2 1L -—— 9.0

110 | .0107 .0220 11 A1 -— 8.2

111 | .0118 .0216 .12 .089 -— 5.2

112 | .0073 .0212 12 .12 —_—— 7.0

113§ .0048 .0212 Jd1 .14 -— 7.5°

114 | .008 0231 .12 13 ———— 8.4

115 | .009 .0246 .12 .13 ——— 7.0

116 | .009 .0258 .12 .14 —-—- 6.0 Y

aS, successful; Q, unsuccessful (quench-out); B, unsuccessful

(blow-out).

&
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TABLE II. - STEADY-STATE COMBUSTION PERFORMANCE DATA
[Simulated rotor speed, 58 percent rated.]

Run)Simu~ |Combustor-|Combustor-iAlr Combustor|Fuel |Fuel- |Mean Caombus-
lated jinlet - {inlet tem~]flow, |reference|flow,jalr combus- |tion
altl- |static perature, |1b/sec|velocity,|lb/hr|ratio |tor effi-
tude, |pressure, ft/sec outlet |ciency

ft |in. Hg abs s temper-
ature,
Op
Dugl-entry duplex nozzle
1} 35,000 18.0 90 2.0 96 37 [0.0051| 420 0.82
2| 35,000 18.0 20 2.0 96 45 .0062] 530 .91
3| 35,000 18.0 90 2.0 96 65 .0080 730 .96
435,000 18.0 90 2.0 96 g0 .0125 940 .94
24| 45,000 11..5 90 1.3 97 34 Q073] 500 .75
25] 45,000 11.5° 90 1.3 97 48 .0102{ 680 {3
261 45,000 11.5 90 1.3 97 54 0115 730 .76
Single~entry duplex nozzle
66| 35,000 18.0 85 2.0 95 48 |0.0067! 410 0.63
67} 35,000 18.0 85 2.0 95 60 .Q083| 585 .81
68| 35,000 18.0° 85 2.0 95 75 .0104| 750 .86
69{35,000 18.0 85 2.0 95 84 L0117 840 .08
52{45,000 11.5 80 1.3 g7 40 .0085 430 .52
53)45,000 11.5 S0 1.3 97 47 .0100| 630 74
54 (45,000 11.5 90 1.3 97 51 | 0108} 730 .80
60.0-gal/hr glmplex nozzle
80| 35,000 18.0 90 2.0 96 100 |0.,0139| 930 0.84
81(35,000 18.0 90 2.0 96 86 .0118] 745 LTS
82{35,000 18.0 90 2.0 96 80 01311 635 .87
83135,000 18.0 g0 2.0 96 74 .0103| 540 .60
84| 35,000 18.0 90 2.0 96 64 .0089| 410 .48
90|45,000 11.5 85 1.3 96 71 .0152 805 .65
91)45,000 11.5 85 1.3 26 63 .0134 600 .52
92{45,000 11.5 85 1.3 96 54 0115 410 37
15.3-gal/hr simplex nozzle

11.7] 35,000 18.0 a5 2.0 g5 93 10.0129] 950 0.94

118| 35,000 18.0 85 2.0 95 8L .0112 860 .94

119(35,000 18.0 85 2.0 g5 66 L0092 715 .93

120( 35,000 18.0 as 2.0 95 54 .0075] 550 .82

121|35,000 18.0° 85 2.0 95 45 .0082] 405 .68

103(45,000 11.5 85 1.3 96 56 .0120| 820 .84

104 45,000 11.5 85 1.3 96 46 .0098} 8635 .75

105]45,000 11.5 85 1.3 g6 36 .0077| 435 .60

L -4 al
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Fuel flow (as measured by differential pressure plckup)«
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{b) Unsuccessful acceleration; run 14.
Figure 4. - Concluded. Oscillograph trace of combustor varisbles during fuel acceleration with dual-entry
duplex nozzle, Simulated altitude, 35,000 feet; rotor speed, 58 percent rated. Chart speed, 25 divi-

sions per second.
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(e) Successful ecceleration; single-entry duplex nozzle; run 71.

Figure 5. - Oscillograph traces of ccmbuetor varisbles during fuel acceleration with single-entry
duplex gnd two slmplex nozzles. Simulated altitude, 35,000 feet; rotor speed, 58 percent rated,
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altitude, 35,000 feet; rotor speed, 58 percent rated.
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Figure 6. - Comparison of combustor-ocutlet temperature and
inlet-stetlic-pressure response to fuel acceleration with
four fuel nozzles. Simulated altitude, 35,000 feet;
rotor speed, 58 percent rated.
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(b) Successful acceleration; single-entry duplex nozzlei run 71.

Figure 6. - Continued. Comparison of combustor-outlet temperature and
inlet-static-pressure response to fuel accelerstion with four fuel noz-
zles. Simuleted altitude, 35,000 feet; rotor speed, 58 percent rated.
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{e) Successful accelerationy 60.0-gallon-per-hour simplex nozzle, run 88,

Figure 6. - Continued. Comperison of cembustar-outlet temperature and inlet-

static-pressure respense to fuel aceceleration with four fuel nezzles.
inted altitude, 35,000 feet; rotor speed, 58 percent rated.

Simu-
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(d) Successful sccelerition; 15,.3-gmllon-per-hour simplex nozzle run 123,

Figure 6, -~ Concluded. Comparison of combustor-outlet temperature and In-
let-static-prespure response to fuel acceleration with four fuel nozzles.
Sdmulated altitude, 35,000 feet; rotor speed, 58 percent rated.
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(2) Simulated altitude, 35,000 feet.
PFigure 7. - Combustor fuel-scceleration data obtained with four

nozzles at two simulated altitudes for a range of final fuel-
alr ratios. Rotor speed, 58 percent rated.
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Flgure 7. ~ Concluded.
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(b) Simulated altitude, 45,000 feet,

Combustor fuel-accelerstion data chtsined with four

nozzles at two simulated sltitudes for a range of final fuel-air ratiocs,
Rotor speed, 58 percent rated.
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Figure 8. -~ Combustor fuel-acceleration dsta obtained with four

nozzles &t simileted altitudes for & range of initial fuel-
air ratios. Rotor spead, S8 percent rated.
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(b) Simulated sltitude, 45,000 feet.

Figure 8. - Concluded., Combustor fuel-acceleration data obteined with four

nozzles at simulated altitudes for a range of initial fuel-sir ratios.
Rotoxr speed, 58 percent rated.
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Figure 9. - Combustor fuel-scceleration date cbteined with four nozzles at

similsted altitudes for a range of cowbustor-outlet temperatures and
heat-release rates before acceleration. Rotor speed, 58 percent rated.
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Figure 10. - Variation of steady-state combustor-cutlet temperature with

fuel-air ratio at simulated altitudes with four fuel nozzles.
speed, 58 percent rated.
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Flgure 10. - Continued. Variation of steady-state combustor-~cutlet

temperature with fuel-sir ratic at simulated sltitudes with four
fuel nozzles. Rotor speed, 58 percent rated.
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Flgure 10. - Concluded. Variation of steady-state combustor-ocutlet

temperature with fuel-air ratloc at simulated altitudes with four
fuel nozzles. Rotor speed, 58 percent rated.



42

Combustor-outlet temperature, °F

1000

NACA RM ES55HO3e

| 1 l 1 1 ] 7
Simulated COEbust;:zczziiciency, /
| altitude,
e 8o, 7
/’ 7
L o_.__35,000 A
900 ] 45,0m /_/ rd
)4
800 '// /
/ / 60
Y, / //
A / //
Z
700 _
/ L7 /
/ 7/
/7 o ~
7/ /
600
/ A 7
4, / 4 /
7/
/O ’ 40 a’,
/ s / ©
S00 A '( —
/ s / B
b e 4 ~
7 i
/ 7/ L j
400 A O .
.004 .006 .008 ,010 .01z .014 016

Fuel-alr ratio

(c) 80.0 Gallon-pexr-hour simplex nozzle,

Figure 10. - Continued.
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Flgure 11. - Comparison of combustion efficlency obtsined with

four nozzles over a range of fuel-air ratios at simulated
altltudes. Rotor speed, 58 percent rated.
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Figure 11, - Concluded. Comperison of combustion efficliency

obtained with four nozzles over a range of fuel-alr ratics
at similated sltitudes. Rotor speed, 58 percent rated.
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(e) 0.037 SBecond after start, (a) 0,12 Second after start.

Sy

Figore 12. - Single-entry duplex nozzle spraying water into quiescent air during flow acceleration. Initial water
flow, 50 pounds per hour; final water flow, 170 potmds per hour; cemers speed, 2400 frames per second,




(c) 0.035 Secand after gtart. (2) 0.050 Second after start.

Figmre 15. - Duel-ontry duplex noxzle spraying water into quiescent mir during flow scceleration, Imitial
water Tlow, 60 pounds per hour; final water flow, 192 pounde per hour; camers smpeed, 1030 frames per seacond.
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{g) 0.085 Second after start. {n) 0.11 Second after start.

Figare 15. - Concludsd. Duel-sntry duplex nozxle spraying water into quiescent ailr during flow acceleratlon.
Initinl water flow, 60 pounds per howr; final water flow, 192 pounds per hour; camera speed, 1080 frames per second.
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