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ALTITUDE-TEST-CHAMBER INVESTIGATION OF A
SOLAR AFTFRBURNER ON THE 24C ENGINE
I - OPERATIONAL CEBARACTERISTICS AND
ALTITUDE LIMITS

By Barry W. Dowman and Joln O. Reller

SUMMARY

An altitude-test-chamber investigation was conducted to determine
the operaticnal characteristics and altitude blow-out limite of a
Solar afterburner in a 24C engine. ‘

At rated engine speed and maximum permissible turbine-discharge
temperature, the altitude limit as determined by combustion blow-out
occurred a8 a band of unstable operation of about 8000 feet altitude
in width witk maximum altitude limits from 32,000 feet at a Mach
number of 0.3 to about 42,000 feet at a Mach number of 1.0. The
maximum fuel-air ratio of the afterburner, as limited by maximum
permissible turbine-discharge gas temperatures at rated engine speed,
varied between 0.0295 and 0.0380 over a renge of flight Mach .
nurbers fram 0.25 to 1.0 and at altitudes of 20,000 and 30,000 feet.
Over this range of operating conditions, the fusl-air ratio at
which lean blow-out occurred was from 1C to 19 percent below these
maximum fuel-air ratios.

Combustion was very smooth and uniform during operation; how-
ever, ignition of the burner was very difficult throughout the
investigation. A failure of the flame holder after 12 hours and
15 minutes of afterburner operation resulted in termination of the

investigation y&‘
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INTRODUCTIOR

At the request of the Bureau of Aeronautics, Department of the
Ravy, (TED-NACA-PP-203) an investigation has been conducted in a
Cleveland NACA 10-foot altitude test chamber to determine the oper-
ational and performance characteristics of various types of after-
burner on the 24C engine. The first phase of an investigation of
en afterburner manufactured by the Solar Aircraft Company, in which
the cperational characteristics and altitude limit of the afterburner
were determined, is presented.

The altitude blow-out limits at various engine operating con-
ditions are presented for a range of simulated flight Mach numbers
fram 0.25 to 1.0. The operaticnal range of afterburner fuel flows
is also presented for zero ram conditions at an altitude of
5000 feet and for a range of flight Mach numbers at altitudes
of 20,000 and 30,000 feet. The problems- -of burner ignition, the
stability of burner operation, and the structural failures that
occurred are also discussed.

APPARATUS AND INSTRUMENTATION

A sketch of the Solar afterburner is shown in figure 1. The

afterburner has an over-all length of about 8%’- feet and a maximum

internal diameter of 23 inches. Shell cooling of the burner section
is accamplished by an ejector cooling Jacket, which utilizes the
exhaust jet to pump ailr from approximately altitude static pressure
in the teet chamber over the burner. An inner cooling Jacket
accelerates the cooling air over the burner shell to increase the
cooling effectiveness.

The flame holder and the fuel injection system are shown in
gsections A and B of figure 1 as well as in figure 2. The flame
holder consists of two semicirculsr, gutter-type rings joined with
four radial struts of similar comstruction. Both the rings and
radial struts are provided with small transverse slots on the
upstream face. The mean diameters of the inner and outer flame-

holder rings are 8-2— inches and 19% inches, respectively. Both the

rings and struts have a maximum width of li- inches and together
provide approximately 31 percent blocked area. The fuel 1s injected
through a series of amall holes drilled im circular manifolds
located 1/2 inch upstreem of the flame holder. Two fuel manifolds
located between the flame-holder rings and a third manifold within

the inner flame-holder ring spray fuel directly upstream; two other
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fuel manifolds located directly upstream of the flame holders (see
fig. 1; not visible in fig. 2) spray fuel downstream through the
slots in the flame holder. A total of 161 holes of C.025-inch
diemeter are drilled in the five manifolds. The fusel-injection
pressure was about 100 pounds per squere inch for a flow of

6000 pounds per hour.

Ignition of the burner was originally provided by a single
spark plug located with ite gep in the sheltered zone behind the
outer flame-holder ring. The second spark plug shown in figure 27
was installed during the investigation. The discharge of the burmer
was fitted with a pneumatically controlled, two-position clam-shell-
type exhasust nozzle having an equivalent circular diameter of

155 inchkes In the closed position and a diameter of 18&% inckes in

the open position.

The investigation of the Solar afterburmer was conducted on
e modified 24C-4B engine (serial No. WE-002037) having a rated
engine rotor speed of 12,500 rpm end a limiting turbine-discharge
temperature of 1300° F. For investigation of normal performance,
the engine was fitted with an NACA deslgn ed justable-area exhaust
nozzle.

The fuel used in both the afterbﬁrner and engine was 6Z2-octane
gasoline (AN-F-22).

The general srrangement of the engine setup in the altitude
test chamber 1s shown in figure 3. A photograph of the engine in
the test section of the chamber is presented in figure 4. The test
chamber is 10 feet in diameter and 57 feet long and is of welded-
steel construction. The entire surface of the chamber from the
forward baffle to the exhaust end, as well as the exhaust plping,
is cooled by a water jacket. A honeycomb is installed in the test
chamber upstream of the test section to straighten and smooth the
flow of inlet air. The engine was mounted on a thrust platform,
which was supported on ball-bearing pivoted supports. A keyed arm
is comnected to the shaft connecting the two front supports, and
is supported by a balanced pressure diaphragm for measuring the
thrust.

The forward baffle, which incorporated a flexible neoprene
impregnated diaphragm, was used to confine the air flow to the
engine inlet and to provide a meanse of maintaining & pressure 4if-
ference across the engine. The 24C engine was fitted to the
flexible alrtight diaphregm by means of the nozzle section shown in
figure 3. A 12-inch butterfly valve was installed in the bottom of

CONPIDEN ki,
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the tank along with sulitable ducting to induce cooling air to flow
along the engine by virtue of the altitude pressure in the tank.

The rear baffle was installed to act as a radiation shield and to
prevent recirculatioh of exhaust gases about the engine. A S-inch
sheet of glass-fiber insulation waes installed on the downstrean
slde of the rear baffle with a covering of sheet Inconel to protect
the rear baffle from the extremely hot exhasust gases during after-
burner operation. The outer cooling shroud (fig. S) surrounding the
tail pipe was installed to prevent recirculation of the exhaust
gases around the outelde of the burner, downstream of the rear
baffle, thus protecting the instrumentation as well as the burmer.
The intermediate shroud between the outer shroud and the burner
coollng Jacket was fitted closely to the burmer cooling jacket and
supported on the outer shroud in order to minimize the flow of
cooling air over the outside of the burmer ccoling jacket and hence
its drag on the burnmer. Although the drag of the cooling air over
the engine proper was evaluated by calibration, this minimization of
the cooling-air drag over the burner jacket was necessary because of
the varying and indeterminate amount of air pumped through the
Jacket by the exhaust jet at the various operating conditioms.

A periscope was installed in the engine control room so that
operation of the afterburmer could be observed.

Engine fuel flow, afterburmer fuel flow, air flow, rotor speed,
and pressure and temperature measurements at various stations in the
engine, afterburner, and test chamber were measured with standard
instrumentation. The turbine-discharge gas temperature was measured
by the engine manufacturer's three stagnation- (aspirating) type
thermocouples located in the supporting struts of the exhaust
collector. The readings of thése thermocouples were calibrated
against the calculated turbine-inlet temperature in order to provide
an indication of the engine manufacturer's specified maximum turbine-
inlet temperature limit of 1425° F. A reading of 1300° ¥ was
determined as the maximum permissible turbine-discharge temperature.

PROCEDURE

The operational 1limits of the Solar afterburner were investigated
in two phases: o

(1) Determination of altitude blow-out limit of operation over
range of simulated flight Mach numbers
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(a) Preliminary tests at engine rotor speed of 11,000 rpm;
turbine-discharge temperature well below limiting value

(b) Tests at engine rotor speed of 12,50C rpm; maximum
permissible turbine-discharge temperature (called
balanced-cycle operstion)

) Determination of operational range of afterburner fuel flow
at altitude of 5000 feet, zero ram, and at 20,000- and
20,00C-foot altitude over range of simulated Mach numbers

(2

The afterburner was usually started at & pressure altitude of
approximately 7000 feet, a ram pressure ratio of 1.07 across the
engine, and engine rotor speed of 9000 rpm. Immediately efter igni-
tion of the afterburner had been obtained, the exhaust nozzle was
opened and the englne speed, afterburner fuel flow, altitude, and
ram pressure were adjusted to the desired operating conditions.
During the preliminary investigation of altitude blow-out limit
(engine rotor speed, 11,000 rpm) the rotor speed was held constant
and pressure altitude increased until blow-out occurred. The after-
burner fuel flow was regulated to maintain what appeared to be a
stable and satisfactory operating condition as viewed through the
periscope. The more extensive investigation of altitude blow-out
1imit at rated engine rotor speed was conducted in a slightly
different manner. As soon as stable operation of the afterburner
had been obtained the engine rotor spesed was increased to the rated
value and the pressure altitude was increased until blow-out
occurred. Balanced-cycle operation at rated rotor speed was maintained
during the increase in altitude by proper adjustment of engine and
afterburner fuel flows. Blow-out was detected by the Ehange in noise
level, the surge of operating conditions such as altitude pressure
and engine speed, and by visual observations of the exhaust flame
through the periscope.

Operational ranges of afterburner fuel flow were established
by first recording data while operating the burner on balanced cycle
at given conditions of pressure altitude and simulated Mach numbexr
and then reducing the afterburner fuel flow until blow-out occurred.

The conditions for which the operational range was established
are listed in the following table:
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Pressure| Mach Engine rotor
altitude numbers speed
(£t) (rpm)

20,000 {0.25, 0.4, 0.6, and 0.85 | 12,000
20,000 |0.25, 0.4, 0.6, and 0.85 | 12,500
30,000 |20.4, 20.6; 0.85, and 1.0 12,500

aIncomplete data.

Because of temporary limitation of the service equipment,
proper regulation of engine inlet-air temperature in accordance
with simulated altitude and Mach number was impossible. Engine
inlet totel temperature prevailing during the tests are lndicated
in the legends of the data figures.

RESULTS AND DISCUSSION
Altitude Blow-out Limits

The results of preliminary tests to determine the altituae
blow-out limits of the afterburmer at an engine speed of 11,000 rpm
are shown In figure 6 in which the altlitude at which blow-out
occurred is plotted against the simulated flight Mach number. The
afterburner fuel flows at which blow-out occurred are noted in the
legend of the figure and the turbine-discharge temperature 1s given
at each data point. The blow-out altitude increassd rapidly with an
increase in flight Mach number from about 15,000 feet at Mach
nunber of 0.45 and to about 32,000 feet at Mach number of 0.80. As
indicated in the legend of figure 6, the engine inlet-air temperature
provided by the test facllities at the time of the tests was -16° F;
this temperature is fram 5° to 15° F lower than the temperature
corresponding to NACA standard air at the higher altitudes and flight
Mach number conditions and about 40° F lower at the lowest altitude
conditions. Because the turbine-discharge pressure wolild increase
with decreased inlet-air temperature, it is possible that the blow-
out 1limits indicated in figure 6 are somewhat kigher than would
be experienced at standard inlet-alr temperature conditions.

The altitude blow-out limits at an engine speed of 12,500 rpm
for balanced-cycle operation are shown in figure 7. A band of
unstable operation of about 8000 feet in width was obtained within
which biow-out occurred during variation in one or more of tne
operational variables indicated in the figure. As ment'ioned

SO EN it
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Previously, the engine speed and the turbine-discharge temperature
were held constant durilng the increase in altitude; the changes
indicated in the legend refer to minor adjustments that were in
progress at the instant of blow-out. The highest altitude reached
varied from about 32,000 feet at a Mach number of 0.3 to about
42,000 feet at a Mach number of 1.0; minimum blow-out limits
occurred at altitudes as much as 8000 feet lower. Comparison of
theae daete witk that for figure S indicates that the altituds blow-
out 1limit 1e considerably increzsed by operation at a higher engine
spesed and higher turbine-discharge temperature, particularly in the
range of Mach numbers below 0.5. The englne operating conditions
for the altitude blow-out points shown in figure 7 are given in
table I. The inlet-air temperature prevailing during these tests,
which are included in table I, are about 20° to 30° F higher than
NACA standard air in the low-Mach number, low-altitude reglion of
the date and about 15° to 25° F lower than standard at the higher
altitudes and Mach numbers. The altitude bdlow-out regions indicated
in figure 7 may therefore be somewhat lower at the lower Mach
numbers and higher at the high Mach numbers than would occur with
standard inlet-air temperatures.

Fuel-Flow Operational Limits

The operational range of the afterburner over a range of Mach
numhers at an altitude of 20,000 feet 1s presented for an engine
speed of 12,000 rpm in figure 8(a) and for an engine speed of
12,500 rpm in figure 8(b). Both the afterburner fuel flow and the
afterburner fuel-air ratio, which is defined as the fuel flow to
the afterburner divided by the air flow to the engine, are presented.
The maximum fuel flow represents the condition of maximum permis-
sible turbine-discharge temperature (balanced-cycle operation) and
the minimum fuel flow represents the condition of lean blow-out.

The afterburner fuel-air ratios for both limits of operation
changed only slightly with increase in the flight Mach number.
Whereas the shape of the curves of limiting fuel-air ratio exhibits
slightly different characteristics for the two engine speeds
(fig. 8(a) and 8(b)), the magnitude of the limiting fuel-alr ratio
are approximately the same for both. The fact that at the higher
flight Mach numbers the fuel-air ratio is slightly less at an
engine speed of 12,000 rpm than at 12,500 rpm in spite of the
higher fuel flow is a result of the lower inlet-air tegperature,
which was provided by the test facllity at the time of these tests
and the associated higher air flow at the lower engine speed.

For the complete range of Mach numbers and engine speeds
investigated, the spread between the maximum and minimum operable

CRNIERENEiowam
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fuel flows was about 600 pounds per hour. At an altitude of

20,000 feet and an engine speed of 12,500 rpm (fig. 8(h)). the maxi-
mum fuel-alr ratio of the afterburner, as limited by maximum
permissible turbine-discharge temperature, varied from 0.036 to 0.038.
The fuel-alr ratio at which lean blow-out occurred was about 19 per-
cent below this maximum at a £light Mach number of 0.25 and sbout

11 percent lower at a flight Mach number of O.85.

The inlet-air temperature of 75° F, which prevailed during
these tests at an engine speed of 12,500 rpm, is about 20° F nigher
than standard at the high Mach numbers and 80° F higher at a Mach
number of 0.25. Because 1t is possible that the combustion effi-
clency of the afterburner may incresse with increased turbine-
discharge pressure, and hence with decreased inlet-sir temperatures,
the fuel-air ratios for maximum permissible turbine temperature at
standard conditions may be somewhat lower than indicated in fig-
ure 8(b), particularly at the lower flight Mach numbers.

- Data similar to that presented in figure 8(b) are shown in
figure 9 for an altitude of 30,000 feet. The determination of lean
blow-out limits at the lower Mach numbers was prevented by a
structural failure of the afterburner, as will be discussed later.
The maximum fuel-air ratio at an sltitude of 30,000 feet is somewhat
lower than at an altitude of 20,000 feet and, within the limited
range of the data (Mach numbers of 0.85 and 1.0), the spread of fuel
flows over which the burner could be operated was slightly less than
at 20,000 feet. The fuel-air ratios at which maximum permissible
turbine-discharge temperatures were obtained varied from 0.035 at
low flight Mach numbers to about 0.0285 at a flight Mach number
of 1.0. Lean blow-out occurred at fuel-air ratios from 10 to 11 per-
cent below these maximum values. The inlet-air tempsratures for
these tests were from 10° F higher than standard at the lowest
f£1light Mach number to about 50° F lower than standard at the highest
filight Mach number. Because of the posslble effect of inlet-air
temperature on combustion efficlency previously mentioned, the fuel-
air ratios at high £iight Mach numbers may be somewhat higher for
standard inlet-air temperatures than are indicated in figure S.

The lower fuel-air ratio for conditions of limiting turbine
temperature at an altitude of 30,000 feet than at 20,000 feet is
attributed to the tendency for the turbine-discharge temperature of
the standard engine with fixed exhaust nozzle to increases with
increasing altitude (referemce 1) or to a possible increase in com-
bustion efficiency of the afterburner.

Although the combustion efficiency would normally be expected
to decrease with increasing -altitude, it is possible for an increase

HENPIEN L
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to have occurred for these test conditions as a result of the non-
standard inlet-air temperatures used. The greater than normal dif-
farsnce in inlet-air temperature at the two pressure altitudes
resulted in a sufficient difference in engine pressure ratio to
provide almost the same turbine-discharge pressures at the two alti-
tudes and a lower tail-pipe gas velocity at the higher altitude.

For the run conducted at an altitude of S000 Teet, zero Mach
number, and an engine speed of 12,500 rpm, limiting turbine-discharge
temperature was obtained at an afterburner fuel flow of 4420 pounds
per hour and a resulting afterburner fuel-air ratio of 0.0285. No
lean blow-out limit could be obtained with a fuel flow as low as
1500 pounds per hour, or a fuel-air ratio of 0.0097. Further reduc-
tion of afterburner fuel flow was not attempted because at this low
fuel-air ratio the means for detection of blow-out (surge in
operating conditions or appearance of flame through the periscope)
were no longer of adequate sensitivity.

- These relatively low fuel-alr ratios for limiting turbine-
discharge temperature for all operating conditions Investigated
indicate that higher fuel flows and hence greater engine thrust may
be possible by an incremse in the area of the exhaust nozzle.

Afterburner Operational Characteristics ,

Throughout the investigation great difficulty was experienced
with afterburner ignition. Approximately 200 attempts were made to
ignite the burner in its original configuration but about five out
of six attempts were unsuccessful. Starts were attempted during
this operation at engine speeds from 8500 to 11,000 rpm and alti-
tudes from 7000 to 20,000 feet with flight Mach numbers from O to 0.8.
Various combinatione and methods of controlling these variables were
attempted without any consistently successful starting technique
being established. No mtarts were obtained at altitudes greater
than 8000 to 9000 feet and only rarely at engine speeds over 39500 rpm.

A modification was made to the burner that permitted successful
ignition on about three out of four attempts. As shown in the photo-
graph of figure 2, a clip about 2 inches wilde was attached to the
flame holder and bent around the fuel manifold to form a U-shaped
sheltered zone centered about the spark plug between the iuel manl-
fold and the fleame holder. Attached to the downstream face of the

flame holder was a box about 2 inches square by l% inches long closed
on the four sides and open on the upstream and downstream ends, which

SRR e
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formed a sheltered zone downstream of the flame holders. Although
this modification increased the frequency of successful starts, 1t
414 not completely eliminate false starts.

During operation, the afterburner ran very amoothly with a
bluish flame, which filled the tail pipe and was uniform in intensity
throughout. Slight flickering could be noticed occasionally near
the blow-out points and some stratification of flame was apparent
at very rich fuel-air ratios near the blow-out points. Blow-out
occurred very suddenly with no rough cycling in transition. Although
some hot bands could be observed in the burner wall at high fuel-
air ratios, no overheating of the burner sufficient to cause any
failure occurred.

Two types of structural failure of the afterburner occurred
during the investigation. The first of these was a failure of the
cooling Jackets illustrated in figures 10 and 11. This failure,
which occurred after 3 or 4 hours of afterburner operation, consisted
of warping and buckling of the immer and outer Jackets but was not
of sufficient extent to interfere with burner operation. After
straightening and reassembly of the jackets, the program was
reinstituted; at the completion of the program the Jackets were
again found in a buckled condition. The second type of failure was of
a more serious nature and occurred in the flame holder after a total
operating time of about 81 hours of engine time of which 12 hours
and 15 minutes were afterburner operation. Figure 12 illustrates
the condition of the flame holder after the fallure. The fallure
consisted of several cracks in the outer flame holder and supporting
members with complete separation of the flame holder at three points.
Because a segment of the flame holder was completely lost and because
the condition of the metal was such as to prevent satisfactory
repeirs, this failure resulted in termination of afterburner operation.

SUMMARY OF RESULTS

An altitude-test-chamber investigation of the operaticnal
characteristics of the Solar afterburner on the 24C engine gave
the following results:

1. At rated engine speed and maximum permissible turbine-
discharge temperature the altitude limit, as determined by combustion
blow-out, occurred as a band of unstable operation of about 8000-foot
altitude in width with maximum altitude limits from 32,000 feet at a

MB("h r\nm'hcnn (\‘P ﬁ '& teo n'hc nt 42 000 foat 2t = Mnf-'h r\nm\nam A<P 1.0
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2. At rated engine speed, the maximum fuel-alr ratic of tke
- afterburner, as limited by maximum permissible turbine-discharge gas
temperatures, varied between ©.0295 and 0.0380 over a renge of flight
Mach numbers from C.25 to 1.0 and altitudes of 20,000 and 30,C00 feet.
Over this range of operating conditions, the fuel-air ratio at which
lean blow-out occurred wes from 1C to 19 percent below these maximum
fuel-air ratios.

3. Ignition of the afterburner was very difficult throughout
the investigation with no satisfactory starting technique belng
established. All starte were limited to low altitude and low engine
speed.

4. A fallure of the fleme holder occurred after 12 hours and
15 minutes of afterburner operation, which terminated the afterburning
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TABILE T - CPERATING CONDITIORS FOR ALTITUDE BLOW-OUT
Mach |(Altitude|Engine|Turbine- Afterburner|Inlet-air
number| (ft) |speed [discherge |fuel flow |total tem-
(rpm) |temperature| (1b/hr) |perature
(°F) (°F)
0.24 22,200 112,500 1275 2260 -16
.25 27,400 }12,800 1300 2260 -18
.26 29,000 112,500 1285 2350 -18
.31 32,300 {12,500 1300 2260 -15
.40 | 28,500 {12,500 1285 2700 -17
.41 | 30,300 |12,500| 1225 2790 -20
.45 34,500 112,500 1285 2540 -12
.56 | 34,100 |12,500| 1255 3240 -9
.60 36,000 {12,500 1200 2860 -22
- .87 29,400 (12,500 1285 2870 -20
.70 34,100 {12,500 1275 2610 -21
.72 | 29,200 |12,500| 1270 3010 -19
. .73 32,500 112,500 1275 2940 -15
.80 31,200 {12,500 1220 3010 -13
.81 | 36,800 |12,500| 1260 2490 -25
.90 39,000 {12,500 1265 3100 -19
.97 41,100 ]12,500 1260 3650 -22
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Flight Mach mumber
Figure 6. - Altitude blow-out limits at an engine speed of 11,000 rpm
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Figure 11. - Inner cooling jacket after failure.
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Figure 12. - Flame holder after failure. 5-24-48






