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EFFECT OF COMBUSTOR-INLET CONDITIONS ON PERFORMANCE OF AN ANNULAR
TURBOJET COMBUSTOR

By J. Bowarp Cu1ips, Ricgarp J. McCaArFeRTY, and OsxLEY W. SURINE

SUMDMARY

The combustion performance and particularly the phenome-
non of altitude operational limits was studied by operating the
annular combustor of @ turbojet engine over a range of condi-
tions of air flow, inlet pressure, inlet temperature, and fuel flow.
The combustor investigated was not the latest version of this com-
bustor and the data are presenied primarily because they are
indicative of general trends and phenomena that apply to a
large class of turbojet combustors.

Information was oblained on the combustion efficiencies, the
effect on combustion of inlet variables, the altifude eperational
limits with two different fuels, the pressure losses in the com-
bustor, the temperature and velocity profiles at the combustor
autlet, the extent of afterburning, the fuel-injection characteris-
ties, and the condition of the combustor basket.

The combustor operated at efficiencies abore 90 percent and
could produce a temperature rise far in excess of the engine
requirement when the simulated altitude was 8000 feet or more
below the operational limits. As the simulated altttude was
progressively increased, the combustion efficiency and the
obtainable femperature rise both decreased. Above the opera-
tional limits, the maximum obtainable femperature rise was
below the value required for engine operation.

Investigations in which the combustor-inlet conditions of
pressure, temperature, and velocity were independently altered
through @ wide range showed that as (1) the inlet pressure was
decreased, (2) the inlet temperature was decreased, or (8) the
inlet velocity was increased, the resulting unfavorable changes in
combustor performance were as follows: (1) Resonant combus-

tion appeared and became inereasingly severe; (2) the combus- -

tion effieiency decreased; and (3) a maximum femperature rise
began to appear in the curve of combustor femperature rise
against fuel-gir ratio. Both the maximum obtainable tem-
perature rise and the fuel-air ratio at which it occurred de-
creased as the combustor-inlet condiiions became more adverse.
The effect of altitude previously noted and the eristence of
altitude operational limits are explained in terms of the effects of
combustor-inlet conditions on performance.

INTRODUCTION

Investigations of turbojet-engine performance in the
NACA (leveland altitude wind tunnel have indicated that
for each engine rotational speed an altitude exists above
which engine operation is impossible. The performance of
an annular combustor of a turbojet engine was therefore
investigated at the NACA Cleveland laboratory to determine
whether a correlation exists between the performance of the
combustor and the altitude operational limits of the engine
revealed by altitude-wind-tunnel research. The combustor
investigated was not the latest model of this engine and the
data are presented primarily as being indicative of general
trends and phenomena applying to a large class of turbojet
combustors.

883026—50——30

Combustor operation was attempted under conditions
simulating engine operation at various altitudes and engine
speeds to determine the altitude operational limits imposed
on the engine by the combustor. The altitude operational
limit as imposed by the combustor was compared with the
altitude operational limit of the engine in the altitude-wind-
tunnel investigation. The inlet conditions to which the com-
bustor was sensitive were also determined. The effect on
combustor performance of independenily varying each of the
parameters—inlet static pressure, inlet temperature, inlet
velocity, and fuel-air ratio—was studied. In order to aug-
ment these data and to illustrate how eombustor performance
limits altitude operation, an investigation was made of com-
bustor performance under conditions simulating engine
operation at several different rotational speeds at a constant
altitude of 20,000 feet. Information on the total-pressure
drop across the combustor, the temperature and velocity
profiles at the combustor outlet, the extent of afterburning,
the fuel-injection characteristics, and the condition of the
combustor basket is also presented.

- APPARATUS AND INSTRUMENTATION
COMBUSTOR

A sketch of the combustor is shown in figure 1. The com-
bustor fills the annular space around the compressor-turbine
shaft of a turbojet engine. The over-all length of the com-
bustor is 23% inches. Air is admitted into the combustion
zone by means of an annular basket perforated with longi-
tudinal rows of holes ranging in size from %.-inch diameter
at the upstream end to %-inch at the downstream end. The

fuel-injection system for the combustor consists of 24 nozzles _

(nominal capacity, 10.5 gal/hr; 80° hollow-cone spray; rated
at 100 lb/sq in. pressure differential) equally spaced in the
downstream side of a eircular manifold on a 15'%~inch pitch
diameter. The fuel inlet is at the bottom of the manifold.

SETUP

The general arrangement of the setup is diagrammatically
shown in figure 2. The combustor was connected to the
laboratory air supplies and exhaust systems; the air quanti-
ties and the pressures to the combustor were regulated by
remote-controlled valves.

For inlet-temperature regulation, a part of the air was

‘burned with fuel in a preheater and then uniformly mixed
with the rest of the air upstream of the combustor. A close

check was maintained on the completeness of combustion in~

the preheater to insure that no appreciable combustibles
contaminated the air. Use of such a preheater to produce a
temperature rise of 200° F in the inlet air resulted in a con-
sumption of 3.9 percent of the oxygen, increased the carbon
dioxide content of the inlet air by 0.80 percent of the total
air weight, and increased the moisture content by 0.36 percent

of the total air weight.
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FierrE 2.—Diagrammatic skefch of arrangement of combustor setup.

Observation windows for viewing the combustion were
provided in the combustor housing and in the outlet duct
immediately downstream of the combustor, as shown in
figures 2 and 3. (The photograph of fig. 3 shows the side of
the apparatus opposite to that of fig. 2.) Another observa-
tion window located in the downstream standpipe (fig. 2)
provided an end view of the inside of the combustor.

The inlet and outlet ducts were fabricated according to
the dimensions and the contours of the engine ducts leading
to and from the combustor. Water sprays were installed in
the pipe immediately downstream of the combustor-outlet

duct for use when the heat radiated from the downstream
duct became excessive.

Mixing vanes followed by flow straighteners were installed
in the inlet duct to give uniform temperature and velocity
profiles at the combustor inlet. Maximum differences
between individual readings of inlet temperature and mean
temperature were about 5° F and occurred only on test
runs with high preheat temperatures. The maximum and
minimum local velocities deviated from the mean velocity
about 5 percent for most runs. The fuel nozzles in the
combustor were periodically calibrated and replaced when
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necessary. For most runs these nozzles were well matched,
having deviations of £3 percent from the mean fuel delivery
when individually tested at a pressure differential of 25
pounds per square inch.

INSTRUMENTATION

The longitudinal section of the combustor and the
adjacent ducting with a notation of the locations of instru-
mentation planes are shown in figure 1. Instrumentation
plane 2 is located at the combustor inlet, which has & cross-
sectional area of 0.647 square foot; instrumentation plane 3
is at the combustor outlet, where the annular cross-sectional
area is 0.858 square foot. )

Positions of thermocouple junctions and pressure taps
in the various cross sections of the inlet and outlef duects
where measurements were made are shown in figure 4.
In each cross section the instruments were located at centers
of equal areas. At cross section 3 (fig. 4 (2)), 15 circum-
ferential locations of thermocouple rakes are shown as they
were initially arranged. Later in the investigation, the
observation window at position r was replaced by an addi-
tional thermocouple rake. The positions at all cross
sections were arranged clockwise as seen looking upstream.

Whenever there was no water spray immediately down-
stream of the combustor, the average exhaust-gas tempera-
ture at cross section 5 {fig. 4 (b)) was obtained by the use.
of a traversing shielded chromel-alumel thermocouple.
Both horizontal and vertical traverses were made with this
instrument until the temperature patiern at this cross
section was established. The variation in temperature
was not more than 50° F';therefore, in later runs the instru-

a_ g

e ceefe b

Cross sedtion 5
e———— /55—

o
Cross section 4

2%—
/II od
£7)
L %

Traoversing fhermocouple
used af positions Sa
and b

Thermocouple rake
used a? positions
4a, ¢, d, and e

0.040 -in.
hole-—<__ Eé I

Static-pressure fap
uvsed of position 46  (b)

(b} Cross sections 4 and 5.

Thermocouple
s Tofaf—Pressure fop

FIGURE 4.—Coneluded.



448

ment was fixed in a stationary position where the temperature
was approximately equal to the average temperature at
cross section 5. . .
Thermocouple-equipped fuel nozzles were used in some
runs. Iron-constantan thermocouples were so peencd into
the wall of the dome of each of three fuel nozzles that the
metal temperatures could be determined. Each thermo-
couple junction was located halfway between the orifice
and the hexagonal shoulder of the nozzle. The three
nozzles were installed in the following positions in the mani-
fold (looking upstream, reading counterclockwise with 0°
at top of combustor): 22.5°, 97.5°, and 187.5°.
Thermocouples were connected through multiple switches
to two calibrated self-balancing potentiometers, one with a
range of —100° to 700° F {or reading the inlet temperatures
and one with a range of 400° to 2400° F for reading the
outlet temperatures. The fuel flows to the combustor and
the preheater were separately metered with calibrated
rotameters. The pressure differential across the fuel nozzles
was measured, when possible, by a 50-inch mercury mano-
meter; higher differentials were determined by obtaining the
fuel-manifold pressure with a Bourdon gage and correcting
for the combustor-inlet pressure. The air flow was metered
by a square-edged orifice installed according to A.S.M.E.
specifications and located upstream of all regulating valves.
Manometers were used to obtain pressure readings.
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PROCEDURE
ALTITUDE OPERATIONAL LIMITS

In order to determine the altitude operational limits of
the engine as imposed by the combustor, the performance
was investigated with combustor-inlet conditions simulating
engine operation over the range of altitudes and engine
speeds where unsatisfactory combustion had been encoun-
tered in an altitude-wind-tunnel investigation of the com-
plete engine. For each test point (corresponding to a simu-
lated altitude and engine speed), the combustor operating
conditions were taken from estimated performance curves
of the engine for static (zero-ram) operation with the tail cone
retracted. Any complete set of data can be satisfactorily
used as a standard for determining the effect of inlet condi-
tions upon combustion and for revealing the important
phenomena and trends. The data used (fig. 5) were supplicd
by the Bureau of Aeronautics, Navy Department, and were
based on the latest engine tests and performance estimates.

The method of determining the altitude operational limits
consisted In maintaining the combustor-inlet conditions at
the predetermined values (fig. 5) for cach altitude-cngine-
speed point and gradually varying the fuel flow through a
wide range. All points at which the highest obtainable
combustor-temperature rise was below that required for
nonaccelerating operation of the engine (fig. 5 (b)) were
considered within the nonoperational range of the engine;
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EFFECT OF COMBUSTOR-INLET CONDITIONS ON PERFORMANCE OF ANNULAR TURBOJET COMBUSTOR 449

all points at which the required temperature rise could be
obtained were considered within the operational range.
Data were recorded and combustion characteristics were
noted as each of the following events occurred: (1) A mean
combustor-outlet temperature was reached that was equal
to or slightly above the temperature required for non-
accelerating engine operation; (2) the type of combustion
changed radically; (3) a peak in the mean combustor-outlet
temperature was reached; (4) some localized outlet tempera-
tures exceeded the potentiometer range (2400° F) and were
considered unsafe for the instruments, and therefore further
increase in fuel flow was inadvisable; and (5} the combustion
ceased (a rich-limit blow-out). The sequence and the num-
ber of these events varied for the different test points.

The runs were first made with AN-F-22 fuel and then
repeated with AN-F-28, Amendment-3, fuel. The im-
portant constants for the two fuels appear in the following
table:

L Hedr A.S.T.M.(?c}a%ing
ower ydro- . points Tetra-
heating | gen- | Specific ethyl
Fuel gravity
value | carbon | grore
(Btu/1b} ratio 4 Tnitiall 50-p§r- Final (’ml; al)
een
AN-F-22_______.___ 19, 000 0.182 0.639 113 170 233 i}
AN-F-28, Amend-
ment—8. o oooem 18, 660 .174 725 103 213 328 4.55

EFFECT OF COMBUSTOR-INLET CONDITIONS ON PERFORMANCE

For the investigation of the effect of combustor-inlet con-
ditions on performance, AN-F-22 fuel was used. For the
initial part of this study, a point was selected in the range of
operation where unsatisfactory combustion occurred that
corresponded to an engine speed of 10,000 rpm and an alti-
tude of 16,600 feet. The combustor-inlet pressure, temper-
ature, and veloeity were maintained at values simulating
engine operation at this altitude-engine-speed point; the fuel
flow was altered; and data were taken at each of several
fuel-air ratios. One of the three combustor-inlet parameters
(pressure, temperature, or velocity) was then maintained at
some new value, the other two parameters were maintained
at the original values, and the fuel flow was again altered.
This procedure was continued until each of the combustor-
inlet parameters had been varied independently of the others.
Combustor-inlet velocity rather than air mass flow was chosen
as a parameter because the available combustion time is more
directly related to flow velocity than to mass flow.

For the second part of this study, a point corresponding
to an engine speed of 15,500 rpm and an altitude of 24,000
feet was selected in order to determine the effect of combustor-
inlet conditions in this altitude-engine-speed range. KEach
of the combustor-inlet parameters was independently altered
from the value simulating engine operation at this point.

COMBUSTOR PERFORMANCE AT SEVERAL SIMULATED
ENGINE SPEEDS AT CONSTANT ALTITUDE

In order to illustrate how faulty combustor performance
sets the altitude operational limits, the combustor was oper-
ated with inlet conditions simulating engine operation at
seven different rotational speeds at an altitude of 20,000
feet. For each simulated altitude-engine-speed condition,
the flow of AN-F-22 fuel was increased until no higher mean

combustor-outlet temperature could be obtained, blow-out
oceurred, or local outlet temperatures became excessive and
endancrered the instrumentation. Data were taken at sev-

eral fuel-air ratios for each set of combustor-inlet conditions.
METHODS OF CALCULATION

The average velocities and velocity pressures at cross sec-
tions 2 and 3 were computed from the air flow, the fuel flow,
and the average temperatures and static pressures measured
at these cross sections. The total-pressure drop through the
combustor was obtained as follows: Static pressures at the .
combustor inlet and the combustor outlet were measured;
the velocity pressures based on the average velocities were
added to these static pressures to give total pressures at the
combustor inlet and the combustor outlet; and the difference
between these values was taken as the drop in total pressure
through the combustor.

In order to determine velocity profiles, the local velocities
at several points were computed from the measured values
of temperature and total pressure at those points together
with the static pressure at that cross section.

Thermocouple indications were taken as true values of
temperature without correction for radiation or stagnation

‘effects.

RESULTS AND DISCUSSION
ALTITUDE OPERATIONAL LTMITS

The data obtained in the investigation to determine the
altitude operational limits are summarized in tables I and II.
Whenever several individual readings of combustor-outlet
temperature fell below the potentiometer range (400° F),
the mean combustor-outlet temperatures and dependent
calculated data were omitted from the tables. Determina-
tion of individual readings below 400° F was considered
unnecessary because the mean outlet temperatures that re-
sulted with such low readings were in all cases far below the
requirement of the engine for nonaccelerating operation.
The points Iabeled “no combustion’ (points 4 and 6, table I)
are those where repeated attempts produced no burning at
any fuel flow.

Altitude operational limits of the jet-propulsion engine, as
determined by tests of the combustor using AN-F-22 and
AN-F-28, Amendment-3, fuels are presented in figures 6 (a)
and 6 (b), respectively. The curves separate the region
where the combustor-outlet temperatures attainable were
sufficient from the region where the combustor-outlet
temperatures attainable were insufficient for nonaccelerating
operation of the engines. For convenience in referring to
tables T and II, the data points on the figures are identified
by numbers. The minimum operational -ceiling with
AN-F-22 fuel (fig. 6 (a)) was at an altitude of 16,400 feet
and occurred at & simulated engine speed of 8000 rpm; at a
simulated engine speed of 17,500 rpm the operation was satis-
factory to an altitude of 34,0600 feet. With AN-F-28,
Amendment-3, fuel (fig. 6 (b)), the minimum ceiling was at
14 600 feet and also occurred at a simulated engine speed
of 8000 rpm; at engine speeds above 17,000 rpm, operation
was satisfactory to altitudes higher than 30,000 feet.

Variations other than those indicated by the operational-
Iimit curves were observed in the combustion characteristics
of the two fuels. Ignition was easier with AN-F-22 fuel
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FIGURE 6.—Altitude operational limits of combustor under conditions simulating static operation of engine with tail cone retracted,

than with AN-F-28 fuel. In the region immediately below
the altitude-operational-limit curves, AN-F-28 fuel generally
produced more flickering of the flames than did AN-F-22
fuel. When AN-F-28 fuel was used at simulated engine
speeds below 12,000 rpm, the flame flickered and fluctuations
occurred in the combustor-outlet temperatures at altitudes
as much as 3000 feet below the operational-limit curve
(fig. 6 (b}). When operating with either fuel at simulated
engine speeds below 8000 rpm, combustion sometimes ceased
when the fuel flow was decreased to low values (lean-limit
blow-out). This phenomenon was not encountered at high
simulated engine speeds. .

The combustor operated at efficiencies above 90 percent
and was capable of producing outlet temperatures far in
excess of the engine requirement when the simulated altitude
was 8000 feet or more below the operational limits. As the
simulated altitude was increased: (1) Resonant combustion
appeared and became increasingly severe; (2) combustion
efficiency decreased; and (3) temperature rise through the
combustor began to pass through e maximum value (with
variation of fuel-air ratio) within the fuel-air-ratio range
investigated. Both the maximum temperature rise obtain-
able and the fuel-air ratio at which it occurred decreased as
the simulated altitude was increased. The resonant com-
bustion, which was encountered at altitudes near the opera-
tional limits, was characterized by one or more of the follow-
ing conditions: rapid flickering at the base of the flame,
noisy vibration of the combustor and adjacent ducting, and
fluctuation of the combustor-outlet temperatures. (In order
to distinguish between the several types of resonance, the
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kind of combustion occurring during each run was given 2
letter designation.)

The altitude-operational-limit curves of figure 6 compared
with the corresponding curve determined by altitude-wind-
tunnel tests of the complete engine using AN-F-22 fuel are
shown in figure 7. Operational failures at high engine speeds
(above 16,000 rpm), which were encountered in the wind-
tunnel investigation of the engine, did not occur in the com-
bustor tests. One possible cause of this difference might be
that nonuniform flow conditions existed at the combustor
inlet in the engine, whereas in the combustor studies a uni-
form inlet-veloecity profile was maintained.

EFFECT OF COMBUSTOR-INLET CONDITIONS ON PERFORMANCE

The effect of combustor-inlet conditions on the perform-
ance of the combustor is shown in figures 8 and 9, where
the mean of the measured temperature rise through the
combustor is plotted as & function of fuel-air ratioc. For
estimation of combustion efficiencies, curves for 60 percent, 80
percent, and 100 percent of the theoretical temperature rise
are included in both ficures. The theoretical-temperature-
rise curves of ficure 8 are based on an inlet temperature

of 65° F'; the corresponding curves of figure 9 are based on
an inlet temperature of 190° F. N

The curves in figure 8 show the effects on combustion of
independently varying the combustor-inlet pressure, tem-
perature, and velocity from conditions that simulate zero-
ram engine operation at an engine speed of 10,000 rpm and
an altitude of 16,600 feet. )

The effect on combustor performance of altering the com-
bustor-inlet static pressure while maintaining the inlet tem-
perature and velocity constant is shown in figure 8 (a).
When the inlet pressure was high, the combustion efficiency
was above 95 percent and the temperature rise through the
combustor inereased throughout the range of fuel-air ratios
investigated. Operation at fuel-air ratios higher than 0.018
was not attempted because local outlet temperatures ex-
ceeded the safe limits of the instrumentation. When the
inlet pressure was low, the combustion efficiency was low
and the temperature rise through the combustor passed
through a maximum value at a fuel-air ratio much leaner
than the over-all stoichiometric mixture; beyond this value
the combustion efficiency decreased rapidly with increase in
the fuel-air ratio. Both the maximum temperature rise at-
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(8} Effect of altering statie pressure at combustor inlet. Inlet temperature, 65° F; inlet veloeity, 214 feet per second.

FiGTRE 8.—Variation of mean temperature rise through combustor with fuel-air ratio for combustor-inlet conditions independently altered from values simulating engine operation at
rotational speed of 10,000 rpm and altitude of 16,600 feet.
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tainable and the fuel-air ratio at which it occurred decreased
as the inlet pressure was decreased. Resonance always be-
came severe as the fuel-air ratio was increased past the value
giving the maximum attainable temperature rise and a rich-
limit blow-out occurred. Changes in the slopes of the com-
bustor performance curves were always accompanied by
changes in the type of operation, as shown by letter designa-
tions indicating various types of resonance beside the data
points on the figure.

Similar data showing the effect of altering the combustor-
inlet temperature are presented in figure 8 (b). Comparison
of figures 8 (a) and 8 (b) indicates that a decrease in com-
bustor-inlet temperature produced the same general effects
on performance as a decrease in combustor-inlet pressure.
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Figure 8 (c) shows the effect of altering the combustor-inlel
velocity. Anincreasein the air velocity had the same general
effect on performance as a decrease in inlet pressure or in
inlet temperature.

Similar results obtained with each of the combustor-inlet
parameters independently varied from conditions simulating
engine operation at 15,500 rpm and an altitude of 24,000 fecl
are presenied in figure 9; each of the combustor-inlet param-
eters had the same general effect on performance at the high-
altitude, high-engine-speed point as at the low-altitude, low-
engine- Speed point of figure 8.

In each of the farnlhes of curves shown in figures 8 and 9
the lower curves in the family fall farther apart although {hc,

curve paramsters change in nearly equal increments, which
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(b) Effect of ultering temperature at combustor inlet,

FIGURE 8.—

Inlet static pressure, 13.4 pounds per square inch absolute; inlet velocity, 215 feet por second.
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indicates that a given inerement in any one of the combustor-
inlet parameters produces more of an effect upon combustion
performance as that parameter becomes more adverse to
combustion.

Sharp breaks occur in some of the curves of figure 9.
Sueh discontinuities were accompanied by equally sudden
changes in the type of combustion. For example, at fuel-
air ratios below 0.0141, where the break begins in the lowest
curve in figure 9 (c}, the combustor operated with very little
resonance; at fuel-air ratios above 0.0145, the flame moved
to a new seat about 2 inches downstream of the fuel nozzles
and became intermittent and noisy. The fuel-air ratio at
which such abrupt changes in operation occurred wvaried

453

slightly according to whether the point was approached by

increasing or by decreasing the fuel flow and according to
the rapidity with which the fuel flow was changed. Unless
sudden changes in the type of combustion were observed,
discontinuities were not drawn in the curves of figure 9.

In check runs it was found that the outlet temperature

obtained for a given fuel-air ratio could be reproduced only
when operating under conditions normally giving little reso-
nance. ‘When resonance was pronounced, as the fuel flow
was increased (all other conditions held constant), the flame
would sometimes be extinguished at fuel-air ratios below

those where operation had continued in previous attempts.

Some points where such rich-limit blow-outs occurred are
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{c) Effect of altering velocity at combustor inlet. Inlet temperature, 68° F; ialet static pressure, 13.4 pounds per square inch absolute.

Ficvre 8.—Concluded.



454

indicated in figures 9 (b) and 9 (¢). In theintermediate fuel-
air-ratio range of figures 8 (b) and 8 (¢), duel performance
curves for the combustor were obtained and these curves are
shown by dot-and-dash lines. This tendency of the com-
bustor to drift into different modes of operation existed when
operating under conditions that gave resonant combustion.

COMBUSTOR PERFORMANCE AT SEVERAL SIMULATED ENGINE
SPEEDS AT CONSTANT ALTITUDE

In order to illustrate how faulty combustor performance
imposes the altitude operational limits, figures 10 and 11 are
presented. Results are shown in figure 10 for which dats
were taken over a range of fuel-air ratios with combustor-
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inlet conditions simulating engine operation at each of seven
engine speeds at an altitude of 20,000 feet. The mean of
the measured values of temperature rise through the com-
bustor are plotted against the fuel-air ratios used to obtain
them. FEach of the resulting curves has the same general
shape as the curves of figures 8 and 9. Curves for 100-
percent, 80-percent, and 60-percent theoretical temperature
rise are indicated by dashed lines. The points where the
curvessurpass the temperature-rise requirement of the engine
are indicated by symbols that are connected by a dotted
line. At the intermediate simulated engine speeds (8000
and 10,000 rpm} blow-out occurred before the temperature
rise reached the engine requirement.

- Inlet static Air . I
(/b‘}g‘:';‘”’,%“’éis ) Wefgg}‘sgg}w 100-percent theoretical-] ey
+ o 5 temperature rise RN P D+,
o 160 1.2
x 13.0 g/ AT g
A Rapid flickering ot base of flame 7
1200 B .Temperatire Fluctuotions of combustor ouflet - A
€ Noisy vibration of combustor and odfocent ducting P
0 Combinotion of 8 and € el a
£ Combination of A ond 8 5 e
B + Severe 4 *or ol
. - Slight . [ .-
5 100 (The absence of o letter designation S 5 —
N beside o dota point indicotes thot no R 1 £- /——3‘\ T
§ noticecble resonarnce occurred,) A / s Dro
g ne 7
S //' ’/,—' L O+ D+o \\
S/ . + .t
(S .~ i
8 L / / /”’ 4.\‘
iy L § s .
£ . + - " :
L4 / 4T -80-percent theoretical
% Lot e E femperature rise
T S0 — 74 * - ’/—:' T~ F1
L 2= o
g A // / \ e
= - P = iad
E "‘ / //f—"‘ B L -
¢ .~ e L1
8 sa0 —4 : —t= N\
B L / / e L7
® I » - o
. - | / o L
8 v J) = /—/,
700 < =
) e Piae - 680-percent theoretical
L - femperature rise|
ey et :
. . L
so0! (&) o 7 7
Nais] Ol gz 013 .0l4 .05 o| - a7 08 .0/e 024 021

Fuel-air ratio

(a} Effect of altering static pressure at combustor inlet, Inlet temperature, 190° F; inlet velacity, 260 feet per second.

FIGURE 9.—Variation of mean temperature rise through combustor with fuel-air ratie for combustor-inlet conditions independently altered from values simulating engine operation at
rotational speed of 15,500 rpm and aliftude of 24,000 feet.
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The temperature-rise requirement of the engine for
nonaccelerating operation at various engine speeds at an
altitude of 20,000 feet is shown in figcure 11. Values of the
meximum temperature rise obtainable with various simu-
lated engine speeds at this altitude (taken from the peaks
of the curves in fig. 10} are connected by a dotted line. The
resulting curve falls below the temperature-rise-requirement
curve between engine speeds of 6500 and 11,300 rpm. The
nonoperational range therefore exists between 6500 and
11,300 rpm at an altitude of 20,000 feet.

An analysis of the causes of the altitude operational limits
can be made by following a constant-altitude path at 20,000
feet, going from low to high engine speeds, observing what

happens to engine performance {figs. 10 and 11), and examin-
ing these happenings in terms of the effects of the combustor-
inlet conditions on combustion performance. The combustor-
inlet pressures, temperatures, and velocities existing in
the engine at an altitude of 20,000 feet at various rotational

speeds are shown in figure 11. Starting at an engine speed

of 6000 rpm, the combustor produces the temperature-rise
requirement of the engine. At this point, the combustor-
inlet pressure and temperature are relatively low, and both
are therefore adverse to combustion. The inlet velocity is
very low, however, and a low velocity has a favorable effect

on combustion enabling the combustor to give the required

temperature rise.
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As the engine is accelerated to higher engine speeds, the
combustor-inlet pressure and temperature increase; these
changes are benefictal to combustion. At the same time,
however, the inlet velocity increases very rapidly and this
change has a detrimental effect on combustion. The un-
favorable effect of the rapidly increasing inlet velocity more
than counterbalances the beneficial changes in the other
operating conditions, as is evidenced by the decrease in
temperature rise obtainable, until the combustor ceases to
meet the engine requirements when a speed of 6500 rpm is
reached.

As the simulated engine speed is increased through the
nonoperational region, the inlet pressure and temperature
increase at accelerating rates whereas the inlet velocity
increases at a decelerating rate with inerease in simulated
engine speed. At a simulated speed of about 10,000 rpm,
the favorable eflects of the rapidly increasing inlet pressure
and temperature become large enough to offset the adverse
effect of the increasing inlet velecity and the temperature
rise obtainable begins to increase with simulated engine
speed. At a speed of 11,300 rpm, the temperature rise
obtainable is equal to the temperature rise required. Above

ADVISORY COMMITTEE FOR ABRONAUTICS ' ,

an engine speed of 11,300 rpm, the inlet veloeity increases

PRESSURE PROP THROUGH COMBUSTOR

presenfed in figure 12, 'The ratio of the total-pressure dro

combustor-outlet density ps/ps.
shown to be a linear function of py/pes, and the predicte
straight-line correlation is obtained in figure 12.

The derivation of the relation

APy

da

=f(paf ps)

presented in the appendix assumes that at cross section

a fixed ratio to ¢e.

only slightly and approaches a maximum value whereas the
inlet pressure and temperature increase rapidly and bring
the combustor farther info the satisfactory operaling range.

A correlation of the combustor total-pressure drop is

D

to the inlet dynamic pressure AP;_sfg, is plotted against
the ratio of the combustor-inlet density to the average
In the appendix, AP s/g; is

d

2

&~

the inlet dynamic pressure ¢, is the effective value of ¢; the
relation is also valid, however, if the eflective value of ¢ has
In the annular combustor, both the cross-
sectional areas of the flow passages and the ratio of air mass
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in the combustion zone ito thetotal air mass continually
change when passing downstream through the combustor.
The ratio of the effective ¢ to g. therefore continually changes
as the flame seat moves downstream. Inasmuch as the
location of the flame seat changed, especially under oper-
ating conditions that promoted resonant combustion, the
preceding relation cannot be expected to hold exacily for
this combustor and some scatter of the data points, as indi-
cated in figure 12, might be expected.

The isothermal AP, ,/q. is 1.62; and when pyfps is 2.8,
AP, _3/g is about 2.1.

TEMPERATURE AND VELOCITY PROFILES AT
COMBUSTOR OUTLET

Combustor-outlet temperature profiles for four representa-
tive runs are shown in figure 13. The combustor-inlet con-
ditions for the run presented in figure 13 (a) simulate engine
operation at an engine speed of 10,000 rpm and an altitude
of 16,600 feet and the mean eombustor-outlet temperature
is 150° F above required normal-operation temperature.

The inlet conditions are approximately the same for the run-

presented in figure 13 (b) and the mean outlet temperature
is about 220° F higher than required normal-operation tem-
perature.
068° I, the minimum recorded local temperature is 718° T,
the maximum recorded local temperature is 1305° F, and

In figure 13 (a) the mean outlet temperature is
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the average temperature-rise deviation from the mean tem-
perature rise through the combustor is £111°F (£12.4 per-
cent). In figure 13 (b) the mean outlet temperature is
1042° F, the minimum recorded local temperature is 640° F,
the maximum recorded local temperature is 1600° F, and
the average temperature-rise deviation from the mean
temperature rise through the combustor is +156° F
(£16.0 percent). The temperature profile is more uniform
and the combustion efficiency is higher for the run presented
in figure 13 (a) than for the run presented in figure 13 (b).

In check runs the outlet-temperature profiles could not
always be exactly reproduced but consistent trends were in-
dicated; the profiles became more uneven as the combustion
efficiency became lower and as the temperature rise became
higher. The localized high outlet temperatures (hot spots)
became excessively high when the combustor basket was
slightly off center. The positions of localized high tempera-
tures also shifted from time to time, possibly as the result of
progressive warping of the combustor basket.

The operating conditions listed in figures 13 (¢) and 13 (d)
simulated no particular altitude-engine-speed conditions but
produced aggravated cases of uneven fuel distribution. The
combustor-outlet temperature profiles are shown for these
two runs in order to illustrate the effect of uneven fuel
distribution. The causes of the uneven fuel distribution will
be subsequently discussed.
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In'figure 13 (¢) the mean outlet temperature is 240° F, the
minimum recorded local temperatureis 170° F, the maximum
recorded local temperature is 310° F, and the average tem-
perature-rise deviation from the mean temperature rise
through the combustor is £31° I (418.8 percent). The
mean temperature rise for the bottom one-fourth of the duct
is 35 percent higher than the mean temperature rise for the
top one-fourth of the duct.

In figure 13 (d} the mean outlet temperature is 1222° F,
the minimum recorded local temperature is 720° F, the
maximum recorded local temperature is 1760° F, and the
average temperature-rise deviation from the mean tempera-

. ture rise through the combustor is +248° F {428.1 per-

cent). A low-temperature region occurs at the 1-o'clock
position in the duct.

Typical velocity profiles at the combustor outlet are
shown in figure 14 for three of the same runs for which tem-
perature profiles appear in figure 13. The outlet-velocity
profiles vary in uniformity as the outlet-temperature pro-
files vary; high local velocities usually result where high
local temperatures ocecur. The velocities also definitely
tended to remain low nearer the walls of the duct, regard-
less of temperature distribution. The inlet-velocity pro-
files arealso shown in the figure for comparison.

EXTENT OF AFTERBURNING

The temperatures read at cross section 4 checked closely
with those at cross section 3; no temperature rise due to
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afterburning was therefore indicated in any of the tests.
A tenuous luminous flame, however, appeared to extend
past cross section 3 in some of the runs.

A comparison of the mean combustor-outlet temperatures
at cross section 3 with temperatures read with a shielded
thermocouple at the downstream cross section 5 is shown in
figure 15. The downstream temperatures are lower than
the mean values at the combustor outlet and the differences
are greater at high temperatures. The calculated tempera-
turs drop in the exhaust gas, with allowance for heat transfer
through the pipe walls between cross sections 3 and 5, was
40° F, with the exhaust-gas temperature assumed to be
1000° F at cross section 3 and the temperature of the test
cell assumed to be 80° F. YWhen the mean temperature at
cross section 3 is 1000° F, figure 15 shows the measured
temperature at cross section 5 to be about 40° F lower.
The data points on figure 15 therefore deviate from the 45°
line by the expected amount and. the readings of the shielded
thermocouple at cross section 5 check those of the bare-wire
thermocouples at cross section 3.

CHARACTERISTICS OF FUEL-INJECTION SYSTEM

Hydraulic head in manifold.—The effect of the hydraulic
head between the bottom and the top of the fuel manifold
was evidenced during the investigation. As the fuel flow
was decreased to a point where the pressure differential

a 200 400 600 800 0oocG 1200 /4&7

Mear tfemperature ai cross secition 5, °F

FIGCRE 15.—Uomparison of mean temperaiure at cross section 3 with mean temperature at
cross section 5.

between the bottom of the manifold and the inside of the
combustor approached the magnitude of the hydraulic head
between the bottom and the top of the manifold, the nozzles
at the top ceased to deliver enough fuel to sustain burning
in that region. This partial cessation of burning always
occurred at a fuel flow of about 75 pounds per hour.

The combustor-outlet temperature profile for a run in

which the fuel flow was only 100 pounds per hour is shown
in figure 13 {(¢). The fuel distribution and the outlet tem-
peratures are higher at the bottom because of the hydraulic
head within the manifold. The fuel nozzles were later
calibrated while installed in the manifold by using a total
fuel flow of about 100 pounds per hour; the results of this
calibration are also shown in figure 13 (¢). The percentage
variation of each nozzle from the mean fuel delivery is given
with each nozzle position.

Fuel deaeration and vaporization within fuel-injection
system,—During the runs in which the inlet temperatures
were 240° F and higher, dark areas were observed near the
top of the ring of flame (looking upstream) even though the
fuel flows were high enough to overcome the effect of the
hydraulic head within the fuel manifold. These dark
areas indicated the presence of air or vaporized fuel in the
nozzles at the top of the manifold, where gases generated
therein would collect. This condition will hereinafter be
referred to as “vapor lock.” A fuel nozzle, when delivering
gases, loses some of the cooling effects of the fuel and becomes
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overheated by the radiant heat from the flame, which
ageravates the vapor-lock condition. It is reasonable to
expect that under extreme conditions a vapor-locked nozzle
could be heated to the extent that cracking of the fuel would
cause the orifice to become clogged with ecarbonaceous
deposits. During the investigation such ecarbonaceous
deposits were formed in two nozzles.

This vapor-lock condition was investigated by peening
iron-constantan thermocouples into the wall of the dome of
each of three fuel nozzles in the manner previously described.
Table III shows the nozzle temperatures observed during
various runs. When the inlet temperatures exceeded 290° F,
the fuel nozzle located near the top of the manifold (22.5°
position) showed a sudden marked increase in temperature,
which may be explained by a reduction in the mass flow
of fuel through the nozzle due to the presence of vapors.
The nozzles located lower in the manifold did not show this
rapid change in temperature at any of the inlet temperatures
investigated. Temperatures within and above the boiling
range of the fuel were attained in all three nozzles, indicating
that vaporization of the fuel as well as deacration was
causing this trouble. . .~ . -

One manifestation of vapor lock is shown in ﬁgure 16

where the pressure differential across the fuel manifold and
nozzles is plotted against the fuel flow for runs made with the
same set of fuel nozzles. The pressure differential for a given
fuel flow is seen to increase with combustor-inlet temperature
after a critical inlet temperature is surpassed. As the fuel
flow increases, the vapor-lock effect becomes less, as shown
by the converging curves in figure 16.

Figure 13 (d) shows the combustor-outlet temperature
profile for a run in which the inlet temperature was 340° I;
deacration and vaporization of the fuel within the fuel-
injection system had resulted in vapor lock of the fuel
nozzles at the top of the manifold and extinguished the
flame at the 12- and 1-o’clock positions.

CONDITION OF COMBUSTOR BASKET

Warping of the combustor basket existed in places where
local temperatures were high but the distortion never
became excessive. No holes were burned in the basket
during the tests, and no carbonaceous deposits thicker than
0.002 inch were found on the walls of the basket. At the
altitude conditions of most of the tests reported herein,
blue-flame combustion prevailed; at low altitude where
vellow-flame combustion occurred, warping and the forma-
tion of carbonaceous deposits became g1 eater than with blue
flames.

SUMMARY OF RESULTS

A combustion-laboratory investigation of the performance
of an annular combustor gave the following results:
1. The lowest operational ceiling of the complete engine
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as determined by tests of the combustor operating with
AN-F-22 fuel was at an altitude of 16,400 feet and oecurred
at a simulated engine speed of 8000 rpm. At a simulated
engine speed of 17,500 rpm, the combustor operated satis:
factorily to an altltude of 34,000 feet.

. 2. With AN-F-28 fuel, the minimum operational cellmg
was at 14,600 feet and also occurred at a simulated engine
speed of 8000 rpm. At simulated engine speeds close to the
rated maximum of 18,000 rpm, operation was satisfactory to
altitudes higher than 30,000 feet.

3. At altitudes of 8000 feet or more below the operational
limits, the combustor operated at efficiencies higher than 90
percent and was capable of produeing outlet temperatures
far in excess of the engine requirements.

4. As the simulated altitude was progressively increased,
approaching the operational limits: (1) Resonant combustion

‘began and became increasingly severe; (2)-the combustion

efficiency decreased; and (3) the temperature rise through
the combustor began to pass through a maximum value
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(with increase in fuel-air ratio) at a fuel-air ratio within the
range investigated. Both the maximum temperature rise
obtainable and fuel-air ratio at which it oecurred decreased
as the simulated altitude was increased. Above the opera-
tional limits, the maximum obtainable temperature rise was
below the value required for engine operation.

5. High combustor-inlet pressures and temperatures and
low combustor-inlet velocities were favorable to combustion.
When these combustor-inlet conditions were favorable to
combustion, the combustor operated at efficiencies above 95
percent and the temperature rise through the combustor
inereased with an increase in fuel-air ratio throughout the
range of fuel-air ratios investigated.

6. The combustion efficiency and maximum temperature
rise obtainable decreased and resonance increased if: (1) The
combustor-inlet pressure was decreased, (2) the combustor-
inlet temperature was decreased, or (3) the combustor-inlet
velocity was increased. Both the maximum obtainable
combustor temperature rise and fuel-air ratio at which it
oceurred decreased as these inlet conditions became more
adverse.

7. The existence of altitude operational limits was ac-
counted for by the effects of the combustor-inlet conditions
on eombustor performance.

8. The ratio of the total-pressure drop through the com-
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bustor to the inlet velocity pressure correlated as a linear
function of the ratio of the combustor-inlet density to the
combustor-outlet density. The linear relation was predicted
by theoretical considerations. The isothermal total-pressure

drop through the combustor was 1.62 times as great as the

inlet velocity pressure.

9. Combustor-outlet temperature profiles became in-
creasingly uneven as the temperature rise increased or as
the combustion efficiency decreased. -

10. Thermocouples located downstream of the combustor
indicated temperatures consistent with those measured at the
combustor outlet; no temperature rise due to afterburning
was detected.

11. Vaporization and deaeration of fuel within the fuel
manifold and nozzles led to severe overheating of the nozzles,
which ecaused nonuniform combustor-outlet temperature
distributions and sometimes resulted in the formation of
carbonaceous deposits in the fuel nozzles.

12. Very little deterioration of the combustor basket

oceurred and no carbonaceous deposits thicker than 0.002

inch were present.

Frigar ProrursioN REsEARCHE LABORATORY,
NaTioNaL Apvisory COMMITTEE FOR AERONAUTICS,
CreveLanp, Orrio, March 21, 1947.



APPENDIX

ANALYSIS OF TOTAL-PRESSURE DROP THROUGH COMBUSTOR

The following symbols are used in the analysis:
A cross-sectional area of combustion space, sq ft
ki, k; dimensionless constants

m  mass flow per unit cross-sectional area, slugs/(see)
(sq ft)

q dynamic pressure, lb/sq ft

AP total-pressure drop, 1b/sq {t

Ap  static-pressure drop, lb/sq ft

V' velocity, ftfsec . o e

p density, slugs/ cu ft
Subscripts (See fig. 1.):

2 combustor inlet . -
3 combustor outlet

f friction

m momentum

The total-pressure drop due to friction can be expressed as

sz
2

T
2 .

(APg_g) = kl

(1)

When & simplified combustor of constant cross section is
assumed, the static-pressure drop due to momentum change
is

(Ap:’;—:}) m :% (T‘/Ts —_ T’Tg)

(2)
and the total-pressure drop due to momentum change is
m 2"{7. 2 T] 2
(AP2—3)m=Z (1”73_‘:72)_}_57 22 -—‘D_séi (3)

The total-pressure drop through the combustor is the sum

of the pressure drop due to friction and the pressure drop
due to momentum change:

7 2 72 V.2 -
VAP2_3=k1 Eﬂi +% (173_.[72)—[_;,2; d psgs ) (4'>
Substit{;tion of p, AV, for m gives
AL ar ) p2 V5 ( ps Vs
AP2_3—]C1 2 +sz 2 Vg —1 + 9 1"‘p2'T_722> (5)

When the slight increase in mass due to the addition of fuel
between the combustor inlet and the combustor outlet is
neglected,

P2 Vz =03 Vs (6)
or,
Vi_ps ,
Vz - P3 (7,)

If equation (7) is substituted in equation (5) and the terms

are combhined,

eV
N () ®)
. p Vi :
Substitution of ¢, for 5 and ka2 for (ky—1) gives
APys__p2, g,
o p3+ﬂz (9)

For any particular combustor, equation (9) is valid only
if ¢, 1s equal to, or has a fixed ratio to, the effective value
of ¢.

TABLE I—PERFORMANCE DATA ON COMBUSTOR FROM INVESTIGATION TO DETERMINE ALTITUDL OPERATIONAL

LIMITS WITH AN-F-22 FUEL

- Mean tem- Total- Btatie-
: Combustor-{ Com- Com- Mean com- Ratio of e S
Smmgl%ated Simulaled | inlet stetic | bustor- | bustor- | sinoo | Fuel fow | Fuel-air | _Pustor- pegfilsté” € | actual to pré;?zure predsglrz)re ;Igf,&e
Point enging altitude pressure | inlet tem-| inlet Lr 1o nel Lo : ontlet tem- thearatical
speed s S (1bfsec) {Ib/hr) ratio ? through through through onanee
(ft} (Ibfsq in. | perature | veloeity perafure . temperature = S \
(rpm) bsol S it ) combustor ise combustor | combustor
absolute) | {°F) (ft/sec) : T) (bfsq in)) | (Ibfsq in)

1 10, 600 16, 600 13.19 84 226 9.58 800 0.0174 1,006 1,012 0.818 0.82 1.13 B-
- 13.19 84 226. 9.58 632 . 0183 1,160 1,076 .832 .83 1.16 B-

13.19 84 226 9.58 654 0190 931 847 . 633 il 1.02 D

2 10, 000 20, 000 1110 74 233 8.51 377 0.0123 Qutlet temperatures below 400° 7 A

1110 74 233 8.50 405 0132 Blew-out A

3 10, 000 23, 000 9. 48 64 240 7.59 395 0.0145 | —oeaes Qutlet temperatures below 400° F A

9.48 64 240 7.59 405 0148 | - Blow-out l A

4 10, 0600 30, 000 6. 40 45 271 .00 | ecmeon | eeemen } mmmmean No combustion

5 15,000 30, 000 11.32 % 277 8. 62 422 0. 0136 800 423 | o404 | ow | oss. T —
1132 277 8.62 | 440 o142 | o Blow-out At
6 16, 000 30, 000 12.50° 264 869 ,| 575 0. 0184 1, 230 1,023 , 0.796 0.85 [ 1,10 B-
12,48 264 8. 6% 585 L0180 983 77 87 .78 .93 D+
: 12,48 264 8.6¢ 750 L0240 | Lo )  Blow-out ) D+
7 17,000 30,000 18.51 253 8.61 705 0.0227 1,474 1,234 0. 801 0.80 1.09 D-

3 18, 000 30, 000 14,69 974 233 8.18 5905 0.0202 | 1,569 1,295 0.938 0.72 ‘695 | B
N }4. 69 278 233 8.19 652 0221 1,654 1,378 . 817 .75 L0 B -

9 18, 500 40, 000 9.80° 14,0 N 241 6. 89 403 0. 0162 621 481 0.418 | 0. 55 G58 ,7 A
9. 80 140G 241 6.89 445 0179 mmnen - . Blow-out - At

1The various types of resonant combustion are designated as follows: A, rapid flickering at base of flame; B, temperalure fluctuations at comhustor outlet; C, nolsy vibra-
tion of combustor and adjacent dueting; D, combination of B and C; E, combination of A and B; N, normal operation (no noticeable resonance); -+, severe; —, slight,
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TABLE I-—-PERFORMANCE DATA ON COMBUSTOR FROM INVESTIGATION TO DETERMINE ALTITUDE OPERATIONAL
LIMITS WITH AN-F-22 FUEL— Concluded '

. Mean tem- cr Total- Statie-
- o Combustor-| Com- Com- Mean com- Ratio of <
Slmlﬂ_uf:d Simulated | inletstatie | bustor- | bustor- | o g oV poorp ol puopas | Dustor- pegstélre actual to | PFESSUre | pressure . ;I;y;gse‘
Point | SNEIT altitude | pressure |inlettem-] inlet A : (B gutlet tem- theoretical op oD
speed o) (bjsai A {Ibfsec) (Ib/hr) ratio through through through onance
fsqin. perature | veloeity perature temperature
(rpm} absolute) CH (it/sec) ° F) combustor Tise combustor | combustor (0]
= F (Ib/sq in) | (b/sq in.)
< S
10 18, 000 32,000 11.19 205 20 7.97 363 0. 0123 781 576 0. 6351 0.74 0.80 N
11.19 206 276 7.97 3835 L0134 827 621 646 .78 .83 B—
1.19 203 270 7.97 420 L0146 704 199 L4580 .73 .76 A
1n.19 203 70 T.97 450 N1 iy T Blow-out A
11 16, 500 30, 040 12.88 224 266 78. 78 50 0. 0180 1,282 1,038 0. 842 0.89 1.14 N
12.88 225 267 8.8 610 . 0193 1,362 3,137 . 850 .90 1.18 N
12.88 225 267 879 630 L0139 1,015 ™ 574 .85 1.00 E—
12 15, 300 30,000 i1.98 163 267 8.58 470 0.0152 90 797 0.741 0.83 0.99 A
1195 192 266 8.5 500 . 0182 7 807 531 .80 .88 E
11.98 192 266 8.56 630 .0204 851 659 167 .7 .89 E+
- 12,42 192 256 8.56 860 L0260 | Lo Blow-out A+
13 14,000 20, 0G0 16.39 162 264 12.19 785 0. 0179 1,208 1,136 0.905 1.16 161 B—
14 14,000 24, 000 13.71 155 20 10.53 582 0.0153 988 833 0.%66 1.0l 1.25 B
13.71 155 272 10.61 536 .56 1,003 848 763 1.02 1.28 B
13.68 155 272 10.61 608 . 0159 T 619 . 549 100 1.14 E
15 14, 000 30, 000 10. 15 150 284 8.30 395 0.0132 | _____..__ Outlet temperatures helow 400° F A
10.19 150 4 8.25 456 0154 L Blow-out A
16 14, 500 28, 000 11.88 162 %92 Tg.15 150 0. 0140 619 48 | 0.4 .53 | os At
11.88 161 275 9.20 £20 L0157 Blow-out AL
11.88 162 275 9.20 550 . 0166 Blow-out A
1.8 162 275 9. 20 600 .0181 Blow-out At
ir 12,0600 17, 000 15.07 127 236 11.60 760 0. 0182 1,234 1,109 0.865 1.05 1.49 C—
15.07 126 256 11.60 70 L0184 1,203 1078 .832 LG9 1.5 D—
15.00 126 258 11.61 795 L0150 922 i . 599 1.06 1.33 D+
18 12, 000 19, 000 14.18 120 256 1103 658 0. 0173 1,122 1,002 I 0.817 [ 1.02 1.39 N
14,18 120 256 1.0 730 L0184 882 T62 . 558 97 L2¢ E
14.18 120 256 11.01 900 L0227 | oo Blow-out A+
19 12, 000 30, 000 8.19 88 253 7. 40 355 00133 Outlet temperatures below 00° F
822 9L 233 7.40 550 . 0206 Outlet temperatures below 400° F
8.22 91 283 .40 600 .0225 Blow-out
20 15, 500 28, 000 13.10 151 264 9.30 [i15) 0.0181 1,040 0.821 0.92 1.20 N
13.10 191 264 9.30 640 0191 o0 - .35 103 E
13.10 igt 264 9.30 0 0269 749 418 .83 .99 E+
21 8,000 17, 000 10.4 50 198 7.09 305 00120 | oo Qutlet temperatures below 400° F A
10. 41 50 198 7.09 350 . 0137 8§11 6 | 0. 461 | 0. 50 H 0. 55 A
10. 41 50 198 7.09 330 0153 | -oo_ Blow-out A4
22 8§, 000 19,000 9.78 £ 168 6.71 315 0. 0130 Outlet temperatures below 400° F A
9.78 45 198 6.70 346 L0143 Outlet temperatures helow #00° F -+
9.7 45 198 6.70 385 . 0160 Blow-out AL
23 14, 000 26, 000 12.39 153 T 8.78 375 0. 0107 599 45 E 0.570 0.88 0.92 B—
12.39 153 277 9.78 383 .0112 539 386 472 .85 .86 E—
12.39 153 277 .78 5X L0142 Blow-out A
24 13, 000 23,000 13.10 133 263 10.19 500 0. 6136 881 748 [ 6.783 0.92 1.12 N
13.10 132 263 10.19 538 L0147 694 562 1 . 1.00 A
13.10 132 263 10. 19 730 0199 1 ... Blow-out A
25 6, 000 20, 000 7.99 17 142 417 232 0.0221 L% L0 | e | o2 | 0.3 D—
7.99 17 142 4.17 350 L0233 F - Blow-out A
7.99 17 142 4.17 313 L0248 Blow-out A
7.99 17 142 4.17 400 . 0286 Blow-out A+
26 8, 600 24, 000 6. 40 8 137 3.30 e [ [ No combustion
27 12,000 21, 000 12.98 113 255 10.14 475 0. 0130 812 609 l 0.742 0.88 [ 1.06 N
12.98 113 255 16,14 500 L0137 636 523 . 828 . .94 A
12798 112 255 10.14 530 0162 | _ooo__C Blow-out A+
28 10, 000 18, 500 11.89 79 230 8.88 00 0.0125 Tit 632 l 0. 693 ! 0.70 I 082 B—
11.89 so 230 8.88 435 . 0136 591 511 L8138 .67 T4 E
11.89 &0 230 8.88 456 0152 | .. Blow-out A+
29 8,000 21,000 8.70 40 199 6.20 335 0.0153 | oo Qutlet temperatures below 400° F A
8.70 £0 198 6. 20 350 0160 | oo Blow-out A+
30 6,000 18, 000 9.87 22 144 517 396 0.0213 1,171 1,140 I 0.767 j 0.3 0.52 N
9.87 21 144 5.17 525 L0282 1,374 1,353 iy . .60 A—
§.87 22 144 & 17 590 13 VU R Blow-out A
31 17, 500 32,000 13.31 265 261 841 570 0.0188 4T 1,182 0.812 0.84 1.0% B
32 19, 000 30, 000 16. 80 310 207 7.92 500 0.0175 1,490 1,180 0.974 .60 07 N
33 12, 000 24, 000 11.40 103 261 3.29 380 0.011¢ | .. 353 0.423 S E
11. 40 103 261 g.29 415 L0124 Blow-oui A
3¢ 17, 500 34,000 11.89 261 241 6.9% 450 0.0179 1,378 1,117 0.8%9 Q.63 [ 0.80 B—
35 8,000 15, 500 11.21 56 196 7.49 410 0.0152 927 81 0.794 0.5 [ 0.70 B-—
11.23 58 198 7.50 428 . 0159 971 913 . 800 .85 .73 B—
1t.2t 58 188 7.5 510 L0189 | - Blow-out A+
36 17, 500 36, 000 10.19 260 261 6. 50 316 0.0135 938 68 | o.708 { 0.53 [ .59 B
10. 19 260 261 6. 50 350 015G 37 377 RE .54 .5 E
10.17 260 263 6. 50 400 171y S SN Blow-out A

For footnote see p. 22,
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TABLE II—PERFORMANCE DATA ON COMBUSTOR FROM INVESTIGATION TO DETERMINE ALTITUDE OPERATIONAL
LIMITS WITH. AN-F-28, AMENDMENT-3, FUEL

\ Mean tem- s Total- Statie-
: Combustor-| Com- Com- . Mean com- Ratio of
Sxauligt;d Simulated | inletstatic | bustor- | bustor- | s aoe | Fuel flow | Fuel-air | DUStOL- pel;aiastélre actual to | PIEsSure ) prissure ;If‘s‘;g:i
Point g altitude pressure | irlet tem- inlet y p outlef tem- theoretical P B
speed () (ib/sq in ature | velooity (1bfsec) (Ib/hr) ratio rature through " crat through through gnance
(rpm) Q0. | per ¥ peralure | oomhustor |FEIMPCISIUTe) o mbustor | combustor 0]
absolute} [CD] (ft/secy °F T rise (Ibjsq in.) | (b/sq i)
1 10, 0600 16, 600 13.2 88 229 9.63 425 0.0123 755 668 0.751 0.80 0.94 N
13.20 83 229 9.63 450 L0130 . 780 692 740 .84 .97 -
13.20 88 220 .63 480 N 17F: - S Blow-out A
3 10, 000 23, 000 9. 50 65 240 7.58 320 QOLL7 | amoeeee Quflet temperature below 400° I A
.50 65 240 7.58 370 L0186 | oooooenn Blow-out Aot
8 18, 000 30, 000 1470 74 233 8.19 670 0.0193 1510 1236 0.945 0.73 0.96 N
14.70 274 233 8.1 600 0204 1541 1267 . 921 T4 .99 N
10 16, 000 32,000 1124 260 7.95 300 0.0103 632 497 0.562 0.68 .68 B
111,29 267 7.93 35 0129 624 421 60 .67 .07 At
120 269 7.95 400 L0l TE Blow-out At
11 16, 500 30, 000 12,00 266 8.79 401 0.0127", 916 692 0.767 1 0.78 0.58 A—
12.99 266 8,797 472 . 0149 1028 805 772 .82 .96 N
12.90 266 §.79 500 L0168 ] - Blow-out AF
13 14, 000 20,000 | 16.39 261 12.20 040 0.0046 1042 880 | 0.8 | 115 | 145 N
16.40 264 12.20 770 0175 | _eioenn Blow-out A
14 14, 000 24,000 13.38 154 272 10.61 450 0.0118 573 49 | o404 | o088 | oo A4
13.71 155 27¢ 10.60 480 0126 | eommeoe Blow-out A
17 12, 000 17,000 15.09 125 256 11.63 503 0.0120 829 704 0.812 1.02 122 N
15,00 124 256 1L 63. 600 0143 949 825 _811 1.05 132 N
18 12, 000 19, 000 14.18 120 256 11.00 413 0. 0104 675 555 0. 730 0 95 1.06 N
14.13 120 256 1100 443 L0112 710 590 . 1.10 A
14.18 120 256 1L 00 465 0117 | ... Blow-out A+
20 15, 500 28, 000 13.12 141 263 9,29 460 0.0138 916 725 | ome | oes2 | aes A—
. 13.09 191 263 9.20 490 L0147 o Blow-out A
a1 | 8,000 17, 000 10.41 50 108 7.08 355 0.0139 537 487 | o048 0.45 | 0.49 A—
_ 10. 41 50 199 7.15 406 0158 | ... Blow-out A+
23 14,000 28, 000 12.38 155 275 9.74 380 0. 0108T ........ Quftlet temperatures below 4007 T A—
12.38 155 275 9.74 405 L0116 520 | 044 | 0.81 | 0.8 At
12,38 152 277 9.7 440 0125 | eoeee Blow-out Ad
25 8, 000 20, 000 7.99 11 141 420, 255 0.0169 654 643 l 0.535 0.27 I 0.32 B
7.99 11 141 4.20 205 L0195 761 740 541 .30 .36 E+4
7.99 1 141 4.920 350 L0230 | e Blow-out | e
30 6, 000 16, 000 9.88 23 145 5,207 360 0. 0192 1055 1032 ! 0.7 0.35 0.47 E—
.88 22 145 5.20 470 L0251 1293 1271 L7468 .39 .55 L~
9.8 22 145 5.20 550 L0284 | .o Blow-out | .
3t |- 17,500 32,000 13.32 264 260 8.40 515 0.0170 1288 1024 0.877 0.78 0.87 N
13.92 265 261 8.40 605 0200 1424 1169 . 865 .80 1.05 N
33 12, 000 24, 000 11. 40 103 261 9.3 365 0. 0109 Qutlet temperature below 400° T A—
11.40 103 263 9.31 386 L0115 Outlet temperature below 400° F A+
11.40 03 261 6.30 423 0126 Blow-out A+
3¢ 17, 500 34,000 11.90 260 241 7.0 448 0.0178 1541 1081 0.889 0.61 0.77 N
i1.90 260 241 7.00 498 0198 1457 1197 .803 .63 .83 N
35 8,000 15, 600 1. 7¢ 58 98 7. 50 360 0.0133 554 4906 0.518 0.50 0.55 At
1119 .58 198 7.49 410 0152 | ... Blow-out A+
) 119 58 108 7.50 415 0154 ] .- Blow-out A
37 16, 000 25, 000 15.80 -208 258 10.77 ‘605 0.0156 1198 995 0.015 1.00 1.28 N
: 15.80 202 258 10.77 858 0170 1278 1076 .015 1.08 1.34 G —
39 8, 000 14, 000 18 51 104 7.97 465 0.0162 826 875 0.732 0.63 0.81 E—
11.49 B2 194 7.97 495 0173 | . Blow-out | e
40 S, 000 13, 000 12,51 53 194 8.2 5% 0. 0176 1036 008 | o8 | o3 | o092 E—
12.60 52 194 8.30 550 0184 | .o_... Blow-out A
42 17, 000 28, 000 15.10 240 246 9.31 550 0.0164 1207 1057 0.933 0.84 1.06 B~
15.11 240 246 9.32 675 L0201 1486 1246 814 - LI8 D-—
43 16, 500 34,000 10.70 225 269 7.30 345 0. 0130 508 383 0.415 0.67 0.66 E
10.70 225 260 7.30 400 0151 | oo Blow-out E+
45 6,000 13,000 10.69 31 144 5.50 400 0.0202 1162 1181 0.802 Q.39 0.53 A-
10.67 30 144 5.50 _ 463 . 0234 1281 1251 719 .43 .59 E
10.68 29 144 5.60 525 L0265 1409 1470 .824 .41 .62 E

1 The various types of resonant combuatmn are des (%nated as follo\\s A rapld ﬁmkermg at base Gf flame; B, temperature ﬁucnmtlons al combustor outlet C nolsy \ibr‘mon of coin-

bustor and adjacent ducting; D, combination of B and C; E, combination of A and B: N, normal operation (no noticeable resonance); -+, severe; —

, slight.
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TABLE III-TEMPERATURES OF THREE FUEL NOZZLES IN COMBUSTOR

Temperafure C F)

Inlet statie | et tom.|  Intet Air f Fizel £ Fuelai ml:;rglj%gld Pesition of nozzle (arranged

pressure A ir low | Fuelflow | Fuelair a ; !

(Ib/sq in. perature | veloclty | ‘bjses) | (p/mn) mtlo | GBIESSHE | counterclockwise, looking ap-

absolute) (b/sq in.}

187.5° 97.5° 22.5°

10.67 72 217 7.64 446 0.0162 8.35 78 87 79
10.67 72 217 7.64 479 0174 9,53 8 T 72
13.41 127 217 8,71 280 0089 8.59 121 179 141
13,41 127 218 8.73 343 L0109 12,28 120 169 152
13.41 172 215 8.00 258 L0089 7.56 150 190 150
13.41 172 215 8.00 315 L0109 11,00 163 173 170
16.01 289 260 9,73 384 L0110 9.01 230 210 268
15.68 290 250 9,73 453 0129 12.47 230 200 238
15.98 287 259 971 523 . 0150 14.34 230 192 248
15.98 200 260 Q.71 595 L0170 17.19 230 185 245
15.98 339 259 9.09 360 L0110 9.67 266 229 472
15.98 339 259 9,09 426 .0130 12,08 265 162 4%
15.98 340 259 9.07 458 L0140 13.45 265 159 424
15.98 340 259 $.09 491 . 0150 15.59 263 156 407
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