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SUMMARY
4
The combustion performance and particularly the phenomenon of
altitude operational limits was studied by operating the annular
combustor of a turbojet engine over a range of conditions of air
flow, inlet pressure, inlet temperature, and fuel flow. The com-
bustor investigated was not the latest version of this combustor
and the data are presented primarily because they are indicative
of general trends and nhenomena that apply to a large class of
turbo jet combustors. '
Information was obtained on the combustion efficiencies, the
effect on combustion of inlet variables, the altitude operational
limits with two different fuels, the pressure losses in the com-
~bustor, the temperature and velocity profiles &t the combustor
outlet, the extent of afterburning, the fuel-injection character-
istics, and the condition of the combustor basket,

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

Investigations in which the combustor-inlet conditions of
pressure, temperature, and velocity were independently altered
through a wide range showed that as {1) the inlet pressure was
decreased, (2) the inlet temperaturs was decrezsed, or (3) the
inlet velocity was increased, the resulting unfavcrable changes
in combustor performance were as follows: (1) resonant combus-

" tion appeared and became increasingly severe; (2) the combustion
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efficiency decreased; and (3) a maximum temperature rise began to
appear in the curve of combustor temperature rise against fuel-air
ratio. Both the maximum obtainable temperature rise and the fuel-
air ratio at which it occurred decreased as the combustor-inlet
conditions became more adverse. The effect of altitude previcusly
noted and the existence 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 Cleveland
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 in the combustion laboratory to determine
whether a correlation exists between the performance of the com-
bustor 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 apply-
ing to a large class of turbojet combustors.

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 com-
bustor. 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 combustor was sensitive were also determined. The effect
on combustor performence of independently varying each of the
parameters - inlet static pressure, inlet temperature, inlet veloc-
ity, and fuel-air ratio - was studied. In order to augment these
data and to illustrate how combustor performance limits altitude
operation, an investigation was made of combustor performance under
conditions simulating engine operation at several different rota-
tional speeds at a constant altitude of 20,000 feet. Information
on the total-pressure drop across the combustor, the temperature
and velocity profiles et the combustor outlet, the extent of after-
burning, the fuel-injection characteristics, and the condition of
the combustor basket is also presented.
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APPARATUS AND INSTRUMENTATION

Combustor

A sketch of the combustor is shown in figure-l. The com-
bustor fills the annular space around the compressor-turbine
shaf't of a turbojet engine. The over-all length of the combustor

is 232 inches. Air is admitted into the combustion zone by means

of an annular basket perforated with longitudinal rows of holes
ranging in size from 7/32-inch diameter at the upstream end to
7/8—inch diameter at the downstream end. The fuel-injection sys-
tem for the combustor consists of 24 nozzles (nominal capacity,
10.5 gal/hr; 80° hollow-cone spray; rated at 100 1b/sq in. pres-
sure differential) equally spaced in the downstream side of a

circular 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 comnected to the laboratory air
supplies and exhaust systems; the air quantities 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 pre-
heater to produce a temperature rise of 200° F in the inlet air
resulted in a consumption 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 per-
cent of the total air weight.

Observation windows for viewing the combustion were provided in
the combustor housing and in %he 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 in fig. 2.)
Another observation window located in the downstream standpipe
(fig. 2) provided an end view of the inside of the combustor.
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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 radi-
ated 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 zbout 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 per-
cent for most runs. The fuel nozzles in the combustor were period-
ically calibrated and replaced when necessary. For most runs these
nozzles were well matched, having deviations of +3 percent from the
meen fuel delivery when individually tested at a pressure differ-

" ential of 25 pounds per square inch.

Instrumentation

The longitudinal section of the combustor and the adjacent
ducting with the locations of instrumentation planes are shown in
figure 1. Instrumentation plane 2 is located at the combustor
inlet, which has a cross-gsectional area of 0.647 square foot;
1nstrumentation 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 outlet ducts where measure-
ments were made are shown in figure 4. In each cross section the
instruments were located at centers of equal areas. At cross sec-
tion 3 (fig. 4(a)), 15 circumferential 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 additional thermocouple rake. The positions at all cross
gections were arranged clockwise as seen looking upstream.

Whenever no water spray immediately downstream of the com-
bustor was used, the average exhaust-gas temperature at cross sec-
tion 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 pattern at this
cross section was established. The variation in temperature was not
more than 50° .F; therefore, in later runs the instrument was fixed
in a stationary position Where the temperature was approximately
equal to the average temperature at cross section 5.
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Thermocouple-equipped fuel nozzles were used in some runs.
Iron-constantan thermocouples were so peened into the wall of the
dome of each of three fuel nozzles that the metal temperatures could
be determined. Each thermocouple Jjunction 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 o° 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 for 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 manom-
eter; 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. :

PROCEDURE
Altitude Operational Limits

In order to determine the altitude operational limits of the
engine as caused by the combustor, the performance was investigated
with combustor-inlet conditions simulating engine operation over
the range of altitudes and engine speeds where unsatisfactory com-
bustion had been encountered in an altitude-wind-tunnel investiga-
tion of the complete engine. For each test point (corresponding
to a simulated altitude and engine speed), the combustor operating
conditions were taken from estimated performance curves of the
engine for static (zerp-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 conditions upon combustion and
for revealing the important phenomena and trends. The data used
(fig. S5) were supplied 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 pre-
determined values (fig. 5) for each altitude-engine-speed point and
gradually varying the fuel flow through a wide range. All points
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at which the highest obtainable cowbustor-temperature rise was below
that required for normal (no acceleration) operation of the engine
(fig. 5(b)) were considered within the nonoperational range of the
engine; all points at which the required tempsrature 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 normal engine operation; (2) the type of ccmbustion
changed radlcally, (3) a peak in the mean combustor-outlet tempera-
"“ture was reached; (4) some localized outlet temperatures exceeded
the potentiometer limit (2400° F) and were considered unsafe for

the instruments, and so a further increase in fuel flow was
inadvisable; and (5) the combustion ceased (a rich-limit blow-out),
The sequence and the numbsr 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 important constants for the
two fuels appear in the following table:

Lower Hydro-|Specific |A.S.T.M. boiling points |Tetrasthyl
Fuel |Reating jgen- |gravity (°F) lead
value ‘carbonjat 60° F (ml/gal)
(Btu/1b) {ratio Initial|50-percent |Final
AN-F-22 19,000 {0.182 0.699 113 170 233 0
AN-F-28,{ 18,600 174 .25 103 213 - 328 4,55
Amend- '
ment-3

Effect of Combustor-Inlet Conditions on Perférmance

For the investigation of the effect of combustor-inlet conditions
on performance, AN-F-22 fuel was used. For the initial part of this
gtudy, a point was selected in the range of omeration where unsatis-
factory combustion occurred that corresvonded to an engine speed of
10,000 rpm and an altitude of 16,600 feet. The combustor-inlet pres-
sure, temperature, and velocity were maintained at values simulating
engine operation at this altitude-engine-gpeed 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
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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. Each of the combustor-inlet param-
eters was independently altered from the value 51mulat1ng engine
operation at this point.

Combustor Performance at Several Simulated
Engine Speeds at Constant Altitude

In order to illustrate how faulty combustor performance causes
the altitude operational limits, the combustor was operated with
inlet conditions simulating engine operation at seven different
rotational speeds at an altitude of 20,000 feet. For each simu-
lated 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 occurred, or local outlet temperatures became
excesgive and endangered the instrumentation. Data were taken at
gseveral 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 temper-
ature and total pressure at those points together with the static
pressure at that cross section.
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Thermocouple indications were taken as true values of temper-
ature without correction for radiation or stagnation effects.

RESULTS AND DISCUSSION
Altitude Operational Limits

The data obtained in the investigation to determine the alti-
tude operational limits are summarized in tables I and II. Whenever
. several individual readings of combustor-outlet temperatures fell
below the potentiometer range (400° F), the mean combustor-outlet
temperatures and dependent calculated data were omitted from the
tables. Determination of individual readings below 400° F was con-
sidered unnecegsary because the mean outlet temperatures that
resulted with such low readings were in all cases far below the
requirement of the engine for normal operation. The runs labeled
"no combustion" (table I) are those where repeated attempts pro-
duced 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), respec-
tively. 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
normal operation of the engine, For convenience in referring to
tables I 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 a simulated engine
speed of 8000 rpm; at a simulated engine speed of 17,500 rpm the
operation was satisfactory to an altitude of 34,000 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 satis-
factory to altitudes higher than 30,000 feet,

Variations other than those indicated by the operational-limit
curves were observed in the combustion characteristics of the two
fuels. Ignition was easier with AN-F-22 fuel than with AN-F- 28 fuel,
In the region 1mmed1ately 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



NACA TN No. 1357 9 .

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 fuvel flow was decreased to low
values (lean-limit blow-out), This phenomenon was not encountered
at high simulated englne 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
gevere; (2) the combustion efficiency decreased; and (3) the temper-
ature rise through the combustor began to pass through a maximum
value (with variation of fuel-air ratio) within the fuel-air-ratio
range investigasted., Both the maximum temperature rise obtainable
and the fuel-air ratio at which it occurred decreased as the simu-
lated altitude was increased. The resonant combustion, which was
encountered at altitudes near the operational limits, was character-
ized by one or more of the following conditions: rapid flickering
at the base of the flame, noisy vibration of the combustor and
adJacent ducting, and fluctuation of the combustor-outlet tempera-
tures. (In order to distinguish between the several types of
resonance, the kind of combustion occurring during each run was
given a 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. dper—
ational 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 combustor 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
uniform inlet-velocity profile was maintained.

Effect of Combustor-Inlet Conditions on Performance

The effect of combustor-inlet conditions on the performance of
the combustor is shown in figures 8 and 9, where the measured tem-
perature rise through the combustor is plotted as a function of fuel-
air ratio, For estimation of combustion efficiencies, curves for
60 percent, 80 percent, and 100 percent of the theoreticel tempera-
ture rise are included in both figures. The theoretical-temperature-
rise curves of figure 8 are based on an initial temperature of 65° F;
the corresponding curves of figure 9 are based on an initial tempera-
ture of 190° F,
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The curves in figure 8 show the effects on combustion of inde~
pendently varying the combustor-inlet pressure, tempersture, 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,

Figure 8(a) indicates the effact on combustor performance of
altering the combustor-inlet static pressure while maintaining the
inlet temperature and velocity constant, When the inlet pressure
was high, the combustion efficiency was above 95 percent and the tem-
perature rige through the combustor increased throughout the range
of ‘fuel-air ratios investigated., Operation at fuel-air ratios
higher than 0.018 was not attempted because local outlet tempera-
tures exceeded the gafe 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 stoichio-
metric mixture; beyond this value the combustion efficiency decreased
rapidly with increase in the fuel-air ratio, Both the maximum tem-
nerature rise attainable and the fuel-air ratio at which it occurred
decreased as the inlet pressure was decreased. Resonance always
became 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 combustor perform-
ance curves were always accompanied by changes in the type of opera-
tion, as shown by letter designations 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 combustor-inlet temperature
produced the same general effects on performance as a decrease in
combustor-inlet pressure. Figure 8(c) shows the effect of altering
the combustor-inlet velocity. An increase in the air velocity had
the same general effect on performance as a decrease in inlet pres-
sure or inlet temperature.

Similar results obtained with each of the combustor-inlet param-
eters independently varied from conditions simulating engine opera-
tion at 15,500 rpm and an altitude of 24,000 feet are presented in
figure 9; each of the combustor-inlet parameters had the same general
effect on performance at the high-altitude, high-engine-speed point
a8 at the low-altitude, low-engine-speed point of figure 8.

In each of the families of curves shown in figures 8 and 9, the
lowver curves in the family fall farther apart although the curve
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parameters change in nearly equal increments, which indicates that
a given increment in any one of the combustor-inlet parameters pro-
duces more of an effect upon combustion performance as that param-
eter becomes more adverse to combustion.

In figure 9 sharp breaks occur in some of the curves. Such
discontinuities were accompanied by equally sudden changes in the
type of combustion. For example, at fuel-air ratios below 0.0145,
where the break occurs in the lowest curve in figure 9(c), the com-
bustor operated with very little resonance; at fuel-air ratios
above 0.0145, the flame moved to a new seat about 2 inches down-
stream of the fuel nozzles and became intermittent and noisy. The
fuel-air ratio at which such abrupt changes in operation occurred
varied 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 resonance. When resonance
was pronounced, as the fuel flow was increased (all other conditions
held constant), the flame would sometimes be extinguished at fuel-
alr ratios below those where operation had continued in previous
attempts. Some points where such rich-limit blow-outs occurred are
indicated in figures 9(b) and 9(c). In the intermediate fuel-air-
ratio range of figures 8(b) and 8(c), dual performance curves for
the combustor were obtained and these curves are shown by dot-and-
daesh lines. This tendency of the combustor 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 causes
the altitude operational limits, figures 10 and 11 are presented,
Results are shown in figure 10 for which data were taken over a
range of fuel-air ratios with combustor-inlet conditions simulating
engine operation at each of seven engine speeds at an altitude of
20,000 feet. The measured values of temperature rise through the
combugtor are plotted against the fuel-air ratios used to obtain
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them. Tach 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 curvec surpass 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.

The temperature-rise requirement of the engine for normal opera-
tion at various engine speeds at an altitude of 20,000 feet is shown
in figure 11. Values of the maximum temperature rise obtainable with
various simulated engine speeds at this altitude (taken from the
peaks of the curves in fig. 10) are commnected 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 examining these happenings in
terms of the effects of the combustor-inlet conditions on combustion
performance. The combustor-inlet pressures, temperatures, and veloc-
ities existing in the engine at an altitude of 20,000 feet at various
rotational speeds are shown in figure 1ll. Starting at an engine
speed of 6000 rpm, the combustor produces the temperature-rise
requirement of the engine. At this point, the combustor-inlet pres-
gure 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.

As the engine is accelerated to higher engine speeds, the
combustor-inlet pressure and temperature increase; these changes are
beneficial to combustion. At the same time, however, the inlet
velocity increases very rapidly and this change has a detrimental
effect on combustion. The unfavorable 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.
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As the simulated engine speed is increased through the non-
operational region, the inlet pressure and temperature increase at
accelerating rates whereas the inlet velocity increases at a decel-
erating rate with increase in simulated engine speed. At a simu-
lated speed of about 10,000 rpm, the favorable effects of the rapidly
increasing inlet pressure and temperature become large enough to
offset the adverse effect of the increasing inlet velocity 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 an engine speed of
11,300 rpm, the inlet velocity increases only slightly and approaches
a maximum value whereas the inlet pressure and temperature increase
rapidly and bring the combustor farther into the satisfactory oper-
ating range. o

Pregsure Drop through Combustor

A correlation of the combustor total—pfessure drop is presented
in figure 12. The ratio of the total-pressure drop to the inlet
dynamic pressure APp_3/g> is plotted against the ratio of the
combustor-inlet density to the combustor-outlet density 02/93' In
the appendix APZ-S/qz is shown to be a linmear function of p,/ps,
and the predicted straight-line correlation is obtained in figure 12.

The derivation of the relation

AP
—223 = £(p,/bs)
42

presented in the appendix assumes that the inlet dynamic pressure
at cross section 2 q, 1is the effective value of q; the relation
is also valid, however, if the effective value of q has a fixed
ratio to g,. In the annular combustor, both the cross-sectional
areas of the flow pacsages and the ratio of air mass in the combus-
tion zone to the total air mass continually change when passing
dovnstream through the combustor. The ratio of the effective ¢

to qo therefore continually changes as the flame seat moves

downstream. Inasmuch as the location of the flame seat changed,
especially under operating conditions that promoted resonant com-
bustion, the preceding relation cannot be expected to hold exactly
for this combustor and some scatter of the data points as indicated
in figure 12 might be expected.
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The isothermal AP2~3/92 is 1.62; however, when pz/p3 isg
2.8, 0Py 3/q, 1is about 2.1,

Temperature and Velocity Profiles
at Combustor Outlet

Combugtor-outlet temperature profiles for four representative
runs are shown in figure 13, The combustor-inlet conditions 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 combustor-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 tem-
perature is about 220° F higher than required normal-operation tem-
perature, In figure 13(a) the mean outlet temperature is 968° F,
the minimum recorded local temperature is 718° F, the maximum
recorded local temperature is 1305° F, and the average temperature-
rise deviation from the mean temperature rise through the combustor
is #111° F (+12.4 percent). In figure 13(b) the mean outlet tem-
perature 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 indicated; 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 local-
ized high temperatures also shifted from time to time, possibly as
the result of progressive warping of the combustor basket.

The operating conditions listed in figures 13(c) and 13(d)
simulated no particular altitude-engine-speed conditions but pro-
duced aggravated cases of uneven fuel distridbution. The combustor-
outlet temperature profiles are shown for these two runs in order
to illustrate the effect of uneven fuel distribution,
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In figure 17(c) the mean outlet temperature is 240° F, the min-
imum recorded local temperature is 170° F, the maximum recorded
local temperature is 310° F, and the average temperature-rise devia-
tion from the mean temperature rise through the combustor is +31° F
(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 12220 F, the
minimum recorded local temperature is 720° F, the maximum recorded
local temperature is 1760° F, and the avéerage temperature-rige
deviation from the mean temperature rise through the combustor is
+248° F (428.1 percent). 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 temperature profiles
appear in figure 13, The outlet-velocity profiles vary in uniformity
as the outlet-temperature profiles vary; high local velocities
usually result where high local temperatures occur. The velocities
also definitely tended to remain low nearer the walls of the duct,
regardless of temperature distribution, The inlet-velocity profiles
are also 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 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
temperature 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
gection 3 and the temperature of the test cell assumed to be 80° F.
When 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
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45° line by the expected amount and the readings of the shielded
thermocouple at crose section 5 check those of the bare-wire thermo-
couples at cross section 3.

Characteristicd 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 fusl flow was decreased to a point
where the pressure differential between the bottom of the manirfold
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-outiet temperature profile for a run in which the
fuel flow was only 100 pounds per hour is showa in figure 13(c).
The fuel distribution and cutlet temperatures 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(c). The percentage
variation of each nozzle from the mean fuel delivery is given with
each nozzle position, '

Tuel 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 col-
lect., 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 overheated by the radlant heat from
the flame, which aggravates the vapor-lock condition. It is rea-
gonable to expect that under extreme conditions a vapor-locked noz-
zle could be heated to the extent that cracking of the fuel would
cause the orifice to become clogged with carbon deposits.. During
the investigation such carbon deposits were formed in two nozzles.

This vapor-lock condition was investigated by peening iron-
congtantan thermocouples into the wall of the dome of each of three
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fuel nozzles in the manner previously described. Table III shows
the nozzle temperaturés 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. Tem-~
peratures within and above the boiling range of the fuel were
attained in all three nozzles, indicating that vaporization of ‘the
fuel as well as deaeration 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
geen 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° F; deaeration
and vaporization of the fuel within the fuel-injection gystem had
resulted in vapor lock of the fuel nozzles at the top of the mani-
fold 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 never became excessive. No holes were
burned in the basket dufing the tests, and no carbon 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 altitudes whers yellow-flame
combustion occurred, warping and carbon deposition beceame greater
than with blue flames.

SUMMARY OF RESULTS

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

2. With AN-F-28 fuel, the minimum operationsl ceiling was at
14,600 feet and also occurred at a simulated engine speed of
8000 rpm. At simulated engine speeds close to the rated maximuwm 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 per-
cent and was capable of producing 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 (with increase in fuel-air ratio)
at a fuel-air ratio within the range invegtigated. Both the maxi-
mumn temperature rise obtainable and the fuel-air ratio at which it
occurred decreased as the simulated altitude was increased. Above
the operational limits, the maximum obtainable temperature rise wasg
below the value required for engine operation.

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

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

T. The existence of altitude operationai limits was accounted
for by the effects of the combustor-inlet conditions on combustor

" nerformance.,
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8. The ratio of the total-pressure drop through the combustor
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 consid-
erations. The isothermal total-pressure drop through the combustor
was 1.62 times as great as the inlet velocity pressure.

9. Combustor-outlet tewperature profiles became increasingly
uneven as the temperature rise increased or as the combustion effi-
ciency decreased,

10. Thermocouples located downstream of the combustor indi-
cated temperatures consistent with those measured at the combustor
outlet; no temperature rise dve to afterburning was detected.

11. Vaporization and deseration of fuel within the fuel mani-
fold and nozzles led to severe overheating of the nozzles, which
caused nonuniform combustor-outlet temperature distributions and
sometimes resulted in carbon deposition in the fuel nozzles,

12. Very little deterioration of the combustor basket occurred
and no carbon deposits thicker than 0.002 inch were present,

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 21, 1947.

)
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APPENDIX - ANALYSIS.OF TOTAL-PRESSURE
DROP THROUGE COMBUSTOR
The following symbols are used in the analysis:

ki, ko dimensionless constants

i mass flow per unit cross-sectional area, slugs/(sec)(sq ft)
q dynamic pressure, lb/sq ft

AP total-preseure change, 1b/sq ft

T absolute temperature, °R

v velocity, ft/sec | ‘

o density, slugs/cﬁ ft

Subscripts (see fig. 1):
2 combustor inlet
3 combustor outlet

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:

AP, _z = drop due to friction + drop due to momentum change

When & simplified combustor of constant cross section is assumed,

2 i 2 2
PeVz PeV2  _ P3'3
bPy_ 3 = (Fl 5 ) + {P(V3 - Vo) + 5 - =

When p,V is substituted for m,

2

2" 2 2
N poV pzV
3-1)+22 1. Pe's

PV
2 2
rert (g

APB _3 = kl
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and 02/03 is substituted for VS/sz

ko2
APy z =3 PV + 3 PpV, (V5 - V)

or, if the increase in mass due to fuel addition is ignored,
k /0
1 2 1 2/ "2
ba.3 =7 Pplz + 3 PV2 K“‘ - >
Simplification gives
p
1 2 2

or

For any particular combustor, these relations are valid only
if q, 1is equal to, or bears a fixed ratio to, the effective
2 4 ’ ’

value of q.
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TABLE II -~ PERPORMARCE DATA ON CONMBUSTOR FROM INVESTIGATION TO
Polnt [ Simulated | Simulated] Combustor Combustor- | Cambustor- | Alr flow | Puel flow
engine altitude | inlet inlet inlet . (1b/sec) | (1b/nr)
speed (re) static temperature | velocity
(rpm) pressure (°p) (rt/sec)
(1b/sq in.
absolute)
1 10,000 16,600 13.20 88 229 9.€63 425
13.20 88 229 9.€3 450
13.20 88 - 229 9.ES 480
S 10,000 23,000 9.50 65 240 7.58 320
9.50 [ 1) 240 7.58 370
8 18,000 30,000 14.70 274 233 8.19 €70
14.70 274 233 8.19 600
10 16,000 32,000 11.20 205 269 7.95 300
11.20 203 267 7.93 358
11,20 205 269 7,95 400
11 16,500 30,000 12.90 224 266 8.79 401
12,90 223 266 8.79 472
12.90 225 266 8.79 500
13 14,000 20,000 16.39 162 264 12.20 640
16.40 162 264 12.20 770
14 14,000 24,000 © 13.38 154 272 10.61 450
13.71 . 158 270 10.60 480
17 12,000 17,000 15.09 125 256 11.63 503
15.09 124 256 11.63 €600
18 12,000 19,000 14.18 120 256 11,00 413
14.18 120 256 11.00 442
14.18 120 256 11.00 465
20 15,500 28,000 13.12 191 263 9.29 4€0
13.09 191 263 9.29 490
21 8,000 17,000 10.41 50 198 7.08 365
10.41 50 199 7.18 406
23 14,000 26,000 12.38 155 275 —9.74" 380
: 12.38 1585 275 9.74- 408
12.38 152 277 9.74 440
25 6,000 20,000 7.99 11 141 , 4.20 255
7.99 11 141 4.20 295
7.99 11 141 4.20 350
30 6,000 16,000 9.88 23 145 5.20 360
. 9.88 .22 145 5.20 470
9.88 22 145 5.20 550 .
31 17,500 32,000 13.32 264 260 8.40 515
13.32 265 261 8.40 €05
33 12,000 24,000 11.40 103 2€1 9.30 3€5
11.40 103 263 9.31 386
11.40 103 261 9.30 423
34 17,500 34,000 11.90 260 241 N 7.00 448
11.90 260 241 7.00 498
35 8,000 15,€00 11.19 58 198 7.50 3€0
: 11.19 58 198 7.49 410
11,19 58 198 7.50 415
37 16,000 25,000 15.80 203 . 258 10.77 605
) 15.80 202 258 10.77 658
39 8,000 14,000 11.99 51 194 7.97 465
11.99 52 194 7.97 496
40 8,000 13,000 12.51 53 194 8.29 525
12.60 52 194 8.30 550
42 17,000 | 28,000" 15.10 - T 240 246 9.31 550
4 15.11 24D 246 V| 9.32 875
43 1€, 500 34,000 10.70 226 2€9 7.30 345
10570 225 269 7.30 400
45 6,000 13,000 10.69 31 144 5.50 400 i
10.67 ¢ 30 144 5.50 463 |
10.68 29 144 5.60 525

lm various types of resonant combustion are designated as follows:

|+apoaowse

Rapid flickering at base of flame.

Temperature fluctuations at combustor outlet.
Hoisy vibration of combustor and adjacent ducting.
Combination of B and C.
Comdbination of A and B.
Normal operation (no noticeable resonance).

Severe.
Slight.

NAT 1ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS
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DETERMINE ALTITUDE OPERATIONAL LIMITS WITH AN-F-28, AMENDMENT-3, FUEL

'Fuel-air] Hean combustor] Kean temper-| Ratio of Total- StatTc- ype of
ratio outlet temper=|ature rise actual to pressure pressure resonance
ature through theoretical {drop drop
(°p) combugstor temperature|through through
{ 8” rise combustor |combustor
(1b/sq 1n.)}{(1b/sq in.) (1)
0.0123 765 668 0.751 0.80 0.9¢ N
.0130 780 692 .740 -84 97 B—
20138 |cemcceccccancne Blow-out A+
0.0117 |cvecccccrcccnas Outlet temperatures below 400° P A+
20138 |ecccrceccancna Blow-out A+
0.0193 1510 1236 0.945 0.73 0.96 N
. 0204 1541 1267 .9281 .74 .99 )]
0.0103 632 427 0.562 0.68 0.69
.0129 624 421 . .460 67 67 A4
o0l |ecccocceconn.. . Blow-out Ay
0.0127 916 €92 ' 0.767 l 0.78 l 0.88 A-
.0149 1028 80§ 2,772 .82 .96 N
20168 je~eccccccacae. Blow-out A+
0.014¢ 1042 880 I " o.866 1T 1.15 T 1.48 N
20175 |evecoccnccnanan Blow-out A+
c.ol18 573 419 I o.48¢ | o0.89 I o.92 &+
¢0126 [ec-cecccaccena Blow-out At
0.0120 82¢ 704 0.812 - 1.02 1.22 N
<0143 949 825 .811 1.08 1.32 N
0.0104 675 585 0.730 . 0.9% 1.06 N
.0112 710 5§90 725 .97 1.10 A
0117 |eccccecncacn.. Blow=out A+
0.0138 916 725 | 0.74¢ - | 0.82 1 0.95 A-
20147 |=eovacccccccan Blow-out At
0.0139 837 487 I 0.488 | 0.45 I 0.¢9 A~
0158 [~-ccecccana -—- Bloweout A+
0.0108 |eeccvceccccaca. Outlet temperatures below 00 F A=
0116 520 368 | 0.441 | 0.81 | 0.81 A+
20125 |=eccncscececea Blow-out A+
0.0169 654 643 0.535 l 0.27 ' 0.32 E+
.0195 751 740 .541 .30 .36 Bt
c023] [~=-cecacecccaa Blow-out -
0.0192 1055 1032 0.766 0.35 l 0.47 E-
.0251 1293 1271 746 -39 .55 B—-
0294 [eecccaans comna Blow-out -
0.0170 1288 1024 0.877 0.78 0.87 - N
. 0200 1424 1169 .865 .80 1,086 N
0.0109 |=e-e-eeo—<cloC Qutlet temperatures below 400° F A~
L0115 |eceeaaas SRR, Outlet temperatures below 400° F . A+
0126 [cccecccacuna--" Blow-out At
0.0178 1541 1081 0.889 0.61 0.77 N
.0198 1457 1197 .893 .63 .83 N
0.0133 554 496 0.518 0.50 0.55 Ay
J0162 | ==~-- L Blow-out A+
0164 |eeemcmecancaan Blow-out Ad
0.0166 1198 985 0.915 1.00 1.28 )]
.0170 1278 1076 .8156 1.08 1,34 E—-
0.0162 826 875 0.732 0.63 0.81 E-
L0173 | cemcmcnccaanas Blow-out -
0.0176 1056 1003 i 0.810 | 0.39 | o0.92 B
20184 | memecoccccanaa Blow-out A
0.01€4 1297 1057 0.933 0.84 1.06 B-
.0201 1486 1246 914 | -c-cocce-ee-| 1.18 b-
0.0130 508 383 0.415 0.67 0.66 3
20151 | evcemcmcncna. - Blow-out B+
0.0202 1162 1131 0.802 0.39 0.53 A-
.0234 1281 1251 779 43 .59 B
.0265 1499 1470 .824 .41 .62 E

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE ITI - TEMPERATURES OF THREE FUEL NOZZIES IN COMBUSTOR

Tnlet |Inlet [Inlet |Air |Fuel|Fuel- |Fuel- Temperature

gtatic [temper-|veloc-|flow f107 air manifold (°r)

pres- |ature |ity (1v/!1(1b/|ratio |pressure s .
sure (°F) |(ft/ |sec)|hr) differ- POS{tlon of nozz=o

. (arranged counter-

(1v/sq sec) ) ential s :

; clockwise, leccking
in. (1v/sq Y

. ) upatream)

abso- in.) - :

lute) 187.5°197.5°;22.5°
10.67 T2 217 17.64 446(0.0162 8.35 78 87 79
10,67 T2- 217 |7.64] 4791 ,0174} - ©.53 78 73 i 72
13.41| 127 217 18.711 280{ .0089 8.59 121 179 -; 14l
13.41| 127 218 |8.73] 343} ,0109 12,28 120 168 | 152
13,41} 172 215 |[8.00} 258| .0089 T.56 150 190 150
13.41) 172 215 (8.00} 315| .0109 11.00 163 173 170
16.01| 289 260 9.73} 384| ,0110 9.01 230 210 268
15,98| 290 260 }9.73! 453 .0129 12,47 230 200 | 238
15,98 287 259 (9.71; 523} .0150 14,34 230 i92 248
15.98 290 260 9.71] 595| .017C 17.19 230 185 245
15,981 339 259 9,09} 360! .0110 9.67 266 229 472
15,981 339 259 9,091 426| ,0130 12.08 265 162 496
15.98| 340 259 9.07| 458| .0140 13,45 265 159 424
15.98 340 259 |9.09]| 491} .0150 15.59 265 |7 156 | 407

National Advisory Committee
for Aeronautics
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NACA TN No. 1357

9 f

inr
e—! 5~

Traversing thermocouple The'mocouP'e rake used

used at positions 2a, b, at positions 3a, c, e,

dl e, g, hl Jr and K f' 9, hl i, j: k; m, n,
ol pl QP and s

“__2%2__a1

- e
P2y

X Z

SIS

Total-pressure rake
used 3t positions
2c, f, i, and n

Total-pressure rake used
at positions 3b and )

0.040-in.

0.040-in.
hatle

hole

Static-pressure tap used at Static-pressure tap ‘used
positions 21 and m at position 3d

NAT IONAL ADVISORY ¢ Thermocouple
COMMITTEE FOR AERONAUTICS

o Total-pressure tap
{al Cross sections 2 and J.

Details of temperaturé—
instruments and positions
inlet and outlet ducts.,

Figure 4, - and pressure-measuring
in various cross sections of
{Cross sections shown in fig. |.)



Fig. 4b _ NACA TN No. 1357

Cross section 4 Cross section 5
"
fe— 23"}

Thefmocouple rake used Traversing thermocouple used
- at positions 4a, ¢; d at posjtions 5a and b

and e

0.040-in.

hole

¢ Thermocouple
Static-pressure tap used

. o Total-pressure tap
at position 4b i

. NAT IONAL ADVISORY .
COMMITTEE FOR AERONAUTICS

. {b) Cross sections 4 and 5.

Figure 4. - Concluded., Details of temperature- and pressure-
measuring instruments and positions in various cross sec-
tions of inlet and outlet ducts. (Cross sections shown in
fig. 1.)
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0
Altitude,
(rt)
’ I
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A b 5,000
> | O 5,0
o s "o nd ]7
o y (o4 . .
o ‘ ,’ o/
3 20 2 _,4 10,000
-l ‘I » -’
- I’ I”
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512 v o100~ | 20,000
2 I”/:, /”,—
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& T e S P -"'f“—-" | 30,000
’/I’ ”",—“
- NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS
0 -
2 4 6 8 10 12 14 16 18 x 105

Engine speed, rpm

(a) Combustor-inlet total pressure and air flow for various
altitudes and engine speeds. :

Figure 5. - Engine conditions used in investigation of combustor.
Static engine operation; tall cone retracted. (Data from Bureau
of Aeronautics, Navy Department.)
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& 800
o - NAT IONAL ADVISORY
2w COMMITTEE FOR AERONAUTICS P
g3 10 Py U‘g# Altitude
' £t
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e Q 600 — /;f, o 5,000
g8 D i o 20,000
ch d IS e & 30,000
o~ 900 —=
°38 i ~————— Test data
S 400 ----=- Estimated data
4 6 8 10 12 1 16 18 x 10’
Engine speed, rpm
[ 4
[ -
[«] . ,,-'
; ]
¢ 1000 \ A
[o] /'
@ /
y |
B y 4
g . Altitude )
Q n~\ (ft) . , 'l‘
£ 90 o 'ﬁ,
= 4
% A !
& o
5 ~ ~ s 7/
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L ~<3 5#3-.‘—;.---3 T .
Tedeeo.| wo,000] .7
60 b Y -—r”
5

6 7 8 9 10 11 12 13 14 15 16 17 18 x10

Engine speed, rpm
(b) Combustor-inlet total temperature and temperature rise through
combustor for various altitudes and englne speeds.

Figure 5, - Concluded. Englne conditions used 1ln investigation of com-
bustor. Statlic engine operation; tall cone retracted. (Data from

Bureau of Aeronautics, Navy Department.)
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Altitude, ft

O No resonance Regquired combustor-
40,000 O Resonance outlet temperature attailned
/
& Requlired combustor-outlet .
temperature unattainable 36,
36,000
VvV No combustion obtainable /
34
) ' 10 131
32,000 4 ©
2}/
Jk 15 11 L
. V4 19 5 m 32
16
28,000 4 55‘
23
26 38 14
24,000 3
N
24
29 4
A 27
425 2 13
20,000 122 b
\ / 18
\ 284
21
\\6; ¢ 17
30 P1
16,000 —
(] 35
12,000
NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUTICS
£,000
"o 4,000 8,000 12,000 16,000 20,000

Engine speed, rpm
(a) Puel, AN-F-22.
Fligure 6. - Altitude operational limits of combustor under condit ions

simulating static operation of engine with tail cone retracted.
(Point numbers listed in table I??
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O No resonance Required combustor-
D Resonance outlet temperature attained

40,00
A Required combustor-outlet
temperature unattainable
'y No combustion obtainable
36,000

43| |34
3

32,000 il

10
1
42
28,000 zoéwfle.

-
: +3
: o037
L) . .
" 24,000 PRI - |
3 b3
3
42
Lol
Pt
<  jes // 3
20,000 & ¢
. 18
\
L4
\| 21
\‘ ? A1/$ 17
16,000 304
’ s Y
39
@45 D40
12,000
NAT IONAL ADVISORY
COMMITTEE FOR AERONAUT\ICS
8,000 ‘

0 4,000 8,000 12,000 16,000 20,000
- Engine speed, rpm
(b) Fuel: AN-F=-28, Amendment-=3,
Figure 6, — Concluded, Altitude operational limits of combustor under

conditions simulating static operatlon. of engine with tall cone re~
tracted. (Point numbers listed in table IT.)
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a-

Fig. 7

— — Investigation of combustor
using AN-P=22 fuel (fig. 6(a))
Investigation of combustor

using AN-F-28 fuel (fig. 6(b))
wind-tunnel investigation of
- complete engine using

AN=F-22 fuel

36,000

/
32,000

]
[}
[}
28,000 /l

o o= o cnen e

ft
S~
—

24,000

0
-t

N
NG,

Altitude,

(]
. !
\ // Z/l
\ , y
20,000 i\\

16,000 \__ -

12,000
NAT IONAL ADV ISORY
s : COMMITTEE FOR AERONAUT ICS
8,000 '
! 0 4,000 - 8,000 12,000 16,000

20,000
Engine speed, rpm

Flgure 7, - Comparison of altitude operational limits of Jjet-propulsion
engine as determined by wind-tunnel investigation of the complete en-
gine using AN-F-22 fuel and by investigations on combustor operating
with AN-F=-22 and AN-F-28 fuels,
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Combustor-inlet total temperature, °R

>
3 """"vavyvvvv‘l"v"'lvt"'v \AAAS AAAAS RAAAS RAAAS AAAAS AARAS ASAAS AAAAS ARAAS ARA LM
< b 'NATIONAL ADVISORY 3
@ LCOMMITTEE FOR AERONAUT ICS 3
s F 3
e . =
-l b i
o o -
J E ]--Nonoperational-ﬂ 3
o o region | i
A | + 33008
. 2 = o
@ o 3 ~
£ o 1 I / - +
et S U1 veroett d 3 -
g; o l e Y°\ I "/_-- _/ :9 ::.
® 20 E t 3 2505
a, o p e 3 -
- l - - ' ad 1 o
650~ - £ S
§ s | /‘/ | y S g
S 16 E ~ <4 200,
@ : 1 / I ->/<1/ 3 3
o _ 3
5502 —F 1D == 1 5
- o PR tTemperature 3 !
) - - A1 - 54
. 12 | —p=< { 41508
% - 11514" ’/,/ 3 o
450 d 4 | N 4 B
5 3 3 I L~ | \\‘ . E
4 < 1 | - Pressure i 8
8- 8 ¥ + 3100
Ly F | I 3
fo 3 | 3
8 1200F I ]
4 o | I t,Temperature rise attalnable 3
E : 2 K \ - E
® 1000F | l < 3
® S B | 7 3
g - \l 47/ /l 3
£ a (W -
£ - Y 3
* soof \ l ,/ 3
[ o -~ / :
‘ -
P - |\ ]klm Temperature rise required 5
o N N i 3
E 600: RN " ]
5 F I AN A 3
T v P
5 - N ] 3
5 P‘lLlj Alil lAlA Adas sl fell AAIA ‘I.AL Aaas diayadaaaslans gl AdSAdAlsAl AAA) AAA‘:
= 400
12 14 16 18 x 10

8 10

Engine speed, rpm

Flgure 11, - Combustor operating conditions in jet-propulsion enginé at
various engine speeds at altltude of 20,000 feet.

tall cone retracted.

Static operation;



1357

NACA TN No.

12

Fig.

*3993 000‘te
sJajewesed 12 [UT-I10385NQUOD BuTaaq e ATIWGPUIdapIT JO 1037F3 JO £Apnis woxj eleq

3O 9pn3TiTe PUB WAX QOG‘GT 3® sutfua jo uotiersdo o73e1s SUTRBTNUIS SInTEA wWOXJ

nv\NL 1£175U8D 3ITINO-IOAISNQEOD SFWISAU 0% A1TSUSD 3ITUT-I018NQEOD JO OVITY

S°¢ 0°¢ §°2 o2 S 1 0t
\\
\\
h \
X \
B2l
t b
[\
a3 X
H 31 S Y & 6°21 00§ 0°91 6T 4
4 et 02 0°91 061 [N
- d 6°6 of2 0°91 061 q
V 2°¢t 652 0°91 16 %4
et 092 0°91 641 N
%°0t 092 0°91 0
L6 652 0°91 162 @
1°6 092 0°91 oKk
16 o9 0°¢T 061 X
2’1t o9 0°91 061 o}
6°¢1 652 o°o2 061 +
(285 /qT)
a3 (*"eqe ‘ug vu\AC (do)
1yBtoa (999 /43) sanssaxd aanj vxadwoy
£33 £319018Aa 33TUI 21qe3s 301Ul jatur
SJ1 INYNOY¥3Y ¥0J4 IILLINNOD
ANOSIAQY TYNOILVN

'3}
.
~

©
.
~

"
o
o~

g

*J018nQuod yTnoayi doap axnssaad-1e104 JOo uUOIIEIAII0D - ‘21 sand 1y

dv‘a.mssa.:d £4150194-39TuT 03 doup danssaxde(el04 JO 013y




NACA TN No. 1357

Radial thermocouple positions

o Outside, I )
o Center, II bfig. 4(a)
Ao Inside, III

a to s - Circumferential
position of thermocouple

@ Circunferential position

of fuel noztle s

Q
/
rd
/7
W\
\)
p \Y )
'l‘empdratu B, I
2000 1600 1200
!
Y
\
\
]
\
N
~N
n

Fig. 13a

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

P N
<
P S T~
= - \ P
A
— \
\ \
[}
Ji
N\
N
[ N\
N
4
’l 2000
’/
|
I 1
]
|
— l
p—"
/’-

-

-
-

= -

(a) Inlet static pressure, 13,41 pounds per square inch absolute; inlet temperature, 71° F;

znlst velocity, 316 feet per second; fuel-air ratlo,
968° P,

0.0139; mean outlet temperature,

Pigure 13. = Temperature distridution at comdustor ocutlet for representative runs.
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Radial thermocouple positions

Outside, 1
Center, II » fig. 4(a)
inside, 1II

a to s - Circumferential
position of thermocouple

E{) Circumferential position
of fuel noztle
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(b) Inlet statlc pressure, 13.39 .pounds per square inch absolute: inlet temperature, 85° F;
inlet velocity, 214 feet per second; fuel-sir ratio, 0.016 pean outlet temperature,

1042° F.

_Pigure 13. - Continued, . Temperature distribution at combustor outlet for representative runs.
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Radlal thermocouple positions

o Outside, I
o Center, II & rig, U(a)
A Inside, 1III

a to 8 - Circumferential
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{(c) Inlet static pressure, 13,

40 pounds per square inch absolute: inlet temperature, 75° F;

l.nlst velocity, 197 feet per second; fuel-air ratio, 0,00322; mean outlet temperature,
240° P,

Pigure '13. ~ Continued. Temperature distribution at combustor outlet for representative runs.
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(d) Inlet static pressure, 16,00 pounds per square inch absolute; inlet temperature, 340° F;
- inleg velocity, 260 feet per second; fuel-alr ratio, 0.0130; ‘mean outlet temperature,

1222% F.

Pigure 13, - Concluded, Temperature distribution at combustor outlet for representative runs.
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Fig. 15 ' NACA TN No. 1357
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+Figure 15. - Comparison of mean temperature at cross section.3 with mean temperature
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temperature velocity pressure
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Pressure differential across fuel manifold and nozzles, 1lb/sq in,
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Figure 16.- Pressure differential measured across fuel manifold and’
nozzles as function of fuel flow for all runs with same set of
fuel nozzles,
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