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PERFORMANCE OF A TUBULAR TURBOJET COMBUSTOR AT HIGH
PRESSURES AND TEMPERATURES

By Helmut F. Butze and Jerrold D. Wear

SUMMARY

The effects on combustor performance of operation at the high inlet-
air pressures, temperatures, and velocities representative of conditions
that may be encountered in high-pressure-ratio turbojet engines or at
high flight speeds were studied in a single tubular combustor. Perform-
ance characteristics investigated were combustor-liner temperatures,
carbon deposition, smoke formation, and combustion efficiency. Carbon-
deposition and smoke-formation tests were conducted over a range of
combustor-inlet pressures from 35 to 173 pounds per square inch absolute,
combustor-inlet temperatures from 200° to 860° F, and reference veloc-
ities from 78 to 180 feet per second. Combustion efficiency and liner
temperature tests were conducted at selected conditions within these
ranges.

Although liner temperatures were affected to some extent by changes
in velocity and fuel-air ratio, by far the most significant effects were
produced by changes in inlet-air temperature. The increases in liner
temperature were, generally, appreciably larger than the increases in
inlet-air temperature. Liner temperatures as high as 2000° F were ob-
served at an inlet-air temperature of 860° F. Operation of the combustor
at high inlet-air pressures, temperatures, and velocities resulted in
frequent liner failures due to extreme warping and burning of the liner.

At low inlet-air temperatures, carbon deposition increased rapidly
with increasing pressure; the carbon was generally deposited uniformly
in the dome and the upstream section of the liner. At high inlet-air
temperatures, total carbon deposition was considerably lower at all
pressure levels and Was concentrated in one or more isolated places in
the upstream section of the liner, while the dome and the rest of the
liner were very clean. Smoke formation increased with increasing pres-
sure, and with increasing inlet-air temperature up to a temperature of
600° F; further increases in inlet-air temperature reduced smoke
formation.
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High values of combustion efficiency were observed at most of the
conditions investigated. In general, combustion efficiency increased
with increasing pressures and temperatures and with decreasing velocity.
The effects of pressure and velocity were very small at high inlet-air
temperatures.

INTRODUCTION

Research on problems associated with turbojet combustors designed
for operation in high-speed, high-altitude aircraft is being conducted
at the Lewis laboratory. A previous report (ref. 1) describes the ef-
fects of high inlet-air pressure (up to 12 atm) and velocity on combus-
tion efficiency, carbon deposition, and smoke formation in a single
tubular combustor. The investigation reported herein extends the data
of reference 1 to include the effects of high inlet-air temperatures on
these and other performance factors.

At supersonic flight speeds (Mach number, 2.5) and at a flight
altitude of 50,000 feet, an engine with a pressure ratio of 7, repre-
sentative of current development engines, will produce a combustor
inlet-air temperature of 940° F and a pressure of 166 pounds per square
inch absolute. Similar pressure and temperature conditions occur even
at low flight speeds in higher pressure-ratio (12 to 15) engines. 1In
contrast, a current-production engine with a pressure ratio of 4, operat-
ing at the same altitude but at subsonic flight speed, will produce a
corresponding pressure and temperature of 13 pounds per square inch ab-
solute and 290° F, respectively. Air-flow rates per unit cross-sectional
area are also being increased in current development engines, resulting
in higher velocities through the combustor.

Investigations have shown that high pressure will result in
greater carbon deposition (ref. 1), in more smoke in the exhaust gases
(ref. 2), and in higher flame emissivities (ref. 3). The high flame
emissivities, in combination with less effective convective cooling
resulting from high inlet-air temperatures, would be expected to in-
crease liner wall temperatures and thus seriously affect liner life.
Increases in velocity result in decreases in combustion efficiency,
which will, however, be at least partly offset by the improved effi-
ciency resulting from higher combustor-inlet pressures.

The effects of high inlet-air temperatures on these performance
factors have not been investigated extensively, particularly in combi-
nation with high pressures and velocities. An investigation was under-
taken therefore to determine the effects of high inlet-air pressures,
temperatures, and velocities on combustor wall temperatures, carbon
deposition, smoke formation, and combustion efficiency.
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A single tubular combustor, installed in a direct-connect facility
capable of supplying air at pressures and temperatures as high as 300
pounds per square inch absolute and 900° F, respectively, was used in
this investigation. Combustion-chamber carbon-deposition and smoke-
formation data were obtained at inlet-air pressures from 35 to 173
pounds per square inch absolute and inlet-air temperatures from 200°
to 860° F over a wide range of inlet-air velocities and fuel-air ratios.
Combustion efficiency tests were conducted at inlet-air pressures of 58
and 176 pounds per square inch absolute and temperatures of 200° and
860° F over a range of velocities and fuel-air ratios. In addition, a
number of tests were conducted with a combustor liner that was instru-
mented to provide wall temperature data.

APPARATUS
Combustor Installation

The combustor installation, shown schematically in figures 1 and
2, was essentially the same as that described in reference 1. A
production-model J33 inner liner and dome were installed in a high-
pressure combustor housing similar to a J33 housing except that circu-
lar inlet- and exhaust-transition sections were used. This combustor
assembly was connected to the laboratory 450-pound-per-square-inch air-
supply system and to an atmospheric-exhaust muffler.

Air-flow rates and combustor pressures were regulated by remotely
controlled valves upstream and downstream of the combustor; fuel-flow
rate was controlled by means of a needle valve located downstream of a
high-pressure fuel pump. Four water-spray nozzles, spaced axially in
the exhaust ducting and supplied by a high-capacity, high-pressure pump,
were used to cool the exhaust gases prior to their passage through the
exhaust control valve.

The combustion air was heated to the desired temperature by means
of a preheater capable of heating 15 pounds per second of high-pressure
air to a temperature of about 900° F. The heat exchanger consisted of
a series of coiled Inconel tubes, connected in parallel, through which
the high-pressure air flowed. The tubes were heated externally, in
crossflow, by combustion gases from an auxiliary turbojet combustor.

Instrumentation
Air-flow rates were measured by a square-edged orifice plate in-
stalled according to A.S.M.E. specifications. The pressure drop across

the orifice was measured by a commercial pneumatic differential-pressure
transmitter and a differential manometer. Fuel flow was measured
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by a calibrated rotameter located upstream of a high-pressure pump.
Inlet-air and exhaust-gas temperatures were measured by two enclosed
single-junction chromel-alumel thermocouples (plane C-C, fig. 2) and by
eight two-junction platinum - platinum-rhodium (13 percent) thermocouple
rakes (section B-B, fig. 2), respectively. The exhaust-gas thermocouple
supports were made of brass and were cooled by a stream of high-pressure
air bled from the combustion-air supply upstream of the orifice. Con-
struction details of the temperature- and pressure-measuring probes are
shown in reference 1. By means of a suitable switching arrangement,
either individual temperatures or an instantaneous average of all exhaust-
gas thermocouples could be obtained. Inlet-air and exhaust-gas total
pressures were each measured by four three-point total-pressure probes
located at plane D-D and section A-A (fig. 2), respectively, and connected
to strain-gage-type pressure pickups. Individual pressure probes and
thermocouple Jjunctions were located at the centers of equal area. All
combustor pressures and temperatures were indicated on automatic-balancing
potentiometers.

The relative quantity of smoke in the exhaust gases was determined
with a smoke meter that consisted essentially of an air-cooled filter
press through which a metered volume of exhaust gas was drawn. Smoke
particles suspended in the gas were deposited on a paper filter disk.
The optical density of the smoke-covered filter paper, as determined by
a transmission densitometer, was considered a measure of the amount of
smoke in the sample. The apparatus and method of smoke determination
are described more fully in reference 2. Exhaust-gas samples were oOb-
tained from one of the three-point total-pressure probes located at
section A-A (fig. 2).

Liner Equipped with Thermocouples

Wall temperatures of the combustor inner liner were determined with
a special liner equipped with chromel-alumel thermocouples. The thermo-
couple junctions were welded at selected locations to the outer surface
of the liner and were covered with an insulating ceramic cement in order
to minimize convection losses. A developed view of the liner showing
thermocouple locations and designations is presented in figure 3(a); a
photograph of the liner and dome showing the method of thermocouple in-
stallation is presented in figure 3(b). The original installation con-
tained 16 thermocouples; the results from only 14 thermocouples are pre-
sented herein because two of the junctions failed in preliminary tests.

Fuel Nozzles
During the investigation four sizes of fuel nozzles were utditized
in order to achieve the desired flow rates and still maintain an ade-
quate nozzle pressure drop. The flow capacities of the four nozzles are

listed in the following table:
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Nominal flow capacity at Approximate spray
pressure drop of 100 angle at rated
1b/sq 1l capacity,
gal/hr deg
25 80
40 80
60 70
8710 5

aModified 60-gal/hr nozzle.

Fuel

A production-type jet fuel, MIL-F-5624B, grade JP-4 (NACA fuel

52-288), was used in this investigation; chemical and physical properties

of this fuel are presented in table TI.

PROCEDURE
Carbon Deposition and Smoke

Carbon-deposition and smoke-formation tests were conducted at the
approximate combustor operating conditions shown in the following table:

Test Inlet-air Inlet-air |Inlet-air Temperature
condition | total pressure, | temper- reference rise,
lb/sq in. abs ature, velocity,®
on ft/sec

A 55 200 - 860 78 1165

B 60 200 - 860 78 1165

C 86 200 - 860 78 1165

D 86 400 78 - 180 1165

E 86 400 78 765 - 1565

F L7755 200 - 860 78 865

aBased on maximum cross-sectional area of combustor housing
(0.267 sq ft at reference plane, fig. 2) and inlet-air
static pressure and temperature.

An inlet-air temperature of 860° F and pressures of 35S 86, and

173 pounds per square inch absolute (conditions A, C, and F

are repre-

sentative of operation in a turbojet engine with a pressure ratio of
Lz (at sea~level and rated speed) at a flight Mach number of 1.8 and
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altitudes of 70,000, 50,000, and 35,000 feet, respectively. The other
test conditions were included to provide comparisons of the independent
effects of pressure, temperature, velocity, and fuel-air ratio on carbon
deposition and smoke.

Carbon-deposition tests were conducted for a period of 2 to 3
hours, during which time the specified operation conditions were held
constant. Prior to each test run, the combustor inner-liner and dome
assembly and the ignition plug were cleaned with rotating wire brushes
and then weighed on a torsion-type balance; at the end of the test these
parts were reweighed. The difference in weight of these parts plus the
weight of the deposit on the fuel nozzle and any loose deposits within
the chamber represented the total deposit reported herein. Since ref-
erence 1 shows that, for test durations up to 3 hours, carbon deposition
increases linearly with time, the data have been generalized and are
expressed as grams of carbon deposited per hour.

Smoke measurements were made by the aforementioned filter technique.
A bypass line located immediately upstream of the smoke meter provided
continuous purging of the sampling line and served to reduce the gas
pressure at the smoke meter. After combustor operation had been stabi-
lized at the desired conditions, a fixed volume of exhaust gas was
passed through the smoke meter. The difference in optical density
readings between the smoke-covered and clean filters was considered a
measure of the amount of smoke in the sample and is referred to as
"smoke density" in this report.

Combustion Efficiency and Liner Temperatures

Combustion efficiency tests were conducted over a range of fuel-air
ratios at the combustor-inlet conditions shown in the following table:

Inlet-air Inlet-air Inlet-air refer-
total pressure, | temperature, | ence velocity,
1b/sq in. abs ep ft/sec
58 200 70
130
170
860 70
130
1L7/(0)
176 200 70
1506
860 7.0
130
170
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Combustion efficiency is defined as the ratio of the actual enthalpy
rise across the combustor (between plane C-C and section B-B, fig. 2) to
the total enthalpy supplied by the fuel and was computed by the method
of reference 4. The combustor-exit enthalpy was computed from the in-
stantaneous average (parallel circuit) of the 16 exhaust-gas thermo-
couples. Temperatures were taken as total temperatures and no correc-
tions for conduction and radiation errors were made,

Test conditions for the liner temperature tests were the same as
those employed for the combustion efficiency tests. However, because
of structural failure of the liner, wall temperature data were not ob-

tained at all test conditioms.

Pressure Drop

Combustor total-pressure loss data were recorded at all test con-
ditions. Pressure drop is expressed herein as the dimensionless ratio
AP/qr, where AP is the total-pressure loss across the combustor and

g, 1s the reference velocity pressure based on the reference velocity

and static density of the inlet air.

RESULTS

The data obtained during this investigation are presented in table
ITI. The effects of combustor operating variables on liner wall temper-
atures, carbon deposition, smoke formation, combustion efficiency, and
combustor pressure loss are described, in this order, in the following
paragraphs.

Liner Wall Temperatures

Temperatures of the outer surface of the combustor liner obtained
under the various operating conditions are presented in figure 4. The
data show that, at an inlet-air temperature of 860° F, liner tempera-
tures generally increased with increasing exhaust-gas temperature. At
an inlet-air temperature of 200° F, however, the increase in liner tem-
peratures with increasing exhaust-gas temperature was less pronounced
and in a few cases a decrease was noted. Increases in reference veloc-
ity, at constant inlet-air pressure and temperature, decreased liner
wall temperatures. Comparisons of the curves representing constant

-inlet-air velocity and temperature but at different pressures indicate

that inlet-air pressure had no consistent effect on liner temperature.
The most pronounced effect was caused by increases in inlet-air temper-
ature, which effected very large increases in liner wall temperatures.
The increase in liner temperatures was, generally, considerably greater
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than the increase in inlet-air temperature. Liner temperatures varied
from approximately 200° to 1000° F at the low inlet-air temperature con-
ditions and from about 1000° to 2000° F at an inlet-air temperature of
860° F.

In order to illustrate the effect of axial distance from the fuel
nozzle on liner surface temperature, the data of figure 4 have been
cross-plotted in figure 5 for an exhaust-gas temperature of 1600° F and
for two typical circumferential thermocouple locations: (1) thermo-
couples between air-admission holes, and (2) thermocouples in line with
louvers. At an inlet-air temperature of 860° F, liner temperatures de-
creased with increasing distance from the fuel nozzle, while at an inlet-
air temperature of 200° F, no consistent trend was observed.

Carbon Deposition

The effect of variations in combustor inlet-air temperature and
pressure on carbon deposition at constant combustor temperature rise
is shown in figure 6. In general, carbon deposition decreased with
increasing inlet-air temperature. Accompanying this decrease in carbon
deposition was a pronounced change in the nature of the deposits. At
the low inlet-air temperatures, uniform, hard carbon deposits were
found on the dome and sometimes in the first few inches of the liner.
As inlet-air temperature was increased, the deposits became lighter and
more sooty until, at an inlet-air temperature of 860° F, both liner and
dome were generally very clean. Whatever carbon deposits were obtained
at the elevated temperature were found in one or more large pieces
which either adhered to the inner surface of the liner (at the upstream
end) or had broken away from the liner surface and were found lying in
the liner or in the downstream section of the combustor rig. The weights
of the loose pieces of carbon which were found downstream of the com-
bustor liner at the end of a test were not included in the weight of
carbon deposits plotted in figure 6; however, their weights are indi-
cated separately in the figure.

The data in figure 6 have been replotted in figure 7 to illustrate
more clearly the effect of combustor-inlet pressure on carbon deposi-
tion. At an inlet-air temperature of 200° F (fig. 7(a)), total carbon
deposition increased rapidly with increasing pressure. This effect
decreased with increasing inlet-air temperature until at a temperature
of 860° F no significant effect of inlet-air pressure on carbon deposi-
tion was observed. In figure 7(b), deposit weight is based on grams
per unit weight of fuel burned. At an inlet-air temperature of 2000 SE
deposits increased with an increase in pressure from 35 to 60 pounds,
then decreased as the pressure was further increased to 173 pounds;
all pressures are in units of pounds per square inch absolute. For the
other inlet-air temperatures, the deposits decreased, in general, with
increase in pressure, except for the pressure range from 60 to 80 pounds
per square inch absolute.
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The effects of inlet-air reference velocity and combustor tempera-
ture rise or fuel-air ratio on carbon deposition at constant inlet-air
pressure and temperature are shown in figures 8(a) and (b), respectively.
The data show a moderate increase in carbon deposition with increase in
reference velocity. On a basis of weight of carbon deposit per unit
weight of fuel burned, the deposits varied only slightly with increases
in velocity. Increase in combustor temperature rise or fuel-air ratio
resulted in a slight increase in carbon deposits. On the basis of
weight of deposits per unit weight of fuel burned, the deposits in-
creased as the temperature rise was increased to 1165° F, then the
deposits decreased with further increase in temperature rise.

Smoke Formation

The effects of variations in inlet-air parameters on smoke forma-
tion are shown in figure 9. At constant inlet-air pressure, velocity,
and combustor temperature rise, smoke density increased rapidly with
increasing air temperature, reached a maximum at an inlet-air tempera-
ture of 600° F, and then decreased (fig. 9(a)). This trend was observed
at the two high-pressure conditions only; at the low-pressure condition
the amount of smoke observed was insignificant at all values of inlet
temperature. At constant inlet-air temperature, reference velocity,
and combustor temperature rise, smoke density increased with increasing
pressure (fig. 9(a)). This trend was consistent for all values of
inlet-air temperature investigated. The magnitude of smoke-density
values obtained in the various reference-velocity tests (fig. 9(b)) and
combustor temperature-rise tests (fig. 9(c)) was too small to attach
any significance to the trends.

Combustion Efficiency

The effect of variations in inlet-air conditions on combustion
efficiency is shown in figure 10. For the range covered, combustion
efficiency generally increased with increasing fuel-air ratio. The ef-
fect of reference velocity on combustion efficiency varied with inlet-
air temperature. At an inlet-air temperature of 200° F, combustion ef-
ficiency decreased markedly with increasing reference velocity, while at
an inlet-air temperature of 860° F, combustion efficiency was not signifi-
cantly affected by velocity. Increases in inlet-air temperature, at con-
stant pressure and velocity, increased combustion efficiency except at
the low-velocity condition where higher efficiency was obtained at the
low inlet-air temperature conditions. Increases in pressure, at con-
gtant inlet-air temperature and velocity, brought about glight increases
in combustion efficiency, as shown by a comparison of figures 10(a)
and (b).
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Combustor Total-Pressure Loss

Combustor total-pressure losses are presented in figure 11, where
the ratio of total-pressure drop to the reference velocity pressure
AP/qr is plotted against combustor-inlet to -outlet gas-density ratio.

The combustor pressure-loss coefficient AP/qr increased with increas-

ing gas-density ratio and with increasing inlet-air pressure and ref-

erence velocity. Increases in inlet-air temperature resulted in a slight

decrease in the pressure-loss coefficient.

DISCUSSION
Liner Wall Temperatures

A discussion of the effects of operating conditions on liner tem-
peratures should be based primarily on heat-transfer considerations.
Thus, neglecting conduction along the metal parts, the heat transferred
to the liner by radiation from the flame and by convection from the hot
gases must equal the heat lost by the liner by convection to the cooling
air and by radiation to the outer shell. Variations in operating param-
eters may change one or more of these heat-transfer processes and thus
affect liner temperatures.

As shown in figure 4, liner temperatures increased rapidly with
increasing fuel-air ratio or exhaust-gas temperature at an inlet-air
temperature of 860° F. This increase may be attributed to the effect
of increased radiation from the flame to the liner resulting from the
increase in flame volume. At an inlet-air temperature of 200° F, the
increase in liner temperatures with increasing fuel-air ratio was much
less pronounced and at two locations (thermocouples 2 and 7) liner tem-
peratures tended to decrease with increasing fuel-air ratio. Since
these two thermocouples were located closest to the fuel nozzle, the
decrease in liner temperatures may have been the result of fuel wetting
of the liner wall at those locations.

The decrease in liner temperatures with increasing velocity (fig.
4) may be attributed to increases in convective cooling. Heat transfer
through convection increases with increasing velocity or mass air flow;
hence both heating and cooling of the liner through convection should
increase with increasing velocity. However, if it is assumed that the
heat transfer by radiation from flame to liner does not change appre-
ciably with velocity, then the convective cooling will assume a greater
share of the total heat transfer and, hence, liner temperatures will be
reduced.

The large increase in liner temperatures with increasing inlet-air
temperatures (fig. 4) may be attributed to one or more of the following
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factors: (1) the large decrease in temperature differential available
for convective cooling at the 860° F inlet-air temperature conditions,
(2) the decrease in convective heat-transfer coefficient resulting from
decreases in mass air flows at the high inlet-air temperature, and (3)
increases in radiant heat transfer that might be expected from increased
flame temperatures.

These results have shown that the most significant effects on liner
temperatures were produced by changes in inlet-air temperature and in
fuel-air ratio. Because of the limited amount of data, no rigorous
correlation of the effect of inlet-air parameters was possible, especial-
ly in view of the wide circumferential variations in liner temperature
that have been shown to exist in this type of combustor (ref. 5). How-
ever, preliminary calculations have shown that radiant heat transfer
from the flame to the liner should increase appreciably with increasing
fuel-air ratio and inlet-air temperature and slightly with increasing
pressure and with decreasing velocity or mass air flow; these calcula-
tions are, in general, consistent with the results obtained.

Insufficient information is available on the velocity and direc-
tion of flow at the various locations within the flame zone to explain
the variation in liner temperatures with combustor length (fig. 5) in
terms of heat-transfer factors. The only consistent trend was obtained
at the high inlet-air temperature conditions, where liner temperatures
decreased with axial distance from the nozzle. The data were obtained
at two circumferential locations only and, as noted previously, large
circumferential temperature variations can be expected in this combus-
tor. Figure 5 does show, however, that at the high inlet-air tempera-
ture investigated, excessive liner temperatures were observed, particu-
larly in the upstream end of the combustor. For satisfactory durability
at these conditions, additional cooling would be required.

Carbon Deposition

One of the objectives of this investigation was to determine the
effect on carbon deposition of combustor operation at high inlet-air
Pressures, temperatures, and velocities - conditions that might be
encountered at high flight speeds and with high~pressure-ratio engines.
Previous work (ref. 1) has shown that, at low inlet-air temperatures,
carbon deposition increased rapidly with increasing pressure; this trend
was substantiated in the present investigations (fig. 7(a)). However,
the data in figure 6 indicate that when inlet-air temperature was in-
creased, carbon deposition decreased to a point where the combination
of high pressures and temperatures formed less carbon than the low-
pressure, low-temperature conditions encountered with current-production
engines at subsonic flight speeds. This trend may be attributed, to a
large extent, to the effect of liner wall temperatures. Tt was shown
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that, for an inlet-air temperature of 200° F, liner wall temperatures
were generally less than 1000° F, while for an inlet-air temperature of
860° F, liner temperatures varied between 1000° and 2000° F. It appears,
therefore, that as inlet-air temperature was increased, the combustor
liner became too hot to allow carbon formation on the walls. Further
substantiation of this idea may be found in the nature of the carbon
deposits. At low inlet-air temperatures, carbon deposition was uniform
in the dome and the upstream portion of the liner, indicating that carbon
formation was a regular and reproducible phenomenon. At high inlet-air
temperatures, both dome and liner were generally very clean and whatever
carbon was found was concentrated in a few random locations which, pos-
sibly because of local cooling or the condition of the metal at those
points, were conducive to carbon deposition. These results are consist-
ent with those obtained in another investigation (ref. 6) where a similar
liner had been covered with a ceramic coating for the purpose of increas-
ing liner temperatures and thus reducing carbon deposition. In that in-
vestigation carbon deposits in an uncoated liner were distributed uni-
formly over the dome and the upstream area of the liner; the deposits on
the coated liner, however, were concentrated in two locations on the
liner where some of the coating had disintegrated, while the rest of the
liner and the dome was clean.

The increase in carbon deposition with increasing velocity'(fig.
B(a)) at constant inlet-air temperature, pressure, and temperature rise
has been observed previously (ref. 1) and may be attributed primarily
to the increased fuel flow accompanying the increase in velocity; the
effect on carbon deposition of increase in fuel flow resulting from
changes in the other parameters is discussed to a greater extent in ref-
erence 1. The effect of combustor temperature rise or fuel-air ratio on
carbon deposition (fig. 8(b)) is not considered particularly significant
because of the low magnitude of carbon deposits obtained. At the low-
temperature-rise condition the fuel-flow rate was very low and the total
amount of carbon deposited was too small to be reproduced accurately.

As a result, the relation between combustor temperature rise and carbon
deposits per unit weight of fuel burned might be somewhat exaggerated.

Smoke Formation

The effects of variations in inlet-air parameters on smoke density
(fig. 9) exhibit two important trends. The increase in smoke density
with increasing pressure (fig. 9(a)) has been observed many times (e,
refs 2N and: 7) and, according to reference 7, may be attributed to
the decrease in the rate of diffusion and, hence, in the rate of mixing
of fuel and air resulting from the increase in pressure. The increase
in smoke density with increasing inlet-air temperature might be attributed
to the enrichment of the primary combustion zone resulting from increased
rates of fuel vaporization at the high inlet-air temperatures. The flame
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temperature may also have been increased. As a result of these two
factors, cracking and decomposition reactions conducive to smoke forma-
tion may have been greatly advanced. The decrease in smoke density at
an inlet-air temperature of 860° F might be attributed to a change in
the decomposition process of the fuel or to increased burning of the
smoke as the result of the increased exhaust-gas temperature; the tests
were conducted at a constant temperature rise of 1165° F so that, at an
inlet-air temperature of 860° F, an average exhaust-gas temperature of
20250 F was obtained. The effects of variations in reference velocity
(fig. 9(b)) and combustor temperature rise (fig. 9(c)) on smoke are not
considered significant because of the small magnitude of smoke densities
observed in these tests.

Combustion Efficiency

The attainment of high combustion efficiency for conditions of
high inlet-air temperatures and pressures would not be expected to be
as serious a problem as under subsonic, low-pressure-ratio flight con-
ditions. The data presented in figure 10 essentially substantiate this
conclusion; the data also indicate that combustion efficiency was
largely dependent on inlet-air temperature. Thus, at an inlet-air tem-
perature of 200° F, combustion efficiency decreased with increasing
velocity and with decreasing pressure, trends which are commonly ob-
served in turbojet combustors. However, at an inlet-air temperature of
860° F, the adverse effect of increased velocity on efficiency was mini-
mized by the beneficial effect of high inlet-air temperature on the com-
bustion process; as a result, combustion efficiency decreased very little
with increasing velocity. The slight decrease in combustion efficiency
with increasing temperature observed at the low-velocity condition would
not normally be expected, and may be the result of low fuel-nozzle dis-
charge pressures since, at constant inlet-air pressure and velocity, air
mass flows and, hence, fuel flows decrease with increasing inlet-air
temperature.

It is noted in figure 10 that combustion efficiency values slightly
higher than 100 percent were obtained in a few cases. The errors are
believed to be due to inadequate average temperature measurements caused
by thermocouple errors, insufficient flow sampling, or lack of mass
welghting of temperatures. Inadequate flow sampling, especially of the
cold gases near the wall, appears to be the most likely source of error.
As a result, absolute efficiency values must be considered to be, on the
average, somewhat high. Relative efficiency values, however, are be-
lieved to be good and, hence, any observed trends are considered to be
significant.
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Liner Durability

Although the effects of variations in inlet-air parameters on
structural durability of the liner were not investigated as such, certain
conclusions can be derived from operating experience. At the low inlet-
air temperature conditions, no liner failures were encountered and, in
general, no serious liner deterioration was observed after as much as
15 hours of intermittent operation; average exhaust-gas temperature
varied from about 1000° to 2000° F during that time. These operating
conditions were, in general, not more severe than the conditions at
which this combustor operates in a current engine, namely, inlet-air
temperatures up to 450° F, pressures to 75 pounds per square inch abso-
lute, reference velocities to 125 feet per second, and exhaust-gas tem-
peratures to 1400° F. However, at inlet-air temperatures of 860° F,
pressures of 176 pounds per square inch absolute, reference velocities
of 130 and 170 feet per second, and exhaust-gas temperatures of approx-
imately 2000° F, liner structural failures occurred after only short
periods of operations. Holes were burned in different parts of the
liner and the liner was frequently partially collapsed. A photograph
of a typical liner failure is shown in figure 12.

Such failures can be attributed primarily to the high liner tem-
peratures and the high pressure drops associated with the preceding
operating conditions. Thus, it was shown that, for an inlet-air tem-
perature of 860° F, liner temperatures generally varied between 1000°
and 2000° F. Likewise the pressure differential across the combustor
liner was high. Although the data presented in figure 11 indicate that
the pressure-loss coefficient AP/qr for this combustor was in the

range of many current turbojet combustors, the pressure-loss coefficient
increased with increases in velocity and pressure. In addition, the
increases in velocity and pressure increased gq,, and hence AP sub-

stantially. At the high-pressure condition, absolute pressure drops
greater than 20 pounds per square inch were encountered, compared with
approximately S pounds per square inch for this combustor at rated en-
gine speed and static sea-level conditions. Thus, the combination of
high liner temperatures and high pressure drops presents a serious liner
durability problem that would demand drastic combustor design changes
for supersonic flight applications.

SUMMARY OF RESULTS

The following results were obtained from an investigation of the
effects of large variations in combustor-inlet pressures, temperatures,
and velocities on liner temperature, carbon deposition, smoke forma-
tion, combustion efficiency, and liner durability in a single tubular
combustor :
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1. At constant inlet-air pressure and velocity, liner temperatures
increased with increasing inlet-air temperatures; the increase in liner
Temperature was generally considerably greater than the increase in
inlet-air temperature. In comparison, the effects of other inlet-air
variables were minor.

At an inlet-air temperature of 860° F, liner temperatures varied
between approximately 1000° and 2000° F and increased with increasing
fuel-air ratio. At an inlet-air temperature of 200° F, liner tempera-
ture varied between approximately 200° and 1000° F, but exhibited no
consistent trend with changes in fuel-air ratio.

2. Total carbon deposition generally decreased with increasing
inlet-air temperature. At low inlet-air temperatures, carbon deposition
increased rapidly with increasing pressure; at high inlet-air tempera-
tures, carbon deposits were small over the entire range of pressures.

At low inlet-air temperatures, carbon deposition was uniform in
the dome and the upstream end of the liner; at high inlet-air tempera-
tures, the dome and liner were generally very clean and whatever carbon
was formed under those conditions was found in one or more isolated
places in the upstream end of the combustor.

3. Smoke density increased as inlet-air pressure was increased and
as inlet-air temperature was increased from 200° to 600° F; further in-
creases in inlet-air temperature decreased smoke density.

4. At an inlet-air temperature of 200° F, combustion effiiciency
decreased noticeably with increasing velocity and with decreasing pres-
sure; at an inlet-air temperature of 860° F, combustion efficiencies
were appreciably higher and the effects of pressure and velocity on
combustion efficiency were considerably smaller.

S. Operation of the combustor at high inlet-air temperatures,
pressures, and velocities resulted in frequent liner failures due to
extreme warping and burn-outs.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 26, 1955
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TABLE I. - PHYSICAL PROPERTIES OF MIL-F-5624B,
2 GRADE JP-4 FUEL
o
3 Fuel properties MIL-F-5624B,
grade JP-4
(NACA fuel
52-288)
A.S.T.M. distillation, D86-46, °F
Initial boiling point 159
Percentage evaporated
L 5 224
A 10 253
O 20 29%
4 30 Sl
40 324
50 555
3 60 347
70 363
80 382
K 90 413
Final boiling point 486
Residue, percent 17
Loss, percent 0.7
‘ Aromatics, percent by volume
A.S.T.M. D875-46T 10
Silica gel 101
Specific gravity OLTAAS
Viscosity, centistokes at 100° F 0.935
Reid vapor pressure, lb/sq in. 2.7
Hydrogen-carbon ratio 0.168
Net heat of combustion, Btu/lb 18,675
NACA "K" factor 278
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TABLE II. - PERFORMANCE DATA OF SINGLE TUBULAR COMBUSTOR

(a) Liner wall temperature tests.

Run 1 2 & 4 5 6 7 8 c) 10 Ik 12 B 14 15 16
Combustor-inlet total 5T 57T BT ST ST §8.2 577.8] 57 .8 57.8 58.2 57 -8 57.8 5812 58112 58.0 57.8
pressure,
1b/sq in. abs
Combustor-inlet 202 204 204 193 192 203 203 204 200 205 856 855 866 855 206 200
temperature, “F
Air flow, lb/sec 4.40 4.40 4.43 4.44 4.43 8n22 8.26 8.22 8.26 8.26 4.08 4.07 4.04 4.09] 10.65| 10.69
Combustor-inlet 70 70 72 70 70 131 152 132 132 1352 129 123 128 129 172 e
reference velocity,
ft/sec
Fuel flow, 1b/hr 100 188 281 359 410 213 383 505 639 733 85 163 216 256 356 505
Fuel-air ratio 0.0063 [0.0119]0.0176]0.0212]0.0257|0.0072 |0.0129 [0.0171]0.0215]0.0246 [0.0058[0.0111]0.0148 0.0174[0.0093 [0.0131
Mean combustor-outlet 675 10380 1506 1735 2025 720 1E1S 1410 1715 1510 1250 1608 1840 1975 840 1070
temperature, °F
Combustion efficiency,| 100.8| 103.9| 107.1| 107.6| 108.3 970 99.2| 101.7| 104.4| 104.3| 100.3| 103.0[ 102.0| 101.3 93.2 92.8
percent
Fuel—?ozzle capacity, 60 60 60 60 60 60 60 60 60 60 60 60 60 60 110 110
gal/hr
Differential pressure A5 1.2 1.4 155 qNT: Eical 5k 8 639 69 7356 AT 158 =9 o) 10.8 A2
across combustor,
1b/sq in.
Liner temperature, CF,
at thermocouple -
il 415 300 250 240] 275 2551 235 230 225 230 1320 1285 1285 1185 285 245
2 900 850 690 450 450 540 585 460 420 400 1425 1870 2020 2015 380 375
3 345 420 420 365 390 260 280 275 280 230 1025 1200 13395 1470 245 255
4 440 585 610 575 5985 350 405 410 430 445 1130 13856 1625 1750 325 330
5 480 690 775 770 825 415 525 545 585 615 1175 1460 1700 1865 385 430
6 490 705 870 900 1010 460 660 730 770 815 1045 1335 1515 1625 450 560
7 805 890 930 575 495 390 425 400 385 380 1195 1715 1855 1780 285 295
8 445 720 715 635 675 355 400 595 420 440 IS 13595 1640 1635 290 285
g 410 690 Bi7S 655 825 460 490 485 510 530 1080 1300 1540 1580 360 360
10 355 440 455 605 780 385 415 415 430 460 1055 1215 1360 1410 305 300
1AL 516 575 650 610 720 360 415 405 440 470 1220 1520 T710 1650 325 335
i) 535 690 840 705 730 425 545 590 590 620 1235 -——- -———= ——— 430 465
13 455 675 640 665 700 5355 380 365 405 460 1140 1405 —_— -—— -—— -—=
14 480 505 565 530 500 365 355 335 320 515 1475 1740 1910 1900 280 255
" i 1 T ' . 3 S
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TABLE II. - Continued. PERFORMANCE DATA OF SINGLE TUBULAR COMBUSTOR
(a) Concluded. Liner wall temperature tests
Run 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Combustor-inlet total 58.0 58.2| 175.8| 176.2| 175.8| 176.6 | 175.4| 175.4| 175.4| 176.6 | 175.4| 176.2| 176.2| 177.0 175.8[F 17558
pressure,
1b/sq in. abs
Combustor-inlet 203 206 206 202 202 201 201 870 867 905 915 870 815 870 865 870
temperature, °F
Air flow, 1b/sec 10.70 1 10.76] 15.50]| 13.35] 153.28| 13.45 | 15.2% 6.74 6.2 6.735 6.73] 12.58] 12.40| 12.37| 12.68] 12.46
Combustor-inlet 172 173 72 70 70 70 69 AL it 72 3 135 125 129 132 ST
reference velocity,
ft/sec
Fuel flow, 1lb/hr 733 AT 366 B2 805 1002 1219 86 216 312 434 134 388 384 595 805
Fuel-air ratlo 0.0190 |0.0201 [0.0075]0.0120 [0.0168 [0.0207 |0.0256 |0.0035 |0.0089 |0.0129 |0.0179]0.0030 ]0.0087 |0.0086 ]0.0131 0.0180
Mean combustor-outlet 1435 1530 770 1090 1425 1690 1895 1095 1455 1730 2030 1060 1390 1450 1750 2010
temperature, °F
Combustion efficiency, 93.9 96.4| 101.4]| 103.2| 104.6| 106.2 | 2100.0 9275 99.1 98.9 98.8 92.9 98. 6 11011 [STO3T 8 100
percent
Fuel—;ozzle capacity, 110 110 110 BLO 110 110 110 110 110 110 110 110 110 110 110 110
gal/hr
Differential pressure 12.6 1303 4.4 4°5 4.9 5.3 5.6 1.4 1.6 LS/ 19 67 e a2 -— -——
across combustor,
1b/sq in.
Liner temperature, O°F,
at thermocouple -
6 245 240 285 225 225 255 260 1335 1465 1475 1440 1110 1160 1390 1370 1860
2 355 365 825 825 665 540 520 1335 1845 2035 2115 1180 1690 725 1850 —_——
3 250 255 375 445 430 390 370 985 70 1350 1500 925 1030 1075 1185 1350
4 355 360 460 665 670 590 535 1030 1335 1600 1845 975 1205 1270 1465 11735
S 415 305 335 435 510 550 540 1030 1370 1625 1960 920 1075 1120 —-—— —_——
6 680 710 540 780 1035 1160 1180 970 1235 1465 -——— 945 -——— -—— -—— —-———
Vi 290 265 450 420 355 ——— ——— 1025 1380 1585 1660 930 -——— ——— —-—— —-——
8 320 330 420 445 375 390 360 1025 1275 1425 1525 960 1070 1338 1250 1360
9 395 410 390 455 415 395 355 985 1195 1375 1550 950 1030 1100 1210 1445
10 3285 280 305 400 415 375 380 955 1090 1230 1400 950 925 985 1000 1050
11 335 340 535 770 720 705 650 1120 1435 1665 1875 1050 ——— -——- ———— —-———
12 485 495 545 680 685 620 590 1075 1405 1560 -——— 1000 1180 1280 1510 T7T0
13 -——— -——— - -—- -———— ———— ———— ——— -———— -———— —-_—— 1000 1200 1280 1475 1695
14 260 250 485 530 490 425 415 1230 1525 1840 ——— 1075 1240 1300 1420 —-——
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TABLE II. - Continued. PERFORMANCE DATA OF SINGLE TUBULAR COMBUSTOR
(b) Carbon-deposition tests
Run [Combustor-|Combustor-|Air Combustor-| Fuel |Fuel- |Mean Combustion | Fuel- Differential |Run Carbon

inlet inlet tem-|flow, |inlet flow, |air combustor- |efficiency,|nozzle pressure time, |deposited,

total perature, |lb/sec|reference 1lb/hr|ratio |outlet percent capacity, |across hr g

pressure, O velocity, temperature, gal/hr combustor,

1b/sq in. ft/sec O 1b/sq in.

abs

35 Sl 190 2.93 75 174 [0.0164 1365 102.4 zil o l5) 1555 2 352
34 S50l 400 252 79 140 .0168 1565 102.7 2195 3 2 2057
35 S5l 600 1593 81 124 .0179 1765 99%2 2055 st 2 552
36 Simn e 850 1=52 79 112 .0205 2025 91.4 2005 Akl 2 50
S 60.0 197 5.10 78 300 .0163 1565 L2455 40 25 2 1252
38 60.0 200 513 78 293 L@159 1365 105 40 2.4 2. 9.4
39 60.1 406 3.90 78 236 .0168 1565 102.0 40 1.4 2 4.2
40 60.0 600 3.14 1 206 .0182 1760 S o2 40 e 2 1.8
41 5389 875 200 79 196 202135 2035 87.4 40 1ol e Al
42 859 205 i 52 79 430 <0163 1360 101.4 60 253 %) 7T
43 857 404 S.87 79 340 .0167 1570 103.4 60 1.8 S a11L5(0)
44 86.0 615 4.56 79 276 .0168 1770 104.7 60 16 3 5E5)
45 86,0 865 3.65 78 248 .0189 2025 97.4 60 ikl 2R 2
46 85.9 857 5569 79 246 .0185 2025 99.8 60 %8 2 bg.0
47 8589 405 9.38 132 565 .0167 1565 102:5 60 s 2 1555
48 86.0 409 12.97 184 815 SOl 1570 98.6 110 18.6 2 16.4
49 859 405 5.62 79 214 .0106 1160 LOAES 60 2.5 2 <9
50 85.9 403 5465 79 510 20251 1975 96.7 60 205 2 550
St 1735 200 14.65 i 829 S(OTHS)T/ 1340 103.6 110 750 5 250
52 SN2 195 14.70 77 853 HOIIGT 1340 104.0 110 7.4 il et
55 17802 603 9.10 78 5o .0176 1765 100..9 60 4.1 2 1.4
54 17391 855 52 T 491 .0186 2025 99.4 60 ol 2 5]

8Tncludes 11.5 g found in exhaust section.
bPTncludes 4.0 g found in exhaust section.

£09¢

(014

TYIINHTITANOD

$ZYSSH W YOVN




TVILNHTITANOD

3603

TABLE II. - Continued. PERFORMANCE DATA OF SINGLE TUBULAR COMBUSTOR
(c) Smoke tests
Run |Combustor- [Combustor- |Air Combustor- |Fuel |Fuel- |Mean Combustion |Fuel- Differential|Smoke
inlet inlet tem- |flow, [inlet flow, |alir combus tor- efficiency, |nozzle pressure density
total perature, |lb/sec |reference |1b/hr|ratio |outlet percent |capacity, |across
pressure, op veloclty, temperature, gal/hr |combustor,
ib/sq in. ft/sec OF 1b/sq in.
abs
55 55,2 196 2.94 76 174 [0.0164 1370 102.4 210055 1555 003
56 5552 395 2.43 82 155 SOLTT 1570 98.4 1L 72 .02
517 Sonil 600 ik Lehl 80 123 .0179 1765 9905 S 7 (0L
58 a5l 870 153 50 7 108 .0200 2030 925 D) .05
59 B5A8 200 ol 80 468 <0173 1365 SETNT 60 3.6 SO
60 85.8 408 54556 78 165 .0076 915 9802 2.3 ol
61 86.2 408 5.59 78 207 .0103 1080 92.4 205 .08
62 86.2 402 560 78 300 .0149 13565 94.1 2.4 AL
63 86.6 400 5.60 77 364 .0181 1580 9750 2.4 .14
64 86.2 400 5.60 78 453 .0225 1795 94.3 255 SO
65 86.2 400 5.60 78 546 .0271 2090 9762 2.6 5 51)
66 86.2 400 5.60 78 450 .0223 1790 9405 255 o2
67 86.2 400 5.56 il 156 .0078 905 90.0 230 .40
68 85.8 600 4.52 78 322 .0198 15770 90.8 58 .74
69 86.2 868 3.66 78 282 .0214 2040 (s T 1.4 =28
70 8558 403 9825 130 626 .0188 1565 91.9 7.4 .02
74 85,9 402 VRIS S B 182 848 .0182 1565 94.9 110 14.9 .04
72 1745) 0L 200 14.81 79 899 .0169 1365 S92 110 BRS 259
7(5) 7Sl 402 1Lk Ak 70 716 .0178 565 96.8 110 4.7 =585
74 1750 610 9.08 78 652 .0200 1765 89.0 60 5.8 282
(5 173.4 862 {lsht il 615 .0234 2045 81.6 60 3.1 S
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TABLE II. - Continued. PERFORMANCE DATA OF SINGLE TUBULAR COMBUSTOR
(d) Combustion efficlency and pressure-drop tests
Run |Combustor- |Combustor- Air Combustor- |[Fuel |Fuel- |Mean Combustion |Fuel- Differential
inlet inlet tem-|flow, |inlet flow, |alr combustor- efficiency, [nozzle pressure
total perature, 1b/sec|reference 1b/hr|ratio |outlet percent capaclty, |across
pressure, o velocity, temperature, gal/hr |combustor,
1b/sq in. ft/sec O 1b/sq in.
abs
76 B 198 4.42 70 126 ON0073 780 9956 60 Tk 7
747 5025 198 4.40 70 188 SONEILS) 1050 99.8 1L (8]
78 59 198 4.38 69 266 LOIIES 1355 100.2 1.9
79 S1e%) 200 4.44 70 550, QAL 1700 1oL 5 2adl
80 SfoS) 200 4.40 70 445 L0281 2020 991 2.4
81 57D 203 8.8 1352 233 .0079 720 8BRS 65
82 ST/ o= 202 BN 152 357 @20 995 GO 7 515
83 5765 201 (& 1L 1.5 457 [ Q155 1220 9ShE) 7 olo
84 57 6% 200 8.19 130 5517/ AORLEYR) 1425 97 .2 8.4
85 59819 195 8.17 €29 693 .0236 1700 95110 9.4
86 58185 200 8.20 1350 7S .0262 11855 95.4 10,4
87 S57/6%) 199 10.56 69 599 .0089 720 79.2 14.1
88 SHE9 200 10.50 168 500 L0152 1000 84.2 15535
89 57 %) 200 1056 169 658 OIS 1280 89.2 1L7/-(0)
90 5853 200 1OIN56 168 792 .0208 1490 90.4 1454 )
91 57,9 200 OM56 169 843 .0222 1560 9015 19N2
92 575 846 2.57 75 50 .0059 1205 30178 .6
93 SHN3 865 2858 76 89 .C104 525 9613 o Tl
94 S S 864 2058 77 125 .0146 18775 96.8 ofs)
95 5ifes5 865 2.58 76 15 L0183 2020 IR 28
96 537/t 858 4.08 130 7l .0048 1150 88.6 2.6
97 Si79 858 4.09 130 120 .0082 1365 93500 2.7
98 5755 857 4.09 130 170 (OIS 1585 96 Al 208
99 5805 862 4.09 29 223 TO152 1800 96.3 299
100 Sffs. > 865 4.09 131 283 .0192 2040 9T Sl
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TABLE II.

(d) Concluded.

- Concluded.

Combustion efficiency and pressure-drop tests

PERFORMANCE DATA OF SINGLE TUBULAR COMBUSTOR

Run [Combustor-|Combustor-|Air Combustor-|Fuel |Fuel- |[Mean Combustion |Fuel- Differential
inlet inlet tem-|flow, |[inlet flow, [alir combustor- efficiency, |nozzle pressure
total perature, |lb/sec|reference |lb/hr|ratio |outlet percent capacity,| across
pressure, Op veloclty, temperature, gal/hr combus tor,
1b/sq in. ft/sec °p 1b/sq in.

abs

101 3 ) 868 529 170 560.0029 1040 85.0 60 4.6

102 57.5 863 5.28 170 129} .0068 1280 NS 4.9

103 ST 865 5. 28 170 187| .0098 1480 94.5 Sjai

104 57.9 860 555 170 246| .0128 1660 9528 5.4

105 5758) 856 529 168 2921 .0155 1805 96.3 5.4

106 57 .5 858 5.29 169 344| .0181 1955 95.8 55

107 176.1 206 131,50 71 350| .0072 730 98.2 110 Sad:

108 LA A1 204 1352 71 531| .0109 1010 102.4 5ol

109 HE76 <1 202 13.43 70 725] 0150 1285 10350 6.4

110 L7/ 200 15556 70 91518 . 0187 1555 104.0 6.7

111 765 200 13.47 70 1075) .0222 1770 105.4 7/ 5l9)

J91E2 L 7d5a1 200 13047 70 1265| .0261 2000 104.9 lo&

113 JE7 60 204 24.70 130 763 | .0086 805 9552 20.0

114 1LT5i0] 203 24.74 154 1180| .0132 15105 95.4 —_——

195 174.5 203 24.59 251 1390| .0157 1270 96.8 —_——

116 17629 872 6.75 7l 102| .0042 P55 LT 22

157 7755 866 6.75 70 177 - 0073 13550 Ciein 7/ 2l

118 7651 866 605 70 246 | .0102 1540 100.5 2)rs

10L5) 176 .1 856 6.70 70 340| .0141 1765 39 2.4

120 57 650l 853 6.66 69 443| .0185 2015 99.4 2.4

121 LTS5 869 12359 130 153| .0034 1080 89.6 8-6

122 76t 860 239 129 343| .0077 1360 97.0 9L 2

123 7405 862 12.38 151! 489 | .0110 1560 96887 gr8

124 7503 866 12538 130 630| .0141 1770 99.0 1O

125 176.9 865 12538 129 810 .0182 1990 97.8 1085
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Atmospheric
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1
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Regulating /
valves E ] F
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Combustor
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ZAir-f low Z ; ) o
straightener Air-measuring orifice
Combustion
air =) CD-4123
Figure 1. - Single-combustor installation and auxiliary equipment.
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Ignition plug and fuel-nozzle
holder are shown out of position

Reference plane——1

" "
2_1 4l 1" 47
4 8 55
7T Dl ¢ /D
2u4 2" | 13}_"A<ﬂ B~ 9__"_4 16" 7"
1 ¥ z | =T% +— b5

3"

© Total-pressure probe
® Thermocouple

BRESC L

3”

Ze"I.D. 174—-(
Combustor-inlet C
gtatic-pressure tap

A <

c-C
Section A-A Section B-B L
Compustor-outlet Combustor-outlef
total-pressure probes thermocouples

10°

View from section X-X to
reference plane

D
Combustor-inlet
thermocouples, plane C-C, and
total-pressure probes, plane D-D

o) Fuel-nozzle holder

Flgure 2. - Cross section of single-combustor installation showing auxiliary ducting and location of temperature=~

and pressure-measuring instruments in instrumentation planes,
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(a) Developed view of liner. (b) Liner and dome.
Figure 3. - Views of combustor liner showing thermocouple locations, designations, and method of installation.
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Liner temperature, O

NACA RM ES55A24 CONFIDENTTIAL
If T T T T
Reference Inlet-air
velocity, temperature,
£ ft/sec OF
o 70 200
24000 130 ——— 860
e 170 Inlet-air pressure,
176 1b/sq in. abs
Inlet-air pressure, /‘J
58 1b in. ab
i /sq in. abs /
—O— =0 —
o4~ P-o o
O—-—-n-_n_ "
0 u__—ﬂ
800
O
Qs P ¢—o-t—o—70—0
(a) Thermocouple 1
24
”D
:/rﬂ-" /,o
/A ﬁ/’/u
1600 % Z
/ (/
lu] o/
7
O
i q‘\o\
o—"N *o_o
\D\&D
—i——aa
o)
(b) Thermocouple 2.
1600
A -
o
b /o’ _h
AL =
Pz ’U//u
o~ M”d:
800
M
y, -
CHa——a—— 0
0 800 1600 2400 0 800 1600 2400

Exhaust-gas temperature, °OF

(c) Thermocouple 3.

Figure 4. - Effect of operating conditions or liner temperatures.
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Liner temperature, °F

CONFIDENTIAL NACA RM ES55A24
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Figure 4. - Continued. Effect of operating conditions on liner temperatures.
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Figure 4. - Continued. Effect of operating conditions on liner temperatures.
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Figure 6. - Effect of inlet-air temperature on carbon deposi-

tion. Inlet-air reference velocity, 78 feet per second;
combustor temperature rise, 1165° F.
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Figure 7. - Effect of inlet-air total pressure on carbon depo-

sition. Inlet-air reference velocity, 78 feet per second,
combustor-temperature rise, 1165° F.
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Figure 8. - Effect of combustor temperature rise and inlet-air reference

velocity on carbon deposition. Inlet-air total pressure, 86 pounds
per square inch absolute; inlet-air temperature, 400° F.
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(b) Effect of inlet-air reference velocity. Inlet-air temperature, 400° F;
inlet-air total pressure, 86 pounds per square inch absolute; combustor
temperature rise, 1165° K.

Figure 9. - Effect of inlet-air conditions on smoke density.
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(c) Effect of combustor temperature rise. Inlet-air total pressure, 86 pounds per

square inch absolute; inlet-air temperature, 400° F; inlet-air reference velocity,
78 feet per second.

Figure 9. - Concluded., Effect of inlet-air conditions on smoke density.
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Figure 10. - Effect of inlet-air conditions on combustion efficiency.
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Figure 11. - Effect of inlet-air conditions on total-~pressure drop.
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Figure 12. - Warped liner.
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