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SUMMARY

As part of a general program to determine design criteria for tur-
bojet combustors, an experimental vaporizing annular combustor was
evolved from a high-performance annular combustor developed for vapor-
fuel injection. The combustor consisted of a one-quarter sector of a
single-annulus combustor designed to fit in a housing with an outside
diameter of 25.5 inches, an inside diameter of 10.6 inches, and a com-
bustor length of approximately 23 inches. Liquid fuel was supplied to
three heat-exchanging coils located in the region between the primary
and secondary combustion zones. The prevaporized fuel was then injected
into the combustion chamber from the upstream end of the combustor. The
combustor was designed to operate with liquid fuel at low altitudes and

sea-level operation.

The combustor was investigated at simulated high-altitude flight
conditions corresponding to operation in a 5.2-pressure-ratio engine at
a flight Mach number of 0.6 at cruise speed. Combustion efficiencies of
98, 90, and 82 percent were obtained at 56,000, 70,000, and 80,000 feet,
respectively, at a temperature-rise level of 1180° F (temperature re-
quirement at rated speed). Increasing the air flow to 69 percent above
current practice at an altitude of 56,000 feet gave a combustion effi-
ciency of 82 percent; however, the use of larger fuel atomizers and an
external fuel preheat to 150° F at this condition increased combustion
efficiency to 98 percent. Since the fuel is used as a coolant in
present-day aircraft, external fuel preheat to 150° F would be available.

The combustor pressure losses were comparable to those of current
production-model combustors. A total-pressure loss of 4 to 6 percent at
a combustor reference velocity of 80 feet per second was obtained. In-
stallation of the prevaporizing system in the combustor resulted in neg-
ligible over-all pressure loss. The combustor exhaust-temperature pro-
file followed the pattern generally desired at the turbine position.
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INTRODUCTION

Research at the NACA Lewis laboratory has shown that high-altitude
operating characteristics of an annular turbojet combustor can be im-
proved if the fuel is prevaporized (ref. 1). A quarter-sector annular
combustor was developed (ref. 2) to operate under simulated flight con-
ditions at 70,000 feet with over 92-percent combustion efficiency using
gaseous propane in lieu of liquid fuel. The investigation reported
herein was conducted to develop a combustor with vapor fuel supplied from
liquid fuel by means of a heat exchanger within the combustor. A com-
bustor similar to that of model 28I, reported in reference 2, was modi-
fied to accommodate installation of the fuel prevaporizer; suitable
changes in the primary air-entry pattern were incorporated to maintain
performance characteristics.

32351

The heat-exchanging surface of the fuel prevaporizer was designed
to vaporize most of the fuel at high-altitude conditions without heating
the fuel to temperatures that would cause a rapid decomposition of the
fuel within the prevaporizer. The prevaporizer was located near the
downstream end of the primary combustor zone to minimize any deleterious
quenching effect of cold heat-exchanger walls on combustion. At the
same time, advantage was taken of the high gas temperatures available
in this region, thus reducing the heat-transfer area and the size of
the prevaporizer required. The combustor was designed to operate with "
liquid fuel at sea level and low altitudes, with an increasing vapor
content up to a simulated altitude of 56,000 feet, at which point the
liquid fuel would be approximately 100 percent vaporized. The heat
exchanger was incorporated into a series of radial struts that served
as shields for the secondary jets. The secondary air jets were ad-
mitted through large slots that have been found desirable for control
of the outlet-temperature profile (ref. 1). The shields were located
in a region of low-velocity flow, thereby incurring laow pressure losses.

The combustor used in this investigation was a one-quarter segment
of a 25.5-inch-diameter annular turbojet installed iu a direct-connect
duct. Data are presented to compare performance at a flight Mach number
of 0.6 in a 5.2-pressure-ratio turbojet engine operating at 85 percent
rated rotor speed at 56,000, 70,000, and 80,000 feet. In addition, one
condition representing 69 percent increased air flow at 56,000 feet was
investigated. Data including combustion efficiency, outlet radial-
temperature profile, combustor pressure losses, and specific fuel con-
sumption are shown.
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APPARATUS
Installation

The combustor installation (fig. 1) was similar to that of refer-
ence 1. The combustor-inlet and -outlet ducts were connected to the lab-
oratory air supply and low-pressure exhaust systems, respectively. Air-
flow rates and combustor pressures were regulated by remote-controlled
valves located upstream and downstream of the combustor. The desired
combustor-inlet air and fuel temperatures were obtained by means of elec-
tric preheaters.

Instrumentation

Air flow was metered by a sharp-edged orifice installed according
to A.S.M.E. specifications. The liquid fuel-flow rate was metered with
a calibrated rotameter, and the vapor fuel-flow rate with a calibrated
sharp-edged orifice. Thermocouples and pressure tubes were located at
the combustor-inlet and -outlet instrument stations indicated in figure
1. The number, type, and position of these instruments at each of the
four stations are indicated in figure 2. The combustor-outlet thermo-
couples (stations 2 and 4) and pressure probes (station 3) were located
at centers of equal area in the duct. Manifolded upstream total-pressure
probes (station 1) and downstream static-pressure probes (station 3) were
connected to absolute manometers; individual downstream total- and static-
Pressure probes were connected to banks of differential manometers. The
chromel-alumel thermocouples (stations 2 and 4) were connected to a self-
balancing, recording potentiometer.

Combustors

Final configuration. - Design principles evolved in the series of
combustor modifications of references 1 and 2 were used in the present
investigation to develop the final combustor air-entry hole configura-
tion. The combustor consisted of a one-quarter segment (90°) of a single
annulus having an outside diameter of 25.5 inches, inside diameter of
10.6 inches, and a length from fuel injectors to combustor-outlet thermo-
couples (station 2) of approximately 25 inches. The maximum combustor
cross-sectional area was 105 square inches (corresponding to 420 sq in.
for the complete combustor). Five fuel atomizers (corresponding to 20
atomizers in the complete combustor) injected fuel in the downstream di-
rection from the upstream end of the combustor. Three prevaporizing
coils (corresponding to 12 coils in the complete combustor) vaporized the
liquid fuel prior to injection into the combustion zone. A three-quarter
cutaway view of the final combustor configuration with the internal fuel
prevaporizer installed is shown in figure 3. A longitudinal cross-
sectional view of the combustor is shown in figure 4.
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Development. - Combustor model 28 of reference 2 was used as the
basic combustor configuration for the investigation reported herein. As .
a first step toward incorporating prevaporizing coils into the model 28
combustor, three large slots in the inner and outer walls with radial
shields (see fig. 3) were designed to admit secondary air, to accomodate
future prevaporizing coils (not installed in this model), and to provide
adequate mixing of the secondary air and the hot primary combustion
gases. The combustor modified in this way will be referred to herein-
after as model 29. The inlet air-entry hole geometry of model 29 was
subsequently modified somewhat in order to improve the combustion effi-
ciency performance. Developmental tests of model 29 were conducted with
gaseous propane fuel. This fuel was injected downstream into the com-
bustion chamber through sharp-edged orifice-type nozzles which had pre-
viously been developed for propane injection Yxet. 3.

INad7ie

The final air-entry configuration (model 30) is shown as a developed
view in figure S(a). The ratio of the total progressive open-hole area
along the combustor length is shown in figure 5(b) for combustor model
20. Also included in figure 5(b), for reference, is the open-air dis-
tribution of the original combustor model 28. The increased primary-zone
open area of model 30 is readily apparent; for example, at a combustor
length 5 inches from the fuel manifold, 41 percent more area is opened
in model 30 than in model 28.

Fuels and Fuel System

Liquid MIL-F-5624A grade JP-4 fuel was supplied to the combustor for
most of the tests. The inspection data for this fuel are presented in
table I. The vapor fuel used for development and comparison tests was
commercial propane.

Preliminary tests were conducted in model 30 with propane fuel. The
final evaluation of combustor model 30 was conducted with the liquid—fuel
prevaporizing coils installed in the combustor as shown in figure 3. The
fuel-prevaporizing system 1is shown in figure 6. Preliminary calculations
indicated that a heat-transfer surface area of 60 square inches would be
required to vaporize the fuel required for operation at 56,000 feet,
which corresponds approximately to 6.5 percent of the maximum sea-level
fuel requirements in the reference turbojet engine. The heat-transfer
surface was incorporated into three prevaporizing coils of the type shown
in figure 6. Liquid fuel was supplied to the prevaporizing coils by
means of tubing located internally as shown in figure 6. The three
prevaporizing coils were connected in series, and the vapor fuel returned \
internally to the fuel manifold, where it was distributed to five fuel :
nozzles. The total heat-transfer surface area in model 30 was 70.7 square
inches, which included the coils and associated connecting tubing. -
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The fuel nozzles as shown in figure 6 were used during the investi-
gation of model 30 combustor. Simple sharp-edged orifices were selected
on the basis of previous performance (ref. 3), and simple swirl genera-
tors were installed to break up and distribute partially vaporized fuel.
These nozzles will be referred to hereinafter by their letter designa-
tion which will follow the model designation (e.g., model 30I). The fuel
nozzles are described in the following table:

Fuel nozzle Description

i Simple sharp-edged orifice,
7/64-in. diam.

J Simple sharp-edged orifice,
7/64-in. diam., 0.026-in.
hole through swirl generator

L Simple sharp-edged orifice,
l/8—in. diam,, simple swirl
generator

M Simple sharp-edged orifice,
5/32—in. diam., simple swirl
generator

PROCEDURE

The test conditions investigated are given in the following table:

Test Combustor- Combustor- Air-flow Simulated flight
condition | inlet total| inlet total rate per altitude in ref-
pressure, temperature, | unit area,? | erence engine at
i Jk W /A : cruise speed,
it . at§r £t
in. Hg abs °F 1b/(sec)
(sq £t)
A 5 268 2.14 56,000
B 8 268 1.14 70,000
C 5 268 .714 80,000
E 15 268 562 56,000

“Based on maximum combustor cross-sectional area of 0.73 square foot.
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The combustor was operated at three simulated flight conditionms, test
conditions A, B, and C, for a reference turbojet engine with a 5.2-
pressure ratio at a flight Mach number of 0.6. Cruise speed was taken
as 85 percent of the rated rotor speed. One additional condition, test
condition E, was selected to represent an air-flow rate 69 percent above
that required in the reference engine. At each test condition, combus-
tion efficiencies and pressure-loss data were recorded for a range of
fuel-air ratios.

Combustion efficiency was computed by the method of reference 4 as
the percentage ratio of the actual to the theoretical increase in en-
thalpy from the combustor-inlet to the combustor-outlet instrumentation
plane (stations 1 and 2). 1In preliminary tests, the arithmetic mean of
the 30 outlet thermocouple indications was used to obtain the value of
combustor-outlet enthalpy for the experimental combustor configuration.
In a number of tests, correction was made for variations in mass flow
past each thermocouple of station 2.

For most of the data presented herein, combustion efficiency was
computed using the arithmetic mean of 30 chromel-alumel thermocouples lo-
cated at station 3 (fig. 1). For these tests, the thermocouples at sta-
tion 2 and the total-pressure probes at station 3 were removed, and an
Inconel exhaust-gas mixer (fig. 7) was installed upstream of station 2 at
the exhaust end of the combustor. Gases flowing along the inner wall of
the mixer tend to be displaced toward the outer wall and vice versa; in
addition, turning is imparted by the guide vanes. An erratic temperature
profile was obtained 2 inches downstream of the mixer; however, as the
mixing length was increased to 8 inches (station 3), a uniform exhaust-
gas temperature was obtained. Since the average outlet temperature in-
dications at stations 2 and 3 were the same, it was assumed no after-
burning had taken place, and that the actual combustion performance was
not affected by the installation of the mixer.

The radial-temperature distribution at the combustor outlet, station
2, was determined for a temperature rise across the combustor of approxi-
mately 1180° F, which corresponds to the required value at 100 percent of
rated engine speed in the reference turbojet engine at altitudes above
the tropopause. The radial temperature indications were obtained from
four thermocouple rakes. The thermocouple rake at each side wall of the
combustor was not included in these average temperatures (fig. 2(b)) 5
since the side walls exert an influence on the flow pattern and tempera-
ture profile that would not be present in a complete annulus.

L22%
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RESULTS AND DISCUSSION
Performance of Model 29I Combustor

The experimental data obtained in the investigation of a one-quarter
sector prevaporizing combustor are presented in table II.

Combustion efficiency. - The combustion efficiencies obtained with
propane in model 29I combustor are presented in figure 8 for a range of
fuel-air ratios at one test condition. Combustor model 28I is included
for comparison, since it represents the highest combustion efficiencies
obtained previously with vapor (propane) fuel in a near-optimum combus-
tor unit. Curves obtained with model 29I are shown for (1) the vapori-
zer shield installed, and (2) the shields removed. The presence of the
shields appeared to aid combustion efficiency, particularly at the high
fuel-air ratios. Combustor model 29I (with the vaporizer shields) oper-
ates with efficiencies 7 to 8 percent lower than model 28I. This de-
crease in efficiency is attributed to a shift in air distribution re-
sulting from the introduction of the large secondary air slots in model
29I. Each combustor had identical primary hole patterns; however, model
29I had approximately 9.5 percent more open area in the ‘secondary zone
than model 28I. Combustion efficiency data obtained for model 29I com-
bustor (without shields) were the same at test condition C when based on
temperatures measured at station 2 or when based on temperatures measured
at station 3 with the mixer installed.

Pressure loss. - The pressure losses of combustor model 29I are
shown in figure 9. The pressure loss is presented as the ratio of the
total-pressure loss to the combustor-inlet total pressure for a range of
inlet-to-outlet gas density ratios. The installation of the shields re-
duced the pressure losses approximately 15 percent below combustor model
29I without shields (combustor reference velocity of 80 ft/sec). The
shields blocked approximately 45 percent of the annular passage; how-
ever, this blocked area was located near the end of the primary combus-
tion zone, at which position only about 30 percent of the combustion air
had been admitted. The entrance and mixing losses of the secondary air
stream were apparently reduced sufficiently by the shields to result in
reduced over-all pressure losses with the shields in place.

Performance of Model 30

Combustor model 30 was developed from model 29I by a series of de-
sign changes directed toward improving the combustion efficiency of model
29, and incorporating fuel-prevaporizing coils for use with liquid
MIL-F-5624A grade JP-4 fuel. The performance was determined at the high-
altitude test conditions A, B, C, and E with fuel injector L (l/8—in.
orifice).
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The combustion-efficiency curves are presented in figure 10 for
efficiencies computed from the indicated outlet thermocouple readings
with no correction, with correction for mass-flow distribution, and with
a mixer installed in the exhaust gas. Correcting for mass-flow distri-
bution reduced the computed combustion efficiency. Previous experience
has indicated that uneven temperature profiles generally cause erroneous-
ly high arithmetically averaged temperature readings (ref. 1). Even
though the efficiency data were reduced, the curves indicated a combus-
tion efficiency over 100 percent for several conditions. This would in-
dicate insufficient instrumentation; however, because of the physical
limitations of the exhaust section, additional instrumentation was
impractical.

The combustion efficiencies of model 30L (fig. 10) with the mixer
shown in figure 7 installed in the exhaust stream are from 7 to 13 per-
cent lower than the uncorrected efficiencies, and from 2 to 10 percent
lower than the efficiencies corrected for mass-flow distribution. With
the mixer installed, the outlet thermocouple indications at station 3
were relatively uniform; therefore, errors due to mass distribution would
be negligible. Additional data were obtained from temperature indica-
tions approximately 7 feet downstream (station 4) in the 20-inch-diameter
exhaust duct. In this length, the exhaust gas had mixed such that both
flow and temperature indications were uniform. Combustion efficiencies
were computed from thermocouple indications in the exhaust duct (water
sprays shown in fig. 1 were shut off), and allowance was made for laminar-

flow free-convection heat losses from the duct. Agreement within l% per-

cent was obtained with the efficiencies computed at station 3. It was
assumed that the efficiency measurements obtained with the exhaust-gas
mixer installed and the thermocouple indications at station 3 were re-
liable; all subsequent combustion efficiencies reported were obtained in
this manner.

Combustion-efficiency data are shown in figure 11 for three differ-
ent sets of fuel nozzles at test conditions A, B, C, and E. The three
nozzle configurations J, L, and M represent increasing fuel-orifice diam-
eters of 7/64, 1/8, and 5/32 inch, respectively. The nozzles had simple
swirl generators installed. Nozzle modification J, however, had a hole
0.026 inch in diameter axially through the swirl generator to allow a
portion of the fuel to squirt directly into the combustion zone, thus in-
creasing the fuel penetration, which has previously been found desirable
in a combustor of this type (ref. 3). These curves indicate that for a
test condition such as C (fig. 11(c)), where the total fuel flow required
is small, the smaller capacity atomizer (model J) produces the best over-
all combustion efficiency. As the fuel requirements increase (test con-
ditions A and B (figs. 11(a) and (b)), the larger capacity atomizer
(model L) produces a better over-all combustion efficiency. At high air

1.82%
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flows, such as test condition E (fig. 11(d4)), the efficiency is main-

tained uniformly high by a still larger fuel atomizer (model M). . This
trend falls within general agreement with previously reported work on

the effect of fuel-injector design (refd5).

The effect of fuel preheating external to the combustor on the com-
bustion efficiency of model 30M is presented in figure 12. The test con-
dition investigated, E, required the highest fuel-flow rates of the con-
ditions considered; hence, insufficient prevaporizing capacity of the
coils would be most apparent at this condition. It is shown (fig. 12)
that as additional heat was supplied by increasing the initial fuel tem-
perature to 150° or 190° F, combustion efficiencies were improved as much
as 8 percent at the higher fuel-air ratios. As anticipated, additional
data obtained at test conditions B and C (see table II) indicated that
either minor or no improvements were experienced with similar fuel
preheat.

The additional fuel preheat required for test condition E could be
obtained by increasing the surface area of the prevaporizer, except that
this increased capacity is not considered to be required for test condi-
tions A, B, and C. Fuel in present-day aircraft is used as a coolant in
the oil-cooler heat exchanger. If advantage is taken of this initial
temperature rise in the fuel, the prevaporizing coils in this combustor
would be of adequate capacity to supply the vapor fuel required to main-
tain high combustion efficiencies for fuel flows 69 percent higher (test
condition E) than those in current practice.

The heat-exchanging coils used during the investigation accumulated
approximately 50 hours of running. No difficulty was experienced with
internal deposits during this time. Fuel-manifold pressure drop was ap-
proximately the same at the beginning and the end of the investigation.
Additional development would be required, however, to determine the re-
liability of the heat-exchanger design used.

Performance of Best Combustor Configuration

Combustion efficiencies. - Comparison of combustion efficiencies ob-
tained with combustor model 30I using propane fuel and model 30 with var-
ious fuel nozzles and JP-4 fuel are presented in figure 13. The best
nozzle configuration investigated for propane fuel (model I from ref. 3)
and combustor model 30 with shields installed at the prevaporizer station
were used in obtaining the propane data. The best combustion-efficiency
data for JP-4 fuel operation of model 30 at test conditions A, B, C, and
E were selected, regardless of injector design, from figures 11 and 12.
Comparison of the propane and JP-4 fuel curves indicate (l) since maximum
efficiencies were obtained by varying the nozzle size with air flow, a
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variable-area nozzle would be desirable for JP-4 fuel operation and (2)
vaporized JP-4 operation is comparable with propane (100-percent vapor
fuel) operation.

Figure 14 presents the correlation of the combustion-efficiency data
of the prevaporizing combustor models 30J, 30L, and 30M with the combus-
tion parameter Vr/PiTi (ref. 6), where Vr is the combustor reference

velocity based on the maximum cross-sectional area; Py is the inlet
total pressure, and T; 1is the inlet-air temperature. The values of

combustion efficiency were obtained from the efficiency curves of fig-
ures 10 and 11 at a temperature-rise level of 1180° F (required temper-
ature rise for rated speed). The combustion efficiencies obtained with
propane fuel in model 28I (ref. 2) are included for comparison. At a
combustor reference velocity of 80 feet per second (test conditions A to
C at combustion efficiencies of 98, 90, and 82 percent, respectively),
model 30L (l/B-in. orifice) operated within 2 percent of model 28I. At
a combustor reference velocity of 140 feet per second (test condition
E), the efficiency was 82 percent with model 30L; however, this effi-
ciency was increased to 98 percent with model 30M (5/32-in. orifice) and
an external fuel preheat temperature of 150° F. Combustor models 30J
and 30M operated at lower efficiencies than model 30L at the basic com-
bustor reference velocity of 80 feet per second.

Temperature profile without mixer. - The outlet-radial-temperature
profile of combustor model 30 and the desired temperature profile are
shown in figure 15. The desired temperature profile represents an ap-
proximate average of those profiles required or desired in various turbo-
jet engines. The isothermal temperature-contour patterns obtained at the
combustor-exhaust section at test condition A are shown in figure 16.
These patterns were obtained for model 30L combustor configuration and
were recorded for an average indicated outlet temperature of approximately
1450 F. The prevaporizing coil shields and the fuel atomizer locations
are indicated in figure 16, for they should be expected to influence the
temperature profiles. The outlet-temperature profiles and contour pat-
terns do not indicate wide variations in outlet temperature that were
assumed responsible for the abnormally high combustion efficiencies ob-
tained in earlier tests at these conditions (fig. 10). However, more
complete instrumentation of the exhaust gas may reveal strong temperature
gradients or mass-flow variations to which the abnormally high combustion
efficiencies may be attributed.

Pressure losses. - The combustor pressure losses of the model 30
combustor are shown in figure 17. In figure 17(a), the pressure losses
are plotted as a ratio of the total-pressure loss to the reference dy-
namic pressure. The pressure losses of model 28I (ref. 2) are included
for comparison. The development of an internal fuel-prevaporizing system
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from the vapor fuel combustor model 28I did not necessitate an increase
in pressure loss. No attempt was made to decrease the pressure losses

in this program other than by the initial choice of a low-pressure-loss
configuration. In figure 17(b), the pressure losses are presented as the
ratio of total-pressure loss to combustor-inlet total pressure. Pressure
losses from 4 to 6 percent at a combustor reference velocity of 79 feet
per second are obtained for the model 30 combustor, which compare favor-
ably with current production model combustors. At the higher air-flow
rate (condition E), pressure losses range from 11 to 14 percent of the
total pressure at a combustor reference velocity of 140 feet per second.

Effect on specific fuel consumption. - Figure 18 presents a compar-
ison of the ratio of actual to ideal specific fuel consumption for com-
bustor model 30M and for a current turbojet combustor. The specific-fuel-
consumption ratio was computed, assuming for the ideal case: (1) 100 per-
cent combustion efficiency, and (2) no pressure loss. The specific fuel
consumption for simulated flight operation was computed using the cycle-
efficiency method described in reference 7. Basic assumptions are listed
as follows:

Ambient temperature, °R o e Tt el el e e Ryt A ] ASUEY ) LR SIS0 PR
TR AL DT E o S lie LI H S R e e R R ]
@eomprescortefficiency,y percent « .. o LECEEL DL ED L s o TONS
BERIISerRrecovery TACLOr, Percenb. < el i GRS Le e S50
inEgineler ficileney, \Percenits ta o o o ohualiic SSRGS Ll e 9000
e lc e OCERICHCRL o el ok o e 5 o o e RS RS R S e 05 6
Turbine-inlet temperature, °R SRR TR . . . . 2010
L aladans Abisyeloy Seipiilorsisi o LRSSt G SRR I S S S S S 0.6

The data point at a combustor reference velocity of 106 feet per second
was obtained from unpublished data. Since trends toward higher flight
speeds result in higher air-flow rates per unit combustor frontal area,
the fuel-consumption ratio is plotted against reference velocity. As
shown in figure 18, model 30M combustor would operate with a specific-
fuel-consumption ratio of 1.057 at an altitude of 56,000 feet and a com-
bustor reference velocity of 80 feet per second, whereas the reference
turbojet engine requires a specific-fuel-consumption ratio of 1.242 to
produce an equivalent thrust at these conditions. The vaporizing com-
bustor will operate over a comparatively wide range of inlet velocities;
however, the reference turbojet engine operates over a range of combustor
reference velocities limited at 90 feet per second.

SUMMARY OF RESULTS

The application of an internal fuel prevaporizing system to a tur-
bojet combustor previously developed for vapor-fuel operation was in-
vestigated. The following results were obtained with the prevaporizing
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combustor design for simulated high-altitude flight in a 5.2-pressure-
ratio engine at a flight Mach number of 0.6:

1. The best prevaporizing combustor, model 30L, operated with com-
bustion efficiencies of 98, 90, and 82 percent at 56,000, 70,000, and
80,000 feet, respectively, at a temperature rise of 1180° F and a com-
bustor reference velocity of 80 feet per second.

2. Combustor model 30L, at an air-flow rate 69 percent above cur-
rent practice and altitude of 56,000 feet, gave a combustion efficiency
of 82 percent for a temperature rise of 1180° F; however, the use of
larger fuel atomizers (model 30M) and external fuel preheat to 150° F at
this condition increased combustion efficiency to 98 percent. At the
lowest air-flow rates (an altitude of 80,000 ft), combustion efficiency
could be improved, particularly at the lean fuel-air ratios, by a small-
er atomizer (model J).

3. Installation of radial shields to house the fuel preheating coils
resulted in a small decrease in combustor total-pressure loss. The pres-
sure losses of the final prevaporizing combustor were approximately the
same (4 to 6 percent at the inlet air velocity of 80 ft/sec) as those of
the best combustor designed previously for operation with propane fuel.

4. The combustor-outlet temperature profile was generally satisfac-
tory for the final combustor design.

CONCLUDING REMARKS

Present information indicates that a variable-area nozzle would be
desirable over the range of operation investigated for this combustor;
however, the combustor would operate at high efficiencies with a fixed-
area nozzle at reference velocities of 80 feet per second. Low altitudes
and sea-level operating conditions have not been investigated. The com-
bustor was designed to operate as a liquid-fuel-injection combustor in
this region; sufficient fuel would flow through the heat-exchanging coils
to keep them intact. Additional work would be required to determine the
reliability of the heat-exchanger design used in this investigation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 19, 1954
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TABLE I. - FUEL ANALYSIS

Fuel properties

MIL-F-5624A grade JP-4

A.S.T.M. distillation
D86-46, °F
Initial boiling point
Percentage evaporated
5
10
20
30
40
50
60
70
80
90
Final boiling point
Residue, percent
Loss, percent
Aromatics
A.5.T.M. D-875-46T,
percent by volume
Silica gel, percent
by volume

Specific gravity

Viscosity, centistokes
at 100° F

Reid vapor pressure,
lb/sq in.

Hydrogen-carbon ratio

Net heat of combustion

136

AU
200
225
244
263
278
301
324
347
400

498

8.5

LOR/

0] 5/

0.762

2.9

0176

18,700

1528
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TABLE II. - COMBUSTOR TEST DATA

(E;mbuator— Combustor-| Alr- Air-flow rate | Combustor|Fuel-|Fuel- |Mean Mean Combus-|Inlet |Fuel Fuel Total Combustion
inlet inlet flow per unit area,| reference|flow |alr combus-| temper- |tion fuel temper- manifold pres- parameter,
total total rate, wa/Ar, velocity,|rate,|ratio, |tor- ature effi- temper~| ature pressure, sure Vr/P1T1'
pressure, | temper- Wa, 1b Vp, Wes L outlet |rise ciency, |ature, |after lb/(sq in.)| drop £, 1b;
Py, ature, 1b/sec Tsec)(sq £t) ft/sec 1b/nr temper-| through Nos Teq preva- gage through sec, °R
in. Hg Ty, ature, |combus- percent OF porizing, combus-| ynits
Or To» tor, Teys tor,
°R AT, OF AP,
op in. Hg
Model 291I; propane
5.0 733 0.524 0.718 | w==-- 17.0|0.0090| 1280 547 78.4 -- -——- e
4.97 732 .521 .714 80.9 23.1| .0123| 1440 708 75-9 -- -—- 320
5.0 730 .523 1T 25.9| .0137| 1550 820 79.5 -- - =c=
5.0 721 .522 115 29.4| .0156| 1650 934 80.3 -- -—- =
5.0 724 521 714 | ~=--- 32:.2| .0172| 1770 996 78.6 -- -— -
5.0 726 .520 713 | em=m- 39.4| .0210| 1840 1114 73.2 == -—= = e e
5.01 726 .520 32 79.4 3 1850 1124 64.8 -- -—— - 33 314
15.1 722 2.66 3.65 139.6 —— ———— | === - -—— - 1.80 1971
15.0 732 2.64 3.6l | ----- 64.7| .0068| 1195 463 86.8 = = = ——— ==
15.1 720 2.63 3.61 | =-=-- 81.1| .0086| 1325 605 91.4 == == = === ———
15.2 726 2.67 3.66 139.4 94.3| .0098| 1450 724 96.3 - —-——— = 2.53 188
150 718 2.66 3.65 | ----- 107.0{ .0112; 1560 846 99.2 - == - ——— -—
15.0 729 2.66 3.64 | ==-—- 133.0| 0139 1770 1039 101.0 - -— - ———- ==
15.3 726 2.65 3.64 138.2 157.0| .0165| 1915 1189 98.7 - -— - 2.84 186
15.0 728 2.65 3.64 | -=--- 170.0| .0178| 1980 1252 96.9 == —— - == ===
15.0 720 2.64 3.62 | -==-- 191.0| .0201| 2070 1350 93.6 - — - ——— -——
Model 29I; propane; without shields
5.1 729 0.529 0.724 19.2|0.0101 | 1330 601 77.5 - ——= - 0.30 310
5.0 720 <532 .728 22.9| .0120| 1420 700 76,9 -- -— - ———— -—=
q27 .532 +728 26.1| .0137| 1515 788 161 - -— - ——— -—-
123 .533 .730 33.0| .0172| 1630 907 T == -—— - ——— -—=
722, .527 .722 41.0| .0216| 1670 948 60.2 -- -—- -———- ——— -——-
728 .526 721 80.8 48.3 0255 | 1630 902 49.0 -- -—— - .38 319
15.2 728 2.65 3.64 138.7 | -====|==~--- ——— ———— | m=——— - -—- - 2.19 187
15.1 718 2.65 3.64 138.1 1355 0077 | 1270 552 92.2 - -——- - 2.46 190
15.0 726 2.65 3.62 @ | -==-- 88.0 0092 | 1395 669 94.1 - -—- - -——— -
726 2.64 3.62 | --=-- 103.0| .0108| 1525 799 97.1 -- -—— ——— -——— -——-
27 2.64 3.62 —-—— 118.0| .0124 | 1630 913 97.9 -- -—= ———— — -
718 2.65 3.63 ———- 139.0( .0146| 1760 1042 96.4 -- - - -——- -
127 2.65 3.63 140.3 165.0| .0174| 1870 1143 90.1 - === 2.82 92
726 2.65 3.63 | -===- 199.0| .0209| 1910 1184 78.5 - -——= ——— —-—— -——
Model 29I; propane; without shields; mixer
5.0 718 0.521 0.713 17.2(0.0092| 1280 562 79.0 -— -—- ———- ——— -—-
5.3 724 .521 S 25.2| .0134| 1480 756 74.6 -- -—= ———= 0.44 273
5.0 720 .521 AL 29.2{ .0156| 1590 870 74.9 - -——- ——— -——— -—
5.0 728 .519 AT 33.1| .0177| 1660 932 TR - -—- ———- —— -—
5.0 728 .519 o7 40.7/ .0218) 1740 1012 64.0 - - —-——— —_—— -
5.1 718 .520 A3 48.6| .0259| 1680 962 81.5 == -— —-—— +59 306
15.0 722 2.64 3.61 69.0| .0073| 1240 518 91.2 - -——— ——— -———— —-_—
15.2 722 2.63 3.60 82.9| .0088 | 1360 638 94 .4 -— S -—- 3.89 167
15.0 725 2.66 3.65 102.0| .0107 | 1485 760 93.3 - -—— -——— ——— -—
723 2.65 3.63 122.0| .0128| 1610 887 92.0 - -——- ———- ——— -—
720 2.64 3.62 131.3| .0138| 1665 945 915 - -—— ——— ——— -——
15.3 724 2.63 3.61 150.0| .0158| 1770 1046 90.0 - -— ———— -———— —-—
15.9 16234 2.64 3.62 176.0| ..0185 L}900 1173 87.3 e= 5.34 154
t * LS .
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30L; JP-4

15.0 729 2.64 3.63 140.0 ——— | == — — 1.63 192
15.0 731 2.01 2.74 105.0 £as == s Sl 139
8.0 734 .84 1.15 81.5 kol o = .33 200

5.0 729 .52 7l 79.5 =15 = s .20 291

15.0 728 1.56 2.14 80.0 SR e EL R = g .51 107
15.0 730 2.60 3.57 1270 540 80 458 s e
734 2.60 3.57 1370 636 80 465 1.85 189

716 2.61 3.50 1460 744 82 446 S —

724 1610 886 418 s e

724 1715 991 396 ——— .

e R e R 1790 | 1065 392 cos

726 138.0 1870 | 1144 84 384 185

5.0 728 .533 732 ——— 1355 627 82 500 3.0 ok

732 .527 724 79.9 1435 703 4.5 294

734 .526 SR (SR 1610 876 6.5 es it

736 .527 ST2d [RE == 1690 954 9.0 —— .

736 .526 725 I I 1800 | 1064 88 11.0 -

728 .526 .723 78.7 1925 | 1197 90 13.0 293

724 .525 72 TS| R 1975 | 1251 93 485 15.5 -

8.0 729 .830 6t TN R A 1300 571 93.7 93 500 6.0 —— == ==

736 829 1.14 1410 674 95.6 94 9.0 e 198

723 831 1.14 1560 837 99.7 95 13.0 —

720 831 1.14 1670 950 | 100.1 96 19.0 ==t —

724 827 1.5 1770 | 1046 | 101.2 96 18.0 —— o=

728 823 9 1900 | 1172 | 100.2 99 22.0 .40 197

725 .830 b SRS 2020 | 1295 | 102.1 99 24.0 e S

15.0 728 1.56 2.14 1285 457 [104.0 | 74 15.0 ———c -
726 1.57 2.16 1410 684 | 108.0 78 20.0 .68 108

728 1.56 2.14 1500 772 108.7 81 23.0 — 2es

1.56 1670 942 113.7 82 33.0 === ——

AT R S e T 1780 (1052 |109.3 | 83 35.0 -

730 1.56 79.5 1900 | 1170 | 108.1 83 40.0 107

731 1.55 Ciorl R | s 2060 | 1329 |105.8 | 81 470 42.0 S

5.0 725 .527 . 724 82.4 1410 685 80.7 | 81 500 2.7 234

720 .527 Sy v R 1580 860 86.4 83 500 5.0 S

723 529 726 1665 942 85.5 83 499 8.0 Sors

728 .531 728 1820 | 1092 86.1 88 495 10.7 s

727 .526 .723 1885 | 1158 81.0 | 90 490 11.5 293

724 .530 127 1920 | 1196 76.9 92 490 14.7 S S

723 .528 726 1910 | 1187 79.2 | 94 430 13.2 = Lo

15.0 721 1.57 2.16 1310 588 |105.9 | 92 S00 19.0 —- =t
726 1.56 2.14 1440 714 109.8 | 94 430 24.0 S o

726 1.56 1560 834 114.0 | 96 440 30.0 . 107

725 1.56 1710 985 |113.0 420 36.0 s—os .

725 1.56 1820 [ 1095 [111.5 410 40.0 e e

724 1.58 2.17 1890 | 1166 109.7 410 40.0 = s

724 1.59 2.18 2050 | 1324 |108.8 400 45.0 . cois
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TABLE II. - Concluded. COMBUSTOR TEST DATA
R
Combustor- [Combustor-| Alr- Ar-flow rate | Combustor|Fuel-|Fuel- |Mean Mean Combus-|{Inlet [Fuel Fuel Total Combustion
inlet inlet flow per unit area,|reference flow |air combus - | temper- |tion fuel temper- manifold pres- parameter,
total total rate, Wa/Ap, velocity,|rate,| ratio, | tor- ature |effi- |temper-|ature pressure, sure Vp/PiTi'
pressure, |temper- Wos 1b Vps We, £ outlet |rise ciency, |ature, |after 1b/(sq in.)|drop £t, 1b,
Py, ature, 1b/sec Tsec)(sq £t) | ft/sec 1b/hr temper- |through| Ty, Tpy, |preva- gage through| gec, °R
in. Hg Ty, ature, |combus-|percent| OF porizing, combus-| ynits
Or To» tor, Teys tor,
or AT, Op AP,
op in. Hg
Model 30L; JP-4; mixer
15.0 718 2.63 3.61 86.8|0.0092 1370 652 97.8 74 456 34.0 -——— -—
722 2.64 3.62 99.9| .0105 1450 728 100.0 79 444 40.0 -———— -—
716 2.66 3.66 117.0| .0123 1555 839 96.0 86 408 45.0 -———
715 2.65 3.64 142.0( .0149 1680 965 92.0 79 403 50.0 -—
151 7315 2.64 3. 62 179.0| .0188 1790 1075 82.5 T 396 50.0 -—
15.0 720 '1.58 2217 50.0| .0088 1380 660 102.0 76 510 20.0 -—-
122 1.56 2.14 55.0( .0098 1445 7235 100.1 82 510 24.0 -—
730 1.55 2.14 63.7| .0114 1550 820 101.0 85 500 30.0 -———
720 1.57 2.15 79.0| .0140 1705 985 99.5 86 500 40.0 -—
728 1.57 2.15 85.8| .0152 1770 1042 98.3 86 500 39.0 -——
724 1.55 2.14 106.5( .0190 2000 1276 98.5 86 464 40.0 -—-
8.0 726 .838 1.16 23.9| .0079 1225 499 86.0 81 525 3.5 -——-
113 .836 1.15 33.2| .0110 1425 2 89.4 81 10.0 -—
720 .837 1.15 39.7| .0132 1570 850 90.7 83 16.0 -——-
728 .765 1.05 47.8| .0174 1820 1092 90.8 20.0 —_—— -—
730 .836 1.15 59.3| 0197 1925 1195 88.6 22.0 —_—— -—
15.0 736 1.57 2.16 54.7( .0097 1410 664 97.3 73 520 21.0 -———- -
730 1.56 2.14 63.5 .0113 1530 800 98.8 83 520 30.0 —_—— -——
730 1.56 77.0]" 0137 1680 950 98.8 82 520 33.0 ——— -—-
732 RSN T | L [ == 84.5| .0150 1760 1028 97.8 84 500 40.0 -———- -
732 1.56 99.0| .0176 1925 1193 98.5 82 480 40.0 -—— -——
5.0 724 523 .720 30.0| .0159 1505 781 69.3 80 529 6.5 —_—— -——
723 5518 .712 33.6| .0180 1760 1037 81.9 81 525 10.0 ——— -—
726 523 2720, 37.8| .0201 1865 1139 82.6 83 525 10.0 -—— -—
728 2523 720 | === 41.3| .0225 1975 1247 80.1 86 510 12.0 —_—— -—
Model 30J; JP-4; mixer
8.0 732 0.835 1.145 33.0(0.0110 1400 668 85.8 78 500+ 18.0 —_—— -—-
736 .835 1.145 40.0| .0133 1530 794 85.3 80 25.0 —_—— -——-
732 .835 1.145 40.8| .0136 1530 798 85.0 86 25.0 -—— -——
733 .808 alealal 45.4( .0156 1660 927 88.0 88 30.0 -—— -—
752 .835 1.145 53.0| .0177 1775 1043 85.8 92 35.0 -—— -———
132 .828 lgalct Al o 65.9( .0221 1920 1188 79.3 93 40.0 ——— -——-
732 .835 1145 e e o 34.8| .0115 1360 628 76.0 133 25.0 -———— -—-
133 .835 Al ZHSE ] e X 41.0| .0136 1545 812 85.0 123 31.0 —— -—=
735 .827 TS | = == 46.0| .0153 1675 940 89.0 136 37.0 -—— -—
735 .828 1dd e 51 .7 | <0175 1780 1045 89.0 154 43.0 -——— -——-
133 .835 1L, A45 = a = 61.6| .0210 1980 1147 89.0 156 48.0 ——— -—-
5.0 734 .528 .74 24.4| .0130 1430 696 78.0 108 14.0 -——— -—
736 .525 ol 30.8| .0165 1640 904 80.0 104 22.0 -—-
734 525 (2 350 | V0191 1795 1061 83.0 103 27.0 -—
736 .525 72 42.7| .0230 1960 1236 82.0 103 30.0 -——-
15.0 724 2.64 3.65 78.8| .0083 1260 536 90.0 85 426 40.0 -
726 2.64 3.63 131.0) .0138 1570 844 86.0 89 403 55.0 -—
724 2.64 3.63 174.0| .0183 1840 1116 90.0 89 385 50.0 -——— -——
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Model 30M; JP-4; mixer
15.0 724 2.65 3.64 73.3(0.0077 [ 1250 526 93.7 78 441 -— EE
728 2.64 3.63 88.0| .0093 | 1345 617 92.3 80 445 g
724 2.65 3.64 104.2| .0109 | 1460 736 94,3 81 426 - =
15.1 732 2.64 3.63 124.2| .0131 | 1580 848 92.3 80 405 === ﬁg
1552 722 2.63 3.61 161.2| .0171 | 1790 1068 90.5 79 385 -— 5
15.0 729 1.57 2.16 50.0| .0088 | 1350 621 97.3 92 500+ - N
728 1.57 2.16 66.5| .0118 | 1535 807 96.7 92 500+ - =
727 1.57 2.16 90.0| .0160 | 1800 1073 97.0 92 500 -—
8.0 720 .845 1.16 32.0| .0104 | 1340 620 82.8 75 500+ -
736 .835 115 37.5| .0125 | 1490 754 85.0 77 -
732 .835 115 42.7| .0142 | 1580 848 85.0 81 -—-
724 .840 1505 53.5( .0175 | 1785 1061 87.7 84 -
730 .834 1.15 62.0| .0206 | 1920 1190 85.1 85 -
5.0 723 521 e 23.0| .0123 | 1360 637 72.5 87 -
728 .520 Sl 30.0| .0160 | 1545 818 72.7 86 m==
730 .520 7 34.5| .0185 | 1670 940 752 86 s
728 .520 71 41.8| .0223 | 1850 1122 74.0 87 -—
15.0 730 2.64 3.63 73.7| .0078 | 1275 545 96.5 150 475 -—
722 2.64 3.63 87.8| .0093 | 1340 618 92.5 150 476 -—
728 2.64 3.63 105.0| .0111 | 1460 732 92.5 144 469 -—
15.2 722 2.62 3.60 160.5| .0170 | 1870 1148 98.5 150 405 -—-
15.4 721 2.64 3.63 185.6| .0196 | 2040 1219 99.4 150 397 -—-
15.0 728 2.64 3.63 74.0| .0078 | 1260 532 93.5 193 500 -
15.0 720 2.64 3.63 103.7| .0109 | 1450 730 93.5 196 487 -—
1551 726 2.64 3.63 131.6| .0138 | 1640 914 94.0 185 433 -
15.3 728 2.63 3.61 161.7| .0170 | 1850 1122 95.8 186 415 -—
5.0 723 .515 1 22.8| .0123 | 1335 612 69.2 142 500+ -—
728 .515 i 34.0( .0183 | 1665 937 73.8 132 -—
730 .520 oy 42.0| .0225 | 1860 1130 74:5 151 -
Model 30I; propane; mixer
5.0 730 0.521 0.72 18.7/0.0100 | 1365 635 82.6 — ——c e
723 50T 22.8| .0122 | 1500 97 84.3 -— = S
725 .525 27.5| .0145 | 1640 915 84.3 — —— o
723 31.7 | .0168 | 1760 1037 84.1 . —2= s
723 36.7| .0194 | 1865 1142 81.3 e oo A
722 41.3 | .0218 | 2010 1288 82.5 st i =t
8.0 740 .836 1.15 30.7 | .0100 | 1400 660 88.9 Lo = - o5
748 .838 34.6( .0115 | 1500 752 90.0 - s s
714 .836 39.2| .0130 | 1600 886 90.6 e e e
715 .836 48.6 | .0161 | 1810 1095 92.0 mee B =
717 .836 53.3 | .0177 | 1900 1183 91.5 o= == DO
15.0 728 1.57 - 63.8 | .0113 | 1580 852 99.0 =— ges S
730 1.56 ———— 75.9 | .0135 | 1730 1000 99.0 == ey e
729 1.56 ——— 85.0 | .0151 | 1830 1101 98.9 == == =
728 1.56 ———— 98.9 | .0176 | 1985 1257 98.7 = e o
731 2.64 3.63 78.0 | .0082 | 1335 604 97.8 e — Saii e g By )
740 91.3 | .0096 | 1460 720 97.8 = LIy S b B 32
729 104.0 | .0110 | 1540 811 98.3 e I oELn —— =
726 118.0 | .0124 | 1660 934 99.6 TS — = A Pl
728 133.0 | .0140 | 1760 1032 99.4 = £ i S —
e C I | R | R 147.0 | .0155 | 1840 1118 98.5 —— == — —— -—
15.1 728 .0168 | 1905 1177 98.0 -— -— ——— ——— -— —~
15.2 732 .0177 | 2000 1268 98.3 = e o crozis o ©




Vent
Plenum
chamber Water sprays
{;N Explosion
Station A
iomeStOT Observation
ousing window

Fuel-injection
section

S oo o
RO TP

Altitude
exhaust

control ‘:
P

Electric
air
heater

Air-metering
orifice

Combustion
air

‘ Air-temperature Air-regulating Chs 528l

regulation valves

J Figure 1. - Installation of one-quarter sector of 25%—inch-diameter annular combustor.
(Dimensions are in inches.)
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(gg ?nleﬁ th?rmo§9up%es él?oi—zogsta?tan (b) Outlet thermocouples (chromel-alumel bare-
pEsS VTS g 19n i o'a = wire junction) in plane at station 2.
pressure probes in plane at station 1.

(c) Outlet total-pressure probes in plane

at station 3; replaced by chromel-alumel
thermocouples when mixer was installed.

® Thermocouple

CD-3159
0 Total-pressure probe

(d) Outlet thermocouples (chromel-alumel
JdL Static-pressure tap sealed junction) in plane at station 4.

Figure 2. Experimental combustor instrumentation.
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To prevaporizer no. 2

Spark plu 123
8.5
Fuel manifold 55—
Fuel N
l Natomize S
I - «:—/Q(:!y. .-’
I \t‘{‘:‘ 1235
i et
Air flow |~ R
l Radiation H//
' shield — | il
J 2579 12°8
5 /
11.5
.ﬂ Cooling f
louver
: 5.9]] 975 5.3
i JJ L
22se (5
CD-3781
Figure 4. - Longitudinal cross-sectional view of annular prevaporizing combustor

model 30. (Dimensions are in inches.)
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CD-

(a) Air-entry hole patterm.

Figure 5. - Annular prevaporizing combustor model 30 air-entry configurations.
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Ratlo of hole area upstream of station x to total hole area,

4r

Atotal

oo

Model // 7 1

.8 30

>

———— 28 (ref. 1) ///
/

k e

[ =~

=TT

0 2 4 6 8 10 12 14 16 18 20
Distance from upstream end of liner, x, in.

(b) Comparison of air-entry open-hole area distribution of model 30 with model 28.

Figure 5. - Concluded. Annular prevaporizing combustor model 30 air-entry configurations.
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Jet shield

Liquid fuel

A

Curved plate to provide metal-to-
metal contact of prevaporizer tubes
to jet shield.

’ Nozzle model Orifice diameter, d
é}hy .031 tubing o ‘M;:': / Ty E%?
{% by L _é—
M 3
CD-3T7T79
Figure 6. - Fuel prevaporizing system in combustor model 30. (Dimensions

are in inches.)
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Combustion efficiency, percent

30
80 | [e] JET\
ﬂ\\
70 \\
Model \\D
60 o 291
O 29I, shields removed
———— 28T (ref. 2)
50
.208 .010 012 .014 .016 .018 .020 +022 .024 .026

Fuel-air ratio

Figure 8. - Comparison of model 291 comwbustor with and without shields, and model 28I combustor at test condi-
tion C; propane fuel operation.
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aly e condition model
r94 3 //
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g IS 12 T a c 291
ald N A E 29I, shields removed
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| 04+
3%
el
e 8
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313 e I
| ala © —
g8 e O |
—/ ____-—
DI // sl
4
0
1.0 d=2 1.4 1.6 1.8 2.0 AA 2.4 2.6 2.8

Inlet-to-outlet density ratio

Figure 9. - Pressure losses of model 29I combustor.
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Combustion efficiency, percent
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I I I I I
0 Indicated
O Mass welghted o
A Mixer in exhaust
v Duplicate data; mixer in exhaust
115
——0]
—O"] -\+
105 e a ~0
A
~
v T — v
i Tﬁﬁ \J\Lﬁ
95
() Test condition A.
110
100 O =
/‘ it O
/Df 7
90 o ———
/
80 —
.008 010 SOl:2 .014 .0186 .018 .020

Fuel-air ratio

(b) Test condition B.

Figure 10. - Combustion efficiencies of prevaporizing combustor model 30L

with liquid MIL-F-5624A grade JP-4 fuel.
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E (c) Test condition C.
‘2 110 2l l T
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RS ] 0 Indicated
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2 I | \\\\\\ A Mixer in exhaust
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< Qo - >
| b | & _K\ \\
| | o Mo
! S — ‘\\\\\\\
N
90— \
008 - =i 0fgd | 012 | L6le, .016 .018 .020 .022 .024 .026

Fuel-air ratio
(d) Test condition E.

Figure 10. - Concluded. Combustion efficiencies of prevaporizing combustor model 30L with liquid MIL-F-5624A
grade JP-4 fuel.
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Combustion efficiency, percent

110 T T T T T
Nozzle configuration
o M
o J
-_———— L (fig. 10)
100 e —
o “*\\\'
90
(a) Test condition A.
100
90 e s e e
”—_‘-’ \\\
_— o O e
- e
oy - U‘—-/ ﬂ—_\i\j\r
80 N
70
.008 .010 2012 .014 .016 .018 .020 L022 .024
Fuel-air ratio
(b) Test condition B.
Figure 11. - Combustion efficiencies of prevaporizing combustor mcdel 30 for various nozzle

configurations with liquid MTL-F-5624A grade JP-4 fuel.
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Figure 12. - Combustion efficlencies of prevaporizing combustor model 30M at test con-

dition E; operation with externally preheated MIL-F-5624A grade JP-4 and mixer in
exhaust.
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Combustion efficlency, percent

Test condition Fuel
o A Propane
=] B Propane
A c Propane
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Flgure 13. - Comparison of combustor model 30 with vapor fuel (propane) and vaporized MIL-F-5624A
grade JP-4 fuel operation with various fuel nozzles. Mixer installed in the exhsust.
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Combustion efficiency, percent
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Combustor model
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Figure 14. - Correlation of combustion efficiency data of model 30 combustor

and comparison with model 28I combustor with combustion parameter Vr/piTi
at a temperature-rise level through the combustor of 1180° F with MIL-F-
5624A grade JP-4 fuel. (Values of Vf/piTi are obtained at combustor ref -
erence velocity of 80 ft/sec, except at Vr/PiTi = l70x10'6, which repre-
gents a combustor reference velocity of 140 ft/sec.)
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Figure 15. - Prevaporizing combustor model 30L outlet-radial-temperature
profiles.
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Figure 16. - Isothermal contour patterns at combustor outlet of experimental pre-
C vaporizing combustor model 30L. Test condition A; average temperature, 1439° F.
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Flgure 18. - Estimated specific fuel consumption increase due to combus-

tion efficiency and pressure loss. Combustor pressure, 15 Inches of

mercury absolute; inlet temperature, 268° F.
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