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EFFECT OF FUELS AND FUEL-NOZZLE CHARACTERISTICS OK PERFORMANCE
OF AN ARNULAR COMBUSTOR AT SIMULATED ALTITUDE CORDITIORS

By Richard J. McCafferty

SUMMARY

As part of a progrem to study the effecta of fuel volatility,
fuel composition,and fuel-injection-nozzle characteristics on the
combustion performance of turbojet-englne combustors, an investl-
gation was made with an annular combustlion chamber operating under
conditions simlating zero-ram operation of a turbojet engine at
various altitudes and engine rotor speeds. The six fuels investi-
gated included hydrocarbons of the parsffinic and aromatic classes
having a boiling range from 104° to 664° F. They were lscheptanes,
AR-F-28, AN-F-32, Diesel o0ll, benzene, and & high bolling aromatic
(solvent 4). The fuel-in,jection nozzles investigated had capacities
of 2.0, 3.0, 7.5, 10.5, and 17.5 gallons per hour. Investigatlons
were ma.de wherein the combustor-inlet-air conditions were each
altered independently from conditions near the altitude ceilings.

A low-boiling-temperature fuel of either the aromatic or
paraffinic classes gave higher altitude operational limits at low
engine rotor speeds whereas & high-boiling-temperature fuel gave
higher operational limits at high engine rotor speeds. Combustion
efficlencies at various altitudes at constant engine rotor speeds
indicated that the low-bolling-temperature fuels of both classes
gave higher combustion efficiencles throughout the range of opera-
tional altitudes except near the altitude operational limits of
these fuels,

The lower-boiling-temperature paraffinlc fuels produced lower
values of maximum obtainable temperature rise at severe operating
conditions than did the hi gher boiling paraffinic fuels, dut for
fuel-air ratios below the point where these maximum values ocourred

the low-bolling-temperature paraffinic fuels gave better combustion
sff iclencies.

A reduction in fuel-nozzle size resulted in increased combustion

efficiency of the two fuels, AN-F-28 and Diesel oil, at low heat-
input or temperature-rise wvalues dut produced lower temperature-rise
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limites. Performance was better with t he larger nozzles at high tenper-
ature-rise ranges. |n general, an optimum fuel-pressure differential
(best nozzl e capacity for 8 given tenperature rise) exists for AN-F-28
or Diesel-oil.fuel that provides 8 wide operating range of tenperature
rise at relatively good efficlencies for the sets of altitude operating
condi ti ona investigated.

INTRODUCTION

A programto investigate the effects of fuel volatility and
hydrocarbon type on turbojet engine performeance and t 0 obtain data
for devising an adequate method of rating fuels for any turbojet
combustor type has been initiated at the NACA Cleveland laboratory.
In the first phase of this investigation (reference 1), results
obtained with a full-scale turbojet engi ne operating.at sea-level
static conditions indicated that neither fuel volatility nor hydro-
carbon type had any appreciable effect on the combuastion efficlency
or thrust of the engine. However, 8 further investigation (refer-
ence 2) revealed differences in rel ative conbustion eff iciency among
fuel s operating in 8 single conbustor at an altitude of 45,000 feet
and i ndi cat ed that combustion efficiency decreased with an increase
in fuel boiling point end was rel atively unaffected by difference
i n hydrocarbon type, except that aromatic fuels exhibited slightly
| ower efficiencles than the ot her classes. The investigation of
reference 2 was nade with a constant-area fuel-injection nozzle
with the result that the fuel-spray characteristics changed with
fuel type and with operating conditions.

The data of the present report show the effect of fuel-injection-
nozzl e characteristics on the variati on of combustor performance with
fuel volatility and hydrocarbon type for an annul ar combustion chanber
operati ng at simulated conditions of zero ram t hroughout the altitude -
engine-rotor-gpeed range. The data are premsented as being indicative
of general trend6 and phenomens &pplylng to gas-turbi ne combustors.,
The engine conditions are therefore gi ven in terms of gredes of alti-
tude (altitude in £t divided by a constant) and percentages of the
millitary-rated engi ne gspeed. The effeat of aonbustor-inlet parameters
(tenperature, pressure, and velocity) on combustor performence with
vari ous fuels was determined &t operating conditions encountered neax
t he altitude celling of the englne. Cambustor performance character-
istice that were Investlgated included altitude operational linmts,
combustion efficiencies, limts of obtainable nean tenperature rise,
and pressure loss. The six fuels that were studi ed included fuels
representing paraffin and aromatic classes of hydrocarbons encom-
passing a wi de range of fuel boiling points. The sel ection of fuels
was limted to only those readily obtainable in quantity. Informa-
tion on the conbustion behavior of the fuels is alsc included.
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APPARATUS AND INSTRUMERTATION
Combuator

A dlagrammatic cross section of the combustor installation is
gshown in figure 1. The combustor in the 19XB-1 engine, which is the
same agthe 18B combustor, is approximately 19 inches in diameter and
£1lls the annular space around the compressor-turbine shaft of the
19XB-1 turbojet engine. A description of an early design of the com-
bustor, which waas also used throughout most of the investigation
reported herein, is given in reference 3. The basket of this combustor
will be referred to in this report ss basket 1. ¥For part of the
investigation a new inner liner different from the original one was
used, The new liner had four additional rows of 7/16-inch holes
drilled into the outer shell of the original liner near the downstream
end between the existing rows of holes and 576 one-eighth inch holes
loceted on the converging portion of the outer liner ghell at the
extreme downstream end of the combustor. These additional holes resulted
in an open-hole-area increase of 9 percent more than the original liner.
The basket of thls combustor will be designated as basket 2.

Installation

A diagram of the general arrangement of the installation 1s shown
in figure 2. The combustor was comnected to the laboratory air
supply and exhaust systems, and the air guantitles and pressures were
regulated by remote-control valves. The exhaust” gases were cooled by
means of water sprays in the vertical exlt pipe. As some of the fuels
studied were very difficult to ignite, en additlional fuel line was
connected to the bottom of the fuel panifol d to supply AN-F-22 fuel
f or initiating combustion.

Por regulation of inlet temperatures, s portion of the air yas
burned with gasoline in a preheater and then mixed uniformly with the
rest of the alrupstream of the combuetor. The preheater was operated
at conditions giving efficient combustion in order to minimize contam-
ination of the air by combustibles. The use of such a preheater to
produce a 200° F rise in the inlet temperature results in a consump-
tion of 3,9 percent of the oxygen, an increase in the carbon-dioxide
content of the inlet air by 0.80 percent of the total air weight, and
an increasein the moisture content by 0,36 percent of the total air
welght,

The inlet and outlet ducts were fabricated to simmlate the dimen-
sions and contours of the engine ducts leading to and from the com-
bustor. Figure 1 shows the longitudinal cross gection of the combustor
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and adjacent duoting and indicates the location of instrumentation
planes, Observation windows for viewing the combustion were provided
in the oombustor housing as shown in figures 2 and 3. Ancther obser-
vation window, located in the vertical exit pipe (fig. 2), provided

an end view of the inaide of the combustor. -

Temperature and wvelocity profiles at the combustor inlet were
made wmiform by first introducing turbtulence to mix the air thoroughly
with the exhaust gas from the preheater and then removing the turbu-
lence in a ocalming chamber., (See fig, 2.) Maximm differences between
local inlet temperatures and the mean temperatures were about 5° F.

The maximm and minimm inlet velocities deviated by about 5 percent
from the mean velocity formost runs., The 24 fuel nozrles in the com-
bustor were calibrated and replaced when nescessary; these nozzles were
well matched, having maximm deviations of * 3 percent from the mean
fuel delivery when Iindividually ocalibrated at a pressure differential
of 100 pounds per square inch,

Instrumentation

The thermocouple jJunctlons and the pressure taps in each instru-
mentation plans were located at centers of equal areas, as shown in
figure 4. The letter positions at all instrumentetion planes are
arranged clockwise as seen looking upstream, A tabulation of the
number and type of instruments at each plane follows:

Ingtrumentation plane
2 3
Kumber Probes Total |Number Probes Total
Instruments of per number of per number
rakes 1rake of rakesa 1ake of
probes probes
Thermocouples 8 1 8 1 k. 48
Tobtal-pressure tubes| 4 4 16 8 4 32
Wall-static pressure 5 4
orifices

Instrumentation plane 2 is located at the combustor inlet, which has

& cross-sectional area of 0.647 square foot; instrumentation plane 3
is at the combustor outlet where the annular cross-sectional area 1s

0.858 square foot. The pressure taps at plans 3 were located 1 inch
downstream of the thermocouple rakes. Construoction details of the
temperature and pressure-measuring instruments are shown in figure 5.

eee ”
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Pressure data were obtained by photographing menometers. The
thermocouples were connscted through mmltiple switches to two cali-
brated self-balancing potentiometers, one with a range of -100° %o
700° F to record the inlet-air temperatures and one with a range
of 0° to 2400° F to record the outlet-gas temperatures. Fudl flows
to the combustor and preheater were metered separately with calibrated
rotameters. The pressure differentizl across the fuel nozzles was
measured when possible by a 50-inoh mercury manomester; higher pressure
differentials were determined by obtaining the fuel manifold pressure
with & gage that has a 1imit of 100 pounds per sgusre inch and cor-
recting for the combustor-inlet-air pressure. The air flow to the
combustor was metered by a square-edge orifice installed according
to A.S.M.E. specifications and located upstream of all regulating
valves,

Fuels

Dete on the physical properties and approximate chemical compo-
sition of the six test fuels are given in table I. Benzens and sol-
vent 4 represent two aromatic fuels with different boiling points,
Benzene and ischeptanss are simlilar-bolling-point fuels representing
aromatic and paraffinic types of organic compounds, AN-F-28, AN-F-32
(Jp-1), and Diesel oil are fuels of the paraffinic class with small
percentages of aromatic-hydrocarbon constituents having a wide range
of boiling points (104°-684° F).

FROCEDURE
Program

The program was dlvided into these principal investigations:
(2)determination of altitude operational limits of the
combustor equipped with standerd 10.S5-gallon-per-hour nozzles
operating with six fuels; (b) determination of altitude operational
limits of the combustor with AN-F-28 fuel for four different-capaclty
fuel-injection nozzles; (c) determination of combustion efficiencies
at various altitudes for two engine rotor speeds with slix fuels;
(d) determination of the effect on combustion efficiency and temper-
ature rise for the six fuels by varying combustor-inlet-air temper-
ature at two conditions of altitude and engine rotor speed;(e) deter-
mination of the effect on combustor performancs for AN-F-28 and Diesel-
oil fuels at two conditions of altitude and engins rotor speed by
varying inlet-air temperature while operating with different-capacity
fuel nozzles and maintaining constant spray angle, and while operating
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Wth different Spray angles and maintelning constent nozzle capacity;
(f) determination of the effect on combustor performance for AN F-28
and Diesel-oil fuels by varying Inlet-air stetic pressure while oper-
ating with several different~capeclity nozzles at Conditi ons Sinulating
engine operation at a mwaximum engine rotor speed and an altitude nesr
t he operational 1limits; and (g) determination of the effect on com-
bustion efficlency and temperstureri se with AX?-F-28 and Diesel-oll
fuels O varying t he combustor-inlet velocity operating w th standard
capacity nozzles at conditions sinmulating engine operation at a mexi-
mum englne rotor speed and an altitude near t he operational limits.
All these investigations were made with basket 1 and investigation (g)
was repeated with basket 2.

Estimated combustor~inlet-eir conditions and combustor-outlet-
gas tenperatures corresponding to zero-nma operation for the 19XB-1
englne at vari ous altitudes anéd engine rotor speeds were supplied by
the mamufacturer. These date were uasd to set the cambustor oper-
ating conditions necessary to simlate engi ne operation at any desired
altitude and engine rotor speed.

Altitude Operational Linits

In order to deternmine the altitude operational limts with any
fuel or nozzle capaclty, t he combustor was operated with inlet con-
ditions of air flow, pressure, and temperature sinulating engine
operation at various altitudes and engine rotor speeds. For each
simul ated altitude and engine-rotor-speed condition,the fuel flow
was varied through a wide range in an attenpt to obtain the combustor-
outlet tenperature required for nonaccelerating engi ne operation. All
combustor-outlet tenperatures were obtained by averaging individual
thexmocouplereadings. |f the required combustor-outlet tenperature
coul d be obtained, the sinmulated altitude and engi ne-rotor-speed con-
dition was considered wlthin the operational range of the engine; if
the required conbustor-outlet tenperature was unobtainable, t he simu-
lated altitude and engine-rotor-speed condition was considered wthin
the nonoperational range of the engine. |norderto obtain gensral
combustor-performance information, data were usually recorded as each
of the following events ocourred: (1) A conbustor-outlet tenperature
was obt ai ned that was equal to or slightly above the nonaccelerating-
engine requirenent; (2) a maximum obtai nabl e val ue of conbustor-outl et
temperature Wwas reached; (3) some local outl et tenperatures exceeded
the potentionmeter limit (2400° F) and were considered unsafe for the
Instrumentation, making further increase in fuel flow inadvisable;
and (4) conbustion ceased (blowout). The sequence and number of these
events vari ed for different points.

933
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Conbusti on Efficienciles

The combustor was operated with all six fuels over an extensive
range O altlitudes and englne speeds to obtai n combustion efficlencles.
Various altltude conditi ons at two engine rotor speeds (40 and 80 per-
cent of rated engine speed) were selected for study and the air flow,
pressure, asnd temperature &t the combustor inlet were malntalned
constant. The fuel flow was altered to give an outlet-gas tempera-
ture approximately equel to that required for nonaccelerating-engine
operation. The combustor-outlet temperature was diffionlt to
egtimate because t he cutlet tempersture di stributi on was nomniform;
data were therefors usually recorded at two ox more fuel flows that
gave cambustor-cutlet temperatures slightly ebove and slightly below
the reguired valme. An interpolation wes then mede between t he com~-
bustion efficlencies for these outlet temperatures to obtain the com=-
bustion efficlency for a combustor-outlet tenperature equal to the
nonaccelerating-engline r equi renent.

Effect O Combustor-Inlet Condltions on Performence

In order toc determine the effect OF the linlet varisbles on ccom-
bustor performance, two altitude -~ engline-rotor-speed ocornditlons were
chosen slightly below the altitude operetlonal |imts (as obtained
with Am F-28 fuel); one was In the low-engine-rotor-speed range end
t he other wes in the high-speed range. These tw conditions will
hereinafter be referred to as point A and point B, respectively.

The combustor |nlet conditions for points A end B are as follows:

Point
Combustor inlet air A B

Static pressure, 1b/eq in. &bsclute . . . . . . . . 9.2 7.7
Tem'peratum, OF " 6 @ e o & e & e ® & & & & & s o o 240 3 5
Velocity, ft/sec . . . . . . . . . . . . . . . . . 200 160
Requi redt enperature »rigse, OF. .. . . . . . . . 1180 635

These conditions were severe enough to bring out any differences in
conbust i on verformance between the fuels and the nozzles studled. The
combustor-inlet pressure, velocity, and tempersture were melntained at
values simlating engine operation at point A or B, the fuel flow was
altered, and data were taken at each of several fuel-elr ratlos. In
general, the fuel-air ratio wae increased untll the local cawbustor-
outlet temperatures became too hi gh for safe operetlon or until bl ow oat
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occurred. one of the three combustor-inlet parameters was then set

at some new Val ue, the other two parametereg were maintained at the
originel veluwes, and the fuel flow was again altered. This procedure
was continued until each of the paremeters had been variedindependently
of t he others for each of the different fuels and fuel-injectlon nozzles
investigated.

Methods of Calculation

The average dynamic pressures at Instrumentation planes 2 and 3
were computed fromthe average velocitles at these stations determined
from the air flow, fuel flow, and t he average temperatures and static
pressures measured at these instrumentetion planes. The total-pressure
drop across the oonbustor was obtained as follows: Static pressures
were measured, the dynamic pressures based on the averaegevelocity at
the respective gtations \Were added to these values to glve total
pressures at the oombustor inlet andoutlet, and the difference between
these values was taken as t he total-pressure drop across the combustor.

The combustion efficiency 1s arbibtrarily defi ned asthe ratio of
the actual total temperature ris8 to the theoretical rise in total
temperature possible Wth the fuel and fuel-alr ratio used. The charts
of reference 4 were utilized for these conputations. The thermocouple
indications were teken as true values O the total temperatures with
no corrections made for radi ati on or stagnation effects.

RESULTS AND DISCUSSION
Al titude Operational Limits

Effect O fuel characteristice. - Altitude operational limits of
t he anmler ocombustor are presented in figure 6. The curves separate
t he reglon where the combustor-cutlet temperatures attainable were
sufficient from the reglon where the cambustor-cutlet temperatures
attainable were imsufficient for nonaccelerating operation of the
engine. Atasimulated speed of SO-percent rated engine rotor Speed,
solvent 4 gave the lowest operatlonal celling of the fuels tested,
and benzens gave the hi ghest ceiling. At S5 percent reated engine
rotor speed, the |owest celling existed with solvent 4 and the
highest with AN-B-32 fuel. Diesel oll gave & higher altitude ceiling
than AR-F-28 fuel in the high-engine-rotor-speed renge hut a lower
ceiling Iin the low-rotor-speed range. These altitude operational
limts were obtained with conditions slmulating zero f|i ght vel-
ocities. In filgmre 6 are also shown the altitude - engine-rotor-
speed points A and B.
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These results indicate that a low-boiling-temperature fuel,
Whet her it be aromatic or paraffinic, gives better altitude perform
ance in the low-engine-rotor-speed range (40 to SO percent rated
speed) t han a hi gh-boiling-tenpera- fuel. The reverse is true,
however, in the high-speed range (85 t0 100 percent rated speed)
with the higher-bolling-~temperature fuels producing in most cases
hi gher operational ceilings. Exceptions are the AX-F-28 fuel
1imits occurring bel ow the lsoheptanes arnd benzene linmts in the
hi gh-speed range and the linits obtained with sol vent 4 felling
several thousandfeet below the other limts regardlessof engine
speed.

Effect 0 injectlion-nozzle orifice area. ~ Altitude operational
limts with four different-capacity fuel nozzles using AH F-28 fuel
are presented in figure 7. The 3 . O gal |l on-per-hour nozzles produced
the lowest celling in the high-rotor-speed range whereas the
17 .5-gallon-per~hour nozzles gavethe lowest |limts in the low~-rotor-
speed range. When the cambustor was operating with 17.5-gallon-per-
hour nozzles in the low-rotor-speed reange, the combustor-outlet tem
perature required for enginecperation could be attai ned 2000to
3000 feet ebove t he limlt curve as shown for this nozzle in figare 7.
The conbustionwas unstabl e, however, and woul d cease (bl ow-out) in
this region. combustion near the altitude operational limits was
nore stabl e when the combustor was operating with 3.0-gallon-per-
hour nozzles rather than wth 10.5-gallon-per-hour nozzles (standaxd
nozzle size for this combustion chamber)but the maximm tenperature
ri se attainable woul d be reached at |ower fuel-airratios with
3.0~-gallon-per-hour nozzles t han with 10.5-gallon-per-hour nozzl es.

A nore detailed explanation will be presented later in this report.

Combusti on Efficlencies

Results of the combustion-efficiency investigation are shown in
figure 8. The effect or Increasing altitude at constent engine rotor
speedsof 40 and 80 percent reted speed On t he combustlon efficlency
for the six fuels is presented. Ccmbustion efficlency decreasmed
W th increasing altitude at constant engine rotor speed for all the
fuels investigated. AN F-28 fuel produced. the best conbustion
efficlency O the six fuels up to eltitudes neexr t he operational
[imts; at these altitudes t he combustlon efficlency of all the
fuel s decreased very rapidly aend combustion ceased with further
increase in altitude.

In general,. combustion efficlency decreased with increase in
fuel boiling temperature for both typee O fuel investligated except
near ths altitude operational linmts.
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If the efficlency curves are extrapolated to sea level for the
80~percent-rated-speed condition, all the data converge close to
100-percent efficiency and show very little differences i n combus-
tilon efficiency with each fuel. Previous work on a full-scale
englne operat edat sea level with a high engine rotor speed has
shown no appreciable difference between t he performance with these
fuels (reference 1).

The reproducibility of results obtained in this part of the
investigation is shown in figure 9. Combustlon efflclencles with
AN-F-28 were obtained from time to tinme throughout the program.
Results check within £3.5 percent for 40 percent rated speed and
+1.5 percent for 80 percent rated speed.

Effect O Inlet-Ar Temperature on Fusl Performence

Effect O fuel characteristics. - The effect of combustor-
inl et tenperature on combustor performence | s shown in figure 10,
where the mean temperature rise through the combustor i s plotted
ag & function O fuel-alr retio. Data are presented for operation
with t he six fuels with }0.5-gallon-per~-hour fuel nozzl es at
inlet-air pressures and velocities corresponding to points A and B
of figure 6 and for three inlet temperatures at each of these
altitude = englne~rotor-speed points. The actual temperature
suppl i ed t o the combustion chamber by t he compressorin the engine
is 240° F for point A and 35° F for point B. For estination of
corbustion efficlencies, curves for various percentages of the
theoretical temperature rise are included. Fuel-air ratlos at
whi oh conbustion ceased (bl owout) are marked on the curves with
a |ine drawn perpendicular to the curve.

The maxi num tenperature ri se obtainable and the fuel-air ratio at
whi oh it occurred in general decreased as the inlet-air temperature
was decreased at constant pressuxe and velocity \Wen operating with
five of the fuels studied. Benzene, however, wasless temperature
sensitive than the ot her five fuels. The temperature-rlse curves
obt ai ned with benzene for three inlet-air temperatures follow a com-~
nmon path for the high fuel-air ratios at point Aand only the | owest
tenperature at point B produced a peaking of the temperature-rise
curve and bl ow-out with increasing fuel-air ratio. (See fig. 10(e).)
This lack O sensitivity to combustor-inlet-alr temperature indicates
why benzene produces the hi ghest operational celling of the six fuels
i n the | ow engi ne- Speed range. Aronatic solvent 4 was nore tenperature
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sensitive than the lower boiling aromatic (benzens) or the paraffinic
fuels; that is, a given decrease in inlet-air temperature had a more
adverse effect on the conbustion O solvent 4 than on the other fuels

at the condltiong studied. For the paralfinic fuels atudled, combustion

off iclency decreased at & less rapi d rate as the bolling polint of the
fuel increased for the £ uel-air vatlos p&St the maximum combustion
efficlency attainabl e.

A comparison of t he performance of the combustor operating with
the six fuelsat pointe A and B for each inlet temperature i s shown
in figure 11. In order to place t he performance of the Various fyels
havi ng differences i n heating values on a comparable basis, mean
tenperature rise against heat input is shown in figure 11, where heat
input is compubed as the product of the fuel-air ratio and lower
heating value O the fuel.

Results show that the lower-boiling-temperature fuels (ischep-
tanes, AH F- 28, and benzene) produced combustion efficiencies 10 to
20 percent above the combustion efficilencies produced by t he higher-
boiling-temperature fuels (AN-F-32, Diesel oil, and solvent 4) at
t he combustor temperature rise required for noneccelerating engine
operation at point A (1180° F) and at point B (835° F). The higher-
boi |l i ng paraffinic fuels, however, produced combustion efflciencies
comparable to those produced by the lower-bolling paraffinic fuels
at the highest heat Inputs and temperature rises investigated at
point A« A greater meximm temperature rise could be obtained, with
t he higher-boiling-temperature peraffins than with the lower-bolling-
temperature paraffins regardless of the amount of fuel input to t he
combugbor. Because the higher-boiling paraffinic fuels, such 8s
Dieseloil, continued to produce increasing tempersture ri se with
inorease in fuel-air ratio after the |ower-boiling paraffinic fuels,
such as AN-F-28, had produced a limiting wvalue of temperature rise,
the higher-boiling fuels produced higher altitude operational linits
at meximm engi ne speeds,

Reproducibllity of results is shown in figure 12, The combustor
was operated at point A (inlet-air temperature, 240° F) with
AN-F-28 fuel for various amounts of time t hroughout the program The
pl ot of temperature rise against fuel-air ratio shows a decrease of
approximately 4 percent in combustion efficlency with AK-F-28 fuel
from the beginning to the end of the program. The performence with
golvent 4 mi ght beslightly bettertherefore if these data had been
obtained first instead of last. Check runs at operating conditions
producing combustion efficiencies bel ow 30 percent indlcated results
obt ai ned at these conditions were not relizsble; trends were reversed
from+ime to tine.
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The effect of fuel boiling tenperature on combuation efficiency
is shown in figure 13. Conbustion efficlency is presented as a
function of average boiling temperature for two values of heat input
for the combustor equippedé with 10.5-gallon-per-hour nozzlesoperating
at the three inlet temperatures &t point A Theaverege boiling
temperature is defi ned as the averege of the initial boiling point,
t he temperatures corresponding to the distillation of each 10-percent
Increment of the fuel.volume, and the final boiling point. aca
heat input of 330 Btu perpound of air (fig. 13(a)),combustion
offlclency decreased With increase in average fuelboiling point, and
this trend was nore pronocunced with arocmatic than with paraffinic
fuels. At the highest heat input investigated, 580 Btu per pound
(approxi mate fuel -air ratio of 0.032), the aromatic fuels exhibited
a similer trend of decreasing efficlency wi t h increassed average
boiling point (fig. 13(b) ), but the increase i n fuel boiling point
had little effect on combustion efficlency (f the paraffinic fuels
at this high heat i nput.

The gensitivity O the combustion efficlency to boiling tenper-
ature of the paraffinlo fuels wes approximately the same for all ths
combugtor i nl et temperatures investigated. For the tw aromatic fuels
the adverse effect of increased fuel bolling tempersture on combustion
efficiency was much greatexr at the | ow combustor-inlet-air tenperatures
than at the high inlet-alr temperatures.

Bffect of fuel injection pressure. - The investigation presented
in the remainder of this report was conducted with two pareffinic fuels,
M F-28 and Diesel oil. The effect of fuelinjection pressure 1s shown
in figure 14 where the tempereture rise through t he combustor is plotted
as a funotion of heat Input for combustor operation with 17,5~, 10.5-,
7.5-, 3.0-, ard 2.0-gallon-per-hour fuel nozzles at points A and B.

The method of varying fuel injection pressure was to operate t he com-
bustor with different-capacity nozzles; the fuel pressure increased a6
the NOZzle capacity decreased for the same fuel flow. In general, a
decrease in inlet-alr tenperature at oombustor conditlions near the
altitude operational ceiling decreased the temperature rise through
the combustor at any heat input for both fuels forall the nozzle
capaclities examined.

A comperigon of the tenperature rise attalnable at five inlet
temperatures f or various values of heat Input for t he combustor
operating at points arand B with the several nozzle capaclities
invegtigated is ehown in figure 15. The same data are plotted in
figure 16, which shows the shape of the temperature-risecurve and
t he accompanyling combustion-efficiency values 28 t he mean tempersture
rise is Inoreased by increasing fuel-air ratio. For thelow-heat-
input O low-temperature-rise values at point A deoreasing the
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nozzle capacity was beneficlal to the combustion process for both
fuels, particularly so for Diesel oil. At a heat-input value

of 225 Btu per pound of air (fig. 15(a}), decreasing the nozzle
capacity from10.5 to 2.0 gallon per hour increased the tenperature
rise fromaoo° to 620° F (combustion efficiency i ncreased from 20
to 75 percent) with Diesel oil, and with MF-28 fuel the tenper-
ature rise increased frome61l0® to 840° F (conbusti on efficiency
increased from 72 to 76 percent). At these low temperatureri ses,
corresponding to | ow heat-input walues, the rate of combustion-
efficlency increase due to larger injection pressures became greater
Por AN-F-28 fuel as the iInlet tenperature decreased (figs. ls%a) to
15(c)). Wth Diesel oil the inlet temperature had no appreciable
effect on the rate of increase O combustion efficiency with decrease
in nozzle size.

Wth both fuels the | ow capacity fuel nozzles produced tempsrature-
rige limlte within the fuel-air-ratio range investigated; these limits
occurred at | ower temperature-rise values with the smeller-cepacity
nozzles. Wth nozzles O the same capacity, t he temperature-rise limit
occurred at a higher tenperature with Diesel oil than with AH F-28 fuel.
Wth Diesel oil the 3.0-gallon~per-hour nozzl es gave atenperature-rise
increase up to alimiting val ue of 1330° F;, with AN-F-28 they gave an
increase up to 830° F. The 7.5-gallon-per-hour nozzl e gave no temperature~
rise limit in the range investigated with Diesel oil but did give a
limit with AN-F-28. At the lower inlet-air temperatures these temperature-
rise 1imits were | ow for both fuels; some mnozzles produced limits at an
inlet-air tenperature of 80° F that did not produce & 1limit within the
fuel-air-ratio range investigated at 240° F. These trends for point-A
conditions were also indicated at point-B conditions. However, the
conbustion at point-B conditions had | ow efficiencies, and the data
were inconsistent.

A comparison of Diesel oil and AN-F-28 fuel s operating at point-A
condltions ubilizing the Optinmum nozzlesize for each heat-input value
is shown in £igure 17. The combustion-efficliency and tenperature-rise
curves presented represent the meximm values that can be obtained with
a variable-size nozzl e having a capacity rang8 of 2.0 to 17.5 gallons
per hour. These curvesshow that Diesel G| operates at lower efficlen-
cles for these conditions than AN-F-28 regardl ess of injection pressure
at |ow heat input but that a greater emount of tenperature rise is
nevertheless avallable with Diesel oil than with ANNF-28 for inlet-air
temperatures of 90° and 150° F for these nozzle sizes. The rate of
decrease in temperature rise wi th decreasing inlet-air tempereture is
greater for Diesel oil than for AN-F-28.

Variation of combustlion efficiency with fuel-injection pressure
differential at constant heat-input values for both fuels at points A
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and B is shown in figure 18. conbustion efficlency for val ues of
nmean tenperature rise t hrough t he combustor for constant pressure=-
differential curves is presented in figure 19. As either the heat

i nput or the temperature-rise val ues increased, the beneficia
effect of increasing inJection pressure became | eas until a tran-
sition point was reached above whi ch increasing injection pressure
was detrimental to combustion. For each inlet tenperature, an

opti mum fuel -pressure differential exists for each fuel that pro-
vides a wi de operating range of temperature rise at relatively good
efficiencies. Temperature-rise limite are encountered at successively
| ower value6 of tenperature rise as the inlet-air temperature is
decreased regardl ess of fuel volatility.

Effect of varying fuel-nozzle spray angle at constant capacity. -
The results obtained by investigating the performance of the combustor
opereting with 3,0-gallon~-per-hour nozzles and two fuels at four dif-
ferent fuel-nozzle spray angles is shown in figure 20. No consi stent
differences in data trends for the varlous spray angles were found.
The detrinental effect of decreasing inlet-air tenperature on conbus-
ti on performance was similar for all angles of spray regardl ess of fuel

used. The different-angle nozzles produced nearly identical tenperature-

rige linmts; the limts with Diesel oil occurring at higher val ues of
temperature rise than the limts with ANNF-28 fuel at an inlet tenper-
ature of 240° F. It may be noted that decreasing tenperature has a
more harnful effect on the tenperature-rise linmts with Diesel oil than
on the linits with AH R- 28 fuel

Effect of Inlet-Air Pressure on Fuel and Nozzle Performance

The effect of inlet pressure on temperature rise and combustion
efficiency with ANNF-28 and Diesel-oil fueler operating with 17.5-,
10.5-, and 3.0-gallon-per-hour nozzles at conditions near point Ais
presented in figures 21 and 22. The 17.5- and 10.5~gallon~per-hour
nozzl es had a 45° spray angle and the 3.0-gal |l on-per-hour nozzle had
a 300 spray angle. Data were obtained at inlet-air static pressures
of 8.4, 9.2, and 10.0 pounds per square inch absolute. Conparison of
t he effect of iniet-alr temperature and pressure i ndicates that a
decreags in combustor-inlet-air pressure produced t he sanme general
effects on performence as a decrease in combustor-inlet-air tenperature.
The combustion efficilencles obtained with AN-F-28 fuel were better
than those obtained with Diesel oil except at the high heat inputs
where in some oases AN F-28 produced temperature-rise |inits and
Di esel oil did not
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Effect of & et-Air Veloeclty on Fuel Performence

The effect of altering inlet-air velocity on AN-F-28 and Diesel-
oil fuels is shown in figure 23. An increase in inlet-air velocity
had the sane general effect on performence as a decreage in Inlet-air
pressure or temperature when operating with AN-F-28. Wth the D esel
oil the effect of changing the inlet-air velocity was the reverse,
that is, a decrease in inlet-air velocity reduced tenperature rise and
ef ficiency throughoutthe fuel-air-rati o range investigated.

The difference in effect of velocity on the performance of the
two fuel s indlcates anotherreason why Di esel oil produces alower
altitude ceiling at 50 percent rated speed but a higher altitude
ceiling at maximom rotor speeds than AN-P-28 Fuel. As the engine
decel erates along the altitude linmts from point Ato point B, the
pressure, temperature, and vel ocity decrease at the cambustor inlet.,
The decrease in these parameters 18 harmful to the combustion of
Di esel oil but the decrease in velocity is helpful to the combustion
of AN-F-28 fuel. Also, decreasing Inlet-air tenperature Is |ess
detrimental to the combustion of AN~F-28 fuel than to the conbustion
of Diesel oil., Diesel oil therefore produces & lower temperature-
rige-limit val ue than AN-F-28 at | ow engi ne rotor speeds.

The effect of velocity on AR-F-28 and Diesel-oil fuels operating
with basket 2 is shown in figure 24. Trends indicated are t he same as
t hose found with basket 1.

Combustion Characteristics

Observations were mede during the investigation regarding the
behavi or of the different fuels. The color of the flames produced by
the fuel s was predominately yel |l ow at low-altitude - high-engine-rotor-
speed conditions, gradually changing to blue as the altftnde was
increased up to the altitude cellings with the exception of benzene.
Benzene produced a thin, greenish-cast flame that was very stable and
difficult to extinguish at conditions near the altitude operational
limts. The flame produced by solvent 4 and Diesel oil at high
altitudes and | ow engine speeds woul d only pertly fill the annul ar
conbustion area and the fuel delivered by the nozzles located in the
noncombustion regi ons woul d be bl own dovnstream as raw fuel. Thils
characteristic was not evident for the other fuels even at simiiar
combustion efficiencles.

Benzene was the only fuel to produce a significant amount of
carbon deposits. Flgure 25 shows t he interi or of the combustlon



16 NACA RM No. E8CO2a

chamber at the conpletion of the studies of solvent 4 and figure 26
shows the same view after operation with benzene. No attenpt was
made to neasure the anmount of carbon produced by the benzene fuel

The fuels rank in the following order with regard toease of
ignition: AN-F-28, benzene, l1soheptanes, sol vent 4, AN-F-32, and
Diesel oil.

Pressure Drop t hr ough Combustor

Representative data for the total-pressure drop fromthe inlet
to the outlet of the combustor operating with various fuels and with
nozzles of varying capacity are presented in figure 27. The ratio of
the total -pressure drop to the inlet dynamic pressure AP2_5/§2 is

plotted againgtthe ratio of the oonbustor-inlet air density to the
conbustor-outlet gas density pz/gs Two scales are shown for val ues

of APZ_S/qZ; scale Ais based on gs values calculated for the

conbustor-inlet annular oross-sectional area and scale B is based on
as val ues calculated for the maximum annul ar oross-sectional area

of the combustor., The results follow an approximtely straight |ine
as Ilndicated by theory. Reference 3 gives a derivation of this
relation and an explanation that the relation does not hold accurately
for this conmbustor when the flane seat shifts. The data for the
various fuels are plotted in figure 27(a), and the data for the vari-
ous nozzle capacities are plotted in figure 27(b). The relative
acatter of data in these plots indicates that the flame seat shifts
witk different-capacity nozzles more than with different fuels.

SUMMARY OF RESULTS
The results obtained in the investigation of fuel and nozzle
performance in an annul ar combustor of a turbojet engine at conditions
similating zero-ram operation at two altitude - engine-speed conditions
are summarized as foll ows:

1. Alowboiling-tenperature fuel of either aromatic- or peraffinic-

hydrocarbon type gave higher altitude operational limts at | ow engine
rotor speeds whereas a high-boiling-temperature fuel gave higher alti-
tude operational limts at high engine rotor speeds.

2. Combustion efficiency of all the fuels investigated decreased
w th increasing altitude at constant engine rotor speeds, and the low=-
boi l'i ng-tenperature fuels of either class produced the hi gher efficiencies
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up to the wieinity of their altitude operational limits. with further
increase in altitude the conbusti on effliciency of all the fuels dropped

gharply.

3. At operating conditions near the altitude operational linits,
the temperature rise throughthe combustor pessed through a maximum
value as fuel-alr rati o was increased. The maximmm tenperature rise
obtai nable and the fuel-air ratio at which it occurred decreased as
the inlet temperature was deoreased a constant pressure and velocity
with all of the fuels studied except benzene.

4. Benzene was the | east sensitive and solvent4 {a higher-boiling~
temperature arcmatic fuel) the most sensitive of the fuels to decreasing
inlet tenperature at the two altitude conditions investigated.

5. At low fuel-air ratioe or_heat-Input rates, the combustion
efficlencies of the high-boiling-temperature fuel s were considerably
bel ow t hose of the low-bolling-~temperature fuels; but as the fuel-air
rati o was increased, the combustion efficiencies of the high-boiling-
t emper at ur e paraffinic fuels increased and tended t 0 approech those for
the | ow boil i ng-tenperature fuels for the conditions investigated.

6. At the high altitude conditlons, the low-boiling-temperature
fuels tended to attain a | ower maximm temperature-rise |init and aa
lower fuel-air ratio than did the high-boiling-polnit fuels in spige
of having higher combustion efficiencies at temperatures below the
temperature-rise limit., Benzene, however, was an exception in that
it maintained both a better combustion efficiency and a higher
tenmperature-rise limt than the high-boiling-tenmperature fuels tested.

7. Increasing fuel injection pressure by decreasing fuel -nozzle
orifice area increased the conbustion efficiency with AN-F-28 and
Di esel-o0il fuels at |ow heat-input or tenperature-rise values, but
produced | ower tenperature-rise linmts. The |arger nozles gave higher
conbusti on efficlencles at high val ues of heat input or temperature
rise. Foreach inlet-air tenperature, an optimumm fuel-pressure differ-
ential across the injector system was found to exist for each fuel
(AH-F-28 and Diesel oil) that provides a wide operating range of tem-
perature rise at relatively good efficiencles.

8., No consistent differences were found in performance with
varigus spray angl es of 3.0-gallon-per-hour capacity fuel nozzles,
operating with AR-F~28 and Diesel-o0il fuels at conditions encountered .
near the altitude operational |inits.

9. Decreasing combustor-inlet-air static pressure decreased t he
meximm tenperature rise obtainableand the fuel -air ratlo at which
it occurred for any injection nozzl e capecity at altitude operating
conditlions.
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10. Increasing the combustor-inlet-air velocity had a detrimental
effect on combustion performance with AN-F-28 fuel similar to the effect
of decreasing inlet-air pressure and temperature. However, an opposite
effect wes observed with Diesel-oll fuel, as increasing veloclty over
the range investigated had a beneficial effect on the combustion per-
formance with this fuel,

ll. Asexpected from theoretical considerations, a stralght-
line oorrelation was obtained when the retio of the total-pressure
drop through the combustor to the combustor-inlet dynemic pressure
was plotted as a funoction of the ratio of the combustor-inlet air
denglty to the combustor-cutlet gas density.

Flight Propulsion Research laboratory,
Rational Advisory Committee for Aeronsutics,
Cleveland, Ohio.
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TABLE I - PHYGICAL DATA AND APPROXIMATE CCMPOSITION OF FUELS IRVESTIGATED

Fuel Boiling Averageg jpecific (Hydrogen- [Lowor | Viescosity
range |boiling/gravity |carbon  |heating |[(centistokes Composltlon
(oF) |point |at ratio wlue |at 70° F¥) (pevcent by volume)
(°r) |600/600F (Btu/ Aromatice | araffing and/
1b) r cyolo-
araffins
Ischeptanes|170-206| 181 0.727 0.177 18,900 0. 650 1.0 99
AN-F-28 104-328| 210 . 725 174 18, 600 808 14.0 88
AN-F-32 314460 373 791 JA72 18,700 1.69 10.8 89.2
Diegel oll |364-6684| 482 825 .158 18, 558 3.04 19,2 80.8
Benzens 270-175| 172 . 8683 084 . | 17,400 . 745 100.90 0
Solvent 4 [310-362| 329 874 o115 17,600 1,116 99.0 1
W
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second; Point B, inlet-alr statlc pressure, 7.7 pounds per square inch
absolute; inlet-alr velocity, 160 feet per second.

31



32 NACA RM No. E8CO2a

2000 L LESL RS ABERA LI DL LARRI LAREBJ AR BRUAE BARE] LA BRI LA LELE LR BLEJ LI LA J 'Il'-
3 Point A _ 3
= Inlet-air temperature - 5
160 = (°F) ~
5 ga0 |47 A3
- Combustion efficilency L 3
12 3 {percent) 9/{% | — 3
3 "1 90 =
: > =i = ~
- 80 % /’/ T /’/’/ E
BOC- ,/{/, / —t -
- 7 - | —1 B
i/:/ 6/0/ Z 4 3
Ty - // //// =
[o] 40 = L~ — >
-~ C 40 L —t ] 3
¥ B o E
@ pA~1— T 20 E
B OF -
S - Point B i
B 3
g 2000f -
g E ~T 3
e - Inlet-alr temperaturel = | =
- s (°F) | =
& 1600F =
§ E " —T -
b E L - -
g 3 | + 3
g lgoc:dombuetien efficlency |— e e
s F (percent) ~ |7 70 7
= P L~ — &5 | — =
5 C 80 / > - T - :
800 <] =
= C 1 -~ ]
- // 6o / //’ ]
= - -
E_— | 40 T [+ —
4 S -
T I = —— E
clllJ‘l!ll Ll LAl LA LA L Lk 1AAl LA LA Ladl Lill LAA Ll LA L L1 Lill llllll

«010 «0l4% .018 «022 «026 « 030 « 0354 «038
Fuel-alr ratlo
{b) Fuel, AN-F-28.

Pigure 10. - Continued. Variation of mean temperature rise through
annular combustor. with fuel-air ratio for combustor-inlet-air
temperature independently altered from values simulating engine
operation wlth slx fuels. Simulated engine operating conditions:
Point A, inlet~alr statle pressure, 9.2 pounds per square inch
absolute; inlet-alr .velocity, 200 feet per second; Point B, in-
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Pigure 10, -~ Continued, Variation of mean temperature rise through
annular combustor with fuele-air ratlo for combustor-inlet-air
temperature independently altered from values simulating engine
operation with six fuels, Simulated engine operating conditiona:
Point A, Inlet-alr static pressure, 9.2 pounds per square inch
absolute; lnlet-air veloclity, 200 feet per second; Point B, inlet-
alr statiec pressure, 7.7 pounds per square inch absolute; inlete
sir velocity, 160 feet per second.
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Figure 10. = Continued. Variation of mean temperature rise through
annular combustor with fuel=-air ratio for combustor-inlet-air
tempersture Independently altered from values simulating engine
operation wlth six fuels. Simulated engine operating conditlons:
Point A, inlet-air statlec pressure, 9.2 pounds per aquare inch
absolute; Inlet-alr velocity, 200 feet per second; Point B, in-
let~alr atatic pressure, 7.7 pounds per square 1lnch absolute;

inlet-air veloclity, 160 feet per second.
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Pigure 10. - Continued. Varliatlon of mean temperature rise through
ennuler combustor with fuel-alr ratlo for combustor-inlet-alr
temperature independently sltered from values simulating engine
operation with six fuels. Simulated engine operating conditions:
Foint A, Inlet-alr atatic pressure, 9.2 pounds per square inch
absolute; inlet-air velocity, 200 feet per second; Polnt B, in-
let-alr static pressure, 7.7 pounds per square inch absolute;
inlet-alr velocity, 160 feet per second.
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Pigure 10. - Concluded. Varietion of mean temperature rise through
annular combustor with fuel-air ratio for combustor-inlet-alr
temperature independently altered from values simulating engine
operation with six fuels. Slimulsted engine operating conditions:
Point A, inlet-alr static pressure, 9.2 pounds per square inch
absolute; inlet-air veloclty, 200 feet per second; Polnt B, In-
let-air statie pressure, 7.7 pounds per squars Inch sbsclute;
inlet-air veloclty, 160 feet per second.
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Figure 1l. - Comparison of mean temperature rise through annular combustor
for various heat-input values for six fuels and severzal lnlet-alr
temperatures. Simulated engine operating conditions: Folnt A Inlet-
alr static pressure, 9.2 pounds Pper soBuare inch absolute; inlet-air
velocity, 200 feet per second; Foint B, Inlet-air static pressure, Te7
pounds per square inch absclute; lnlet-air veloclty, 160 feet per second.
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Figure 1l. - Continued. Comparison of mean tempsrature rise through
annular combustor for varlious heat-input values for six fuels and
several inlet-alr temperatures. SIimulated engine operating con-
ditions: Point A, Iinlet-alr static pressure, 8.2 pounds per square
inch absolute; Inlet-air velocity, 200 feet per second; Point B,
inlet-alr static preasure, 7.7 pounds per square inch absolute;
inlet-air veloecity, 160 feet per second.
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Pigure 1ll. - Concluded., GComparison of mean temperature rise through
ennular combustor for various heat-Input values for six fuels and
several lnlet-alir temperatures. Simulated engine operating con-
4itlons: Point A, inlet-gir static pressure, 9.2 pounds per square
inch absolute; inlet-air velocity, 200 feet per second; Point B,
inlet-air static pressure, 7.7 pounds per square inch absolute;
Inlet-alr veloclty, 160 feet per second.
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Figure l4. - Variastion of mean temperature rise through annular combustor

with heat Input for several different-capacity fuel-injection nozzles
operating with Inlet-alr temperature lndependently altered from values
simulating engine operation. Simlated engine operating conditions:

Point A, 1inleteair static pressure, g.2 r s uare inch abso-
lute; inlet-ailr velocity, 200 feet pen: 3esonds Polnt B atoain

static pressure, 7.7 pounds per square Inch absolute, 1nlet-a1r Ve~
iocity, 160 feet per second.
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Figure 1l4. - Continued.
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Point A; 10.5-gallon=per-hour nozzles.

Variation of mean tempersature rise through annular

combustor with heat input for several different-capacity fuel-injection
nozzles operating with Inlet-alr tempersature independently altered from

velues simulating engine operstion.

dltions: Point A,

Simulasted engine operating con=-

inlet-alr statle pressure, 9.2 pounds per square inch
absolute; inlet-alr velocity, 200 feet per sacond; Point B, inlet-air
static pressure, 7.7 pounds per square inch ebsolute; inlet-sir ve-
loclity, 160 feet per second.
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Figure l4. - Continued. Varlation of mean temperature rise through smnular
combustor with heat input for several different-capacity fuel=injection
nozzles operating with inlet-alr temperature independently altered from

- yalues simulating engine operstion. Simulated engi ne operating con=-
ditions: Point A, inlet-alr static pressure, 8.2 pounds per square inch
absolute; inlet-ailr velocity, 200 feet per second, Point B, inlet-air
static pressure, 7.7 pounds per square Iinch absolute; inlet-air ve-
loecity, 160 feet per seconde.
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Figure 14. - Continued, Variation of mean temperature rise through annular
combustor with heat input for seversal different-capacity fuel-injection
nozzles operating with inlet-sair temperature independently altered from
values simulating engine operation. Simulated engine operating con-
ditiona: Point A, inlet-eir static pressure, 92 pounds per squars inch
absolute; 1inlet-alr veloclity, 200 feet per second; Point B, Inlet-alr
stetic pressure, 7.7 pounds per square inch absolute; inlet-air ve-
locity, 160 feet per second.
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Flgure l4. -~ Continued. Varlation of mean temperasture rise through annulsap
combustor with heat Input for several different-capacity fuel-Injection
nozzles operating wlth inlet-sir temperature independently altered from
values simulating engine operation. Simulated engine opersting con-
ditions: Point A, inlet-air statlc pressure, 9.2 pounds per square inch
absolute; inlet-air velocity, 200 feet per second; Polnt B, 1glet-a1r
static pressure, 7.7 pounds per square inch absoclute; inlet-air ve-
locity, 160 feet per seconde.
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Figure 14. - Continued. Variation of mean temperature rise through annular
combustor with heat input for several different-capacity fuel-injection
nozzles operating with Inlet-alr temperature lndepsndently altered from
values simulating engine operatlion. Simulated engine operating con-
ditionst Point A, Inlet-air statlc pressure, 9.2 pounds per asquare inch
absolute; inlet-air velocity, 200 feet per secondy Point B, Inlat-air
static pressure, 7.7 pounds per square lnch absolute; inlet-air ve-
locit;, 160 feet per second.
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Figure 14. = Continued. Variatlon of mean temperature rise through ann
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combustor with heat input for several different-~capacity fuel—injeoti&iar

nozzles operating with inlet-sir temperature independently altered frcy
values sinulating engine operatlon. Simmlated engine operating con-
ditions: Point A, inlet-air static pressure, 9.2 pounds per square Incy
absolute; Inlet-sir velocity, 200 feet per second; Poin*_R} inlet-air
static pressure, 7.7 pounds per square inch absolute; inlet-air ve-
locity, 160 feet per second.
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Pigure 1l4. - Concluded. Variatlon of mesn temperature rise through annular
combustor with' heat input for several different-capacity fuel-injection
nozzles operating with inlet-alr temperature independently altered from
values simulating engine operation. Simulated engine operating con-
ditions: Point A, inlet-air static pressure, 9.2 pounds per square inch
gsbsolute; inlet-alr velocity, 200 feet per second; Point B, inlet-alr
statlc pressure, 7.7 pounds per square inch absolute; inlet-air ve-
locity, 160 feet per second.
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Pigure 15, = Comparison of mean temperature rise through snnular combustor
for various heat-input values for several different-capaclty fuel=-
injection nozzles. Simulated englne operating conditions: Point 4,
inlet-air static pressure, 9.2 pounds per asquare Inch sbsolute; inlet-
air velocity, 200 feet per second; Folnt B, inlet-alr static pressure,
7.7 pounds pser square inch absolute; inlet-air veloclty, 160 feet per
second, Fuels, AN-F=-28 and Diesel oll,
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Flgure 15. - Continued, OComparison of mean temperature rise through
ennular combustor for various heat-input valueas for several different-
cepacity fuel-injection nozzles. Simulated engine operating conditions:
Point A, iInlet-air static pressure, 9.2 pounds per square inch absolute;
inlet=air velocoity, 200 feet per second; Point B, inlet-air static
presaure, 7.7 pounds per square inch absolute; inlet=sir wvelocity, 160
feet per second. Fuels, AN-F=28 and Diesel oil,
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Figure 15. =« Continued. Compsrison of mean temperature rise through
annular combustor for vearious heat-input values for several different-
capacity fuel-injection nozzles, Simulated engine operating conditlons:
Point A, inlet-alr statlec pressure, 9.2 pounds per square inch absolute;
inlet-air veloclity, 200 feet per second; Point B, inlet-alir statie
pressure, 7,7 pounds per square inch absolute; inlet-sir veloolty, 160-
feet per second. Fuels, AN-F-28 and Dilesel ocil.
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Figure 15. - Continued, Comparison of mean temperature rise through
ammular combustor for various heat~input values for several different~
capacity fuel=injection nozzles. Simulated engine operating conditionst:
Point A, inlet-air static pressure, 9.2 pounds per square inch absoclute;
inlet=air velocity, 200 feet per secondji Point B, inlet-air static
pressure, 7.7 pounds per square inch ® bsolutej inlet-air velocity, 160
feet per second, Fuels, AN~F=28 and Diesel ofl.
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Figure 15, - Concluded. Comparison of mean temperature rise through
annular cambustor for various hest-input velues for several different-
capacity fuel-injection nozzles., Slmulated engine operatling conditions:
Point A, inlet-sir static pressurs, 9.2 pounds per square Inch abmolute;
inlet~air veloclty, 200 feet per second; Point B, Inlet-air statle
pressure, 7.7 pounds per square inch absolute; inlet-alr velocity, 160
feet per second, PFuels, AN-F-28 and Diesel oll.
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Figure 18, -~ Variation of combustion efficiency with fuel=-injection
pressure for Several heat=input values, Simulated englne
operating conditions: Point A, inlet-air static pressure, 9,2
pounds per aquare lnch sbsolute; inlet-alr veloclity, 200 feet
per second; Point B, inlet-alr statlic pressure, 7.7 pounds per
square inch absolute; inlet-alr veloclty, 160 feet per second.
Fuels, AN-F-28 and Diesel oll.
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Figure 18, = Continued, Variatlon of combustion® fficiency with
fuel=injection pressure for several heat=-input values, Simulated
engine operating conditions: Polnt A, inlet-air static pressure,
9.2 pounds per square inch absclute; inlct-air veloeity, 200 feet
per second; Point B, inlet-alr statlc pressure, 7,7 pounds per
square inch absolute; inlet-alr velocity, 160 feet per second,
Fuels, AN-F-28 and Dlesel oll,
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Pigure 18, - Continued., Variation of combustion effleiency with
fuel=injection pressure for several heat-input valuwes. Simulated
engine operating conditiona: Polnt A inlet-air static pressure,
9.2 pounds per square i Nnch sbsolute; inlet-alr velocity, 200 feet
per second; Point B, inlet-alr static pressure, 7.7 pounds per
square inch absolute; Inlet-alr velocity, 160 feet per second,
Fuels, AN-F~28 and Dlesel oil,
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Figure 13. = Continued. Variation of combustion efficlency with

fuel-injection pressure for several heat-input values. Simulated
engine operating conditions: Polnt A, inlet-air static preasurs,
0.2 pounds per square inch absolute; inlet-alr velocity, 200 feet
per second; Point B, inlet-alr atatic preassure, 7.7 pounds per
square inch absolute; inlet-alr veloclty, 160 feet per second.
Fuels, M-F-29 and Dilesel oil,
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Fig.:re 18, = Concluded, Variation of combustion efficiency with
. ]

l-injection pressure for several heat-input values. S imulas ted

englne operating oondi tionst

9.2 pounds peir square Iinch

Point A inlet-air static pressure,
absolute; inlet=air velooclty, 200 feet

per second; Point B, inlet-alr statie pressure, 7,7 pounds per
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Figure 16, = Comparison of combustion effieiencles obt ai nabl e for various values of mean tempersturse
rize through ammulay combustor f Or yarlous pressure differentials aoross fuel=injectlon nozsles,
Inlet-air tenperatures yvaried from conditions simulating engine operati on. Bimulated engins
oper ati ngeonditions: Point A inletealr O tati o pressure, 0.8 pownds per nq17m-e inch absolute}
inlet=alr velosity, 200 fest per sescond} Point B, Inlet~alpr atatle pressure, /. / poumds per
aquers Inch abaol uts; inlet-air veloelty, 160 feet per second. Fuel s, AN~F~28 and Dieael 011.
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Figure 19, -Continued.  Comparisen of combustion officiencies cbtainable for various values
of mean temperature ri se through smulaer combustor for various pressure differentials
across fuel=-injestion nozzles, Inlet-nir tempsraturss varied from conditions simulating
engine Operation.  Simulated engine operating conditions: Point A Inlet- sbatlq presgure,
9. 2 pounda per squaye inch sabsolute; inlateair velacity, 200 faat per segonds POi Nt B, inlet-
alr statlc pressurs,”’./ pounds paraquare inoch absol ute; inlet=-asr vel ocity, 3. 50 feet per
sacond, Fuels, AN-p-28 and Di esel oi | .
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Plgure 19. =~ Continved, Comparison of combustion efficienciea obt ai nabl e for various values

ormean temperature | S€ through sanular combustor for varicus pressurs dlfferentlals
aoross fusl-injsotion noszles, |nlet-air tempsratures varied from oonditions simulating

engine operaticn

Si nul at ed engine opera sonditions: Poi nt A inlet-airstatis

pressuras,9.2pounds par square inch absolutaj at-nlr velaolty, 800 rest per second;
Point B, inlet-air statlc pressure,7.7 poumds pPEr saquare inch absolute; at=aiy
velocity, 180 feet por second. Fuels, AN=F~23 and Diesel 011.
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Figure 19. = Continued, Comperison of combustlon effliclencles obtalnable for verious veslues
of meen tewpsrature rise through annul ar combustor for wvarious preasure differontials
acreoss fuel-injeotlon nozzles, Inlet~alr Lamperatures varied from oonditions simulating
engine operation. Simulated engine operailng conditions: Point A inlet-alr static
presaure, 9. 2 pounds per squars inch absolute; inlet=air valoci:g, 200 feet per socond;
Point B, inmlet-air atatlo pressure, 7.7 pounds per square Inch sbsolute; inlet-air
voloclity, 160 feet per second, Fusls, AH F-98 and Diessl oll.
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Figure 20, = Comparison of mean temperature rise through annular com=
bustor for varlous heat=input values for four different nozzle apray
angles of a 3.0-gallon-per<howr=capacity nozzle. Inlet-air tempera=-
tures Iindependently altered from conditions simulating engine
operation., Simulated engine operating conditions: Point A, inlet=-
alr astatlc presaure, 92 pounds per square Inch absolute; inlet-air
velocity, 200 feet per second; Point B, inlet-air static pressure,
747 pounds per square inch absolute; inlet-air velocity, 160 feet
per second. Fuels, AR-F-28 and Diesel oll.
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Plgure 20, - Continued,

Comperison of mean temperatwre rise through

annular combus tor for varlous heat-input values for four different
nozzle spray angles of a 3,0~gallon-per-hour-capacity nozzle, IMet-’
air temperatures independently altered from conditions simulating
engine operatione.

inlet-air statlc pressure,

Simulated engine operating conditions:

Point A,

9.2 pounds per aquare inch absolute;

Inlet-air velocity, 200 feet per second; Point B, Inlet-ajir static
pressure, 7.7 pounds per aquare Iinch absolute; inlet-alr velocity,
160 feet per second, Fuels, AN-F-28 and Diesel oil,
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Figure 20, = Continued. Comparison of mean temperature rise through
annuler combustor for various hest-input values for four different

» nozzle spray angl es of a 3.0-gellon-per-hour-capacity nozzle. Inlet-
air temperatures independently altered from conditions simulating
engine operation. Simulated engine operating conditiona: Point A,
inlet=air statlc pressure, 9.2 pounds per square inch absolute;
inlet-air velocity, 200 feet per second; Point B, inlet-air static
pressure, 7,7 pounds per square inck absolute; inlet-alr velocity,
160 feet per second, Fuels, AN-F-28 and Diesel oil,
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gure 20, - Continued, Coumparison of mean temperature rise through
annular combustor for various heat=input values for four different
nozzle spray sungles of a 3,0-gallon-per-hour=-cepacity nozzle. Inlet-
sir temperatures independently altered from conditions simulatlng
engine operation. Simulated englne operating condltions: Point A,
inTet=air static pressure, 9.2 poumés per aquere inch absoclute;
inlet-air velocity, 200 feet per second; Polnt B, inlet-eir static
pressure, 7.7 pounds per square Inch absclute; inlet-alr veloclty,
160 feet per second. Fuels, AN=F=28 and Diesel oil.
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Figure 20, - Concluded, Comparison of mean temperature rise through

annular combustor for varfous heat-input values for four different
nozzle apray sngles of a 3.0-gallon-per-hour-cspaclity nozzle, Inlet=
air temperatures independently altered from c¢ondltlions simulating
engine operation, Simulated engine operating conditions: Foint A,
inlete-air static pressure, 9.2 pounds per square lnch absolute;
inlet-alr velocity, 200 feet per second; Point B, inleteair static
pressure, 7.7 pounds per square inch absolute; inlet-air veloclty,
160 feet per second. Fuels, AN~-F=28 and Diesel oll.
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Figure 21, = Concluded. Varlation of mean temperature rise through
annular combustor with heat input for three different-capaclty
nozzles with inlet-alr statlc pressure independently altered from
conditions sirlating engine operation. Point A: inlet-zsir temper-
ature, 240° F; inlet-alr veloclty, 200 feet per second. Fuels,
AN-F=28 and Dlesel oll.
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Flgure 25. - View of combustor interior after completion of studies of Bolvent 4.
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Figure 26. - View of combustor interior after completion of studies of benzene.
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Figure 87. - Totel-preasure dr Op aoross annul ar combustor expressed a8 funetion of denaslty ratio
asross combustor. Seale A, Qg based onoombuator-inl et eross-sectional area; seale B, Qg

baaed on meximum eombustor or oas-secti onal area.
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Flgurs 27. - Concluded. Total-pressure drop across annul ar eombustor expressed as function of denaity
ratic aorosas combustor. Scale A, qy based on oombustor-inlet cross-sectional area; scale B, qg

based ON maximum combustor cross~=sectlionsl area.
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