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RESEARCH MEMORANDUM

EFFECT OF FUEL ON PERFORMANCE OF A SINGLE COMBUSTOR OF AN
I-16 TURBOJET ENGINE AT SIMULATED ALTITUDE CONDITIONS

By Eugene V. Zettle, Ray E. Bolz, and R. T. Dittrich

SUMMARY

As part of a study of the effects of fuel composition an Inves-
atility on the combustor performsnce of a turbojet engine, and inves
tigation was made in a single I-16 combusior with the standard I-16
injection nozzle, supplied by the engine manufacturer, at simulated
altitude conditions.

The 10 fuels investigated included hydrocarbons of the paraffin
olefin, naphthene, and sromatic classes having a bolling range from
113° to 655° F. They were hot-acid octane, diiscbutylene, methyl-
cyclohexane, benzene, Xylene, 62-octane gasoline, kerosene, solvent
solvent 2, and Dlesel fuel oil. The fuels were tested at combustor
conditions simulating I-16 turbolet operation at an altituds of
45,000 feet and at a rotor apeed of 12,200 rpm. At these conditions
the combustor-inlet alr temperature, static pressure, and velocity
were 60° F, 12.3 inches of mercury absolute, and 112 feet per second,
regpectively, and were held spproximately constant for the investi-
gatlon, The reproduclbllity of the data is shown by check runs take:
each day during the investigation. The combustlon in the exhaust
elbow was visually observed for each fuel investigated.

When no attempt was made to adjust the fuel-spray-tip deslign to
compensate for Qdifferences in the propertles of the fuels, the com-
bustion efficiency of the combustor decreased with an incresse in
fuel bolling poilnt, particularly in the range of low heat inputs.
The efflclency was relatlvely unaffected by differences in the
hydrocarbon type for the fuels investigated except for aromatic
fuels, which exhibited somewhat lower efficlencies than the other
classes.
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INTRODUCTION

A progrum to investigate the effects of fuel volatility and
hydrocarbon type on turbojet-engine performence and to obtain data
that may be useful for establighing effective turbojet-fuel apec-
ifications has been instituted at the NACA Cleveland laboratory,
In the first part of this program (reference 1), 14 fuels were
investigated in a full-scale I-16 turboJjet engine st static sea-~
level conditiond. The results indicated that neither the hydro-
carbon type noxr the volatility of the fuels had any appreciable
effects on the combustion efficiency of the combustors or on the
thrust of the engine at static esa-level operation.

The date of the present report show the effect of hydrocerbon
type and fuel volatility on' the combustion efficiency of a single
combustor at eimulated high-altitude conditions (45,000 f% and an
engine apeed of 12,200 rym) preselected to subject the combustor
to a mevere test, DPerformance characteristice Investigated were
combustion efficlency and vressure loss. The 10 fuels investigated
included fuels representing paraffin, olefin, naphthene, and aro-
matic classes of hydrocarbona, as well ag a wide range of boiling
points, in order that the effect of both hydrocerbon type and vol-
atility conld be evaluated, This investigation is preliminery in
an over-all fuel program for turbolet enginee and gserves to indi-
cate the direction that future research should take. Character-
istica such as carbon deposition and smoke density were not inves-
tigated. No attempt was mads to accommodate the fuel-apray-tip
design to either the various fuels or the wlde range of fuel-air
ratios encountered,

FUELS

Data on the physical propertiss of the 10 fueles investigated
are given in table I. Hot-acid octene, diisobutylens, methylcyclo-
hexane, and benzene are representative of the four general classes
(paraffin, olefin, naphthene, and arcmatic) of hydrocarbons in the
gasoline boiling range, Benzens and xylene represent two pure aro-
matic fuels having different bolling pointe (170° — 278° F). Kero-
gene, 62-octane gastline, sblvent 1, solvent 2, and Diesel fuel oil
are five mixed hydrocarbon fuels presenting a wide range of bolling
points (1139 — 655° F)}. Solvent 2 is a heavy keroeene cut with
eggentially all the aromatics removed, Solvent 1 is e light kero-
gene cut with the aromatice removed.
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EQUIPMENT

A general view of the setup ls presented as figure 1. The cam-
bustor was connected to the laboratory services as diagrammaticelly
shown in figure 2. The alr supply was measured by a square-edged
orifice located upetream of the inlet regulating valves, The inlet
air was heated, when necessary, to the desired temperature by passin
part of the air through an alr proheater. The heated and unheated
air was mixed by two butterfly valves operated with an autamatic
regulator. Conditions gt the combustor inlet were controlled by
manually adjJusting the appropriate valves in the inlet and outlet
ductes. TFuel flow was measured with a rotameter, which was calibrate
for each fuel investigated. A standard hollow-cone fuel-spray tip
with & capacity of 21.5 gallons per hour was used in the combustor
throughout the investigation,

The cambustor, the inlet and outlet ducting, and the method of
inatrumentation are shown in figure 3. The dstalls of the instru-
mentation are shown in figure 4. .

Iron-congtantan thermocouples were used to measure orifice and
ccmbustor-inlet temperatures., The exhaust-gas temperaturses were
determined by averaging the temperatures indicated by eight chramel
alumel thermocouples located in an equal-ares traverse, The thermo
couples were ghielded from radiatlon by concentric metal cylinders,
as_ghown in figure 3 (section B-B). The temperature survey was made
12% plpe dliameters downstream of the combustor-outlet elbow in e
region where a uniform gasg-flow profile existed. At this locatilon,
a falrly accurate measurement of the average outlet tempsrature in
the duct could be obtalned. The outlet duct between the elbow and
the temperature swrvey was insulated agalnsat radiation losses.

Although there was visual evidence of only slight afterburning
between the turbine-nozzle sectlion and the thermocouple station, a
strict interpretation requires that the data herein be considered
to apply to the performance of an I-16 combustor equipped with a
6-foot exit duct. The trends obtalned for the effects of the fuel
characteristics on the combustion efficiency at the end of this exit
duct are believed, however, to be indicative of the effects on the
combustion efficiency at the exit of the I-16 cambustor proper.

PROCEDURE

The combustoir-inlet alr conditions for various altitudes and
engine speeds for an I-16 turbojet engine, determined from an
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unreported Invegtigation of this englne in the Cleveland altitude
wind tunmel, arse shown In figure 5, Thism figure wes used in setting
the combustor conditiona for the esimulated altitude and engline speed
of the lnvestigation,

Ths ptandard test for each of the 10 fuela congisted in holding
the inlet-alr wvariables of temperaturc, pressure, and velocity con-
stant at a test condition simumlating an altitude of 45,000 feet and
a rotor speed of 12,200 rpm (inlet temperaturse, 60° F; inlet pressure,
12,3 in, Hg ebsolute; inlet velocity, 112 ft/sec) and varying the
heat input over as wlde a range as possible. A check run on sol-
vent 1 was made each day to indlcate the reproduclibllity of the data.

The temperature rise across the combustor was determined by
obtaining the difference in the average tempereture at stations A
and B (fig. 3). The combustion efficlency as used herein is definsd
as the ratio of the temperature rise through the combustor to the
theoretical temperature ripe available from the fuel-alr mixture
under investigation. The theoretical temperaturs riss was obtainsd
from reference 2, In order to place the performance of the varlous
fuels having differsnces In heating value on a comparable basis, the
combugtion efficlency 1s plotted egainst heat Inpubt, where heat input
is computed as the product of the fuel-alr ratlio and the lower heat-
ing value of the fuel. The lower heating value of the fuel must be
used hecause all the water formed by combustion 1s 1n vepor form and
therefore the heat of vaporization of the water cammot bse ilncluded
in the heat supplied. The theoretical curves for combustion effi-
ciencles of 60, B0, and 100 percent were calculated for the refer-
ence fuel, solvent 1, using variable specific heats (reference 2) for
the exhaust-gas products and are drawn on the performance curves for
refemnce o . - . P - - - P . - — P - -

RESULTS

Combustion efficiency, - In the first experiment, the hydro-
cerbon type was held constant snd the bolling-point range was varled
by choosing two commercially pure asrcmatic fuels with different
boiling-point ranges. The results of thla experiment are shown in
figure 6 where megn temperature rise ia plotted agalnst heet input,
Pigure 6 indicates that the combustion efficiency of the combustor
dacreases with an increase in fuel bolling point for fuelse of the
same hydrocarbon type, particularly at low heat inputs,

In the second sxperiment, the fuel bolling range wes held approx-
imately constant and the hydrocarbon type was varied by choosing four
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fuels in the gasoline bolling range representing paraffin, olefin,
naphthens, and aromatic classes of bydrocarbons. The ccmbustion
effliciency of the combustor was relatively unasffected by difference.
in fuel hydrocarbon type except for the aromatic fuel, benzens,
which showe an efficlency about 20 percent (maximum) lower than the
other fuels (fig. 7). Aromatic fuels have & low hydrogen-carbon
ratio and it was this type of fuel that exhibited heavy smoking
tendencies in the tests of reference 1.

In order to extend the investigation to a wider range of fuels
in the third test, fuels wore included that differed both in hydro-
carbon type and volatility. These data (fig. 8) serve to substan-
tiate the evidence presented in Figuree 6 and 7 that the difference
in fuel volatility have a much greater effect on the combustion
efficiency of the combustor than have differencee in the hydrocarbor
type of the fuel.

The data of figures 6 to 8 are replotted in figure 9 to illus-
trate how the combustion efficiency decreases with an increase in
the mean fuel boiling point (fig. 9). It is emphasized that these
results relate to a single combustor and nozzle, A large part of
the difference in performance of fuels shown in figure 9 might pos-
gibly be eliminated by adjusting both the combustor and the fuel-
sprey-tip design to compeonsate for the differsnces in fuel propertir

Combustor pressure loes. - The total-pressure loss AP across
the test section ig plotted as a function of the density ratio acro
the combustor pj/ps; 1n figure 10. The coordinates are expressed
in dimensionlese units, The total-pressure loss 1s shown ae a
fraction of an impact presseure definsd by pVZ/Zg where

o density calculated at cambustor inlet, (1b/cu £t)

v inlet velocity that would exist for inlet area equal to maximu
cross-sectional area in ccmbustor, (ft/sec)

g acceleration of gravity, 32.2 (ft/sec?)

The results follow an approximately straight line as indicated by
the theoretical ansglysie of a conetant-cross-section duot given in
reference 3. Neither hydrocarbon type nor fuel volatility influ-
ences this type of correlation; therefore, the data for all the
fuels can be plotted on the same correlation curve,

Reproducibility. - A check run with solvent 1 fuel was made
each day to Indicate the day-to-day reproducibility of the data.
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The results of these reference tests are shown in figure 11 and Indi-
cate a maximum deviatlon iIn temperature-rise data of 8 percent., The
thermocouples measured a temperature somewhet lower than the astagna-
tion temperature because of their inabllity to convert all of the
kinetic energy into heat. The veloclties were sufficlently small
that the error in uding the indicated temperature as a stagnation
temporature is lesa than 1 percent, :

Visual observation. - Traces of flame were noticeable at the
exhaust elbow at temperaturea of about 1000° to 1200° F for all fuels
in the gasoline boiling range, as well as solvent 1, Flame was
noticeable at a temperature of 900C F for kerocsens (bolling range,
302° - 486° F) and long flsahes wore visible for all fuels of higher
boiling voints at this temperatuwre. Solvent 2 (boiling range, 370° -
485° F) burned erraticelly; combustion beceme unstable at fuel-air
ratios below 0,020. Solvent 1 (boiling range, 307° - 382° F) burned
smoothly., Diesel fuel oil (boiling range, 350° - €550 F) would not
ignite except at extremely low air flows; combustion was unstable and
intermittent, and steble combustion was impossible at fuel-alr ratios
below 0.027.

SUMMARY OF RESULTS

Ten fuels were Investigated in a single combustor of an I-16
engine at a simulated altitude of 45,000 feet and s simulated rotor
speed of 12,200 rym. They wers hot-acld octane, dilsobutylens,
methylcyclohexane, benzens, Xylone, 62-octans gasoline, kerosens,-
solvent 1, solvent Z, and Diesel fuel oill, No attempt was made to
adjust the fuel-spray-tlp design to campensate for differences in
properties of fuela., The results indicated that the combustion effi-
ciency of the combustor (a) decreased with an increase in fuel
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boiling point, and (b) was relatively unaffected by difference in
the hydrocarbon type for the fuels investigated except for aromatic
fuels, which exhibited somewhat lower efficlencles than the other
clasgses.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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TABLE I
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PUYSICAL DATA AND APYROXIMATE COMPOSITION OF 10 FUELS INVESTIGATED

Boiling |Specific|Hydra- |Lower Approximate
range gravity |goen- hoating campoealtion
Fuel (°F) |at 60°/ |carbon}value (percent by
60° F ratic |(Btu/ volume)
1b) Par- |Naph- |Aro- |Ole-
atfin|thene jmatic|fin
Hot-acid |174-257] 0.715 |0.188 |19,200 100 0 0 o]
octans .
Diiscbu- |210-216| .726 .167 {19,000 0 ¢ 0 | 100
tylene . ’
Methyl- 207-212| .773 .170 {18,500 0 | 100 0 ¢
cyclo-
hexane
Benzene 170-175| .883 .084 |17,400 0| 0| 100 0
Xylene 273-278) .867 .106 |17,600 0 0 | 100 ¢
62-octane |113-233{ .699 .182 |19,000 76 22 81 | Low
gasgoline
Korosene |302-486| .809 .164 |18,500 45 25 | 8l4 | Low
Solvent 1 |307-382| .769 .174 118,800 62 36 81 | Low
Solvent 2 |370-485| .792 .174 |18,700 62 | 33 |%Low |~---
Dicsel 350-655]| .829 .161 |18,400 } -=-==[-=--- 81g 2
fuel oil

aAnalysis by emergency method of test: A.S.T.M. designation, ES-45a.

National Advisory Commlttee

for Aeronautics
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Figure 1l. — Differences in oowbugtor performance over period of test program, Fuel, solvent 1;
sioulated altitude, 45,000 feet; simulated rotor speed, 12,200 rpm.
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