A
[P NSS——
—
e syt
e
——

/
NASA TECHNICAL : NASA TM -73780
MEMORANDUM

3

3 -

e

1]

-

[

<

w

o

P

(NASA-TH~73780) EFFLCT OF FUEL PROPERTIES N78=-13056
f CN PERFORMANCE OF SINGLE AIRSCRAFT [URBOJET
: CoMBJSIOGR AT SIWULATED IDLE, CRUILSFK, AND
b TAKEOFF CONDITICNS (N3isa) 21 p HC A)2/MF Unclas
LYAR CSCL 21E v 3/07 55231
[}
]

EFFECT OF FUEL PROPERTIES ON PERFORMANCE OF
A SINGLE AIRCRAFT TURBOJET COMBUSTOR AT
SIMULATED IDLE, CRUISE, AND TAKEOFF CONDITIONS

' by Helmut F. Butze and Arthur L, Smith
[ . Lew:s Research Center
. Cleveland, Ohio 44135
Septembier 1977




1

= ————— —

Report No

. 2. Government Accession No.
NASA TM-73780

3. Recipunt's Catiton No

. Tutle and Subtigle

EFFECT OF FUEL PROPERTIES ON PERFORMANCE OF

"~ ASINGLE AIRCRAFT TURBOJET COMBUSTOR AT

SIMULATED IDLE, CRUISE, AND TAKEOFF CONDITIONS

6. Report Date
Sgptmubcils)'{j

6. Pettorming Orgaaization Code

. Author(s}

Helmut F, Butze and Arthur L. Smith

8. Performing Orgatuzation Repont Mo

E-9336

"1—0— —\;Jmk U«'\;;' Nn'

. Perforiming Organization Name and Address

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

11. Contract or Grant No

13. Type of Report and Penod Covered

. Sponsoring Agency Name and Address

National Aeronautics and Space Administration
Washington, D.C., 20546

Technical Memorandum

14. Sponsoting Agency Code

l
—
|

. Supplementary Notes

. Abstract

The performance of a single-can JT8D combustor was investigated with a number of fuels ex-
hibiting wide variations in chemical composition and volatility, Performance parameters in-
vestigated were combustion efficiency, emissions of CO, unburned hydrccarbons and NOX, as

well as liner temperatures and smoke, The most pronounced effects of changes in fuel compo-
sition were observed dt simulated cruise and takeoff conditions where smoke and liner temper-

atures increased significantly as the hydrogen content of the fuel decreased. At the simulated

idle condition, emissions of CO and unburned hydrocarbons increased slightly and, accordingly,

combustion efficiencies decreased slightly as the hydrogen content of the fuels decreased,

Key Words (Suggcst:-d by Aulhor(sll.
Pollution

Liner temperatures
Alternate fuels

Smoke
19 Secutity Classit (of this report) 20 Secunity Clasat (of this paget
Unclassified Uneclassified
CForsale by the Notewnd Toshong v et o S,
1 , i

_1-8- -l—)Anslribuhon Statement
Unclassified - unlimited
STAR Citegory 07

i

] 21 Noooot Pages I 22 Pt

oy e
P B A U8

R S

YW




E-9336

EFFECT OF FUEL PROPERTIES ON PERFFORMANCI: OF A SINGLE
AIRCRAIT TURBOJET COMBUSTOR AT SIMULATED 1DLE,
CRUISE, AND TAKEOFI' CONDITIONS
by Helmut F. Butzc and Arthur L. Smith

Lewis Research Center

SUMMARY

The performance of a JT8D single combustor was determined at simulated
idle, cruise, and takeoff conditions with a number of petroleum-based fuels ex-
hibiting wide variations in volatility and chemical composition. In addition, sev-
eral fuels obtained from oil shale and refined to jet and diesel specifications were
tested. The fuels and fuel blends were chosen to investigate the effect on combus-
tor performance of broadened fuel specifications with particular emphasis on in-
creased aromatic content and on increased final boiling point. Performance pa-
rameters investigated were combustion efficiency, pollutant em.issions including
smoke, and maximum liner temperatur~s. Hydrogen contents of the fuels inves-
tigated ranged from 11.0 to 15.3 percent.

The most pronounced effects of changes in fuel composition were observed
at simulated cruise and takeoff conditions where smoke and liner temperatures
increased significantly as the hydrogen content of the fuel decreased. Slight in-
creases in NOx emissions were observed with decreasing hydrogen content of the
fuels. Combustion cfficiencies, as determined by gas analysis, were 99.9 percent
or above for all the fuels.

At the simulated idle condition, no significant effects of fuel quality on combus-
tor performance were observed. Emissions of carbon monoxide and unburned hy-
drocarbons increased slightly-and accordingly combustion cfficiencies decreascd
slightly as the hydrogen content of the fuels decreased.

INTRODUCTION

An expecrimental investigation was conducted to determine the effect on com-
bustor performance of burning jet fucls with propertics differing appreciably from
those of fucls presenily supplicd under current aircraft gas turbine fuel specifica-
tions. The principal diffcrences were increases in aromatic content and in final
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boiling point, Additionally, soveral fuets obtamed from oil--shale syncrudes were

investigated.

v In the past, the petroleum industry has been able to supply airceralt opera-
tors with an adequate supply of jet fuels refined to rather narrvow specifications,
tailored to minimize the problems of fire hazar
and to promote clean burning in the engines (ref. 1).

g liance of the U.S. petroleum industry on forcign crudes, some with rather high
aromatic contents, has not only made it more difficult to meet current jet fuel -

d and of fuel srecze-up at altitude
The ever--increasing re-~

specifications, but has created a highly undesirable supply problem both from
the standpoint of national security and of economic stability.

In the future, aviation turbine fuels may be produc d frem a varicty of
_ sources including petroleum, tar saads. shale oil, and coal syncrudes.
. practical limitations in the degree of. refining, such fuels may differ significantly

from those produced under current jet fuel specifications. Accordingly, the test

fuels used in the investigatior being reporied herein were chosen to give wide
& variations in chemical composition and in volatility. This investipation, which

was an extension of a previous program (ref.

was conducted with a single~

F can JT3D combustor at simulated idle, cruise. and {akeoff conditions. In the
- investigation reported in reference 2 a more limited number of fuels had been

bustor liner temperatures.

l with nonvitiated air.

tested at idle and cruise conditions only. Combustor performance with the var-
ious fuels was judged primarily on the basis of combustion efficiency, pollutant
emissions including smoke, and flame radiation as evidenced by changes in com-

TEST FACILITY AND COMBUSTOR INSTALLATION

The tests were conducted with a single d T8D comoustor housed in a closed-
duct test facility connected to the laboratory air supply s dcexhaust system.
test facility, shown schematically in figure 1. was capable of supplying the re-
quired flow rates at the specificd combustor-inlet pressures and temperatures

The JT8D liner, utilizing a standard duplex fuel nezzle, was installed in the
test facility as shown in figure 1. Although the usc of circular housings did not
provide the actual engine combustor -inlet and cxit geometry, it was felt that this
expedient would not compromisce the combustor performance parameters of in-
tercst in this investigation, especially swce the fests were primarily compari-

sons between the standard det A and the nther fuels tesied,
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The combustor instrumentation stations are shown in figure 2, Inlot-air teme-

peratures were measured at station A=A with five chromel-alumel thermocouples
while exit temperatuies were measured at station 3B with cight five-point -
chromel-alumel thermocouple rakes. Combustor-inlet and exit static pressures
were doterminad at stations A-A and BB, respectively.

Exhaust-gas samples for gas analys1s werc obtained by mecans of four watem
cooled sampling probes located at stat’on C-C. Each probe had five sampling
ports located at the centers.of equal arcas; the gas collected from all 20 ports
was passed to a common manifold and from there through steam-heated lines to
a gas analysis console. The exhaust gas was analyzed for concentrations of CO,,
CO, unburned hydrocarbons, and oxides of nitrogen in accord with the recom-
mentations set forth in reference 3.

Smoke content of the exhaust gas was determined by passing metered vol-
umes of gas through a filter paper with resultant deposition on the paper of the
soot particles contained in the gas. The "arkiness of the stain on the paper, as
determined by optical means, is a measure of the soot in the sample. The smoke
measurement technique is in accordance with SAE recommended practice, as
described in reference 4.

Liner temperatures were measured by 10 chromel-alumel thermocouples
installed on the liner at the locations shown in figure 3. The positions of the
thermocouples were selected on the basis of previous experience and as a result
of calibration tests with temperature-indicating paints. Since the number of
thermocouples installed on the liner must necessarily be limited, it is possible
that some locations on the liner experienced even higher temper atures than those
surveyed. However, it is felt that the thermocouple locations were satisfactory
from a comparative viewpoint and were sufficient to represent liner hot spots and
to serve as a valid comparison between the various fuels tested. In all cases,
maximum recorded liner temperatures were registered by either onc of two
thermocouplcs, as shown in figure 3. TFor takeoff and cruise, the thermocouple
closest to the spark plug (fig. 3) consistently registered the highest liner tem-
peratures while, for idle, the maximum liner temperature was recorded at the
downstream position,

TEST CONDITIONS

Tests were conducted at the combustor--inlet conditions shown in table 1.
Although variations may exist among the various engine models, these conditions
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were considered to be typical of idle, cruisc, and takeoff operation of the JT8D
engine. At each condition fuel flows wore varied over a sufficiently wide range
so as to bracket the desired fuel-air ratios.

FUELS

The fuels used in this investigation were selected to give wide variations in
chemical compositon and boiling range. Fuels containing varying percentages
of paraffins, naphthenes, and single- and double-ring aromatics were used,
either in pure form or blended with Jet A to give the desired composition.
Variations in final boiling point were obtained with fuels in the diesel fuel
range. In addition, three fuels obtained from oil-shale syncrude and refined
to JP-4, JP-5, and Marine Diesel specifications were tested. The oil-shale
derived fuels were part of a production run of 5765 bbl of various military fuels
refined from 10 000 bbl of crude shale oil produced by the Paraho process using
shale mined from the Naval Oil Shale Reserve located at Anvil Points, Colorado
(ref. 5). A list of the fuels and fuel blends is given in table II.

In the past jet fuels have been characterized mainly by their physical prop-
erties; their chemical properties have been described primarily by limiting
specifications of the sulfur, olefin, and aromatic contents. The practice of
characterizing jet fuels by their aromatic content leaves a lot to be desired.

In the first place, results obtained by different investigators using the ASTM
test method (ref. 6) have not always been in good agreement, especially for
aromatic concentrations greater than 20 percent by volume. Additionally, the
test method does not distinguish between single- and multiple-ring aromatics or
between simple unsaturated ring compounds and those having large aliphatic ride
chains.

In view of the shortcomings of the aroematic~-content designation it has been
suggested by many observers that jot fuels should be characterized by their
oydrogen content. In general, the hydrogen content of a fuel decreases with
increasing aromaticity. However, since the aromatic content designation does
nnt uniquely specify the hydrogen content, the correlation can be described by
a band rather than a single line.

One of the problems with using percent hydrogen as a measure of fuel qual-
ity is the fact that, at the present time, the determination of fucl hydrogen con-
tent has not been standardized. 1n the past. hydrogen content has been deter-
mined either by correlation or by once of scveral different analytical techniques

e




b

(refs. 7 and 8), often with poor agreement hetween them,  Recently, a new ana-

1y tical technique, the ""Nuclear Magnetic Resonance” method (ref, 9), has been

introduced which claims simplicity of operation and a precision of +0,1 percent

hydrogen over the range from 13 to 15 percent hydrogen,

\ , Because some of the more advanced analytical methods were not readily

r ' available at the time this program was conducted, it was nccessary to use sev-

- . eral different methods to get values of hydrogen and aromatic content for all the

- fuels listed in table II. In some cases, the blending stocks were commercial- -
grade pure fuels so that the hydrogen content could be computed from their

Values of aromatic content, as determined by two different analytical tech-
niques and, in some cases, calculated from the blending ratios, showed rcla-
tively poor agreement between the various methods. Thus, it was felt that hy- .
_ drogen content is a much better measure of fuel quality than aromatic content.

i As a result, all the data presented in this report are shown as a function of
' fuel hydrogen content. A comparison of the values for hydrogen and aromatic
| contents obtained by the various analytical techniques and by calculation is

|
{ a chemical formulas.
i

shown in table III.

DISCUSSION OF RESULTS

The effects of changes in fuel composition on combustor performance were
evaluated at simulated takeoff, cruise, and idle conditions. The only major ef-
fects were significant increases in smol:c and in maximum liner temperatures
with decreasing fuel hydrogen content. The other performance parameters, at
all three test conditions, exhibited only minor.cffects as the result of changes
l in fuel hydrogen content. The effect ¢! fuel volatility could nct be determined
directly since it is impossible to vary volatility independently while keeping the
other fuel propertics constant. Variations in volatility were probably respon-
sible for some of the scatter experienced in the plots of performance against

r ' hydrogen content. The most pronounced cffeet of fucl volatility on performance |
, g would be expected at high altitudes where blewout and relight capabilitics could ‘
L ‘ be seriously impaired by reduced fuel volatility: however. this cffeet was not

investigated in this program.

T e Tawre—
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Takeoff and.Cruise

Smoke. ~ The effects of decreasing fuel hydrogen content on smoke number
are shown in figures 4 and 5 for both takeoff and cruise. At both conditions,
smcke numbers increased sharply.with decreasing hydrogen content.. Although
'he cffect of reduced hydrogen content cn smoke formation has been well sub-
stantiated in the literature (ref. 10), the steepness of the curves emphasizes the
severity of the problem. Thus, where fuels with hydrogen contents in the Jet A
range produce smoke . umbers near the visibility threshold, substantial in-
creases in aromatic convent of jet fuels could severely aggravate the smoke
problem.

Maximum liner temperatures. - The effect of fuel hydrogen content on
maximum liner temperatures is shown in figure 6. At both takeoff and cruise
ccnditions, maximum liner temperatures increased greatly with decreasing fuel
hydrogen content. As the aromaticity of the fuels increases. the flames be-
come more luminous and radiation to the liner increases sharply. The steep
3l .pe of the curve at cruise-suggests that fuels with hydrogen contents of 12.5
percent or less could bring about severe liner durability problems. One.pos-
sibie solution to the problem of excessive metal temperatures might be the use
of thermal-barrier coatings. In an investigation in which a J T8D combustor liner
vas coated with a thermal-barrier ceramic coating (ref. 11), substantial reduc-
‘1ons in maximum liner temperatures were achieved with both Jot A fucl and a
highly aromatic fuel blend with a hydrogen content of 12.5 percent. Other ap-
preaches toward reducing metal temperatures might be found in combustor mods
ticaticns, such as staged combustion and leaner primary zoncs (refs. 12 and 13).

Other performance parameters. - Emissions of NO, as a function of fuel
hvdrogen content are shown in figure 7. At cruisc. a very slight increase in
N()\, emissions was observed as the fuel hydrogen content decreascd; at tako-

' the effect was more pronounced. The increase in NOX cmissions with in-
Creasing aromaticity, or cenversely with decreasing fuel hydrogen content, is
wrebably the result of increasing flame temperatures. I'rom figure 8, it can be
<1 that maximum theoretical flame temperatures, as obtained from a come
prer program described in reference 14, incerease with decreasing fuel hydro-
gesecontent for both cruise and takeoff conditions At hoth 1akeoff and cruisc,
cmssiens of CO and unburned hydrocarbons were very low. often within the

mits of accuracy of the instruments.  Combustion cfficiencies, which are com-
puted from the CO and unburned hvdrocarhon emission values, were 99,9 per-
¢ortor above for all the fuels testoed,
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The performance of the three oil-shale derived fuels did not differ signifi-
cantly from that of the petroleum-hased fuels-whon correlated against fuel hy-
drogen content.

Idle

Emissions of CO and unburned hydrocarbons. - Emissions of CO and un-
burned hydrocarbons. at idle arc shown in figure 9. Although there is a great
amount of scattcr among the data, there is a slight trend toward increased
emissions of CO and unburned hydrocarbons with decreasing fuel hydrogen
content. Similarly combustion efficiencies, which are computed from the gas
analyses, decreased slightly with decreasing fuel hydrogen content, as shown
in figure 10. As pointed out before, the large scatter in the data points may be
duc in part to the cffects of variations in fuel volability.

Smoke. - Smoke numbers as a function of fucl hydrogen content are shown
in figure 11. In the Jet A range smoke values at idle are very low. However,
for hydrogen contents below 13 percent, smoke numbers increase rapidly with
decreasing fuel hydrogen content., Thus, while smoke emissions at idle are
not normally considered objectionable with fuels in the Jet A range, smoke
could become a serious problem if the fuel hydrogen content were reduced to
values of 12 perceent or lower.

CONCLUDING REMARKS

Tests conducted with a single-can J'T8D combustor with a number of fuels
exhibiting wide variations in volatility and chemical compositon revealed two
potential problem arcas: increased liner temperatures and increased emissions
of smoke with decreasing fuel hydrogen content.  Other paramecters, such as
emissions of N()x, CO, and unburned hydrocarbons, exhibited only minor changes
as either the hydrogen content or the volatility of the fuel was decreased.  How-
ever, altitude blowout and relight were not investigated in this program, and it is
quite likely that decereasces in veaatility will have a significant effect on these
parameters.

REFERENCES

1. Longwell, dohn P2 Testimony Before the Senate Subcommittee on Acrospace
Technology and National Needs, United States Senate, 94th Cong., 2nd Sess. |
Alternate Fuels for Aviation, Tuesday, Scp. 28, 1976, pp. 87-46,

Ao




ST T T

-
-
-
-
|
L
N

° {
2. Butze, Helmut I',, and Ehlers, Robert C.: Effeet of Fuel Properties on
Performance of a Single Aircraft Turbojet Combustor, NASA TM
X 71759, 1975,

4 Procedure for the Continuous Sampling and Measurement of Gascous Emis-
sinas from Aircraft Turbine Engines. Aernspace Recommended Practice
1256, Oct. 1, 1971, SAE.

4. Aircraft Gas Turbine Enginc Exhaust Smoke Measurcment. Acrospace

Recommended Practice 1179, May 4, 1970, SAE.

5. Bartick, Herbert, et al.. The Production and Refining of Crude Oil into
Military Fuels. Applird Systems Corp., 1975. (Available from NTIS as
AD.A024652.)

6. Test for Hydrocarbon Types in Liquid Petrcleum Products by Fluorescent
Indicatnr Adserption, ASTM Stand. D 1319-70, 1975,

¢o Test for Hydrogen in Petroleum Fractions. ASTM Staad. D 1018-64, 1976.

8. Smith, A. J.; Myers, G., Jr.; and Shaner, W. C., Jr.: Microdetermina-
tion of Carbon, Hydrogen, Nitrogen, and Oxygen in Petroleum Compounds
With an Automatic Elemental Analyzer. Mikrochim. Acta 1972, (2),
pp. 217.-222,

9. Ford, P. T.; Friswell, N. J.; and Richmond, 1. J.: Determination of
Hydrogen Content of Fuel by Low Resolution Proton Nuclear Magnetic
Resonance Spectrometry. Anal. Chem., vol. 49, nc. 4, Apr. 1977,
pp. 594-596,

10. Schirmer, R. M.; and Quigg, H. T.: High Pressure Combustor Studies of
Flame Radiation as Related to Hydrocarbon Structure. Rep. 3752-65R,
Phillips Petroleum Co., 1965.

11. Butze, Helmut F.; and Liebert, Cart H.: Effect of Ceramic Coating of
JT8D Combustor Liner on Maximum Liner Temperatures and Other Com-  —
bustor Performance Parameters. NASA TM X-73581, 1976.

[ 12. Roberts,. R.; Peduzzi, A.; and Vitti, G. E.. Esxpcriméntal Clean Combustor
Program, Alternate Fuels Addendum, Phase II. (PWA.5370 Pratt and
Whitney Aircraft. NASA Contract NAS 3-18544,) NASA CR-134970, 19786.

13. Gleason, C. C.: and Bahr, D. W.- Expcrimental Clean Combustor Pro-
gram. Alternate Fuels Addendum, Phase II. (R76AEG268, General Elec-
tric Co.: NASA Contract NAS 3..18551,) NASA CR 134972, 1976.




9

14, Gordon, Sanford; and McBride, Bonnic Jd.: Computer Program for Caleu-
lation of Complex Chomical Equilibrium Compositions, Rocket Por-
forrrizuu-u, Incident and Reflected Shocks, and Chapman-Jouguet Detona-
tions. NASA SP-273, 1971, '

TABLE 1. - TEST CONDITIONS

Condition Idle Cruise | Takeoff

Combustor-inlet 27.3 71.0 176.5
pressure, N/cm?

Combustor=-inlet 400 621 714
tethperature, Ok

Fuel-air ratio 0.0100] 0.0138 { 0.0182

Airflow, kg/sec 1.84 3.57 7.46




TABLE U, - TEST FUELS

ORIGINAL PAGE IS
OF POOR QUALITY

W

Fuol blended with Jet A | Percent | Hydrogen,| Aromatics, Bolling | Lower | Vidcosity Priacipal fuel
by welght | percent perceat by range, |heating | at ek, characteristic
of fuel | by weight |  volume oK value, | m° | 106
blended cal/g | B
with
det- A

Jat A 100 13.8 17.2 411 - 531 | 10 350 1.8 Base fuel

Toluene 30.2 12.3 40.9 375 ~ 526 | 10 134 1.1 Single-ring aromatic

Methyl cyclohexanc 100 14.4 ——— 374 10 363 0.7 Single-ring nophthene

Xylene bottems 41.9 12.1 52.0 414 - 528 | 10 143 1.4 ‘Two- and three-ring
aromatics

Naphthalene charge stock 25.6 12.0 34.0 428 - 540 | 10 187 1.8 Two- -and three-ring
aromatics

Xylene 19,9 13.0 32.17 400 -~ 532 ( 10 237 1.2 Single-ring aromatic -

Xylene 41.9 12.0 50.3 394 - 531 10104 1.0 Single-ring aromatic

shale-oil JP-5 100 13.7 24,2 417 - 533] 10 332 1.6 Syncrude-derived fuel

Shale~oil JP=-4 100 14.5 12.7 318 - 488 | 10 338 0.8 Syncrude-derived fuel

Shale-oil Marinc Dicsel 100 13.0 30,6 481 - 637] 10177 5.2 Byncrude-derived fucl

Decalln 100 13.1 - 433 - 4791 10 146 2.2 Double- ring naphthene

shell Jet A 100 13.6 21.4 381 - 536| 10 316 1.6 Alternate gource Jet A

Soltrol 130 100 15.3 ——— 438 - 478 | 10 561 1.7 Low-~bolling paraffinic

Hi Bol 3 61.6 11.8 59.1 406 - 510 10 162 1.1 Mixture single-ring
aromatics

Tetralin 40 12.1 34.8 442 - 531{.10 193 1.5 Two-ring aromatic,
partially hydrogéenated

Tetralin 60.4 11.0 63.5 422 - 522 9 M7 1.3 Two-ring aromatic,
partially hydrogenated

Texaco Diesel 100 12.4 38.0 450 - 597] 10179 2.6 High-aromatic Diesel
fucel

sohio Dlesel 100 13.6 17.4 467 - 563 10 318 2.5 Low-aromatic Diesel
fuel

#2 Home-heating oll 100 11.8 54,5 439 - 578| 101256 2.2 High-aromatic heating
ofl

S
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TABLE I, - HYDROGEN AND AROMATTC CONTENTS OF TEST FUELS

FFuel hlended with Jet A Poercent Hydrogen, perecnt by welght Atomaties, pereent Ly volume
by weight i ——
of fuol Analine | Caleu= | Mnlli- | Neatron | Other FIA FIA | High per- | Caden-
hlended point tnted | kalnen | trans= | analyses | Lab. 1| Lab, 2| formance lated
with corre-| from misnion Hquid from
Jot A 1ation | formula (©) chromium | formula
[~ b e -
JoL A 100 BB | ammae | 18,7 18,4 | wmeem 17,2 | 11.6 [T 7 N —
Toluene 30,2 13.4 | ™28 | 12,5 12,4 | ~meea 53,2 | 37,0 29,4 bao. 9
Methyl cyclohexans 100 | mmee- By gd | mamm | mmmme | wmeme | cmaae | mmmma | mmmee | eeeie
Xylena bottoms - 1.9 I p— 2.8 | 1z.2 | Wz | Ps2.o| 510 dns | aeee-
Naphthalene cnarge stock 25,6 12,8 | =mama 12.3 12,2 42,0 34.0 36.0 35,3 | -=--w
Xylene - biend 1 19,9 12 | 08,0 | emee | mmmee | ceeme 47,9 | emmme | amenm bayo 1
Xylene - blend 2 11.9 12,8 | "Miz.0 | 120 12,1 | —eeem 58,5 | 50.0 38,8 bgo. 3
shale-oil JP-5 100 13,7 | wmee=- s | Mt | emee- bag2 | 2400 17,0 | =-----
Shalo-oil J P-4 100 814,65 | amamm 14.3 14,2 | eame- bigr] 100 10,5 | ==ca=
i
Shale-oil Marinc Diescl 100 LTI [— 12,0 | 126 12,8 | cmaee 100 bagg | —meee |
Decalin 100 | eeem- 93,1 13,0 12,5 | =mmmm | cccmm | cmmma | mmmen b e J
Shell det A 100 93,5 | wnme- 1.8 | 12,6 | wemm- by g | 2100 17.6 | =emn- i
soltrol 130 100 M58 —---e 15.1 1.9 | eemmm | mcmem | ommmmm | emmem [ oo
1
11 Sol 3 61.6 11,6 | =m=a- 11.6 1.6 91.8 76.0 ] 67.0 51.0 Y59, |
Tetralin - blend 1 10 120 | 2,0 | eame | emmem | cemem FTTE T [ — bas g
Tetralin - blend 2 60. 4 1001 | M1,0 | amam | mmmem ] cmaea 67.8 | commm|  aema-m bg3.5
T'exaco Dicsel 100 LTP IR [p— cooe | ommee | emae- bag 0| ceemm | cmmee | meme-
Sohio Diescl 100 13,5 =ma-m U I big. 4
{ #2 llome heating oil 100 LIS I [ cmmm | cmmee | emea- bey g
Method used in table Il for hydrogen,
bMethod used in table 1i for aromatics.
¢ Analytical technigue not known,
i
4
. . \ l
. 3 N ) " N - _
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Figure 4. - Effect of hydrogen content of fuel on smoke number at
takeoff condition.
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Figure 5. - Effect of hydrogen content of fuel on smoke number at
cruise condition.
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Figure 6. - Effect of hydrogen content of fue! on maxi-
mum liner temperatures at cruise and takeoff condi-
tions.
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Figure 7. - Effect of hydrogen content of fuel on NO, emissions at
takeoff and cruise conditions.
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Flgure 8. - Effect of hydroden content of fuel on maximum flame
temperatures.
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Figure 9. - Effect of fiydfogen content of fuel on emissions of CO and
unburned hydrocarbons at idle condition.
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Figure 10. - Effect of hydro

gén content of fuel on compy stion effi-
ciency at idle condition.
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Figure 11. - Effect o

f hydrogen content of fuel on smoke number at
idle conditions.




