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RESEARCH MEMORANDUM

ALTTTUDE PERFORMANCE OF AN-F-58 FUELS IN BRITISH
ROLLS-ROYCE HENE SINGLE COMBUSTOR
By Willlam P. Cook and Richard G. Xoch

SUMMARY

An investigation was conducted with a single coambustor from a
British Rolls-Royce Nene turbolet engine to determine the altituds
performance cherecteristice of AN-F-58 fuels. Three fuel blends
conforming to AN-F-58 specificatlons were prepared in order to deter-
mine the influence of fuel boiling temperatiures and aromatic content
on cambustion efficlencles and altltude operational limits. The per-
formance of the three AN-F-58 fuels was compared in the range of alti-
tudes from sea level to 85,000 feet, englne speeds from 40~ to 100-
percent normal reted, and fiight Mach numbers of 0.0 and 0.6. Similar
information was obtained for AN-F=32 fusl at a flight Mach number of 0.0.

The eltitude operational limits of the three AN-F-58 fuels were
the same at reted speed and flight Mach numbers of 0.0 and 0.6. The
high-aromatic AN-F-58 fuel gave altitude limits below those of the
base-stock and high-end polnt AN-F-58 fuels at lower englne speeds,
being about 10,000 feet (flight Mach number, 0.0) and 5000 feet
(f1ight Mach number, 0.8) lower at 70-percent normsl rated engine
gpeed. The altitude operatiocnal limits of AN-F-32 fuel were about
the same as those for the base-stock and high-end-point AN-F-58 fuels
at a2 flight Mach number of 0.0.

The combustion efficienciles with the four fuels ranged from 54.5
to 100 percent with the higher efficlencles ococurring at low altlitudes
end high engine speeds. Although the scatter of data was lerge, scue
indication existed thet combustlon efflciencies with the high-aromatic
fuel decreased more rapldly than the other fuels as the engine speed
was decreased and as the eltltude was lncressed.

. Carbon deposition duwring operation with the three AN-F-58 fuels
was slight.
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INTRODUCTION

The potentlal availeblility of AN-F-32 fuel for Jet-propulsion
enginos is relatively small because of limitations in bolling renge and
camposition. In order to increase the potential supply of fuel for Jet~
propulsion engines, fuel AN-F~58, which has wider specificatlon limits,
has been proposed. A camprehensive program was undertaken at the NACA
Lewls laboratory to determine the performance characteristics of fusls
conforming to AN~-F-58 specificetion in current turbojet engines and
single cambustors from these engilnes. In the single-combustor investi-
gations, speclal attention was given to the influence of physical prop-
erties of AN-F-58 fuel on cambustor performance in order to determine
whother the limitetions on physical properties in the specification
required revision.

"The effects of boiling-temperature range and aromatic hydrocarbon
concentration within AN-F-58 specification on altitude performance in a
single combustor fram a British Rolls-Royce Nene turbojet snglne are
presented. Combustlon efficlencies and altitude operationsl limits were
determined in the range of altitudes from sea level to 65,000 feet,
englne speeds from 40 to 100 percent normal rated, and flight Mach
nwmbers of 0.0 and 0.6 for three AN-F-58 fuels.

Comparison of the performences of AN-F-58 fuels and AN-F-=32 fuel

was made at a flight Mach number of 0.0. Cocmparison of the carbon
depositlion of the three AN-F-58 fuels at one altltude condition wae

also made.

FUELS

Specifications and analyses for the fuels used in this investi-
gation are preeented in table I.

Three fuels conforming to AN-F-58 speclficatlion were used. The
firet of these (NACA fuel 48-249) was a uniform mixture from several
tenk~car lots of AN-F-58 fuel as recelved from the supplier. TFor
purposes of this Investigation, this fuel with 2 boiling renge from
110° %o 560° F and an ercmatic hydrocarbon content of 19 percent was
considered a base stock. A second AN-F-58 fuel (NACA fuel 48-258) was
prepered by blending 92 percent of the base stock with 8 percent of a
mmber 3 fuel oil. The resulting blend had a boilling range from 11Lu°
to 590° F and an aromatic hydrocarbon content of 19 percent. This
blend. 1s herelnafter identified ae the high-end-point fuel. Comper-
isons of these fuels (NACA fuels 48-249 end 48-258) were intended to
indicate the effect of fuel bolling range on turbojet-engine performance.

w7,
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A third AN-F-58 fuel (NACA fuel 48-279) wes prepared by blending
79 percent of the base stock with 13 percent of redistilled hydroformate
bottoms end 8 percent of num'ber 3 fuel oll. The resulting fuel blend,
which boiled between 110° and 590° F and contained 29 percent of
aromatics, approaches the AN-F-58 specification limits of final boiling
temperature and aromatic content. This blend is herelnafber ldentified
es the high-arcmatic fuel. Comperisome of this fuel (WACA fusl 48-279)
with NACA fuel 48-258 were intended to indlicate the Influence of
aramatic content on burbojet-engine performance. The addltlon of the
hydroformate bottoms, however, increased the bollling temperatures
throughout most of the distillation renge (cf. NACA fuels 48-258 and
43-279, table I) and therefore any influence this fuel msy have on
turbojet-engine performence may not be due solely to aromatic content.

Inssmuch as the silica-gel determinstion for aromatic conbtent
(teble I) is considered more relisble than A.S.T.M. determinations
for AN-F-58 fuels, all aromatic concentrations referred to were made
by the sllica-gel method.

APPARATUS AND INSTRUMENTATION

A photograph of the British Rolls~Royce Nene cambustor instella-
tion 1s shown in figure 1. All combustor parts between the comnecting
alr pipe and the discharge nozzle are production parts cbtained from
the mamufacturer.

The complete experimental setuwp 1s dlagrammed in figure 2. Com~
bustion alr flow was meesured by a thin-plate oriflce and was con=-
trolled by two bubterfly valves downstream of the orifice. The
cambustor-inlet pressure was adJusted by positioning a bubterfly valve
downstreanm of the combustor and the inlet temperature was controlled
by a gasoline-fired preheater. Exhaust geses wers cooled by a walter
gpray downstream of the combustor and passed into the laboratory
exhaust facilities.

The combustor-inlet totel pressure and temperature were measured
in the 12-inch pipe &t plane A (fig. 2) by use of two of the three-
point pressure rakes end two of the two-Junction iron-constentan
thermocouple rekes illustrated in figure 3. The temperabture of the .
exhaust gases was measured by six, five-junction chramel-alumel thexmo-
coupls rekes (fig. 3), with thermocouple Junctions located et centers
of equal arees 1n the outlet of the combustor at plane B of figure 2.
The ccmbustor-outlet pressure rekes and cambustor statlc commections
evident in figure 1l were not used in thils investlgation.



4 OSliSESRARR. T, NACA PM E9DO8

FROCEIURE

Combustor-performance determinstions were conducted at simulsted
altitudes ranging from see level to 65,000 feet (or at as high a
simulated altitude as the laboratory services permitted), at simulated
engine rotor speeds from 40 to 100 percent of normal rated speed, and
at simulated flight Mach numbers of 0.0 and 0.6.

The combustor-inlet-alr conditions and the required combustor-
outlet temperature for each altitude and engine speed taken from
early engine performance data oblained from the NACA Iewie laboratory
are shown by the solild curves In figure 4. Further analysls of the
experimental date and experimental investigations with the engine in
an investigation independent of the one reported herein revealed
errors Iln these englne performance data. The correct data are shown
by the dashed curves in figure 4. The errors were not dlscovered
until this investigation was complete and therefore the data fram the
golid curves weore used. Although the early data used are not
preclsely correct for the Nene engine, their use still permits a valid
basals for comparing the performance of the several fuels studied. The
values at varilous engine speeds and altitudes simulated In the sgingle-
combustor Investigations were derived from the corrected data by using
the temperature and pressure ratios for standard atmospheric conditions.
The conditions for & flight Mech number of 0.6 wore calculated by using
the equations for the 1deal pressure and temperature changes required
to accelerate alr at rest to any glven Mach number, as shown in
ref'erence 1.

In order to determine the altitude operating limits and the combus-
tion efficliencies at varlous simlated flight conditions, air flow,
inlet pressure, and inlet temperature were adjusted to the required
values derived from figure 4. The fuel flow was adjusted to obtaln the
combustor-outlet temperature required at the simulated flight conditions
and data were recorded. The combustion efficiency used herein is defined
as the ratio of the actual enthalpy rise through the combustor to the
heating value of the fuel supplied.

Carbon-deposition determinations were preceded by a removal of all
carbon from the combustor. The combustor wss then assembled in the setup
and conditions of alr flow, inlet pressure, and inlet and outlet temper-
ature were adjusted to simulate 90-percent rated englne speed at an
altitude of 35,000 feet. After operating for 6 hours, the combustor was
again dismentled and inspected for carbon deposits.

DISCUSSION OF RESULTS
Altitude Operation Limits

The altitude operational limits of most combustors (references 2
to 4) are generally caused by the combustors falllng to give a

cofasmEant
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sufficlently high value of temperature rise. The Briltish Rolls-Royce Nene
combustor is qulte different in this respect. The altitude limite with
this combustor result fram its Inaeblllty to glve sufficlently low values
of temperature rise; that is, at certaln albitude engine speeds it is
possible to run the combustor 1f the temperature is above the required
value but blow-out will occur if the fuel flow is decreased in an
attempt to atbain the required temperature. The positlon of the altl~
tude 1limit at a glven engine speed generally is estimated between two
experimental points, one &t which the required temperature rise is .
obtained and one at which the required temperature rise is not obtalmned.
Because of limitations in the exhaust facilities, it was impossible to
bracket the operational limits at all engline speeds; in scme cases the
operationel limlits were therefore estimated fram values of temperature
rise obtalned only below the operational limit. Furthermore, altitude
operational limits are difficult to determine experimentelly to within
less than 2000 feet because of the erratic performence of the combustor
at condltions near the altltude limit. For these reesons the altitude
limits included herein must necessarily be considered epproximations.

The operating conditions at which date were obtained in the Inves-
tigation of the four fuels sre shown In figures 5 and & plotted on
coordinates of simulated altitude end percent of normel reted speed for
flight Mach numbers of 0.0 and 0.6, respectively. The combustion effl-
clenciess which are discussed in a subsequent section, are indlcated
next to each operating point. The curves shown in these figures
represent the altituds limits of operation with each of the fuels.

The altitude operatiomsal limits of the four fuels at a flight Mech
mumber of 0.0 are plotted in figure 7(a2). This plot shows that at 100-
percent rated engine speed the three AN-F-58 fuels heve the same alti-
tude limits, which scmewhat exceed that of AN-F-32 fuel. At 70- and 85~
percent normel rated engine speeds, the altitude operational limits of
the base-~stock and the high-end-point AR-F-58 fuels (NACA fuels 48-249
and 48-258) are approximately the seme as for AN-F-32 fuel (NACA fuel
48-306). The high-arcmetic-content AN-F-58 fuel (NACA fuel 48-279) had
altitude limits that fell below the limits for the other fuels at 70-
percent normal rated engine speed by approximstely 10,000 feet.

The altitude operational limits of the three AN-F-58 fuels at a
flight Mach number of 0.6 are plotted in Pigure 7(b). Agein the aiti-~
tude operational limits of the base-stock end high-end~-point AN-F-58
fuels (NACA fuels 48-249 and 48-258) are approximately equivalent
throughout the altitude and englne-speed range investigated. The
altitude operational limits of the high-aramatic fuel (NACA fuel
48-279) egein show a tendency to drop below those of the other fuels
at low engine speeds (ebout 5000 ft at 70-percent normal rated

engine speed).
C
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Combustion Efficiencies

1114

Cambustion efficlency with the British Rolls-Royce Nene
combustor wes gquite senslitive to combustor tempersture rise,
particularly at low engine speeds. Accordingly, difficulty was
encountered ln reproducing combustion-efficiency data within 4 or
5 percent inasmuch as the cambustor-outlet temperature could not
be set at the required value (the combustor-outlet temperature is
the average of 30 thermocouple indications and had teo be estimated
during runs) and often differed fram this value by as much ag SO° F.

The combustion efficlencles llsted beslide the data points in
figures S5 and 6 range from 54.5 to 100 percent, For ease of com~
parison, these data have been crogs-plotted In figure 8 to show
the varlation of combustion efficliency with altitude for the four
fuels at 70~ and 100~percent engline speed. Although the scatter
of dete 1s large, there 1s saome indication that combustion effi-
clencies with the high-aromatic fuel (NACA fuel 48-279) deorease
more Yapidly than efficlencies with the other fuels as the engine .
gpeed 1s decreesed and as the altitude 1s Increased. In general,
the combustion efficlencies vary with simulated eltitude and engine
speed in the same mammer as with other gas-turbine cambustors (for
exsmple, references 2 to 4); that is, the efficiencies decreese
with increase in altitude or with decrease in engine epeed.

Cerbon Deposition

Inspection of the combugtor liner after operation for 6 hours
at the specified conditions with the base-stock AN-F-58 (NACA fuel
48-249) revealed a sooty discoloration around the swirl vanes and
near the inlet end of the fleme tube and a thin film of carbon
beked on the end of the spray nozzle.

Similar deposits occurred with the high-end-point fuel (NACA
fuel 48-258). In addition, a ribbon of carbon about 1/16 inch deep
and wide was deposited in the shape of scallops running between
the upstream eir holes.

With the high-arcmatic fuel (NACA fuel 48-279) the deposits
were very similer to those with the high-end-point fuel (RACA
fuel 48-258) except that in addition, three spots of carbon

‘ebout 1} inches long by 1/2 inch wide end having e depth of about

1/64 to 1/32 inch were baked on the upstream wall of the flame
tube above the alr holes.
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Thus, although the amount of carbon deposited in the cambustor
increagsed as the volatllity decreased end as the aramatic hydro-
carbon content increassed, In no case was the emount of carbon pro-
nownced..

SUMMARY OF RESULTS

The reeults obtalned in an investigation of & slngle British
Rolls~-Royce Nene combustor with three AN-F-58 fuels and one
AN-F=32 fuel at various simulated altitudes, engine speeds, and
et simulated flight Mach nmumbers of C.0 and 0.6 are summarized
es follows:

l. At both flight Mach numbers, the altltude operaticnal
limits of the three AN-F-58 fuels were the same at rated speed. The
high-aramstic fuel gave eltlitude limits below those of the other

fuels at lower engine speeds, being about 10,000 feet (Mach mumber,
(0] D‘ and 5000 fest (Mach n"m'ha'lﬂ 0.8Y lawar at 7n-pnrcent normel

el Y N s ety W EW) eewTwa e

rated gpeed. The eltlitude operational linits of AN-F-32 fuel were
about the =msme as those for the base-stock and high-end-point
AN-F=-58 fuels at a flight Mach number of 0.0.

2. The combustion efficlencies with the four fuels ranged
froam 54.5 to 100 percent wlth the higher efficlencles occcurring at
low eltitudes and high engine speeds. Although the scatter of data
was large, there was same indlcation that cambusitlon efficlencies
with the high-arcmatic fuel decreassed more rapldly than the other
fusls as the englne speed was decreassed and ases the altitude was
Increased.

3. The quantlity of cerbon deposited from any of the fuels was
slight. The amount of carbon incrssged with incresse in bolling
range and with increase in arcmatic content of the fuel.

Lewls Flight Propulsion Laboratory,
National Advisory Comitiee for Aeronautics,
Cleveland, Ohio. -
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TABLE I - SEECIFICATIORS ARD ANALYEFRS OF FUELS USED

Specifications Anelyses |
AN-F-58 AR-F=32 AN-F=58 AN-F=-32
NACA Fuel 48-249 | 48-258 |48-279 | 48~306
A.8.T.M. distillation
D 88«46, °F
Initial bolling point
Parcentage eveporated 130 1z 110 336
5 135 137 133 349
10 ———eee we==| 4&10(max.) 157 157 164 355
20 192 198 215 360
30 230 248 273 365
40 272 291 327 370
50 34 332 370 375
80 351 373 407 381
70 388 L0 437 387
80 427 450 464 394
80 425(min.) LSO(maI.; 473 500 500 405
Finel boiling point 600(min.) | 572(mex. 560 590 580 446
Residue, (percent) 1.5(max.) | L.S5(mex.) 1.0 1.0 1.0 1.0
Ioss; (percent) 1.5(max.} ! 1.5(mex.} 1.0 1.0 1.0 1.0
Freezing point, (°F) ~76(max.) | -76{max.) | <=~76 | < =76 | <76 | memenaa
Arametics, (percent
by volume)
A.8.T M. D-875=46T 30(max.) 20(max.) 7 17 26 | ammmen-
Silica gel 19 19 28 15
Tiscoslby, (centistokes
at -40° F) 10.0(mex.) | 1.0.0(max.} 2.67 2.54 4.26 | mmmm—on
Bramine numbex 14.0(max.) | 3.0{max.) 13.8 13.3 12.4 | erammca
Reld vapor pressure
(1b/sq in.) 5~7 cemmecacan 5.4 5.1 I - 1 [R—
Hydrogen-carbon ratio 0.163 | 0.161 | 0.250 ! 0.154
{Btu/1b) 18,200(min.) | ~e~=~we~~- 118,640 [18,690 |18,480 |18,550
Specific gravity 0.7698 | 0.775 | 0.806 | 0.83L
Accelerated
(mg/100 m1 20.0(mex.) | 8.0(mex.) 2.8 | 12.4 |-emme- ]
Sulfur, (percent .
by weight) 0.50(mex.) |0.20{max.) 0.03 0.04 0.04 0.02
Flash point, (°F) cemmnme——. 11.0(min.}
Air-jet residue
(mg/1.00 m1) 10.0{mex,) |=e=cm==-a= 3 5 8 1
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O Required temperature rise obtained
v Required temperature rise unobtainable
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Altitude operational Hmit //
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T 61.9 67.9
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93,7 98,0
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Engine speed, percent normal rated
(a) Puel, AN-F-32 (NACA fuel 48-306),.

Pigure 5. = Altlitude operational limlts and combustion efficlencles of
single combustor at rlight Mach number of 0.0. Values of combustion
efficiency iIn percent are glven beslde data points.
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Altitude, ft

O Required temperature rise cbtained
= ¥ Requlred temperature rise unobtalnable
70O -
oty '/———Q
Altitude operational li.mit)// 80.4
60 ! - —
// 72.6 85.5
50 —&- & o
71.0 84.8 91.6
40 : i & D
62,0 72.9 02,6 5.1
30 —&
Tes.8 81.3 Tos.a 00,6 |
20 & —&
66 .3 Tvs.l 87.9
10 . —— ©
iFl.o 83 .5 91,3
0
Sel F0.7

40 80 60 70 80 20 100
Engine speed, percent normal rated

(b} Fuel, AN-F-58 (NACA fuel 48-249).
Figure 5. - Continued. Altltude operational limits and combustion

efficlencies of single combustor at flight Mach number of 0.0. Values
of combustion efficiency in percent are given beslde data points,
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O Required temperature rise obhtained
= v Required temperature rlse unobtailnable
70x30
=\
_—"[70.6
60
Altlitude operational 1limit
©
77,7
50 @ )
68,0 98,0
—
40 @ @
71.5 93,0
30 ¢ ?
84.6 94 .2
20
10 &—
87 +6
0
ﬁ;L2 -i.EIEu'rP
40 50 60 70 80 20 100

Engine speed, percent normal rated
(¢) Fuel, AN-P-58 (NACA fuel 48-258),

Pigure 5, - Continued., Altltude operational limlits and combustion
efflciencles of single combustor at flight Mach number of 0.0. Values
of combustlon efficlency in percent are given beside data pointse.
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© Required temperature rise obtained
Vv Required temperature rise unobtainable
70x303
<D
/ 7646
60 - A &
Altltude operational limit—:>//// 87.4
50 + A4 o
// 59.6 93,7
)4
» 40 & D
& 56.8 98.8
)
=
pr #
B 30 ©
< 78,7 100
20 —>
87.8
10 O
77«0
o A4
88,7
40 50 60 70 80 90 100

Engine speed, percent normal rated
{(d) Fuel, AN-F-58 (NAGA fuel 48-279),
Pigure 5, = Coneluded. Altitude operational limits and combustlion

efficiencies of single combustor at f£flight Mach number of (0.0. Values
of combustlon efficiency in percent are given beside data points.
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©0 Required temperature rise obtained
v Required temperature rise unobtainable
70363
" [77.3
Altitude operational limit
60
// 63.4 1.4
2
4/
50 @
58,6 90,5 875
40 & @
84,7 917 90,47
30 & P P D
T1l.4 93 .5 08,2 04,6
w4 | .
8l.4 82,3 97 .2
10 @ ©
86 ¢35 893.9
o —&
93,0 94.4
40 50 60 70 80 80 100

Engine speed, percent normal rated
(a) Fuel, AN-F-58 (NACA fuel 48-249),

Figure 6, - Altitude operational limlts and combustion efficiencles of

single combustor at flight Mach number of 0.6,

efficlency in percent are glven beside data points,
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Values of combustion
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© Requilred temperature rise obtained
= v Required temperature rise unobtalnable
70x10
’Aq
LAY t1 tude operational lmit)//GQ.S
////’ 71.1T
]
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50 © -
74 o4& 875
® 40 © -
&~ B80S 0667
g
=
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+ 30 4
o B5 .5
20 T3 ©
82,5 0967
10 @
8843
s) 9
100 *::EE;;;;?

40 50 60 70 80 80 100
Engine speed, percent normal rated
{(b) Puel, AN-F=-58 (NACA fuel 48-258),

Figure 6, = Continued. Altlitude operational limlts and combustion
efficiencies of single combustor at fllght Mach number of 0,6, Values
of combustion efficiency in percent are glven beaside data points,

bRk



22 GO NACA RM ESDOS8

Altitude, £t

O Required temperature rise obtained
Vv Required temperature rise unobtainable
70 e WaY)
//—;
/
Altitude operational limit— / 76.6
60 0 —
_ / 64.8 8546
) /////
50 /] &
884,56
5645
40 T 4’
66.1 97.8
30 - - @ i)
84,0 104G
20l 4 . |
68,6 91.9
100
87 « O
) —
04,8 W

40 50 60 70 80 90 100
Engine speed, percent normal rated
{c} Puel, AN~F~58 (NACA fuel 48-279).

Figure 6, -~ Concluded. Altitude operationel limits and combustion
efficlencles of single combustor at flight Mach number of 0.6, Values
of combustion ei‘f;ciency in percent are given beside data points.
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Filgure '_Z. - Comparison of altitude operational limits of wvarlous
fuels in single combustor,
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Puel NACA Boiling Aromatiocs
fuel range (percent b
(°F) volume)

Engine speed
O AN-F-58 48-249 110-560 19
100 percent normal rated & AN-P-58 48-258 110-590 19
———— 70 percent normal rated A AR-P-58 48-279 110-580 29
O AN-F-32 48-308 336-446 18
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Figure 8, - Effect of altitude on ocombustion efficiency for AN-F-88 fuels and AN-F-32 fuel in single combustor., (Cross-plotted fron
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