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IN SINGLE TUBULAR-TYPE COMBUSTOR AT
SIMULATED ALTTITUDE CONDITIONS
By Ralph T. Dittrich

SUMMARY

A combustion-efficliency investlgstion of 10 speclal stralight-
run distillate fuels was conducted in an individual tubular-type
combustor unit of a l4-unit assembly at two simulated englne oper-
ating conditions. Thesge distillates were obtalned from various
crude olils and consisgted of hydrocarbon mixtures with distillation
temperature varying from 93° to 690° F. Three commercial fuels
were algo tested, one of which was used for checking reproduclbillty.
The operating conditlions simnlated engine operation st an altitude
of 40,000 fest at engine speeds of 7000 and 10,500 rpm.

Comperison of tsﬁperature meggurements obtalned from two
locations In the exhaust duct showed that under certein operating
conditions the flams extended beyond the turbine position.

The data obtained in these fuel tests showed that as the dis-

-tillation temperaturs of the fractlons from the sames crude increased,

the combustion efficiency decreased. Correlations are shown of
combustion efficlency with the 50-percent boiling point, with vis-
cosity, and with an empirical function of the S50-percent boiling
point and specific gravity.

INTRODUCTION

At the request of the NACA Subcommittes on Alrcraft Fuels
and Lubricants, the Bureau of Mlnes conducted a survey of the
possible crude-oll sources for jet-propulsion engine fuels and
determined the chemical and physical properties of many straight-
run distillates at the Petroleum Experiment Station, Bartlesville,
Oklehoma. As part of this program, the NACA Cleveland laboratory
was requested to investigate the combustion efficisencies of such

Puels.
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For this purpose 10 astraight-run dletillates were obtained "
from five crude-oil gources. These gpecial fuels together with
three commercial fuels were tested in a asingle tubular-type combustor.
The experimental conditlons were chosen on the basis of previous data
(reference 1), which indicete that for a given altitude the combustion
efficlency decreases with a decrease 1n engine speed. Conditione
simulating engine operation st an altitude of 40,000 feet at englne
gpeeds of 7000 and 10,500 rym were considersd to be sufficlently
severe to reveal any aifferences that might exist in the comustion
of the various fuels.

An investigation was also made to determine the effect that
theymocouple location in the exhaust duct would have on the test
results. One of the camerclal fuels was run elther before or after
each test fuel to determine the reproducibility of ‘the test resulta.
The resulte of these invegtlgations and possible correlations of
fuel performance with fuel properties ars presented.

FUELS

The chemical and physical properties of the stralght-run dis-
tillates as determined by the Bureau of Mines are shown in table I.

The propertles of the commercisl fuels were determined by the KACA :
(table II).

The 10 speclal stralght-run distillates were cobtained from five
crude oils. The sources of the crude oils and the distlllation temper-
atures were gelected to provide a wide varlety of physical properties
and hydrocarbon types. These fuels were mixtures of hydrccarbon types
in which paraffine ranged from O to 74.02 percent (by volume), naph-
thenes ranged from 18.50 to 78.02 percent, monocyclic arcmatica from
5.33 to 33.03 percent, and dicyclic arometics fram O to 11.50 percent.
The A.S.T.M. distillation temperatures of thess fuels variel over &
range betwsen 93° and 690° F.

Of the commercial fuels, solvent 1 was used to determine the
reproducibility of combustor performance; whereas AN-F-32 and Diesel
oil (Fischer-Tropsch procesa) were run only for camparison.

APPARATUS AND PROCEDURE |

A gingle combustor of an I-40 Jet-propulslon engine and the
teat setup described in reference 2 were used in this investigation
with several minor modifications (fig. 1). '

During preliminary trilals, a temperature survey of the gases in
the outlet duct at the turbine position showed the maximum tempera-
tures to be near a segment of the duct wall, thus indicating feulty
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alr distribution. FExamination of the combustor assembly revsaled

that the alr-passage annulus between the dome and the liner was
nonuniform. Nine spacers were attached to the outer rim of the com-
bustor dome to provide an annulus of uniform width (section A-A,

fig. 1). This change Improved the symmeitry of the temperature pattern
in the outlet duct.

Thermocouples for the measurement of cdmbustor-outlet temper-
atures were located at two stations (fig. 1). Statlon 1 was equiv-
alent to the turbine position in the engine sssembly and station 2

" was located 45 inches downstream of station 1. At station 1,

16 chromel-alumel thermocouples were equelly spaced along the center
lines of two equal areas. A similar arrangement with 12 thermo~
couples along the center lines of three equal sasreas was used ab
station 2.

The fuel Pflow waa measured by a rotameter that was calibrated
for each fuel. ‘A standard I-40, 40-gallon-per-hour, 80° spray-
angle fuel nozzle was used throughout thls investigatlon.

The test conditions simulated operation of an I-40 jJet-
rropuleion engine &t an eltitude of 40,000 feet at englne speeds
of 7000 and 10,500 rpm. The specific inlet-alr conditions are
glven In the followlng table:

Simulated operatlon | . Combustor-inlet alr
Altitude{Engine speed|Mass Plow? Vélocityb Pressure Temperature
(£%) (rpm) (1b/sec) | (£t/sec) |(in. Hg abs.) (°r)
40,000 10,500 1,00 129 20.5 235
40,000 7,000 .62 118 11.0 80

8per combustor.
bat 6-in.-diam. cross section.

For each fuel run, a set of Inlet-ailr conditions was held con-~
stant while the fuel flow was varied to give a series of points In
which the temperature rise through the combustor ranged from 500°
to approximately 1500° F. For each date polnt, the fuel flow and
the temperature measurements at both stations were recorded.

The commerclal fuel that was used for checklng the repro-
ducibility. of combustor performance was tested either before or
after each fuel run. A comparison of the results from the two
thermocouple stations for Tomball 1B fuel is shown in figure 2.



4 NACA RM No. E7F1lL

At the simulated 10,500 rpm condition, the agreement in efficiency
values from these two stations indlcates that no appreciable com-~
bustion takes place hetiween them. Although combustion is not com-
plete at statlon 1, as shown by the efflciency values, no appre-
ciable burning occure downgtream. At the simulated 7000 rpm con-
dition, the efficlency values from the two stations are comparable
at heat-input values less than approximately 360 Btu per pound of
air; but as the heat input is increased above this value, the effi-
ciency at station 2 increases at a greater rate than at station 1.
That is, when the combuation efficlency at station 1 is low for a
high heat input, considerable afterburning may be expected. This
afterburning wae observed through & window that was located 4 lnches
downgtream of statlion L. Similar results were obtalned with the
other fuels but the maxlmm difference in efficlency betweeon sta~
tions 1 and 2 decreased as the volatility of the fuel increased.

Temperature measurements from station 1 were used in com-
puting the comwbustlon-efflciency values, inasmuch as engine oper-
ation 1s dependent upon the temperature rise of the gases previcus
to their flow through the turbine.

RESULTS AND DISCUSSION

The reproducibility of the dats ap determined by the results
of the repeated runs with solvent 1 1s shown Iin figure 3. The
serles of points indicate typlcal check runs and the dashed lines
indicate the band within which all data of the check runs were
plotted.

In figure 4(a) to (e), in which percentage combustion effi-
clency 1s plotted ageinst heat input in Btu per pound of alr, are
shown the experimental results obtelned with the 10 straight-run
distillates at the two operating conditions. Thess resulta are
grouped according to the crude-oil sources of the dlastillatos.
Combustlion efficlency was calculated as the ratlo of actual tem-
perature rise tc the theoretical temperature rise. Hsat input in
Btu per pound of ailr 1s the product of fusl-alr ratioc timeas the
lower hesting wvalue of the fuel. The dashed lines are required
combustor-temperature-rise lines. NACA date show that a temper-
ature r%se of 892 F 18 required for englne operstion at 7000 rypm,
and 971 F is required for 10,500 rpm at an altitude of 40,000 feet.
At these regulred temperature-rise lines the heat input and the
resulting combustion efficiency are shown for each fuel at the
two simulated engine speeds.
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The comparison of the performance of the distillates from any
one crude showa that for a given heat input the combustion effl-
ciency of the low-bolling fuel is greater than the efficiency of
the high-boiling fuel and that this differsnce is greater at the
gimulated 7000 rpm condltion. These figures alsc show that any
one fuel, at a given heat input; gives a higher combustion effi-
ciency at the simulated 10,500 rpm conditlon than at the simulated
7000 rpm condition and that thle change in efficiency ls more pro-
nounced for the higher bolling fuels,

The performance of AN-F-32 and Diesel oll at the same exper-
imental conditions is shown in figure 4(f). The correlation between
the combustion-efficiency values at the required combustor temper-
ature rise (fig. 4) and the 50-percent boiling point of the fuels
is shown in figure 5. This correlation indicates & gradual decrease
in fuel performence with increasing 50-percent boiling polnt up to
approximately 500° F, after which the decrease in efficiency is
more pronounced. No explanation 1s evident for the behavior of
Bradford 2A fuel at the simulated englne speed of 7000 rpm.

In figure 6, these efficlency values are plotted againast the
vigcoslty of the fuel. This correlation ig similar to figure 5
a8 was expected because of the reletion that exlsts between boiling
point and viscosity for most hydrocarbon types.

An empirical function of the 50-percent holling point and
speclific gravity of the fuels 1a plotted egalnst combustion effi-
clency at the two simulated engine speeds in figure 7. The reciprocel
of the 50-percent bolling point was teken as & measure of volatlility
and specific gravity as 2 factor influenced by hydrocarbon composi-
tion. This emplirical function wes used I1n correlating flame stability
during a preliminary Investlgation of Jet-propulsion fuels by the
Standard 01l Company of Indisna in 1946. This function consisted of
the reclprocal of the logarithm of the S5O0-percent boliling polnt
divided by the square root of the specific gravity:

1/log 50-percent boiling point
Avépecific gravity

From these correlations it is evident that the distillation temper-
ature and related propertles are a decislve factor in determining
fuel performance at condltions approaching combustor opsrational
limits. These results are in agreement with the general conclusions
of reference 2, in which a preliminary investligation of fuel perform-
ance at altitude conditione is reported. The effect of chemical
composition, which varied with the source of the crude olls, upon
combustion efficlency was not evident, possibly due to the hetero-
gensoue composition of the fuels,
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S In figure 8, the difference in percentags combustion‘afficiency
" for the two simulated englne speeds 1s plotted againat the 50-percent

" boiling point of the various fuels. This figure shows that the differ-

ence in combustion efficiency with change in enging speed ingreased
" as the distillation temperatures of the fuele increasad

SUMMARY GF.RESULTS'

From a combustion-efficiency investigation of 10 straight-run
distillates and three commercial fuels in a single tubular-type com-
bustor at two simulated operating conditions, the following results
were obtained: .

1. For distillates from the seme crude, the results showed
that as the dlstillation temperature increased the combustion effi-
clency at the required temperature rise for engine opargtionﬂdecreased.

2. The combustion efficiencies of the various fuels were cor-
related with the 50~percent bolling point, with viscosity, and with
an smplirical function of. the 50~percent boiling point and epecific

gravity.

a N

3. No eignificant difference in combustion efficiency due to
crude-oll sourcs was detected in these fuel tests, that 1s,- the cor-
relations shown were independent of fuel source.

4. The difference in combustion efficiency with.change in sim-
ulated engine speed incressed as the digtillation temperature of the
fuels increased,

Flight Propulsion Research Laboratory, :
National Advisory Commlttee for Aeronautics,
Cleveland, Chio,
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TABLE I - PHYSICAL AND CHEMICAL PROPERTIES OF

ETFII

lcaiculated values:
OA.P.I. - —14%;.5

COMMITTEE FOR

Correlation index = 2§a§$2 + 473.7G = 456.8 where
K is average boliling point in degrees Kelvin,

2nD = refractive index for the sodium D 1line,

Sn

B

ine = pefractive index for the mercury e

= pefractive index for the mercury g 1line.
line.

Property Tomball] Tomball] Bradford
1A 1B 2A
Distillation temperature, °F
A.S.T.MI method D 86"4.0
Initial boiling point 199 357 93
Percent evaporated
5 2l¢e 420 103
10 224 432 138
30 244 464 164
50 262 486 234
70 286 507 270
20 315 540 311
85 327 568 S328
End point o 338 584 372
Specifii gravity, 60/60 F 0.7911] 0.8513 0.7208
A.P.1. 47 .4 3447 64.8
Density 20° ¢ 0.7852| 0.8468 0.7146
Correlation index! 39 39 11
Flame height, millimeters 15 13 20
Refractive index
np 20° ¢ 1.4406311.47559 | 1.40269
ng 20° ¢3 1.4533611.49038 1.41181
ne 20° c4 : 1,44311|1.47837 | 1.40468
Kinematic viscosity, centistokes:
A.S5.T.M. method D 445-42T
1009 F (37.8° C) 0.876 2.313 0.564
~-40C F (=40° C) 2.153]| Prozen l.662
Anlline point, A.S.T.M. method
D 611-41T
oF 81,0 138.0 136.0
oc 27.0 69.0 58.0
Freezing point, °F Below-76 -17 | Below-76
Sulfur weight, percent 0.00 0.08 0.03
Bromine number, A.S.T.M. method
ES-45a 0.06 34356 C.21
Flash point, °F 180
Molecular weightl 113 192 110
Molecular volume 144 227 154
Aniline functionl 85 122 95
Molecular refraction 38 64 38
ADispersionl 127.3] 147.9 91.2
Specific dlspers ionl 162.1 1747 127.6
Refractivity interceptl 1.0480] 1.0522 1.0454
NATIONAL ADVISORY

AERONAUTICS

where G 1is specific gravity at 60/60° P,

Y

1)
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STRAIGHT-RUN DISTILLATES AS DETERMINED BY BUREAU OF KINES

Bradford| Midway Midway Yates |Hastings|Hastings (Haetings
2B 3A 3B 44 5A 58 5C

324 104 287 149 o7 278 374

353 128 425 185 1386 301 433

366 159 445 203 156 308 451

410 220 475 221 l92 327 483

441 e62 506 259 215 343 511

470 309 543 286 235 361 546

506 387 594 311 272 388 624

524 374 621 334 282 402 682

540 396 625 356 319 420 690

0.7983 0.7870 0.8794 0.7446 0.7326 0.8101 0.8606

45.7 53.0 29,4 58,5 59.8 43.2 32.9

0.7945 0.7652 0.8748 0.7408 0.7342 0.8060 0.8580

19 29 50 18 24 36 41

18 20 12 20 20 17 14

1,44387] 1.42355] 1.48375) 1.41354] 1.40888| 1.44685 | 1.47525

1,45477] 1,43362 ] 1.49785| 1.42324] 1.41812| 1.45830 ] 1.48844

1.44599 [ 1l.42544 ] 1.48645| 1.41538| 1.,41062 1.44504( 1.47782

1.701 0,702 34218 0.641 0.595 1,051 3.408

Frozen 2.505 114.81 2.128 1.918 5.088 ) 125.15

160.0 120.0 124.4 132.8 120.4 117.0 146.8

71.0 49,0 51.2 55.9 49.2 47.0 639

~29 |Below="76 |[Below=76 [Below~75 | Below~78 [Below-76 =63

O.14 0.05 O.45 0.03 0.00 0.03 0.13

6.63 0.30 6.65 Neg. Nege. Neg. 2.62

137 . 149 89 184

183 115 197 119 104 138 204

230 151 225 lsel 142 171 238

126 93 119 98 8% 99 128

61 38 64 40 35 46 67

109,.0 100.7 141.0 970 92.4 114.5 131.9

137.0 131.5 161,2 130,9 125.9 142.1 153.7

1.0466 1.0410 1.0465 1.0431 1.0418 1.043¢9 1.0463

COMMITTEE FOR AERONAUTICS

NATIONAL ADVISORY
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lcelculated values,

Z2pnalysis by WACA.

NACA RM No.
TABLE I - PHYSICAL AND CHEMICAL PROPERTIES OF STRAIGHT=-RUN
Property Tomball [Tomball | Bradford
1A 1B 2A
Hydrocarbon analysis, A.S.T.M. method
ES-45a
Extract (aromatic) volume, 3547 29.9 10.9
percent
Density 20° C% 0.8504 0.9428 0.7936
np 20° ¢ 1.48487 ] 1.54585] 1.45339
ng 200 ¢l 1.50387 | 1.57197] 1.46450
Monoecyelice aromatics volume,
percent . 100 100 100
Dicyclic %romatics volume,
percent 0 0 0
Raffinate volune, percent 64¢3 70.1 89.1
Density 20° C 0.7490°} 0.8059| 0.7049
np 20° ¢ 1.41607] 1.44562] 1.39649
ng 20° ¢ 1.42532} 1.45558] 1.40537
Naphthene_ rings weight,
percent 32.6 29.8 o
Paraffin and paraffin side
chains weight percent 67.4 70.2 100
Silica gel hydrocarbon analysis
Extract (aromatic) volume, percent 31.30 32,25 7«48
Density 20° ¢
np 20° ¢
nS . 200 C
ng 200 C
Monocyclig aromatics volume,
percent 100 64.3 100
Dicyelle iromatics volume,
percent (o] 357 o]
Raff'inate volume5 percent 68.70 67.76 92.52
Density 20° C 0.7407 0.7930 0.7123
np 200 C 1.41632 ] 1.44119| 1.39975
ng 209 C 1.42550] 1.45091} 1.40845
ng 20° ¢ 1.41801 | 1.44305] 1.40147
Naphthene Yings velght,
percent 33.1 19.7 5.8
Paraffin and paraffin side
chains weight percent 66.9 80,3 94.2
Estimated best analysis of total
sample
Paraffin volume, percent 30.90 31.85 74.02
Waphthenes volume, percent 37«80 35.90 18.50
Monocyclic aromatics volume,
percent 31.30 20.75 7448
Dicyelic aromatics volume,
percent 0 11,50 o
Naphthene rings welight, percent 21.7 12,5 53
Paraffin and paraffin side
chalins welght,percent 43.9 51.0 86.9
Hydrogen-carbon ratio, weight® 0.143 <157 .181
Lower heating value, Btu/lb 17,760} 1is,300] 18,890
NATJONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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DISTILLATES AS DETERMINED BY BUREAU

E7FLI

£ _MINES ;_eggg}.t.t%ﬂ_____.
Bradford jMidway Midway Yates © jHastings{Hastings|Hastings,
2B BA 3B 44 S5A . 5B 5C
17.1 11.8 29.4 7e3 68 1845 2042
0.8532] 0.8560| 0.9422| 0.8452} 0.7924} 0.8692] 0.5857
1.48906( 1.47534| 1.53742 | 1.47986} 1.44440| 1.49530] 1.53836 | -
1.50573] -1.,49190| 1.55983 | 1.49671] 1.459024]| 1.51459| 1.58198 .|.
100 100 100 80.
. © o o 40
82.9 88.4 70.6 92,7 93.4 81.5 79.8
0.7824} -0.7533} 0.8485] 0.7326| 0.7301| 0.7916} 0.8408
1.43455] 1.41675[ 1.46140 ) 1.40832| 1.40637| 1.43588) 1.45928
1.44426| 1.42597| 1.47200 ) 1.41745] 1.41522 | 1.44552] 1.46477
18.2 37.9 59.4 1?:2 32.8 ) 47.8 53.5 N
81.8 62.1 40.6 82.8 67.2 52.2 46.5
12,45 8,72] 33.23 5.91 - 5.33] 16,82 26.17
- , 0,.9431 0.8798| 0.9363 .
1.51573 1.53277 1.50524| 1.53353
1.53639 1.55408 "1.50904| 1.55681¢
1.51950 1.53647 1.52551) 1.53771
100 09,4 100 100 88.7]. 90.9
o 0.8 o o 11.3 9.1
87.55 20.28 66.77 94.09 94,67 83,18 74 .83
0.7788| 0.7608| 0.8405| '0.7356| 0.7389 o.7g 5] 0.8311
1.43408( 1.41998 | 1.45064 | 1.40971] 1.40998| 1.43577| 1.45639
1.44359| 1:42918 | 1.46980 | 1.41869| 1.41899| 1.44546| 1.468564
1.43586| 1.42167 | 1.46146 | 1.41134| 1.41163| 1.43761} 1.45B32
15,3 44,2 54.9 20.9 41.9 47.7 45.1
84,7 55.8 45.1 79.1 58.1| 52.3 54.9
54,25 24.38 o 58.34 31.25 4.98 o}
33.30 65.90 66.77 35.75 63.42 78.20 74.83
12.45 9.72 33.03 5.91 5.33 14.92 22,87
0 o 0.20 0 o) 1.90 2.30
13.1 39.7 35.2 19,5 39.7 39,0 32,7
72,7 50.1 28.9 73.9 55.0 42.7 39.8
.169 .170 .147 .176 172 <188 154
18,650{ 18,630 1s8,170| 18,800| 18,800] 18,3570} 18,400

COMM|TTEE FOR AERONAUTICS

NATIONAL ADVISORY
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TABLE II - PHYSICAL AND CHEMICAL PRCOPERTIES
OF THREE COMMERCIAL FUELS AS IETERMINED BY NACA

AN-F-32 | Diesel oll|Solvent 1
Property (Fischer-
Tropach)
Distillation temperature, °F,
A.S.T.M. Mothod D 86-45
Inltial boiling point 314 376 307
Percent evaporated
153 336 420 319
10 344 436 322
30 354 456 330
50 366 476 338
70 382 506 347
90 422 544 363
End polnt 480 592 382
Specific gravity, 60/60° F 0.791 0.776 0,769
°A.p.I." 47.5 50.9 52.5
Aniline point, °F 157.3
Freezing polnt, Sp Below-76 21 Below-76
Bromine numbe 1.56 0.3
Flash point, F 115 165 a7
Eydrocarbon analysls, A.S.T.M,
method ES-45a
Extract (aromatic), volume
pexrcent 10.8 9.5 1.1
Hydrogen-carbon ratlo, weight 0.172 0,181 0.174
Lower heating value, Btu/lb 18,700 18,900 18, 800
104 P.I. = 141.3 - 131.5.

ep. gr. 60/60° F

National Advisory Committee

for Aeronautics
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Figure I, - Diagrammatic sketch of single tubular-type combustor showing modiflcation

of llner assembly and thermocouple locations,
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Figure 2. - Comparison of combustion-efficlency values from two thermocouple stations for Tomball 1B
fuel., Conditions simulated engine operation at altitude of 40,000 feet at two engine speeds,
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Combustion effioléncy, percent
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Combustion effiodency, percent

opersation at sltitude of 40,000 feet at two engine speeds.
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(b) Required temperature rise, 892° P; simulated engine speed, 7000 rpm.
Pigure 6, - Correlation of combustion efficiency with viscoslty of verious fuels at

temperature rise required for turbine operation. Conditions simulated engine
operation at altitude of 40,000 feet at two engine speeds.
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Figure 7. - Correlation of combustion efficiency with an empirical function of various
uels at temperature rise required for turbine operation. Conditions simulated
engine operation at altitude of 40,000 feet at two engine speeds.
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Figure 8. - Variation of difference In percentage combustion efficlency with 50-percent boiling
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engine apeeds of 7000 and 10,500 rpm.
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