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FOREWORD

This specisl report was prepared by Shell Development Company under
U. S. Air Force Contract No. AF 33(657)-11096. The contrsct wes initiated under
Project No. 3048, Task 304801. The work was administered under the direction
of the Air Force Aero Propulsion Leboratory, Research end Technology Division,
Messrs. J. R. Fultz end C. J. Johnson, Project Engineers.

The personnel of the Library end Technical Files of the Emeryville

Laborstories were very helpful in the preparation of this report, end their
contributions ere gretefully scknowledged.

This report is being distributed without prior Air Force review.

S-13979 -ii-




ABSTRACT

A review of the literature has been made as pert of an extensive study
of veporizing and endothermic fuels for asdvanced engine epplication. Abstracts
are presented for 1086 references covering cooling requirements of supersonic
aircraft, properties of veporizing and endothermic fuels, thermel and catalytic
reactions of hydrocarbon fuels, high temperature fuel stability, fuel contemin-
ants and additives, fuel combustion characteristics, physicel-chemicel proper-
ties, heat transfer and flow behavior, and advenced engine design.

The references sre srranged by suthor. Subject end source indexes
are provided.
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LITERATURE SURVEY ON VAPORIZING AND ENDOTHERMIC FUELS FOR
ADVANCED ENGINE APPLICATION

Introduction

A thorough review of the pertinent litersture hss been mede as part of
an extensive study of veporizing snd endothermic fuels for edvenced engine
epplication. Such s fuel must be cepsble of scting es e heet sink for the
aerodynamic heat genersted by aircraft operating in the Mesch 3 to 6+ renge. It
is intended thet the fuel sbsorb the heat by virtue of its sensible and letent
heat and its endothermic reaction cepability, either thermel or cetelyzed. This
requires that the fuel have excellent thermsl stability st temperatures up to
its reaction tempersture and thet it then react repidly end cleanly to give
products which cen be burned effectively in the engine. Reelizable heat sink
cepacities, reaction rates, composition of the resction products, end heat
transfer parameters of the fuel and products ere all importent in the selection
of suitable fuels.

The literature survey covers the subject sress central to the utiliza-
tion of vaporizing end endothermic fuels » and also includes some references in
peripheral arees such ss the commercisl SST program, design of test appsratus,
and advanced engine design. Becsuse endothermic fuels mey be applied to engines
using supersonic combustion, there are also some references on mixing in super-
sonic streams, ignition delay, and relsted subjects.

The references cited include principally reports of government-
sponsored research, most of which were obtaeined from the Defense Documentation
Center; technical trenslations obtsined through the Foreign Technology. Division
and DDC; end papers published in the open literature. The latter were discovered
through a search of Chemical Abstracts, vol. 50 (1956) through vol. 59 (1963);

Engineering Index, 1945 through June 1964; Applied Mechenics Review, vol. 1 (1948)
through vol. 17 (2pril 1964); and Internationsl Aerospace Abstracts, vol. 3 (1963).

The clessified literature, as well as the unclassified, was seerched
to obtein pertinent references. For those classified reports which are included
in this survey, an unclassified sbstract is presented if one was svailasble or
could ve prepsred. Otherwise no abstrect is given.

The references have been arranged alphabetically according to the last
neme of the principel suthor, end serisl numbers have been assigned for simplicity
in indexing. Indexes are provided so that references mey be located by subject
metter or by nsmes of secondary euthors. Additionsl indexes 1ist reports of
government "in-house" studies, and reports of government-sponsored research
arrenged by contracting egency and contract number, snd by contractor.
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SUBJECT INDEX

Supersonic Alreraft

Milit Research Programs
0122, 0307, 0335, o;ﬂg, 0377, oklk, 0502, o134, oT717, 0969, 1038

Commercial SST Pro
0176, 0177, 0180, 01?55, 0226, 02kg, 0368, 0ko1, olase, ok2k, ou3s, ouys,
0501, 0577, 0687, 0754, 0766, 0778, 0834, 0856, 0871, 0876, 0924, 0970,

0971, 0972, 0975, 1079

Cooling Requirements Insulation, and erodynamic Heating
0019, oo§§, 0066, 0103, 0111, Oltl, 0155, 0166, 0175, 0176, 0177, 0223,
0251, 0252, 0233, 0250, 0251, 0260, 0261, 0262, 0307 0320, 0340

s »
0341, 0364k, 0384 0385, 0397, 0398, 0k15, o430, 0436, Okk3, ol77, 0478,
0493, 0500, 0556, 0576, 0592, 0593, 0600, 0602, 0616, 0617, 0639, 06ks,
0664, 0688, 0689, 0695, 0699, 0T10, 0731, OT3k, oTh1, OT42, 0755, 0756,
0760, 0778, 0779, 0786, 0795, 0809, 0815, 0851, o910, 0921, 0925, 0935,
0939, 0969, 0989, 0990, 1015, 1019, 1034, 1038, 1062, 1073, 107k

General Works on Supersonic F1 ht Problems

0003, 0032, 0091, 0103, 0176, 0273, 0231, 0251, 0260, 0331, 0397, 0398,
oh11, olie, ok21, o433, ok3k, ob3s, oks56, o475, okT7, 0502, 0528, 0556, |
0577, 0562, o615, 0636, 0657, 0680, 0697, 0706, om2, 0720, o721, 0735,
0745, 0752, 0779, 0780, 0787, 0815, 0835, 0848, 08s1, 0854, o8n, 096, -
0921, 0939, 0947, 0963, 0970, 0974, 0990, 1015, 1019, 1064, 1073, 1075

Vaporiz and Endothermic Fuels
0021, 00311, 0055, m, 0033, 0072, 0086, 0133, 0174, 0183, 0189, oas,
0226, 0235 0282,

» 0236, 0264, 0269, 0307, 0326, 0329, 0335, 0342, 0358,
0577, 0385, 0386, 0391, oOk1s, ok2k, 0436, okgs, 0k96, olgy, 0507, 0530, -
0531, o541, 0543, 0581, 0582, 0583, 0584, 0592, 0600, 0639, 0664, 0677, 1
0710, 0734, 0736, 0746, 08438, 0633, 0859, 0860, 0861, 0868, 0936, 1015,
1051, 1077

Heat Sink Cagacitz
0034, 0235, 0 » 0329, 0358, 0385, 0386, 0391, 0530, 0531, 0664, 0710,

0858, 0859, 1077

.

Specifiec Heat
0034, 0235, 0264, 0329, 0385, k15, c746, 0858, 0868, 1077

eat of Vaporization

003k, 0235, 026%, 0282, 0329, 0385, 0k15, o434, o541, 0600, 0858, 1077
Heat of Endothermic Reaction

0035, 0235, O%E, 0551, 0353
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Manufacturing Processes
0021, O1LT4, 0216, O49T, 0507, OSk3, 0936

! Thermal Reactions
0015, 0020, 0026, 0036, 0079, 0110, 0192, 0193, 0208, 0235, 026k, 0265,
0266, 0267, 0268, 0269, 0270, 02Tk, 0291, 033k, O34k, O3Ls, o346, o417,
ok29, o6k, 0531, 0533, 0534, os5ko, 0575, 0589, 0598, 066k, 0690, 0691,
0726, 0730, 0T43, OThk, OTL7, OTh9, OT9%4, 0802, 082k, 0858, 0860, 0863,
0869, 0884, 0885, 0886, 0887, 0888, 0889, 0890, 0891, 0892, 0893, 0906,
| 0920, 0938, 0965, 0983, 1006, 1008, 1029, 1037,

Reaction Mechanisms
| 0015, 0110, 0192, 0265, 0266, 0269, 0291, 0334, ol17, 0533, 0534, 0575,
| » 0726, 0730, OT43, OT4k, OT4T, OT94, 0802, 082k, 0863, 0884, 0885, 0886,
| 0887, 0888, 0889, 0890, 0891, 0906, 0920, 1006, 1008, 1029, 1037, 1076

Reaction Rate

0026, 0193, 026k, 0266, 0267, 0269, 0270, 0334, 0345, 0533, 0534, 0589,
0598, 0691, OTMk, OTAT, OTL9, 0858, 0863, 0BBY, 0885, 0886, 08B, 0889,
0891, 0920, 0965, 1006, 1008, 1029, 1076

Heat of Reaction
0235, 0264, 065

Conversion
0235, 026k, 0268, 0269, o429, ok6k, 0531, 0540, 0858, 0860, 0983, 1008

Product Distribution

0026, 0036, 0110, 0192, 026k, 0266, 0268, 0269, 0291, 034k, O3S, o346,

ggég, ggaag, o6k, 0531, 0575, 0690, 0858, 0860, 0863, 0888, 0920, 0965,
b4

Effect of Reactor Materials
0569, OTLk, 0

Catalysis and Catalytic Reactions
0002, , 0007, » 0020, 0022, 0023, 002k, 0040, 0OL3, OOkk, 0OUS,

0046, 0OkT, OOM8, 0Ok9, 0050, 0051, 0052, 0OTL, 0077, 0079, 0095, 0106,
0107, 0108, 0116, 0117, 0134, 0135, 0137, 0159, 0160, 0165, 0191, 019%,
0195, 0207, 0208, 0215, 0252, 0275, 0289, 0300, 0302, 030k, 0309, 0316,
0318, 0319, 0325, 0330, 0339, 0343, 034k, 0345, 0346, 0347, 0365, 0366,
0367, 0370, 0395, 0423, 0k66, OL6B, 0k69, oki70, okTL, o472, OUT3, OkTA,
o480, olBl, olb2, 0509, 0526, 0527, 0536, 0550, 0570, 0580, 0591, 0605,
0607, 0608, 0614, 062k, 0627, 0637, 0650, 0660, 0661, 0662, 0664, 0678,
0679, 0692, 0693, 0694, oTOk, OTLL, OTAS, OT18, 0722, 0723, 0724, 0725,
0727, 0728, 0729, 0733, 0739, 0750, 0751, 0753, OT6k, 0781, 0785, 0793,
0827, 0830, 0840, 0841, 08k2, 08L3, 084k, 0845, 0847, 0852, 0881, 0892,
0893, 0931, 0932, 0933, 093k, 0940, 0941, 0942, 0948, 0949, 0950, 0951,
0952, 095k, 0962, 096k, 0978, 0979, 0980, 0961, 0962, 0991, 0992, 0993,
0994, 1005, 1020, 1028, 1030, 1035, 1053, 1058, 1061
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Heterogeneous Catalysis
0002, 50‘0‘8, 0022, 0023,

ook9,
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030k,
o347,
o480,
062k,
OTOk,
o751,
o8lLs5,
o9L9,
0992,

0050,
0159,
0309,
0365,
o481,
0627,
OT1k,
0753,
0847,
0950,
0993,

0051,
0160,
0516,
0370,
ok82,
0637,
0718,
oT76k4,
0852,
0951,
099k,

0052,
0165,
0318,
0395,
0526,
0650,
oT22,
0785,
0881,
0952,
1005,

Homogeneous Cata lysis

Reaction Mechanisms

m’ 3’
O34k, O3L7,
o128, 0733,
0993, 0994,

0050,
0365,
0751,
1053,

0052,
0370,
oT6k,
1058,

Reaction Rate

0007,

o046, 0049,

ooek, 0040,
0071, OOTT,
0191, 0194,
0319, 0325,
o423, OW68,
0536, 0550,
0660, 0661,
0723, OT2k,
0793, 0827,
0931, 0932,
095k, 096k,
1020, 1028,

0134, 0137,
OkTh, 0527,
0785, 0830,
1061

0050, 0051,

00k 3,
0095,
0125,
0339,
ok69,
0580,
0662,
07125,
0830,
0933,
0978,
1053,

0195,
0550,
0881,

0207,

ookl
0106,
0207,
0339,
o470,
0591,
0678,
o728,
o8Lo,
o093k,

0979,
1058,

0207,
0932,

0300,

ooLs5,
0107,
0215,
o3k3,
okT1,
0605,
0679,

o841, o8k

0940,
0980,
1061

0275,
0608,

0952,

0318,

ook6,
0108

0275,

kT2,
0607,
0692,
0733,
2,
ogh1,
0981,

0300,
0380,

0319,

0525,

013“,

o343,

0662, 0723,

0991,

0330,

0992,

o3kk,

035, 0346, ONT,
0881, 0931, 0932,

Heat of Reaction

0608, 0614,
095'4) 09&’

0692, 0693,
0981; 0982:

0Tk,
1020,

0591,
0933,

0T15, 0852,

1061

0739,

0962

Conversion
, m
0678, oh

0077, 0159,
0718, 0793,

Product Distribution

, 0022,
o34k, O3k5,
0718, 0725,
0940, 0942,

0025, 002k,
o346, O3AT,
o727, 0733,
0951, 0952,

o3bh,
0979,

0191,
ok69,
0785,
0979,

0345,
1005

o194,
o470,

ok68,

0300,
ok8o,

o827, odko,

0981,

0992,

o481,

0309,

0580, 069k
oBk1, 0842

0993,

0580,

0325,

1005,

rties and Manufacture of Catalysts
0002, 0005 0007, 00%5, 0047, 9, T,
0302, 0309, 0316, 0366, 0367, 0395, olT1,
0536, 0550, 0605, 0607, 06k, 0650, 0660,
0727, OT29, 0753, OT61, 0Buk, 0BL5, OBLT,
095%, 0980, 1020, 1028, 1030, 1035, 1058

0116, 0195,

05{5,
09’*1,

o215, 0252,
ou81, ok82, i

0723: 4
ogw' m9’

rature Stabili

0037, 0038, 0039, 0058,
0082, 0086, 0087, 0088, 0099, 0100,
0139, Olk6, 0148, O1k9, 0150, O151,
0172, O17T,

0178, 0179, 0180, 0181,

High Te

0010, 0021, gggg, 0061,
?
0152,

0182,

0062,
0128,

0185,

0067,
0129,
0170,

0184, 0196,

0197,
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0198, 0201, 0202, 0203,
0271, 0274, 0287, 0329,
0389, okl2, ok2k, OL26,
o4s3, ohsk, ohss, 0486,
0525, 0539, 0557, 0558,

0613, 0621, 0625, 0626, 06

0672, 0673, 06Tk, 0687,
0789, 0790, 0791, 0792,
0837, c8L6, 0859, 0860,
0953, 0966, 0968, 0973,
1067, 1069, 1075

Effect of Storage

0010, 0057, OO}%, 0150,
0L87, 0LBB, ouB9, OUg0,
0819, 0820, 0821, 08é6h,

Effect of Contaminants
0010, 0099, 0100, 0148,
0609, 0611, 0613, 0625,
0973, 1067

Effect of Additives

0082, 0150, 0169, OL1T1,
0625, 0626, 0629, 0663,
0860, 0865, 0872, 0895,

0151,

okal,
0872,

0149,
0663,

Ol72,
0667,

1065,

Environmental Influences

0037, O0BT, 0101, 012k,

0271, 0360, 0372, 0389,
0666, 0667, 0672, 06T3,

Large—scale Tests
o177, 0130, 0181, 0184,

Coker Tests

0037, 0038, 0062, 0086,
0211, 0258, 0259, 0360,
0569, 0667, 0673, O6Th,

Small-scale Tests

0010, 0037, 0038, 0039,
0381, Obk5, Okk9, o451,
03525, 0558’ 0569’ 0587:
0792, oBok, 0819, 0832,

Data for Various Fuels
oEE, 0130, 0153, 0170,
oks52, ous3, o8B, 0557,
0837, 0Bu6, 0860, 0BT2,
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1065

0872,

Fuel Contaminants

0013, 0042, 0053, 0058, 0078, 0081, 0084, 0092, 0093, 0094, 0095, 0099,
0100, 0122, 0132, 0140, O147, Ol49, 0152, 0155, 0162, 0163, Ol6k, 0167,
0171, 0202, 0203, 020k, 0209, 0222, 0237, 0273, 0285, 0312, 0315, 0317,
0331, 037k, 0375, 0379, 0382, 0383, Ok13, o427, OkU6, OS50, 0485, 049,
0512, 0513, 051k, 0535, 0542, 0552, 0553, 0554, 0557, 05Tk, 0586, 0603,
0606, 0609, 0623, 0625, 0649, 0674, 0698, 0701, OT11l, 0737, 0759, OT6T,
0769, 0770, 0791, 0808, 0813, 0849, 0860, 0862, 0898, 0903, 090k, 0914,
0915, 0937, 0985, 0966, 0995, 1010, 1016, 1036, 104l, 1063, 1069

Water
ook2, 0140, 0171, 0285, 0312, 0315, 0331, 0383, o450, 0513, 0535, 0552,
0553, 0574, 0603, 0759, 0769, 0808, 0813, 0903, 090k, 1041

%gen, Nitrogen, and Sulfur-containing Coaeomlgg
» 0095, 0099, 0100, 0202, 0203, Ok27, 5, C~89, 0609, 0791, 0813,
0860, 0903, 090k, 0937, 0995, 1069

Metals _
0053, 0084, 0147, 0171, O450, 0625, O6T4, OT1l, 0767, 0903, 1010, 1063

Surfactants
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Microorganisms

0013, OOk2, 0092, 0093, 0094, 0132, 0162, 0163, 016k, 0204, 0222, 0273,
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Sources
OiE’T , 0203, 1041

v . Effects e
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Allowable Concentrations
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Removal
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