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ABSTRACT

In liquid oxygen/kerosene liquid rocket engines, kerosene is not only a propellant but also
plays a role as a coolant to protect the combustion chamber wall from 3,000 K or more
combustion gas. Since kerosene is exposed to high temperature passing through cooling channels,
it may undergo heat-related chemical reactions leading to precipitation of carbon-rich solids. Such
kerosene’s thermal and fluidic characteristic test data are essential for the regeneratively cooled
combustion chamber design. In this paper, we investigated foreign studies related to regenerative
cooling channel and kerosene. Starting with general information on hydrocarbon fuels including
kerosene, we attempted to systematically organize sedimentary phenomena on cooling channel

walls, their causes/research results, coking test equipments/prevention methods, etc.
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Table 1. Liquid propellants [3,5].
Vacuum
Characteristic
ey .| Fuel . .
Mixing ratio . Combustion exhaust Specific
Examples o specific . .
(oxidizer/fuel) .| temperature, K| velocity, impulse, s
gravity
m/s
H, 49%/Be 51% 091 0.24 2862 2850 540
o H, 483 0.32 3251 2386 455
? CH, 3.45 0.83 3563 1838 369
RP-1(CHx.97) 2.77 1.03 3701 1783 358
N,H, 1.42 1.22 3266 1770 344
NxO;  |N:H, 50%/UDMH 50% 215 1.20 3369 1731 342
MMH 2.37 1.20 3398 1724 342
Atmosphere
o ) Specific
Examples Stoichiometry Attributes
Impulse, s*
O,+2H, — . .
LOx LH, Cryogenic, high performance 391
2H,O
1.50,+CH, — Kerosene, hieh density, cheaper
LOx RP-1 B gh density b 300
CO,+H,0O handling
Nitrogen . N,O4+2N,Hy )
: Hydrazine Storable, hypergolic 292
tetroxide — 3N,+4H,O
. 3H,0,+CH, — . .
Peroxide Kerosene Storable, relatively nontoxic 273
CO,+4H,O

“Equilibrium 1000-psia(1-atm) expansion
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Table 2. Some physical properties of several liquid propellants [4].

Unsymmetrical
o o Monomethylh| . o .
Liquid . Liquid . Nitric acid® | Nitrogen | Liquid | Rocket fuel |dimethylhydr
Propellant . Hydrazine Methane ydrazine . . Water
fluorine hydrogen (MMH) (99% pure) | tetroxide |oxygen RP-1 azine
(UDMH)
Chemical Hydrocarbon
F, N,Hy H, CH, CH;NHNH, HNO; N,O4 O, (CH3),NNH, HO
formula CHi- o7
Molecular
38-0 32:05 2-016 16-03 46-072 63-016 92.016 32:00 ~ 175 60-10 18-02
mass
Melting
point 53-54 274-69 14-0 90-5 220-7 2316 261-95 54-4 225 216 27315
(K)
Boiling
point 85-02 386-66 20-4 111-6 360-6 355-7 294-3 90-0 460-540 336 373-15
(K)
Heat of
vaporization | 166-26" 44.7° 446 510° 875 480 413° 213 246" 542 2253°
(kJ/kg)
P 0-368 0-736 0-698 0-042 0-374 0-672
ecific
v_u ; (85 K) (293 K) 1-75° 0-835" (293 K) (311 K) (290 K) 04 0-45 (298 K) 1-008
ea .
(k) 0-357 0-758 (20-4 K) 0-735 0-163 0-447 (65 K) (298 K) 0-71 (Z315K)
(69-3 K) (338 K) (393 K) (373 K) (360 K) (340 K)
v 0-0087 0-0014 0-2026 0-033 0-0073 0-0027 0-01014 0-002 0-0384 0- 00689
apor
P (100 K) (28 K) (23 K) (100 K) (300 K) (273-15 K) (2B K) 0-0052 (344 K) (289 K) (312 K)
ressure
M,\:u ) 0- 00012 0-016 0-87 0-101 0-638 0-605 0-2013 (88-7 K) 0-023 0-1093 0-03447
a
(665 K) (340 K) (30 K) (117 K) (428 K) (343 K) (38 K) (422 K) (339 K) (345 K)

“Red fuming nitric acid(RFNA) has 5 to 20% dissolved NO, with an average molecular weight of about 60°
somewhat higher than those of pure nitric acid

YAt boiling point

and a density and vapor pressure
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A FF ALEAd ZESE T 98 Eoke ATt ol F olfFE JAHoE Mf{H ANEE
T2 B sl EHES TESHY A4kt o A3 AFoJE st A3t (flash point)F
Ad =7] AH AE Lo VxS A& B 22 =593 44E olgsted d8ES TESH
3 8o ES ALERIT B HoA = oo #HAT ATh
LolES et A FEsturh dMHoE o= Azol A HE&ES olafistr] ¢l ol #H
49 B=d 257 e E & A%y 2 gt St 9 8ol E rasiAl Adstazt g
S FUtsta F719e A4t FdHo R o} Z&d(paraffin)S B4 YA 1 2FE oY
=2 #=H HYE A= Bl distd Ao g o]Fojx AE x3} BslFAo F
‘heavy’2t1l ®E@stH, ol REE HIGA S0 otk CGHumno 2 ZHHH, SAI(ET,
AssteE 95 S0t w2 & ARHE 7HA alkane) &2 W=, WE(CH,) AE &35
= Edd dalAdEe ‘sweet, = I AEVE g ®Ho] BT ¥ UE, 9 ojs=d I81
7HA & =4 A= ‘sour'stal EEth = et o7 mEgAo] AL o] SAolg dAm
FHEE olgste WEAN ASE  ‘straight AR F 24 Al Hojurh 7124 s
run’, §tHe] oy & BEES ol H4 TZ+ ‘normal-(n-), B7FA7F U= AME F=E
< AR AdE+ ‘hydrotreated’ &t EHgCE 8 € ‘iso#il HAFAE B xS ey
T8 7t¥Ed(gasoline)2 M=o AU &L FA 5 e mE o9 g2y ARF EZA
AE AXNA F& Al 7MEYH FR/ol &3t e 60%2 & HlFES A stE ZUIXH(CioHos,
™, aviation gasoline®] &Y%<l ‘Avgas'etal & n-dodecane)°] e} Ald AEY dEZHA 4
o GREE Sl 7IvE F OHEEY AE o] T}H7].

AE(et fue) B A3} Bslri ARES AR Atol & 2 3e}H (cycloparaffin) & 1LE] TRE
2l (kerosene X+ kerosine)olgt ZEHOZ R Ho = E3 g@d3gie FAHo|T Ao]E=E
g}[5,6,8]. &A%l (cycloalkane) © 2 ™, Wzl (naph-

AHEAQl =& AHH A8 HRE Table 3 thene)© 2= EHUTCE AE A5 74 A& F
I} 49 YERY St} Table 3& HH, S/l < 25-35% € AFASEIL WAl CH, 02 EHH
3 A8 ERvt 4XE 25 HHUE Adst of &HH A o BHAARZ E + JAN, 3
o A EAlste E-Q dis] ofwd FiEo ShA A FEAAA sgA T fAE] Aol &

Table 3. Petroleum distillation standard and terminology [5].

. Approximate Typical average Most prevalent
Fractions
boiling range, T carbon number carbon number
Generic terms
Gasoline < 200
Naphtha 150-250 - -
Kerosene 200-300
Fuel oil(gas oil) > 275
Specific products
Avgas 45-145 Cy (@
Motor gasoline(mogas) 30-200 Cy Gs
Auto diesel 200-350 Cie Cie
Jet fuel 150-265 Cn Cu
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A el ga da 1 olgAe st 7HA AL e FFES FAIT. i
1 Qe g=S vt E(alkene) 2 E HH CoHome o 2 BEFT, T2 1EE AR
Ha oER(GHy) AL ©@3tradial =EH, skl && FE 5~6/HFH AFET. A45H
iAo r whgAol A, ARbFORZ Uf WA 27iE o] Fofx =H2 U=z
Sagow ZAse HRo|Aw A4 #FHA  (naphthalene)oldt H-Erh WA AHME o
AR Z WS S o8 £ 44 A =-oAR e e At 5ol
Wgstel 1YPBS wEolYE oz U I WAL Y & Ark o2 Az A
ATH7IL ole B4 wEe] tire] A4 A7 Fa& U4 shtE dEsE AR 554
Table 4. Properties of hydrocarbon products from petroleum [8].
i Boiling Ignition Flash Flammability
Molecular Specific ] ] o
. . point temperature point limits in air
weight gravity
°F °F °F %V /V
Benzene 78.1 0.879 176.2 1040 12 1.35-6.65
n-Butane 58.1 0.601 31.1 761 -76 1.86-8.41
iso-Butane 58.1 - 10.9 864 -117 1.80-8.44
n-Butene 56.1 0.595 21.2 829 Gas 1.98-9.65
iso-Butene 56.1 - 19.6 869 Gas 1.8-9.0
Diesel fuel 170-198 0.875 - - 100-130 -
Ethane 30.1 0.572 -127.5 959 Gas 3.0-12.5
Ethylene 28.0 - -154.7 914 Gas 2.8-28.6
Gasoline 113.0 0.720 100-400 536 -45 14-7.6
n-Hexane 86.2 0.659 155.7 437 -7 1.25-7.0
n-Heptane 100.2 0.668 419.0 419 25 1.00-6.00
Kerosene 154.0 0.800 304-574 410 100-162 0.7-5.0
Methane 16.0 0.553 -258.7 900-1170 Gas 5.0-15.0
Naphthalene 128.2 - 424 .4 959 174 0.90-5.90
Neohexane 86.2 0.649 121.5 797 -54 1.19-7.58
Neopentane 721 - 491 841 Gas 1.38-7.11
n-Octane 114.2 0.707 258.3 428 56 0.95-3.2
iso-Octane 114.2 0.702 243.9 837 10 0.79-5.94
n-Pentane 72.1 0.626 97.0 500 -40 1.40-7.80
iso-Pentane 72.1 0.621 82.2 788 -60 1.31-9.16
n-Pentene 70.1 0.641 86.0 569 - 1.65-7.70
Propane 441 - -43.8 842 Gas 2.1-10.1
Propylene 421 - -53.9 856 Gas 2.00-11.1
Toluene 921 0.867 321.1 992 40 1.27-6.75
Xylene 106.2 0.861 281.1 867 63 1.00-6.00
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Fig. 1 Examples of hydrocarbons found in hydrocarbon
fuels [51.
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Fig. 2 Carbon number distribution of hydrocarbon fuels

[6].
60 T T T T T T T T T T T T I
B4 Avgas
2 B JetA
50 F d O RP-1
40 :
32 ]
> 30F
@ L
= E
20
! FI J I |
:f’] V2 - y 1i | 1 I—| | -
4 5 6 7 8 910111213 14151617
Carbon number
Fig. 3 Carbon number distribution of hydrocarbon fuels
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Table 5. U.S. military jet fuels [10L.
Year Freeze point | Flash point
Fuel |, Type . . . Comments
introduced C max C min
JP-1 1944 Kerosine -60 43 Obsolete
JpP-2 1945 Wide-cut -60 Obsolete
JP-3 1947 Wide-cut -60 Obsolete
JP-4 1951 Wide-cut -72 U.S. Air Force fuel
JP-5 1952 Kerosine -46 60 US. Navy fuel
JP-6 1956 Kerosine -54 XB-70 program, obsolete
JP-TS 1956 Kerosine -53 43 Higher thermal stability
JP-7 1960 Kerosine -43 60 Lower volatility, higher thermal stability
JP-8 1979 Kerosine -47 38 U.S. Air Force fuel
JP-8+100 1998 Kerosine -47 38 US. Air Force fuel containing an
additive that provides improved
thermal stability

JP stands for Jet Propulsion

Table 6. Typical aviation fuel properties [6].

Property JP-4 JP-5 JP-7 et A{P](ft A1) T-6
Approx. formula* CssHiy CioHo CoHos Cy1Hyy CiHss
H/C ratio 2.00 1.92 2.07 1.91 1.91
Boiling range, °F 140-460 360-495 370-480 330-510 350-600
Freeze point, °F -80 -57 -47 -60 (JP-8, Jet A-1) -77

-50 (Jet A)
Flash point, °F -10 147 140 127 178
Net heating value, BTU/Ib 18700 18500 18875 18550 18560
Specific gravity, 60 °F 0.76 0.81 0.79 0.81 0.84
Critical T, °F 620 (327C) | 750 (399C) | 750 (399°C) 770 (410C) -
Critical P, psia 450 (3.1 MPa) |290 (2 MPa) |305 (2.1 MPa)| 340 (2.34 MPa) -

*For illustration of average carbon number-not designed to give accurate H/C ratios
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Table 7. Thermal properties of hydrocarbon fuels [12].
£ 293 K | Cp, 293 K | k, 293 K 1, 293 K
Fuel Toammationr K| Pey MPa | To, K ; .

(kg/m) | (/kg K) | (W/m K) | (10° Pa - s)
Methane 112 4.64 191 422 3.426 0.195 0.098

113 K) | (112 K) | (112 K) (112 K)
Propane 231 4.26 370 584 2.24 0.123 0.205

(230 K) (233 K) (233 K) (233 K)
Aerokerosene - 2.39 598 781.7 2.08 0.148 1.141
RP-1 - 2.2 668 810 1.9 0.104 1.93
cr: critical

Table 8. Properties of typical fuels made from petroleum [4].
Aviation Diesel
Jet fuel | Kerosene . RP-1
gasoline fuel

Specific gravity, 289 K 0.78 0.81 0.73 0.85 0.80-0.815
Freezing point (K) 213 (max) 230 213 250 239 (max)
Viscosity, 289 K, (cP) 1.4 1.6 0.5 2.0 16.5 (239 K)
Flash point (K) 269 331 244 333 316
Specific heat (cal/kg K) 0.50 0.49 0.53 0.47 0.5
Average molecular mass (kg/mol) 130 175 90 - -
ASTM distillation (K)
10% evaporated 347 - 337 - 458-483
50% evaporated 444 - 363 - -
90% evaporated 511 - 391 617 -

1

N

2, d8 93 dEstet AAE g3

7] s
o] AFAH FIAZA aF EAo) SE =
A4 RP-1, RP-2, RG-1& ¥+ &FF Jet A- 1R
o 457t =3 {4380 Ay 4#A
o9} #HAF AT UEFHA EFH HHL

Table 5-9° “teb} STt
Table 6, 79| approximate formula, Z18]3L C
o Hel AEHE B8 ¢ & %ol A=A A

Table 9. Typical kerosene propellant properties [6].

Property RP-1 RG-1
Approx. formula* CioHasa CioHna
H/C ratio 1.952 1.946
Boiling range, °F 350-525 380-525
Freeze point, 'F -56 -52
Flash point, °F 155 160
Net heating 18650 18560
value, BTU/1b
Specific gravity, 0.806 0.832
70 °F
Critical T, °F 770
Critical P, psia 315
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Table 10. Hydrocarbon number range for petroleum products [8].
Lower carbon Upper carbon | Lower boiling | Upper boiling
Product L . .
limit limit point, C oint, C

Refinery gas G G -161 -1
Liquefied petroleum gas G G -42 -1
Naphtha GCs Ciy 36 3-2
Gasoline Cy Ci -1 216
Kerosene/diesel fuel Cs Cis 126 258
Aviation turbine fuel Cs Ci6 126 287
Fuel oil Ci > Cyo 216 421
Lubricating oil > Cy - > 343 -
Wax Ciy > Cyo 302 > 343
Asphalt > Cy - > 343 -
Coke > Cso* - > 1000* -

*Carbon number and boiling point difficult to assess; inserted for illustrative purpose only.

Table 11. Typical fuel compositions [6].

Property JP-5 JP-7 JP-8(JetA/A-1) RP-1
Approximate formula CioHas CipHos CiiHa CioHos
H/C ratio 1.92 2.07 1.91 1.98
Aromatics, vol% 19 3 18 3
Naphthenes 34 42 35 58
Paraffins 45 55 45 39
Olefins 2 - 2 -
Sulfur, ppm 470 60 490 20
This data shows average compositions for various kerosene fuels.

Table 12. Preliminary compositional analysis of kerosene fuels from GC/FIMS [6].

Fuel JP-7 RP-1 RG-1 Jet A Jet A-1 JP-5
n-Paraffins, wt% 8.8 21 0.3 8.4 10.3 7.0
iso-Paraffins 29.1 27.1 8.1 20.8 27.4 21.2
Naphthenes 59.8 62.4 86.3 39.6 26.9 50.9
Aromatics 2.3 8.4 5.3 31.2 35.4 20.9
ASTM D1319
Aromatics, vol% 1.1 2.3 29 18 - -
Spec max, vol% 5 5 - 20* 20* 25

*25 vol% if seller notifies user
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Table 13. Typical aviation fuel properties [15].

Property Avgas JP-4 JP-5 Jp-7 JP-8 (Jet A/A-1) RP-1
Approximate formula® C/His CgsHiz | CioHn CioHas Ci1Hax CioHas
H/C ratio 2.09 2.00 1.92 2.07 1.91 1.95
Boiling range, C 46-145 60-240 |180-260 | 190-250 165-265 175-275
Freeze point, (ol - -62 -49 -44 JP-8, Jet A-1: -51 -48

Jet A: -45

Flash point, T - -23 64 60 53 57
Net heating value, kJ/kg 0.72 43490 | 43025 43895 43140 43370
Specific gravity, 16T - 0.76 0.81 0.79 0.81 0.81
Critical temperature, T - 325 400 400 410 410
Critical pressure, MPa - 31 1.98 2.08 2.33 218
Average composition

Aromatics, vol% 25 10 19 3 18 3
Naphthenes - 29 34 32 35 58
Paraffins - 59 45 65 45 39
Olefins 10 2 2 - 2 -
Sulfur, ppm - 370 470 2 490 20

“For illustration of average carbon number, not designed to give accurate H/C ratios.

"Typical

Table 14. Properties of representative jet fuel hydrocarbons [10].

Compound Carbon Hydrocarbon | Boiling point, | Freezing point, | Density at 20
name number class T T C, g/ cm’®
n-Octane 8 n-Paraffin 125.7 -56.8 0.7027
2-Methylheptane 8 iso-Paraffin 117.6 -109.0 0.6979
1-Methyl-1- 8 Naphthene 121.5 -143.8 0.7809
ethylcyclopentane

Ethylcyclohexane Naphthene 131.8 -111.3 0.7879
o-Xylene Aromatic 144.4 -25.2 0.8801
p-Xylene Aromatic 138.4 13.3 0.8610
Cis-Decalin 10 Naphthene 195.8 -43.0 0.8967
Tetralin 10 Aromatic 207.6 -35.8 0.9695
Naphthalene 10 Aromatic 217.9 80.3 1.1750
n-Dodecane 12 n-Paraffin 216.3 -9.6 0.7488
2-Methylundecane 12 iso-Paraffin 210.0 -46.8 0.7458
1-Ethylnaphthalene 12 Aromatic 258.3 -13.8
n-Hexylbenzene 12 Aromatic 226.1 -61.0 0.8602
n-Hexadecane 16 n-Paraffin 286.9 18.2 0.7735
2-Methylpentadecane 16 iso-Paraffin 281.6 -7.0
n-Decylbenzene 16 Aromatic 297.9 -14.4 0.8554
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Table 15. Common characteristics of jet fuels [16].

Flash Freeze

Fuel Specification Description . o,
point, C | point, C

Jet A-1 | ASTM D1655, UK DefStan 91-91 | Standard commercial jet fuel > 38 < -47
Jet A ASTM D1655 U.S. domestic jet fuel > 38 < -40
JP-8 MIL-DTL-83133 U.S. military jet fuel > 38 < -47
(Jet A-1 +3 additives)

JP-5 MIL-DTL-5624 U.S. Navy high flash jet fuel > 60 < -46
TS-1 GOST 10227-86 Russian jet fuel > 28 < -50

Table 16. Composition results for world survey fuels

[16].
Composite
World Survey
Average, vol% Jet A
blend
Paraffins(n- + i-) 58.78 55.2
Monocycloparaffins 10.89 17.2
Dicycloparaffins 9.25 7.8
Tricycloparaffins 1.08 0.6
Alkyl benzenes 13.36 12.7
Indans+tetralins 49 4.9
Naphthalene 0.13 <02
Substituted- 1.55 1.3
naphthalenes
The ASTM procedure (D2425) also measures
acenaphthenes, acenaphthylenes, tricyclic

aromatic, and indenes, but these were below

detection limits in all cases.
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Table 17. Example of JP-8, Jet A surrogate [15].

Compound wt %
iso-Octane 5.0
Methyl cyclohexane 5.0
m-Xylene 5.0
Cyclooctane 5.0
Decane 15.0
Butyl benzene 5.0
1,24,5 Tetramethyl benzene 5.0
Tetralin 5.0
Dodecane 20.0
1-Methyl naphthalene 5.0
Tetradecane 15.0
Hexadecane 10.0
< B3 AAAJA A8 7 HES FHolr1
AdE st v =S o 28y AA
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Table 18. Example of surrogate make-up from various groups [16].

Composition

UCI vol%

Violi 1 vol% | Violi 2 vol% Drexel REI

n-Paraffins

n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Pentadecane
iso-Paraffins
iso-Octane
iso-Cetane
cyclo-Paraffins

Methyl cyclohexane
n-Propyl cyclohexane
n-Peptyl cyclohexane
n-Pentyl cyclohexane
Decalin

Aromatics

Toluene

m-Xylene

1,3 Diisopropyl benzene
n-Propyl benzene
n-Butyl benzene
1-Phenyl hexane
Tetralin

1-Methyl naphthalene

2.5
0
25
10

11
11
11.5

9.5
1.5

25 32.6

30 25 varies 34.7

20 20

10 5

varies

20 5 varies 16.7

varies

20

15

16

varies

varies
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Table 19. Thermodynamic properties [18].

Property RP-1 T(S)-1 Methane

Boiling point(1 bar), K 450-547 466-547 112
Freezing point, K 224 226 91
Density(16 C), kg/m’ 809 836 0.72
Density(liquid at boiling point), kg/m” - - 422.5
Kinematic viscosity(liquid), mm?®/s 3.02(274 K) 4.01(274 K) 0.28(111 K)
Critical temperature, K 662 658 190
Critical pressure, MPa 217 1.82 4.60
Specific heat capacity, J/kg - K 2093 1980 3480
Specific energy, MJ/kg 43.34 43.13 50
Coking limit, K 560 - 950
Handling properties Storable Storable Cryogenic
Atomic carbon/hydrogen ratio CHj 950 CHj 946 CH,
Molecular mass, kg/kmol 172 167 16.043
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Table 20. Theoretical performance for 6.89 MPa
chamber pressure [18].

Combustion with LOx ‘ RP-1 ‘Methane

Sea level, optimum expansion

Max Isp, s 300.1 309.6
Mixture ratio 2.58 3.21
Chamber temperature, K 3676 3533
Bulk density, kg/m’ 1030 820

Characteristic velocity, m/s| 1799 1857

Vacuum expansion, ¢ = 40

Max Isp, s 358.2 368.9
Mixture ratio 2.77 3.45
Chamber temperature, K 3701 3563
Bulk density, kg/m’ 1030 820

Characteristic velocity, m/s| 1783 1838
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Table 21. RP-1 Coking wall temperature limit [5].

Upper
Reference temperature

limit, C
Ziebland and Parkinson, 1971 425
Van Hulff, 1972 450
Wagner and Shoji, 1975 340-370
Wheeler, 1977 315
Rosenberg and Gage, 1991 305
Cook and Quent meyer, 1980 315
Michel, 1983 490
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Fig. 6 Heat sink capability of LH, and hydrocarbons [5].
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AR AREHE dPHE ARE BAFH ¥

Table 22. Comparison of aircraft and rocket cooling conditions [30].

Aircraft heat exchangers/ .
Rocket regen. cooling channels
fuel nozzles
Typical max heat flux,
ypeal 1 100
BTU/in" - sec
. o ) 300 sec/mission x 50 missions =
Required lifetime 2000 hrs (min)
4 hours
Materials Superalloys Cu alloys
. . Cu incompatibility with S in
Incompatible materials Cu, Cd, Zn, Pb
fuel
Oxygen removal below 1 ppm
Effect of dissolved oxygen (from typically 70 ppm) Little effect
dramatically reduces deposition
Maximum deposition rates JP-8:JP-7 = 140:1 JP-8:RP-1:JP-7 = 1:1:1
; 1x10°”
Maximum allowable 0.001 . .
. . o ) (to avoid burn-through in
deposit thickness (considering flow reduction)
copper)
145-315C: molecular growth
through hydroperoxide chain
mechanism with acceleration by
Deposition mechanism polar heteroaomic impurities, Similar but not sure
over 480°C: pyrolytic fuel cracking
leads to molecular growth through
radical chain reactions
Specification ASTM D3241 No
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=84 Aol fFAE Jet Aol g Aotk *& A, AL =& ¥ AT YANEE F
YA A (critical point), x&= #BTH, = 718H A3 Y44 dse EAV 229 & dad
(£ o]&€H, dew point)S UERH AP & A dAavt Bk ALEES TV S8
 SAHE golth A4S RdYE 5 54 Az} 4slA Y £, A5 v/ Y 54
olty. £E T3l Ul Jet A2 AAMo] W 23 o] ml$- Fo3h ol A &L BA ¢
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o B2 ot U MAYIR Ao A= a9 v Augd Alz=wl AA A AR]be] Aok g
zE= OME} oy EFEE A 4E, 25 ¥4 S ougth gEo] A7 Bl AxFle dRE
A &EHF v AFHE 7hAH Wske /A AYIAAE =3 o] EA Hoh EA,
=3 “J‘ZF mAge Bt A APt 22t EE EFL ALY olstelAM 2xo wet A
A7 e WY UE A=E ad & oy, Wb dojdrh. AP AU o]
Az EAA WEE oL A= 45T 5 o 3 2Ho® dAgvt B3 o asyt G
o= 7“01] A oozt Atk frAFHAl Fig. 99+ A =l B o] TASA HA 7Est @
3 MPa, 297 44 Ee] RP-3 98 EXA7} AET o8 Vxze HARYg d=rt W@ o
VER Qith Zhze] A 9 HAEL iy B ol Eo® wezs Hi, JzhAde 3¢
48 5 o ZFola, 5L A A¥S B3 oA R JAFTE A drh JAs
SA otk HA R W GHG dFol Hojxr] wiel
Aoz AR Ade TFEHE wapga Z1AF0l A Y XL FEHoE Fo
A5 YALYHL ¥ 2~25 MPa A= W WEEA EaHAl "Aoh32]. AAHor d& W
fel REIUT AE ARES] YALEE U E3tA] E RBE gEFHo A FHS &
2 370~400Ce HE=x3cH9]. 22 FHE o} d & T olgld EAE AYEAAIES dA
2 d8E9 9AYY ¥ 255 Table 239 & de oo fAIE A5 HAE + Ak
3k ot AAR olstellAl F7I9F =4 (vapor pressure
WA 7 e ARELADL BHEA curve) .2 A1, £3| FHe Ex HlToE

ALY olie] HEE HAHAT o & n3l 6 A
59 23HMAEE AYIAAEANA 3-7 MPa
o ¢ HYE 714 AR JAYEEY =2
AE7F FADTH9,27,29]. 183 HkEk 8§ HE
2IBAENA A7 2EE 750Cd =23hH,
3.5 MJ/kgel W& &FES ATTFH34]. ol
AA olfre ZA 27HAE AWE F+ ok A

®d@st= Zlo] skin EE surface boiling®|th.

W, QA o] TRl A= ZlAleh A AA

A% FRG e o ol EAISA e
9 R Ge el #Asn ASAY Ao
g e 2UA AR AR, AusEe
YA FA7HA FFEA HY, F= G o
3+ F¥skd (boiling line)2 gas-like, liquid-like

Table 23. Critical temperature and pressure of various hydrocarbon fuels.

et A,
JP-5 P-7 JP-8 J RP-3 RP-1 T(S)-1 | Methane
Jet A-1
Critical | 399[6,15], 410[6,15], 3725 | 410[6,15],
) 399[6,15] 410[6,15] 385[18] | -83.2[18]
T, C |382-415[31] 370-405[31] [22,32] | 389[18]
N 2.39[22],
Critical | 2[6,15], 2.34[6,15], | 2.34[6,15], 2.17
2.1[6,15] 2.3[32], 1.82[18] | 4.6[18]
P, MPa | 1.93-2[42] 1.9-2.4[31] 2.2 [33] 2.2[29] [6,15,18]
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Fig. 10 Example of nitrogen pseudo-boiling line [38].
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Fig. 15 Fuel deposition situations [5].
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Fig. 16 Taylor mechanism for fuel thermal-oxidative instability [5].
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Fig. 18 SEM micrographs of copper cooling channel for RP-1 corrosion [25].
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Fig. 19 SEM micrographs of copper cooling channel
for methane corrosion [25].
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Addition to gas by gas phase radical with release of H and
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*
Hydrogen CHj \ carbon atoms
abstraction K) izati P H*

Incorporated
carbon atoms = coke

Fig. 21 Radical elementary reaction steps leading to coke growth [41].
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Fig. 23 Reaction route starting from benzene to naphthalene for coking cyclization [41].
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Fig. 25 Surface SEM images of pyrolysis coke deposition at the outlet reactor tube at 750°C [26].
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