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ABSTRACT 

A plausible, simplified mechanism for the oxidation of 

hydrocarbons under conditions germane to high altitude plumes 

has been outlined.  We find that in low pressure, high oxygen 

atom environments above 100 km, a sequence of bi-molecular re- 

actions leading to both IR and UV light emission can be ini- 

tiated by the oxygen atom attack on secondary hydrogens in 

saturated hydrocarbons containing more than three carbon 

atoms as well as by 0 and OH attack on the unsaturated hydro- 

carbons which may be present initially or produced in the 

sequence.  The highly exothermic reactions between 0 and OH 

with reactive intermediate radicals are prime possibilities 

for the production of vibrationally excited OH and H-0 re- 

spectively.  While the detailed mechanism is undoubtedly ex- 

tremely complex, the sequence basically consists of the con- 

version of saturated aiiphatics to olefins to aldehydes in 

the presence of excess 0.  A specific set of prototype reac- 

tions with rate constants is recommended for the basic chem- 

istry on the basis of an extensive review cf the current lit- 

erature; a model is provided for IR chemiluminescence which 

follows the main mechanism; and a UV perturbation mechanism 

based upon the presence of acetylene is suggested. 
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INTRODUCTION 

When significant amounts of unburned or incompletely re- 

acted hydrocarbons are present in the exhaust gases of a rocket 

engine, chemical reactions between these fuel species and 

atomic oxygen or CH may lead to substantial IR, visible and 

UV chemiluminescence from the mixing region.  This work repre- 

sents an attempt to describe the processes leading to emis- 

sion in terms of a "lumped-parameter" approach for an assumed 

critical path to the radiating species based on a review of 

all potentially important processes.  The intent of this re- 

port is to provide a "baseline" model to the Plume Physics 

community.  At present, we have only begin to examine the 

model's behavior in plume flows, and the model should be 

regarded as a working hypothesis in the process of being 

tested.  The focus is predominantly upon IR chemiluminescence; 

however, many of the same reactions may be involved in visi- 

ble and UV chemiluminescence, and we indicate how the scheme 

might be extended to include these procrsses.  No information 

regarding the actual quantity of unburned hydrocarbons nor 

the concentration distribution of the various possible species 

is presently available.  Hence, we are concerned herein only 

with the speculation that at least some trace amounts are 

present. 

The fact that carbon, hydrogen, and oxygen atoms can 

form a very large number of different compounds is well known. 

Although the ultimate products in an excess of oxygen are 

■■   ■  .-.-.■-—- ^ ^ 



COj  and H20, any single hydrocarbon molecule can give rise to 

a large number of intermediate species along the way.  In 

addition to the attack of 0, OH, and 02 on the original species 

and its degradation products, many reactions can occur among 

the intermediate species to create new hydrocarbon species and 

partially oxidized compounds such as aldehydes, ketones, ethers, 

and so on.  One recent attempt to describe the oxidation of 

a large hydrocarbon molecule employed a system of 250 reactions 

screened from an initial list of 1500 (Bahn, 1968). 

The modelling studies being conducted under the ARPA Plume 

Physics Program generally require that a computer code be ap- 

plied to several different flow and altitude situations and 

that the sensitivity to input parameters be established. Thus, 

a moderately large number of runs must be expected. The flow 

fields to which the hydrocarbon model must be applied 

are diffusive and therefore reaction expressions must 

be integrated along many different streamlines.  In order to 

keep the length of the calculation within reasonable limits, 

the number of reactions included must be minimized.  Fortun- 

ately, it appears that under conditions prevailing in the mix- 

ing region of high-altitude exhaust plumes a reasonable chemi- 

cal reaction scheme can be developed. 

While it is not our purpose to review in detail the avail- 

able work on hydrocarbon combustion (several recent reviews 
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are available; i.e., Franklin, 1967; Gaydon and Wolfhard, 1970; 

Herron, 1969; Kondratiev, 1972), a short discussion of some fea- 

tures of the process is necessary to set the stage for the final 

model. At temperatures below about 500oK, mixtures of hydrocarbons 

and molecular oxygen react very slowly.  At somewhat higher 

temperatures, reaction rates increase and a number of oxygen- 

containing products are formed.  Complex hydrocarbons mixed 

with atomic oxygen often exhibit "cool flames," light-emitting 

reactions which proceed without the intense energy generation 

characteristic of high-temperature reactions.  The products 

include CO, K?0'   an^ various aldehydes and peroxides.  At 

high temperatures, reactions are rapid.  In excess oxygen, the 

combustion products are mainly H90 and CO-; in very fuel-rich 

mixtures, or particularly in diffusion flames where rich and 

lean regions may both exist, a variety of hydrocarbons and 

partially oxygenated species may be produced. 

: 

Considerable effort has been expended upon attempting to 

understand hydrocarbon combustion under these conventional con- 

ditions.  Much of the older work has been documented in the 

various Symposia on Combustion.  Examples of more recent ef- 

forts include the analysis of cool flame (~ 700oK) combustion 

of large branched chain hydrocarbons by Barat, et al (1971) 

which shows that the predominant products of such oxidation 

will be alkenes, higher aldehydes and ketones, along with the 

predominant carbon containing compound, CO.  The total carbon in 

organic (non-COA^) form was three times that found in inorganic 

compounds. 

3 
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The general results of Barat, et al (1971) were confirmed by 

Knox and Kinnear (1971) for the coirbustion of fuel rich pentane 

up to nearly 700oK to form pentene, acetaldehyde, and ketone» 

as the primary HC-oxygen products. 

Fish and Wilson (1971) studied the oxidation of 2,3 dimethyl- 

butane up to 5S0oK; they found butene, lower alkenes, ketones, 

and alcohols as the major products, along with minor amounts of 

aldehydes including formaldehyde in mixtures of HCi02-l:2.  Sub- 

sequent oxidation of the higher aldehydes, as shown by Baldwin, 

et al (1971) will produce olefins and CO.  A review of hydrocar- 

bon combustion processes, based upon work up to about 1966, has 

been made by Franklin (1967). 

MAJOR REACTIONS IN HIGH ALTITUDE HYDROCARBON PLUMES 

The tendency to produce hydrocarbon fragments occurs in 

mixtures of hydrocarbons with air or molecular oxygen at moderate 

pressures.  While conditions in a high-altitude exhaust plume 

differ significantly from those to which most previous results 

are applicable, they are in the direction reinforcing the studies 

cited.  Not only is the pressure much lower, so that the three-body 

recombination reactions are unimportant, but the atmosphere con- 

sists in large part of atomic oxygen, which reacts with many hydro- 

carbons over a wide range of temperatures.  In normal combustion 

vessels, initiation is believed to occur by the process 

R-H + 02 —♦ R« + H02 
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TABLE I 

LUMPED PARAMETER 

IR REACTION SCHEME* 

Reaction Rate Constant,   cc/sec Photon Yield 

A  + 0 -♦■ R + OH 

2. A + 0H->- R +  H2r 

3. R  +  0 -»■ Oil   +  OH 

4. R +  OH-»-0)l   +  H20 

5. 0Ä   +  0-»- (80%)   R +  CHO 

> (20%)   C2H5   +  CHO 

6.        C2H6  +  OH-»" C2H5  +  H20 

7.        C2H5  + 0^C2H4   + OH 

8.        C2H5  +  OH->-C2H4   +  H20 

9.        C2H4   +  0  -►  CH3   +  CHO 

10.      C-H-   +  OH-»-CH-   +  CH-0 
2  4 3 2 

11.      CH.   +  OH    -»-CH,   +  H_0 
4 3 2 

12.     CH3   + 02    ^CH20  + OH 

13.     CHO  + 0      -»-CO  + OH 

14.      CH20  +  OH-♦■CHO  +  H20 

15.      CH20  +  O   -^CHO  + OH 

16.      CHO + OH    >CO  +  H20 

1.3xlO-10e-4840/RT 

1.2 xio-11 e-850/RT 

1x10 

1x10 

-11 

1x10 

-11 

-11 

v-11 1 x 10 

l.SxiO-^e-2480^ 

1 x 10 

1 x 10 

-11 

-11 

5X10-12  e-1040/RT 

1 xlO"11  e+900/RT 

4.0 xio"12  e-5000/RT 

-13 
1.7 x 10  J,J 

5 x10"11 

4 x10"14   e-1000/RT 

1 xlO"12  e-1000/RT 

1 x10"12 

1 

6 

7 

1 

5 

5 

1 

1 

8 

2 

1 

9 

17.     OH + O -•• 02  +  H 2.2 x 10 -11 

18 
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TABLE   I 

cont'd 

18. OH  + CO-♦■CO-   +  H 

19. OH  +  H2 -^H20  +   H 

20. OH   +  OH > H00   +   0 

21.      OH  +  H->H+0 

22. H  +  02 -►OH  +  0 

23. H  +  C02 -►CO  +  OH 

24. H  +  H2O^OH  +  H- 

25. 0  +  H20 ■►OH  +  OH 

26. 0  +  H2 -►OH  +   H 

27. CH3   + 0 -►CH  0  +   H 

28. CHO +  H -►CO  +  H^, 

9.3xio"13 e-1080/RT 

3.7 xio"11 e-5150/RT 

9.5 xio"12     e-780/RT 

1.2 xio"11 e-7300/RT 

3.7 xio"10     e-16.800/RT 

9.3 xio"11   e-23,500/RT 

1.4 xio"9     e-20'100/RT 

9.5 xio"11     o-1^000/RT 

2.9 xio"11     e-9450/RT 

,-11 3.3 x 10 

1 

1 

3.3 x 10 -11 

'A"     is a    saturated   hydrocarbon,   C H-   .„.   with n>3 
n 2n+2 

•R"     is an alkyl  radical,   CnH2n+1 ,   with n>3 

'01"   is an olefinic  hydrocarbon,   C H„    ,   with n>3 
n 2n        - 

*  For Literature Citations, see TABLE IV. 
For more detail on the lumped parameter rate constants, 
see Appendix IV. 

19 
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IR  EMISSION 

In Table I, we have presented the maximum vibrational level 

to which the newly rormed heteronuclear product molecule can 

be elevated by each exothermic reaction.  All of those noted 

reactions involving a hydrocarbon or hydrocarbon derivative 

plus 0 or OH are potential important sources of infrared ra- 

diation.  At high altitudes the vibrationally excited molecules 

are lost primarily through radiative decay.  Hence, the exo- 

thermicity of the reaction forming the excited state provides 

an upper limit to the number of photons which would be observed 

at the fundamental wavelength assuming that sufficient time 

exists for the cascade down from the maximum level.  Not all of 

the energy of a particular exothermic reaction is necessrrily 

available to the vibrational mode.  However, there is experi- 

mental evidence for the reaction of the type listed in Table I 

that a substantial fraction of the energy may be converted into 

vibrational energy. 

Early work by Clough and Thrush (1968) suggested that 

I.R. chemiluminescence accompanies the oxygen atom attack on 

both C2H4 and C2H2, but with quite different mechanisms. 

They found strong OH emission from 

0 + C2H4 +  products  (up to v = 3 OH) (< 29 kcal) 

with H2CO emission in v^ and v4 (~8 kcal) , but only weak CO 

emission in the fundamental. It was suggested by Clough and 

Thrush that their findings supported the reaction 

Preceding page blank 21 
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0  +  C.H.   •♦   CH,   +   CHO 2  4 3 

as  the primary step,   rather  than 

0  + C-H.   +  CH0   +  HCHO 2   4 2 

This has indeed been verified by the direct measurements of Kan- 

ofsky, et al (1972).  In the oxidation of C2H4, then, the 

major source of CO is 

0 + CHO -^ OH + CO , 

where it is unlikely that the product CO is a new bond.  Thus, 

most of the available energy would be expected to become vi- 

brational energy in the newly-formed OH bond.  This is in ex- 

cellent agreement with the observed evidence of Krieger, 

Malki and Kummler (1972), as illustrated in Figures 2 and 3. 

In the oxidation of acetylene on the other hand, strong 

CO emission (up to v = 15 at 84 kcal) is found by Clough and 

Thrush which suggests that CH2 plays a strong role through 

and 

0 + C2H2 -f CO + CH2 + 48 kcal/mole 

0  +   CH2   -»■  CO  +    2H   +  72  kcal/mcle, 

In both cases the CO formed must be a new bond and hence strong 

CO vibrational  emission would be predicted again  in agreement 

with the observation.     However,   these are not the only products 

of C2H2  combustion   (See Table  IV). 

22 
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FlKure2. Intensity of chemiluminescence in the 7000-9000A rcuion 
from O attack on unsaturated hydrocarbons 

Total pressure is 1.28 torr and tha hydrocarbon partial pressure is 20 mtorr 
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Figure 3 Intensity of chemiluminescence in the 7000-9000A region 
from O atom attack on saturated hydrocarbons 

Total pressure is 1.28 torr and the hydrocarbon partial pressure is 20 
mtorr 

Barbara Krieger, Mäzen Malki, and Ralph Kummler 

EnriromiMntal Science & TechnoloKy 

Vol. 6, August 1972, Pages 742-744 
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VISIBLE-UV  -   VACUUM  UV  LIGHT  EMISSION 

Some of  the oxidation  processes  in hydrocarbon combustion 

may  produce excited electronic  states  in  the product molecules. 

Kydd  and  Foss   (1967)   have  published  an elaborate attempt  to 

correlate  CH,   OH,   C2  and  CHO  emission  spectra   from C2H2,   C2H4# 

C3H8   and  CH4  emission  in order  to establish mechanistic  re- 
« 

lations.  They found that all emissions were uncorrelated. 

Nonetheless, a wide variety of mechanisms have been suggested 

to explain the observed emission bands; for example see Table 

II  and also the reviews uy Fontijn, et al^ (1972) and Birely 

(1973).  The mechanisms likely to produce the bands of Table 

II  in the high altitude plume region are shown in Figure 4, 

and in detail in Table III along with a very tentative set 

of rate constants for the necessary reactions.  This reaction 

set does not play an important role in the overall combustion 

process.  Therefore it need only be added as a perturbation for 

a specific attempt to predict visible, UV or VUV radiation. 

All of the excited electronic state products have very short 

radiative lifetimes (< 1 usec) and therefore do not diffuse in 

the flow field.  Moreover their loss rates are always radia- 

tively controlled so that the predicted radiation is indepen- 

dent of the radiative transition probability. 

Preceding page blank 
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TABLE   III 

NCCHAMimS FOR ELECTHOIIIC EXCITATION 

Reaction 
tUt« Constant, 

cc/—c A,l2« ^•••J       »»fefnc» 

0 ♦ Cji^CHj ♦ CO  (l5-45t)      2.4 - lO*11 ,-|7,0/T        ^g 

(Toc«l) • CH2CO (2SX) 

«HC.O ♦ H O0-60t) ■ 

••CjO ♦ M2 (O.JX) 

HCjO ♦ H    C20 ♦ ll2 

CJHJ ♦ ON-»C2H ♦ H^O 

CjO ♦ 0 ♦ CO* ♦ CO 

CHj ♦ C*C2" ♦ M2 

CM2 ♦ O-CO ♦ 2H 

C2 ♦ OM ♦ CH* ♦ CO 

c2 ♦ m*CM   ♦ CO 

Cj ♦ o*c ♦ r^ 

CH ♦ 02-CO ♦ WKA'I) 

CM ♦ !»• NM(A!n 

1   H   10 -n 

-2J 

-22 

0 

2.3.lO-ll.-JWO/T       -4.3 

» ■ 10"10 (all «tatM)    -20S 

C20 ♦ OM-»CH* ♦ C02 i «JO -11 

1 «10 11 

10 -II 

1 «10 -12 

1 «10 -12 

1 «10 -12 

1 -10 -1) 

) ♦ CO 1 «10 -11 

JMM and GIM« (1*49) 

Jon#» and My«« (1944) 

f«nlaor« «nd Jon«« 
(1944) 

•«ch«r  (1949) 
Shack«!(ord. «t «1 

(1972) 
-54.J tST 

-47.7 IfT 

-74.S Clough and Thruah 

-94 I1T 

-13* m 

-us »ST 

-159.3 rortft  (1947); 
tBlrh (1972) 

-109 1ST 
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TABLF    III 

cont'd 

Cjll ♦ 0♦ CM* ♦CO I-IO"10                         -60.5 IS Irown«, »t «1. Mt 
(l«69) 

Cjll ♦ OI|*C2 ♦ HjO i. io-u .-7400/T        ♦»» EST 

CjM ♦ Oj * MCO* ♦ CO l.8.IO-n.-,*0/T       -145 ■rown, «t «1, tst 
(1969) ' 

IIC;0 ♦ II*C2O ♦ «2 I ■ I0"12                                0 B#ck«r.(l969) 
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SUMMARY 

W« h«v« outlined h«r«in a pUusibl« •implifi^d MchaniM 

for the oxidation of hydrocarbons under conditions qeraane 

to high altitude plunea. We find that in the low presswe, 

hiqh oxygen sto« environment above 100 km,  a aequence of bi- 

■olecular reactiona lealinq to both IR and UV light aaiission 

can be initiated by the oxygen atoa attack on secondary hydro- 

gens in saturated hydrocarbons containing more than three car- 

bon atoms as well aa by 0 and OH attack on the unsaturated 

hydrocarbona which may be present initially or produced in the 

aequence.  The highly exothermic reactiona between o end OH 

with reactive intermediate radicals are prime possibilities for 

the production of vibrationally excited OH and H20 reapectively. 

Hhile the detailed mechanism is undoubtedly extremely complex, 

the sequence basically conaiata of the converaion of alkanes 

to define to aldehydea in the preaence of excess O. A specific 

set of prototype reactiona with rate conatanta ia recommended 

for the baeic chemiatry; an upper limit to the IR radiation per 

reaction baaed upon the exothermicitiea of theae reactiona is 

auggeated; and a UV perturbation mechanism based upon the pres- 

ence of acetylene ia auggeated. 

Preceuing page blank 
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TABL*  ZV 

RCACTIOHS Of NYDIIOCAIttOHS AMD 

nMMMMW-MMHHMnGMi «ITM   LM 

A.      AU«n« C    RMctions   (n  ? 3) n 

R««ctton Mf C<wfnt LH 2N MfTW»C» 

C
B"2^*0*V2.M* 

♦ i.u-io-11.-"5071«, 

Mvrroa aatf 

mi* (IfM) 

(I, »no. of prlmmry CM bon4« in C 1 "I 
H2«M. of Mcoatfory CM fcoatfo, 

■|*»M. of lorilorf Ol booio.) 

•"2^2" 

C."2^2 *<* * CoB2-l ♦ "2° 

k-l-lO-^o-*2571!, 

♦ 2.J.lO-|2o"4,0/Ti, 

Cr*loor  (197te) 

^.l-IO-^o^1», 

CjM^ ♦ OM ♦ CjMy  ♦ MjO ».4«I0"12  (2«t#K) 

1.2-lO-11."42*^ 

Croloor  (tM7) 

Croinor  (1970a) 

14 



TABLE IV 

cont'd 

•»"Vio ♦ 0 * Vf * 0H 2*8"l0'11 t"260071 Papadopoulas, 
et al   (1971) 

.   /»«in"10    -2570/T i .0■10        • Herron and 
Hule  (1969) 

1.7 »10 
-12 -23.3 Papadopoulas, 

et al   (1971) 

-12 
Uo-C4Hl0 ♦OH * l-C4M9 ♦ H20    2.1 «10        (297^) 

O.5t0.8)««l0"12   (298*K) 

-6.37 Grelner   (1967) 

Corse and  Volman 
(1972). 

-10    -2320/T 
o-C5lll2 ♦ 0 ♦ CJMJJ  ♦ OH 1.3K10 lü • '"U/1 Herron and 

Hule  (1969) 

13 
l«o-€5H12 ♦ O * C^JJ ♦OH I.S-IO " (307^) Herron and 

Hule  (1969) 

-10    -2250/T 
•"Vi* * 0 * ,c«.Mn "^ ÜH        1.8 " 10     • Herron and 

Hule (1969) 

2.3 DlMthylbutao« ♦ 0 ■»■    5.2 » 10  e Herron and 
Hule (1969) 

-10    -2190/T 
n-C7H|6^0- «C^j ♦OH 2.0M0 l0 • ^^ l Herron and 

Hule   (1969) 
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TABLE IV 

cont'd 

2,2 Dlmethylpentane + 0->C7H15+OH 

1.0xl0"1J  (307oK) 

2,A Dlmethylpentane + O-»-C7H15+0 

1.7 xlO-13  (307oK) 

n"C8H18 + 0 ■*" C8H17 + 0H 1.5 xlO"10 e"2030/T 

3 Methylheptane + 0    ->■ products    1.1 x 10~13  (300oK) 

2,2,4 Trimethylpentane + 0-»-CoH17 + OH 
8  1 / 

13   .,_„. 1.2 xlO "J   (307oK) 

5xio"14  (307oK) 

-14 2,2,3,3-Tetramethylbutane + 0        1.4x10        (307oK) 

- C8H17 + OH 

Herron and 
Huie (1969) 

Herron and 
Huie (1969) 

Herron and 
Huie (1969) 

Ford and Endow 
(1957) 

Herron and 
Huie (1969) 

Herron and 
Huie (1969) 

Herron and 
Huie (1969) 
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B.   Olefins   (C   ,   n > 3) n' ' 

i i    mi iaiu   mainii  IIBI     «immt^mm^^mim^^^^mmai 

TABLE   IV 

cont'd 

Reaction Rate  Constant AH 
298 Reference 

CjH      +   0   ->•   products 

-►C2H5 + CHO 

^CH3 + Cll    + CO 

3.6 xIQ-12   (300oK) 

--27 

1.1 xio"11  e-
515/T 

Stuhl  and 
Niki   (1.971) 

Kano.fsky,   et_ al_ 
(1972) 

Atkinson and 
Cvetanovic (1972) 

(4.2i.3)xio-12 -(38±22)/T   Kurylo ^^ 

C3H + OH-»-products 

(CH3 -CH2 -CHO) 

1.7 x 10 ■11 
Morris, ej^ al 
(1971) 

1-C^Hg + 0 -^ product (1.46 ± .15) xio"11 e-
380/T Huie et  al   (1971) 

1.0 xio"11  e-405/T 
Atkinson and 
Cvetanovic (1972) 

2"C4H8 + 0 " C2H30 + C2H5 

* C3H50 + CH 

CHO + C3H7 (minor) 

Kanofsky, e^ al^ 
(1972) 

Trans-2-butene + H > products   1 x10~12 Braun and Lenzi 
(1967) 
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TABLE   IV 

cont'd 

iso-C.H- + 0 ■* CHO 4- C-H^ 
4  8 3  7 

-•■ CH3 + ? 

Iso-C.Hg + 0 ->■ products 1.6x10 -11 

a.ixio^e-20071 

I.OXIO-11 B-
0
'
7 

Kanofsky, et^ al 
(1972) 

Ellas (1963) 

Cadle and Allen 
(1971) 

Atkinson and 
Cvetanovic (1972) 

3.8x10 -12 
Braun and Lenzi 
(1967) 

cls-2-Pentane + 0 -► products 1.8x10 -11 
Ford and  Endow 
(1957) 
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TABLE IV 

cont'd 

C.  Ethylene and ethane 

Reaction Rate Constant AlUgg Reference 

C„H.   + 0 -►  CH-   + CHO 
2  4 J 6.3 x 10 

5.2 x 10 

-13 

■13 

-43.1 

6.25xlO-13   (2980K) 

Verification of  Products   (90%) 

5.4 xlO-12   e-5'0/T 

-800/T 1.7 x10 t 

1.2 xl0~12   (300oK) 

Stuhl  and Niki 
(1971) 

Niki,  Daby and 
Weinstock   (1967) 

Stuhl   and  Niki 
(1972b) 

Kanofsky,   et_ al^ 
(1972) 

Davis,   et^ al_ (1972) 

Cadle  and Allen 
(1971) 

Elias and  Schiff 
(1960) 

Activ.   Energy 0.60  to  1.0 Kcal DeMore   (1972) 

C2HA  + 0 ■+ H CO + CH 

C2D.  + 0 -»■ products 

CH.  + Oli -*■ 

?   (small,   see above)       -4.5 ±4 

W5.6 x 10"13   (2980K) 

5 x10"12   (= nk)* 

Westenberg and 
deHaas (1969) 

Stuhl and Niki 
(1972b) 

Wilson and 
Westenberg (1967) 

* n is an unknown stoichiometric coefficient. 
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TABLE   IV 

cont'd 

C.H.   + OH -* products 2  4 i 

1 
(CH  CHO)  + H 

1.8x 10 -12 
Morris,   et_ al_ 
(1971) 

C2H4 + H * C2H5 l.Ox 10 ■12 

-12 1.1 x 10 

1.31xlO-12e-370/T 

Braun and Lenz I 
(1967) 

Penzhorn and 
Darwent (1971) 

Teng and Junes 
(1972) 

C2HA + HO ■♦ products 

C-D. + H -► C.HD, 
2 4       2  4 

, ,  ..-14  -3500/T 
1.7 x 10   e 

2 x 10 
-12 

Lloyd (1972) 

Braun and Lenzl 
(1967) 

C2H6 + 0 "*" G2H5 + 0H 
, .  in-ll  -3250/T 4.6 x10   e 

,  ..-11  -3300/T   . „ 
6.6 x 10   e        -4.0 

4.2 xlO"11«-320071 

Papadopoulas, 
et^ al_ (1971) 

Herron and 
Huie (1969) 

Reconunended by 
Herron (1969) 

C-H, + OH -•• products ^1 x 10 
-12 

Wilson and 
Westenberg (1967) 

C2H6 + OH -► C2H5 + H20 
-13 

C2H6 + H20 "* Product:8 

3.3x 10 

2.9x10"13   (302oK) 

l^xlO^e-123071 

l.lxio-10e-1800/T 

4.7 x 10 
-23 

Papadopoulas, 
« al^, (1971) 

Greiner (1967). 

Greiner (1970a) 

Wilson (1972) rec. 

Baldwin, et^ «1 
(1971) 
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P.    Carbonyl   (-C • 0) 

TABLE IV 
cont'd 

^m^mm 

MACt ion IUt« Constant AH 291 MfTlW 

MCO ♦ HCO * lljCO  » m U««i»nb«rg «ad 

MCO ♦ 0*C02 ♦ N -v«, y««t«nb«rg «nd 
DtlUas (19*9) 

HCO ♦ 0*CO ♦ OH 

« CO ♦ ON 
MOO ♦ 0 

♦ M ♦ C0- 

5-I0"11  (UDUOOO-UOO**) 

k'/k • 0.7Jt0.l5 

k'/k • 0.V 

Irown*. «t •! 
(l»69) 

-79       lector, «t «1, 
(I9<.9) 

W«»i»nb«r| Md 
0*MM»  (1972) 

MUl, £1 «i (19*9) 

NGO •*> O « CO ♦ OH 

wni ♦  H ♦ H? ♦ CO 

-U » «-in 

I.JHIA'11 (ryr)(iooo-i7oo,K) 

Cloufk «"d 
Thrush (1968) 

Nalkl (1972) 

IrowM, «t «1. 
(1969) 

MCO ♦ OH ♦ HO ♦ CO 5 « 10"11(EST)(1000-1700#K) Brown*, «t «i 
(19*9) 

hCO ♦ 02-*CO ♦ H02 < 10 
-17 

2 «10 
-13 

-18.88   McMillan and 
Calvtn (1965) 

rjian. Karr, 
and Calvart   (1972) 
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TABLE  IV 

cont'd 

M« It* ♦ ON « N20 ♦ CHD -I? 

.. io-10 

«. i • IO"'*1 •"65()0/T(700-IOOO*K) 

Itorron anti 
Pamhorn (1969) 

lt^ndr«tlcv.  V. 
(1972^ 

Ull»< j (1972) r*c. 

MCHO ♦ O^CHO ♦ ON 

MCMO 

WHO ♦ O   «HCO ♦ HjO 

l.S»10 
-11 

1.S-10 
-14* 

* I», * H202 ♦ NCO • ■ 10"1 i #-
7W/T 

2 ' 10"2J  (440*C) 

-26       Waatrabart and 
DaHaaa (19*9) 

Cadla and Allan 
(1971); Hlkt   (19fefc) 

Lloyd (1972) 

laldwtn. at al, 
(1971) 

HLMO ♦  H,O«CM0 ♦ N202 

HCHD ♦ M   •   M, ♦ NCO I 

CN2CO ♦ M • NC20 ♦ N2 

.'   I-IO*1* (440*0 

..(.,0-»'.-'WT 

*0 

Baldwin, at  aj[ 
(1971)" " 

Waolanbarg and 
DaHaaa (1972b) 

•ackar, at a^ 
(1969) 

C.H.CNO ♦ 0, ♦C.N-CO ♦ N,0 ,.. 
25 2      2 5 2       1.1 • IO'"  (440-C) 

taldvln. at  «1, 
(1971) 

C2HiCHO ♦ 02-»C2NsCO 4 '(202 

l-IO"14  (440*0 

ftaldvln, at  al 
(1971) 

•* AaauBin« ) • IO'12 for 2H02 «H^ ♦ 02 . 

4$ 



TABLE IV 

cont'd 

CMjCMO ♦ O^CHjCO ♦ OH 1.8.lO-n.-ntJ/T 

4.5-lO"11  (ViO'K) 

CMjCHO ♦ O «product« 7.9-lO'11 |-
I500/T 

i.J-lO"11 IMO'lt) 

C4MiU «nd AlUn 
(1971) 

C«dU «nJ  pcMMra 
(1967) 

Cadi« «nd All«n 
(1971) 

Cv«C4novlc   (1956) 

CMjCO ♦ OH«CH.CO ♦ MO 
C«dU and Allen 
(1971) 

CMjCHO ♦ OH-»produce« 1.5 " 10 -11 

(CHrCO,CH2CO) 
Norrl«, «t «1 
(1971) 

CHjCO 6 ON «product« f«at Norrl«. «t «1 
(1971) 

CHj - CHjCHO ♦ 0 ♦ product«     1.3« 10"lü « -10    -1900/T 
C«dl« «nd All«n 
(1971) 
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TABLE  XV 

cont'd 

P.    C Pr«qMntB «nd oth«r C Coapoundt 

RMCtion Rat* Contf nt AH 291 
*efer«nc« 

C. ♦ ON « CN* ♦00 

C    ♦ MO •» CM •   ♦<» 

«-I0'11 at  ?2O0m% 

-94       WllllMM and 
talth (19*9) 

•ulavlci, »i «1 

-lib     U11I1«M and 
telth (19*9) 

C. ♦ 0*0 ♦ CO -111     WUIIaMMd 
talth (1969) 

C. ♦ OH • CH ♦ CO H.l-lO'12 (2200#K^ Wilton (1972) rtc. 

C- ♦ OH*CII* ♦ CO 

CM(2£) 

♦CM(l2r') 

*>- 10 
-n 

7 «to -u 

Caydon (19)7) 
fvatar« »t aji 
(1971) 

rertar. at al, 
(1967) 

Par tar, at, ai 
(1967) 

-91.7      talth (1972) 

CjO* ♦ 0 ♦ COCA1») ♦ COd1!) n*rmo, at a^ 
(1967) " 

CjO ♦ 0 ♦ CO* ♦ CO 

,l cou't.v^; 

a,l",v<6; d,4.vS9) 

lackar. «t al, 
(1969) 

% -20',        talth (1972) 

aXA't.d'A.n't) VUV Quant MI ylald • 

10 'C2 2 

47 
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TABLE   IV 

cont'd 

c.o ♦ o ♦ «n •!•(•• 

♦ CDU1«) ♦ CO«1!) 

ccuo ♦ "o * c^o* ♦ c'V 

C20 ♦ OH • CM* ♦ CO- 

C20 ♦ H « CM ♦ CO 

CjO * 03 * 200 * 0 

CjO ♦ Oj ■• product« 

CjO ♦ » ♦ product« 

■ceo ♦ k « c^o ♦ R, 

nco ♦ o •* ■ ♦ 2co 

CJMJ ♦ o ♦ c2«4 ♦ <m 

* w1 

to"»« 

to'11 f io-IJ 

Fourth positiv* ol««nr«d 
(or totb «y«t«M 

-54(T) 

-2f.» 

(MO-MO*C) 

»-li 1.7 «10 " («11 product«) 

1.2 «10 
-10 

2*10 
-12 

HCCO ♦ Cjij • product« < • > 10 -16 

*0 

-45 

-f2 

fliocUolord. 
•t •!  (1672) 

••yo»  (1670) 

WllttM« «IMI 
taKh (1970) 

■oilier, «t «1 
(16M) 

Ulol «ad OulUt 
(1671) 

thoc luil ford 
•t «^ (1672) 

ShockUford 
« «1.  (1672) 

i**kor, «t «I 
(1666) 

•«P«« (1672) 

Jooos «nd 
Uy (1672) 

•t «i (1671) 



TABLE IV 

cont'd 

t   ji ii mwmw 

C2M5 ♦ M - C2H6 IX (Mt) Papadopoulas, 
et al (1971) 

♦ C2H4 ♦ H2 

C.H ♦ 0 ■• CH ♦ CO I «lO"10 (e»t) Browne, et^ al 
(1969) 

C2M* ♦ O ■* CH(A2A) ♦ CO 

-60.5    Smith (1972) 

Brennen and 
Carrington (1967) 

CjH ♦ 0 ■• C2 ♦OH rii.l I h.rni, Williams and 
Smith (1969) 

CjH ♦ 02 ♦ HCO ♦ CO lt8M0-lle-3500/T(e8t) Browne,  et^ al 
(1969) 

C2H ♦ M ■» C2    ♦ H2 fndothernic Williams and 
Smith   (1969) 

Cl02 ♦ 0 * c20 * C02 
LeBel and 
Quellet (1971) 

•38      Becker, et^ al 
(1969) 

C.O, ♦ H * HC.O ♦ CO 

C ♦ CM ■* C2 ♦ H {S««n) 

-16.6    Becker, et al 
(1969) 

-62     Williams and 
Smith (1970) 
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TABLE  IV 

cont'd 

CH + 02->-C0 + OH(A E) 1x10 -13 Porter,  et^ al 
(1967) 

-158 Becker,  et al 
(1969) 

-159.5      Smith  (1972) 
Krishnamachari 
and Broida  (1961) 

CH+ + O.-^CO* + OH 

CH + 0 ->■ CO* + H 

CH + C0(a3TT)-»-C0(X) + Cr.(A2Tr) 

not important 
in shocks 

not important 

in shocks 

Homer and 

Kistiakowski 
(1966) 

Homer and 
Kistiakowski 
(1966) 

Smith  (1972) 

CH + N0->-NH*(A ir) + CO 

CH2 + O-^HCO + H 

CH2 + 0-vCO + 2H 

CH2 + 0->C0T + 2H 

CH2 + 0 -»■ CO + 2H 

CH^ + 0->-HCO*(Vaidya) + H 

CH2 + OH^-HCO + H2 

5xl0"11(e8t) 

>2.5 x 10 
-12 

Ixl0"10(e8t) 

109 Williams and 
Smith (1969) 

Browne, et al 
(1969) 

-77 Westenberg and 
DeHaas (1969) 

-76.8 Clough and Thrush 
(1968) 

-71 Liu, et al (1972) 

Jones and Bayes 
(1972) 

Williams and 
Smith (1969) 

Browne, et al 
(1969) 

CH2 + C-»-C2* + H2 -67.7      Peeters, et al 
(1971) 
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TABLE  IV 

cont'd 

CH2 + CH2->CH + CH 

CH2 + C2H2 >C3H4 

CH2 + 02 '>'Cm + 0H 

CH2 + 02 ■>"Products 

CH3 + CHO->-CH3CHO 

CH3 + CHOUGH. + CO 

CH3 + OH -> 

►CH.  + 0 

CH3 + 0->CH + H.O 

CH3 + 0 -v H2C0 + H 

-11 

CH3 + O-^CHO + H 

CH3 + H>CH4 

CH3 + CH3.C2H6 

CH3 + C2H5.C3H8 

CH3 + 02 * CH20 + OH 

>  1 xlO -12 

< ID-15 (30roK) 

6.3 x 10 

3.7x 10 

6.7 x 10 

■12 

■11 

•12 

7x 10"12(1970-2190oK) 

> 3x 10 -11 

,-11 3.2xio ^(noo-igoo-K) 

1.95xlO-12
e-25/T 

4.36 xio"11 e"220/1 

4.17 xlO"11 e-
200/T 

Becker and Kley 
(1969) 

Jones and Bayes 
(1972) 

-89+10    Williams and 
Smith  (1970) 

Shackleford 
and Mastrup 
(19/3) 

Quee and Thynne 
(1968) 

Quee and Thynne 
(1968) 

Wilson  (1972)  rec. 

Fenimore   (1968) 

-8 Becker and Kley 
(1969) 

67 Niki, Daby, and 
Weinstock (1969) 

Fenimore and 
Jones (1961) 

Jones and Bayes 
(1971) 

Teng and Jones 
(1972) 

Teng and Jones 
(1972) 

Teng and Jones 
(1972) 

-53 McMillan and 
Calvert (1965) 
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TABLE  IV 

cont'd 

CH3OH + 0 -► HCHO + H.O 

CH4 + 0 -»• CH3 + OH 

8.5 xio"13 e-1560/T (347-400,K) 

1.4 xlO-16  (3008K) 

a.exio^e"4460/1 
-.44 

Avramenko, 
et al (1961) 

Cadle and Allen 
(1971) 

Herron and Huie 
(1969) 

Recommended by 
Herron (1969) 

CH4 + OH-»-CH3 + H20 

CH4 + H->CH3 + H2 

4.7xio-11e-2500/T 

4.8xlO-11e-2500/T 

5.5xlO-12e-1900/T 

5 x10"12   (at 12850K) 

4.2xlO-11e-2550/T 

4.1xlO-11e-2500/T 

6 x IQ"10 e-4500/T  (950-1500''K) 

4 x IQ"10 e"3570^  (950-1500-K) 

6.7 xlO-14  (at 900oK) 

1 xlo'10 e-6300/T 

-17.3   Wilson (1972) rec. 

Wilson and 
Westenberg (1967) 

Greiner (1970a) 

Dixon-Lewis and 
Williams (1967) 

Dixon-Lewis and 
Williams (1967) 

Baker, et al (1971) 

Fenimore and Jones 
(1961) 

Baldwin, £t al 
(1967)     ~ 

-2.3    Dixon-Lewie and 
Williams (196/) 

CH4 + H -»■ CH3 + H2 2.5xio-10e-7400/T 
Thrush  (1965) 
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TABLE   IV 

cont'd 

CH4 + H->CH3 + H2 

CO + OH->CO    + H 

1.2xl0-10e-5900/T 

2 xlO"10 e-5950/T 

3 xlo"10 e-6300/T 

5.2xlO-13e-300/T 
25 

Kurylo and 
Timmons (1969) 

Baker, et a^ (1971) 

Baldwin, £t al 
(1967) 

Wilson (1972) rec, 

CO + OH-^CO. + H k = CQCT)' Dryer, £t al 
(1971) 

CO + H20-vC02 + H 10~12 (300oK) 

<10"19 (300oK) 

~10 -15 

Est. by Westenberg 
(1972) 

Est. by Doug Davis 
(1972) 

Est.   by Stuhl  and 
Niki   (1972) 

*     Q(T)   - ^ 

[1,e-5370/T^1_e-3125/T-[ 

[l -e-2A00/T][l -e-189^][l -e-1188/T][l -e-876/T][l -e-852/T] 

C =  1.25x10" 3      (Dryer,  et al);     Recoiranend      2 x io"13 - C 
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TABLF IV 

cont'd 

G.  Reactions of Hydrogen and Oxygen 

Reaction 

H + 02  + M-»H02 + M 

Rate Constant 

2.4 xiO-32«23871 

tM 
298 Reference 

llui« and Davit 
(1972) 

M-N, 

(Temp.  dep.   from M-He) 

H02 + H02 + H202 + 02 

0 + H02 ■* OH + 0 

H + 03 -► 2 OH 

H + 0 -»■ OH(A2E) 

H + HO   -► 0H+ + OH 

H02 + OH -► H20 + 0, 

OH + 0H*H20 + 0 

OH + H2 -► H20 + 0 

3.3>«10"12 (300oK) 

l^xio-11.-500/1 

8 xID"11 e-500/T 

2.6 xlQ 

-21 3 xlQ '1 

-23 

-11 

<10 

1.7xlO-10.-900/T 

i.yxio-^.-soo/T 

8.4 xlQ ■13 

2.6 xlQ"12  (300^) 

-42.6 ±4 

-76.9 

-39 

-17. 

NBS CIAP Evsl. 

Lloyd  (1972) 

NBS CIAP 

Ticktln,  et «1 
(1967) 

Schiff, prlv. COSB 
(1973) 

Charter« and 
Polanyl (1960) 

Lloyd (1972) 

Braan and Claaa 
(1970) 

Ullaon (1972) rac. 

OH + 0 -•■ 02 + H 4.3 xlQ -11 

4.2 xlQ 
-11 

Braan and Claaa 
(1970) 

Ullaon (1972) rac. 

OH 
wall 

■* 

orthoborlc 
acid 

124 Braan and Claaa 
(1970) 
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TABLE  IV 

cont'd 

-11     -ItOO/T 
OH ♦ H202.|I20*II02 1.7-10 " t ' ttllM« (lf'2) r#c. 

(l.2t.J)-10"ia (2ffE) QMTM mi tolmm 
(l»72) 

2.1 «I0*11 t"400071 (MO-MOO*!) WllM« Clf22) MS« ON ♦ H « H2 ♦ 0 

OH ♦ II2 * II2O ♦ M J.i • io"u .-2ft00/T -i».i    wmm iiV2) fM. 

O ♦ 02 ♦ M-^Oj ♦ N 
iA-15 511/1 

(.4 «10     • -2).4 Hut« «i* 0t«l« 
(i»72: 

0 ♦ 01 ♦ 202 ,.o.io-,,.-,4",/T *3M        Mi CUP tv«l 
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AiPEMDIX III 

HYPOTHESIZED COMPOSITION (40% BY WEIGHT OF TURBINE FLOW) 

OF ATLAS TURBINE GAS HYDROCARBON SPECIES 

Sp«ciet Hast Fraction 

•A" * .60 

-0- M .20 

C2H6 .05 

C2H4 .05 

CH4 .05 

CHjO .05 

all radicals 0 

*  rafara to a saturatad hydrocarbon, cnH2n42 with n 2 3 

•• rafara to an olafinic hydrocarbon, c
n
H2n 

wlth n^3 

The«« mol« fractions hava baan used in initial axasiinationa 

of tha rola of XR Chaailuainascanca in the Atlas sustainar 

pit 
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APPENDIX IV 

A COHPAAISON OP EXPERIMENTAL DATA POP 

O AND OH ♦ HC  VS THE CHOICE OP 

LUMPED PARAMETER RATE CONSTANTS 

Prectiiif Ml< blink 
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fXCUKE >. 

Illustration of oxporiMontol dot« for hydrocarbon plus 

oxygon «to« rssction rsts constant« coapsrsd with th« choics 

of ths luapsd psraastsr rsts constants for oxyqsn stoa 

sttsck. Ths solid Unss rsfsr to sxpsriasntsl obssrvstions, 

bslisvsd to bs sccursts to t 20% fro« 1000*K to 2S0*K* whils 

ths dottsd linss rsfsr to ths luppsd psrsastsr choics hsrsin. 

(nS • norwsl psntsns snd 1-3 • l-propylsns). 

Alksns dsts wss tsksn fro« ths sxtsnslvs dsts of 

Hsrron snd Huis (l«69). Olsfinic dsts wss tsksn fro« Atkinson 

snd Cvstsnovic (1972). Othsr vsluss for hiqhsr olsfins srs 

iio"11 st roo« ts«psrsturss ss shown by ths shsdsd block, 

(sss Tsbls XV for «ors dstsil) which Isd to ths choics of 

10'11 for ths lu«psd psrsastsr rsts constsnt for 01 ♦ O • 

R • CHO. Assuainq thst ths fusl will consist «sinly of 

hydrocsrbons grsstsr thsn CS, ws hsvs rsco««sndsd s conssr- 

vstlvs rsts constsnt for ths rsts controlling stsp, A ♦ O * 

R ♦ OH. Hots thst CjHf it considsrsd ss s sspsrsts spsciss. 

«2 
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fICUIIE ». 

IUuttr«»ion of mMpmrimantMl  d«t« for 0« roaction rat« 

constanta wit.« saturated hydrocarbona eoaparad with tho 

chole« of tho luapod paraaotor rat« conatant. Th« aolid 

Una« ar« tho data of Croinor (1170) with an avoraq« uncar- 

tainty of i J0% oxpoctod ovor tho rango of taaporaturaa 

illuatratod. As boforo C.a^ la traatod aoparataly in th« 

propoaad aoi«!. CH4 ie also troatod aaparataly. Thua. ovor 

th« «ntir« ran«« of pluaa taaporaturaa it ia anticipatod 

that th« choaon luapad pariMtar rat« conatant for A ♦ OH • 

II • MjO ahould b« accurata to within a factor of thro« r«- 

gardlaaa of tho distribution of alkanaa. 
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