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SUMMARY

Interest in improved performance and reduced emission characteristics

of air breathing propulsion s’ ~ and a better understanding of plume

problems has created a need fo~ .~tter definition of the coupled fluid

mechanical and chemical kinetic processes which occur in these devices.

Modeling of the necessary combustion chemistry in systems usiny hydrocar-

bon fuels is difficult because of the lack of adequate kinetic data. This

study is designed to determine the overall reaction data expressions and the

associated elementary kinetics for the oxidation reactions of these hydro-

carbons.

A major conclusion of earlier work, besides the overall rate data re-

ported , was that OH radical attack is not the primary mechanism contributing

to the observed disappearance rates of methane (and other aliphatics

through hex ane) in high temperature , oxygen rich combustion . Experimenta l

data obtained using the CO/H
2
0/02 

reaction seeded with small amounts of

hydrocarbon suggest that some reaction is reforming the initial fuel at a

fast rate in comparison to hydrogen abstraction by hydroxyl radicals dur ing
the oxygen rich oxidation. There does not appear to be simple overall rate

expression of the form

—d [R .R] 
k
ov RBJ

a
O J

b

k A e EOV/RTov ov

for disappearance of the primary fuel, (RE, for paraff ins other than methane).

Recent work has established that there are three stages in the paraffin oxida-

tion process that must be considered if there is to be global modeling. The

new element discovered ii that there is a well—defined initial step very much

like a pyrolysis sequence. This step is the relatively isoenergetic conver-

sion of the paraffin to the olefin. 31’

W?~jte 
~~~~~~~~~ 

j
In addition studies of ethane pyrolysis have been caspleted. Results B~(! ~~~~

suggest tha t at flow reactor temperatures, the maj or termination step of the

~~~~r
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kinetic mechanism is

C2H5
+ H 4 C

2
H
6

rather than

4
C2
H
5 

+ C255 ~

‘ C2H6 + C2H4

as suggested by other investigators. Preliminary determinations of the

rate constant for

C
2
H
6 

-* CH 3 + CH
3

have been obtained and are in good agreement with values available from other

studies.

Previous work in metal combustion led to an exploratory study of a

number of chemiluminescent metal flames with the prospect of achieving

population inversions between electronic states through chemical pumping.

Experiments performed to find the most desirable constituents for a chemical

laser device which would operate in the visible, near ultraviolet or near

infrared region of the spectrum , have not been successful, but have provided

much spectroscopic information about metal vapor-oxidizer systems.

4 t -..
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I. Program Objective

Abstract of Overall Research Effort

The AFOSR research efforts at Princeton have been concerned with the

details of both rocket and air breathing combustion processes. The emphasis

has been directed toward how fundamental physical, chemical, and aerodynamic

approaches provide insight to these details. Fundamental approaches are

presently oriented to give basic knowledge about the chemical kinetic aspects

of propellant and jet fuel systems, the relatiohship of kinetics to the

overall combustion process, plume formation resulting from the combustion,

propellant sensitivity, pollutant formation, etc. In particular , the research

has concentrated on the chemical kinetic processes occurring in the canbus-

tion of hydrocarbon fuels.

In addition, studies of metal vapor flames have been undertaken. A

number of cheiniluminescent metal vapor f lanes have been studied with the

prospect of achieving population inversion between electronic states through

chemical pumping .

Objectives

The specific objectives of the research program have been to gain

better insights in hydrocarbon pyrolysis in the presence of various oxygen

concentrations. The application of semi—global model techniques to the

problem has been a major objective of the program. In the metal vapor flame

work, chemical reactions involving metal vapors offer an energetically

promising avenue for the production of electronic level population inversions

which could lead to lasing. Work under this program has considered several

reaction systems with the objective of demonstrating the occurrence of popula-

tion inversions which could potentially be used to develop high power lasers.

C
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II. Program Approach, Status, and Results

Combustion Kinetics of Hydrocarbons

Interest in improving performance and the general emission characteristics

of propulsive systems has created a need for developing a better understanding

of the coupled fluid mechanical and chemical kinetic processes which occur in
C these devices. Modeling of the necessary combustion chemistry in systems

using hydrocarbon fuels is impeded by the lack of adequate knowledge as to the

detailed kinetic mechanism or the values of the absolute rate constants for

many of the elementary reactions which are involved. It has been the intent

of this research to develop a detailed description of these oxidation mechanisms

through experimental measurements in a turbulent flow reactor developed

earlier in this AFOSR plogram . Formulations of overall energy release and

reactant consumption (product formation) expressions are developed as

practical alternatives to the complete elementary kinetic mechanism. With

these and other data, including detailed measurement of stable reactant,

intermediate and product species taking part in the oxidation, a better

understanding of the complete kinetic rnechanign has evolved, and as has been
C shown in sane cases, elementary rate constants for specific reactions can be

measured.

Not only have the results of the current year followed along the lines

proposed, but they have put the whole modeling question and overall hydro-

carbon oxidation process in a better perspective while giving specific reac-

tion rate data. Since the unique new interpretations could have only come

about fran the type of results obtained fran the Princeton turbulent flow
reactor , this device will again be reviewed. The next four subsections review

sane of the major results of the program and the current contract year in the
broad context mentioned .

A. The Turbulent Flow Reactor

Basically, the Princeton flow reactor technique utilizes a heated

cylindrical Quartz duct 10 cm in diameter through which a hot inert carrier

gas flows at velocities which yield Reynolds numbers in excess of 3500
(Figure 1). The reactor assembly is constructed so that the reactor walls

• 
rapidly equilibrate to the local gas temperature. Rapid mixing of small

amounts of pre-vaporized reactants with the carrier is provided by radial

injection at th. throat of a high vslocity mixing inlet nozzle. Proper

•

— 
•~~~~~~~~~~~~~ - ~.-TT i ~T T  ‘
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adjustment of carrier temperature, flow velocity and reactant concentrations

result in a steady , one—d imensional , adiabatic reaction zone extending over

a length of approximately 85 cm. Simultaneous thermal and chemical data at

discrete longitudinal locations in the reaction zone are obtained by longi-

tudinal extension of an instrumented probe. Temperature measurements are

made with a silica coated Pt/Pt-Rh thermocouple , and gas samples are removed

through a water—cooled/expansion quenched stainless steel sampling probe.
Consistent with the long range objective of more complex hydrocarbon oxidation

studies, a sophisticated gas chranatographic chemical analysis procedure

which was developed in the program (69), permits measurements of all stable
hydrocarbon species (including partially oxidized compounds) as well as H

2
and 0

2 to 1% precision.

Several unique advantages of this approach should be emphasized. By

restricting experiments to highly diluted mixtures of reactants, and extending
the reactions over large distances, gradients are such that diffusion may be

neglected relative to convective effects; thus the measured specie profiles

are a direct result of chemical kinetics only. This is in contrast to low

pressure one-dimensional burner studies where diffusion effects must be

determined analytically before useful chemical kinetic data are obtained.

While this procedure has progressed significantly in its refinement, estima-

tion of diffusive corrections remain very di f f icul t .
Furthermore , in the flow reactor uniform turbulence results not only in

rapid mixing of the initial reactants, but radically one—dimensional flow

characteristics. Thus “real” time is related to distance through the simple

plug flow relations. However, the relation of a specific axial coordinate to

real time is not well—defined since the initial time coordinate occurs at some

unknown location within the mixing region. One would suspect that initial
mixing history might therefore alter reaction phenomenon occurring downstream.

However, the existence of very fast elementary kinetics, which initiate

chemical reaction before mixing is complete , permit rapid adjustment of the

chemistry to local condition s as the flow approaches radial uniformity.

Fur thermore , the large di lution of the reactan ts and rapidity of the kinetics

reduce the coupling of turbulence and chemistry to the point that local

kinetice are functionally related to the local f
1•

- IIdJ -
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mean f low properties. This conclusion is experimentally supported by excellent

agreement of the derived chemical kinetic data with that obtained from shock

tubes and static reactor systems at other temperatures. Agreement also

substantiates that the reactor surfaces do not significantly affect  the gas

phase kinetics. Comparison of flow reactor data from reactor tubes of

significantly di f fe rent  surface to volume ratio also corroborates this con-
clusion . Finally, and most important, the turbulent flow reactor approach

permits kinetics measurements in a temperature range (800—1400 K) generally

inaccessible to low temperature methods (fast flow Electron Spin Resonance ,

Kinetic Spectroscopy techniques , static reactors , etc.) and high temperature
techniques (shock tubes, low pressure post flame experiments).

Many of the experimental studies were carried out in a newly designed ,

arc plasma heated turbulent flow system reactor (Figures 2 and 3) which has

been completed and constructed entirely at University expense in the Engineer-

ing Quadrangle on the main University campus . In contrast to the flow reactor

system described earlier in which packed bed heat exchangers serve as the hot

gas generator (see Dryer (66) for detailed hardware description] , the arc

• plasma concept permits precise control of flows characteristics up to twice

the presently available mass flow and total enthalpy while eliminating carrier

contaminants (carbon dioxide , water vapor). A direct liquid gas conversion

system is the source of nitrogen carrier gas. Pc’c~ib1e contaminants from

anode/cathode erosion in the plasma jet have been controlled through a

composite material design derived during the custom construction of the jet

(TAFA division of Humphrey ’s Corp., Bow, N. H.). Ions are eliminated in a

recanbination/mixing plenum far upstream of the reactor. Available instantaneous

heating characteristics accommodate rapid run preparation (the packed heat

exchanger system requires approximately 8 hours preparation time) and maximum

system temperatures to greater than 1500 K (the limit is imposed by reactor
assembly materials). A ceramically filled , resistance heated inlet section

mounted between the arc plasma generator and the reactor assembly has been

designed to independently accommodate addition of up to two (thermally stable)

reactant species as well as pre-vaporized water. This section is also neces-

sary to produce uniform turbulent flow prior to the reactor assembly. Inlet

____________ 
1’ .

*
This system on the Forrestal campus is to remain available for some con—

current use .



5

temperature to the assembly are monitored in this section with thermocouple

instrumentation.

The reactor assembly itself is designed similar to the schematic of

Figure 1. The main reactor tube is of fused silica ten centimeters in

diameter and approximately 185 cm in length including a 28 cm nozzle inlet

mixing section . Fused—silica walls further assure elimination of surface

reaction effects. There are two additional reactor tube inserts available to

reduce the test section diameter to 7.0 and 5.0 cm. Thus the reactor residence

time range can be s igni f icant ly  shortened (factor of 4) and reactor surface-to—

volume ratio increased (factor of 2 ) .  The reactor mixing inlet can accommodate

independently controlled addition of up to 3 reactant species , including a

pre—vaporized liquid . This feature  is part icularly important to some of the

new work proposed in this document.

Gas samples are wi thdrawn through a water—cooled , convective quenched

stainless steel probe with quenching gradient of greater than 5 x 106 
°K/sec.

A Quartz coated Platinum , Platinum-Rhodium thermocouple with water—cooled

jacket is used to measure the long itudinal reactor temperature distribution.

Sampling instrumentation is extended long i tudinal ly through the reactor

section along its center line.

Gas samples withdrawn at up to twenty discrete longitudinal positions in

the reactor are currently stored at low pressure in an all glass/teflon

sampling assembly . Stable species including CO, C02
, aldehydes, alkanes ,

and other carbon containing species are measured using Hewlett—Packard 7624

Gas Chrcinatograph System equipped with electronic integrators and modified

catalyst Flame Ionization detectors (Colket et al. ( 7 2 ) ) .  This approach permits

identical sensitivity per gram atom of carbon for all carbon containing

species (+1% Precision). Hydrogen, oxygen and nitrogen compounds are

determined by thermal conductivity (+3% Precision).

B. General Modeling Considerations

Let us f i rs t  consider the general oxidation characteristics of

the norma l alkanes. We shall exclude discussion of methane oxidation because

it has received considerable attention in terms of detailed modeling (Westbrook

et al . ,  J. Phys. Chem . (1977), Olson et al., ACS National MeE~~ing (1977))

and because its oxidation is dominated by (the difficulty of) methyl radical

oxidation . This trait  is not characteristic of any of the higher alkane

oxidation systems and is the reason methane should not be used in experimental

programs to represent a general hydrocarbon oxidation process. In these

I

• 
-- -——-,--~~

-----
~~~~~~~~~
-- -
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discussions, it should be kept in mind that any empirical model must be

quanti tat ively valid over a variety of fuel/a i r  ratios and relat ively wide

ranges of pressure , temperature and residence times if it is to be useful  in

practical combustion modeling. Some recent experimental work at Princeton (77)

adequately demonstrates many of the qual i tat ive features of the hydrocarbon

oxidation process and wili .  be used later to quantitatively assess empirical

modeling formulations.

By res t r ic t ing experiments to highly diluted mixtures  of reactants , and

extending the reactions over large distances , concentration gradients in this

reactor are such that diffusion is negligible relative to the convective

component ; thu s , the measured specie prof i les  are a direct result of chemical

reaction alone. Ttis fact has recently been corroborated in the modeling

of methane/oxygen and moist carbon monoxide/oxygen experiments.

It is important to reemphasize that in this flow reactor , un iform

turbulence results not only in rapid mixing of the ini t ial  reactants , but

also in radically uniform , one—dimensional flow characteristics. Thus, real

‘~time” is related to distance through the simple plug flow relations. How-

ever , the relation of a specific axial coordinate to real time is not well

defined since the initial time coordinate occurs at some unknown location

within the mixing region. One would suspect that the initial mixing history

could therefore alter reaction phenomena occurring downstream. However , the

existence of very fast elementary kinetics, which initiate chemical reaction

before mixing is complete, permits rapid adjustment of the chemistry to local

conditions as the flow approaches radial  un i formi ty . Furthermore , the large

dilution of the reactants and rapidity of the kinetics reduce the coupling of

r turbulence and chemistry to the point that local kinetics are closely pred icted

by local mean flow properties (24). This conclusion is also verified experi-

mentally by excellent agreement of the derived elementary chemical kinetic

data with that obtained from shock tubes and static reactor systems at other

temperatures (Colket et al . ,  m t .  J. Chem . Kinet . 7 , 223 (1975))  as well as

by the initial analytical modeling efforts. These calculations also substan-

tiate that the reactor surfaces do not significantly affect the gas phase

kinetics of the large reactor core where measurements are made.

Figures 4 through 7 present data from the flow reactor for very fuel—lean

oxidation of several alkane hydrocarbons above methane. The observed reaction

profiles correspond to the “post-induction” phase of the oxidation. The

1’
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- —,-—--—~~~~-—--
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induc tion per iod , i.e., the reaction period dominated by initial thermal or

chemic~.l attack on a CH bond of the fuel and other secondary chemical kinetic

initiation processes typically occurs in the mixing region of the flow reactor

and is extremely short. (There are some exceptions to this general statement

which will be discussed later.) The induction phase of the chemical kinetics

process can be significantly modified or even eliminated in practical system s

by backmix ing or diffusion of partially oxidized species and radicals produced

in the post induction zone and thus initiation chemistry is generally not of

great importance in most combustion systems.

Figures 4—7 clearly show that even in very lean oxidation there appears

to be an initial isoenergetic region in which the decomposition of the alkane

takes place. The conversion of the alkane appears to be primarily to alkenes

and is clearly an endothermic process. However , the hydrogen formed during

this pseudo-pyrolysis step simultaneously reacts to form water . This reaction

essentially compensates the endothermicity of the initial “pyrolysis” step .

Subsequently , and with some energy release , the unsaturated hydrocarbons

are converted to carbon monoxide and hydrogen while the hydrogen present and

being formed continues to oxidize . Finally, the large amount of carbon

monoxide formed is oxidized to carbon dioxide , and most of the heat of

reaction of the overall step

C
n
H
2n+2 

+ ((3n+l)/2] 0
2 

fl CO
2 

+ (n + 1) H
2
0

is released during this final reaction segment.

Earlier experimental investigations substantiate these qualitative

observations for temperatures above 1000 K. As early as 1963, Orr

presented shock tube results at 1 atm for n—heptane and iso—octane , and

suggested similar behavior for these higher chain hydrocarbons. Levinsori

[Comb. & Flame 9, 63 (1959)]  later repeated , confirmed and extended these

earlier studies on n—heptane. Initial decomposition of alkanes through

olefin formation in shock tube studies of “ignition delay ” has also been noted

by several other authors [Burcat et al., Thirteenth Int. Sym. on Comb. 745

(1971); Comb. Flame 18, 115 (19, 2); Cooke et al., Comb. Flame 24, 245 (1975)).

It should be noted that the induction period as defined earlier and ignition

delay measurements only correspond closely for methane. For the higher hydro—

carbons , shock tube ignition delay (especially whe n determined by pressure
rise) corresponds more closely to the characteristic time required for carbon

_ _ _ _ _ _  — .•~~~~~~~~ 
——

- ~~~~~~~
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* monox ide oxidation to begin . Major reaction of the ini t i a l  fuel  (and even

the olefins formed) should logically occur more to the oxidation of carbon

monoxide since the reaction rates constants of the reactions are one to two

orders of magnitude faster than that for carbon monoxide [Walker , SPR Chem.

Soc. , Reaction Kinet. 1, 161 (1975)]. The shock tube observations of

Hawthorne and Nixon (AIAA .3. 4, 513 (1966)) qualitatively confirm these

arguments by the fact that ignition delay for propane and its decomposition

products (mixtures of propene and hydrogen) were fow l to be very similar .

It is well known that if a tertiary carbon exists in a hydrocarbon the

hydrogen attached to it will be abstracted first , and if no tertiary—carbon

atom is available, a hydrogen atom will be abstracted from the secondary

carbon in the chain. There is no doubt that the initial attack on alkanes

is a hydrogen abstraction by OH, H , and 0 rad icals , and in fact, the elementary

rate data taken from the previously cited work of Walker show that the posi-

tion of attack is a question of relative rates. Multiple tertiary carbon

atoms are norm ally not encountered in a given hydrocarbon compound whereas

one must realize that there are at least six CH bonds on terminal carbon

atoms in every alkane structure. Thus , for example, if the d i f f erence in bond

energy and the number of various bonds available , is taken into account at

1000 K , radicals formed from attack on a secondary compared to an primary

carbon for propane and n—butane will be approximately 1 and 2.

In their review Fristrom and Westenberg (Flame Structure , McGraw Hill,

1965) state that the hydrocarbon radicals thus formed decompose into a methyl

radical and an olefin with one less carbon number

C H  -~~CH + C  H
n 2n+1 3 n—l 2n—2

However , this general  statemen t is not supported by flow reactor data for

oxidation of the hexane isomers as shown in Figures 8 and 9. There should be

a great preponderance of pentenes compared to other olef ins early in the

reaction if Fristrom and Westenberg ’s general statement were correct . However ,

experiments on deuterateci compounds show that when a radical decomposes , a

bond onc:~ removed f rom the si te is broken -— since in this case both a proton

and hydrogen atom shift are not required . In addition , when there is a choice

bc tween a CH bond and a CC bond in thea... radicals , the CC bond is usually

broken due to the lower bond strength. Thus, one f inds

CH
3 

- CH - C}1
3 

-* C3H6 
+ H

-. _ _-  
_ _ _
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instead of

i — C 3H 7
-~~C 2H + C H 3

but

- CH
2 

- C~3 
-# C

2
H
4 

+ CH
3

f instead of

n - C H 7
-~~C3H + H

In the case of butyl rad icals one finds :

C CH
2
C}i

2
CH

2
CH
3 

-
~ C2H4 + C

2
H
5

CH
3

CHCH
2

CH
3 

-
~~ C3

H
6 

+ CH
3

There has been some unresolved controversy over whether any decomposition

through the unfavored routes can occur . Some investigators have claimed that

no direct decomposition via these reactions can take place , but that an

internal rearrangement must occur before decomposition can occur by an

unfavored route. Others claim that reactions such as

i - C 3H7 + C 3H8 C3H8 + n - C 3117

are f a s t  and lead to the alternate routes. However , experiments (McNesby et a]..

J. Chem . Phys . 24 , 1260 ( 1956);  J. Amer . Chem. Soc . 83 , 4891 (1961); 3. Chem .

Phys. 36, 2272 (1962); 3. Chem . Phys. 37 , 1610 (1962)) show that though these

alternate modes might occur , they are negligible below 800 K, but could make

some contribution above 900 K.

The results presented in Figures 8 and 9 tend to confirm the one bond

removed rule and indicate that there is little or no decomposition by unfavored

paths. In the case of propane , the rate constants for hydrogen abstraction

indicate that iso- and normal-propyl radicals should be formed in nearly

equal amounts, and therefore , one should find equal amounts of ethene and

propene. In fact, one finds that the ethene formed is 1.5 times the propene.

This result could lead one to argue for isornerization reactions , but it is

more likely that the extrapolation of the rate constants of radical attack on

the primary fuel leads to the discrepancy . For butane , one predicts twice

as much sec—bu ty l as n—butyl , but each n—butyl  decomposes to an ethene and an
( •

ethyl radical and the ethyl will usually decompose to another ethene. Thus, • -

• -• • •—~~~ - —,~~~~~~

— — — —— •l ••a
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again one expects nearly equal amounts of ethene and propene and again one

finds 50% more ethene than propene.

The real confirmation of the rule come from the isohexane experiments

presented in Figures 8 and 9. In the 2—methylpentane experiments the favored

radicals are

CR
3 

CH
3

(CR
3

) CHCH
2

CHCH
3 

and CH
2
CHCH

2
CH
2

CH
3

The former radical decomposes to C
3H6 + i — C3H7 and therefore ul t imately to

two propenes while the latter form C
3H6 + n —C~H7 (or 1—pentene + CH3

). Thus,

C
3
H
6 

should grea tly dominate C
2
H
4
, which is explicitly what is observed

experimentally. Furthermore , only isobutene will form from

(CR
3
)
2 

CCH
2

CH
2

CH
3 

or (CR
3
)
2 

CHCH
2

CH
2

CH
2

Since only one bu tene is observed , thi s result also seems to fit well with

the one bond removed concept.

* 
3—methylpentane , on the other hand , will react mainly to the rad icals

CH
3 

CR
3

CH
3

CHCHC
2
H
5 

(I) and CH
2

CH
2

CHC
2
H
5 

(II )

The first decomposes to 2 - C4H8 + C
2
H
5 

(ul timately 2 - C4H8 
+ C

2
H
4

) and the

second forms C
2
H
4 

+ sec - C
4
H
9 

(ultimately C
2
H
4 

+ C
3
H
6
). Of the other radicals

CH
2

C
2
H
5 

CHC
2
R
5 

(III)

decomposes to 1 - C4H8 + C2H5
, while

CR3

c C2 H 5 CC2 H 2 
(IV )

form s a pentene (2—methyl—l—butene ) and a methyl radical. These predictions

are also consistent with the observed results, in which [C2H4
) > (C

3H6
]. The

ethene is larger than butene because of the decomposition of radical (II) and
C because butene reacts faster than ethene. Furthermore, three butenes are

observed : 1—butene , cis-2-butene , and trans-2—butene.

‘:• •:
~~

• -
~~~~~~~ ~~~~~~~~~~~~~~~~ — • 

.- - 

- 
• .

~~~~
• .- ‘

~ 

____
:— 
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All these results appear to confirm the “one bond away from the radical

site” theory of decomposition . Furthermore , the finding of only one butene

product in the 2—methylpentane oxidation indicates that the isobutyl radical

does not isomerize or break down in a non—standard fashion at 1000 K, unless

it is in very small amounts. Thus, by estimating the probability of hydrogen

abstraction based on the number of hydrogens available on each carbon atom,

ease of removal in each case, and considering the cleavage rule discussed

above, the concentration trends of olefin and lower alkanes derived from

Figures 4— tv are quite predictable. These data are presented in Table I.

In addition to the decomposition reactions already discussed, the more

complex radicals can also react directly with oxygen

R + 0
2 

- olefin + HO
2

R + 0
2 

-
~ oxygenate + OH

It is important to note here that the competitive rates of the first of the

above reactions and the ethy l radical decomposition reaction may be

particularly critical in describing oxidation of ethane arid perhaps that of

the higher order alkanes. As pointed out by Walker, the latter of the above

two reactions probably occurs in two or more steps . At temperatures below

800 K, the nature of the oxygenate depend s on which radical is attacked .

Many other routes are also available for formation of oxygenated species.

Figures 10 and 11 present results for the oxida tion of ethane at

equivalence ratios near one and one and one half.

Al though on these more fuel rich studies , the same overall qualitative

features of the oxidation reaction hold , the relative concentrations of

intermediate species vary. The comparative characteristic times of alkane

and alkene conversions are different (both from concentration and temperature

effects) and the CO oxidation becomes almost non—existent as the oxygen

concentration is lowered. In these richer systems hydrogen is no longer

oxidized at a rapid rate to water and itself becomes an important intermediate

species. Finally , it is worth noting the appearances of acetylene as an

intermed iate oxidation species under rich conditions. The point (time) of

appearance indicates that it is an intermediate in the oxidation of the olef in,

possibly produced by vinyl radical decomposition [Jachinowski , Comb. Flame 29,

55 (1977)). Since the production of soot precursor species is most likely

related to the polymerization of acetylenic intermediates, the relation of

4 4

1



12

acetylene production and oxidation to the olefin oxidation will be of value

to understanding soot formation.

Summarizing the general characteristics of high temperature alkane

oxidation :

1) As a result of the relatively difficult oxidation of methyl

radicals, methane exhibits a very long induction period- and its oxidation

is not characteristic of the higher paraffins.

2) The induction for higher hydrocarbons is very short relative to the

total fuel lifetime and can be neglected under most practical combustion

modeling situations.

3) The oxidation of the higher paraffins qualitatively proceeds

through three distinct but overlapping phases.

a. conversion of the alkanes to alkenes with the available

hydrogen simultaneously converted to water

b. conversion of the alkenes formed to carbon monoxide with

the available hydrogen simultaneously converted to water

c. conversion of carbon monoxide to carbon dioxide.

The simultaneous conversion of hydrogen is dependent on the amount of

oxygen available and is potentially modified by the presence of hydrocarbons.

Almost all of the energy release occurs from the conversion of carbon monoxide

to carbon dioxide.

4) The relative quantities of olefins produced can be qualitatively

estimated by considering site reactivity , the number of hydrogen abstraction

sites and a “one bond away from the radical site ” rule for decomposition.

5) In fuel—rich alkyl oxidation systems, acetylene will form probably

as a result of olef in oxidation and may be linked to the production of soot
precursor species.

The above qualitative characteristics appear to apply over a relatively

wide temperature range, at least for the case of ethane (77), and provide a

reasonable behavioral model to which empirical formulations should be

compared.

C. Em~pirical Modeling Concepts

The larger number and poor definition of the elementary reaction

C mechanisms necessary to detail the chemistry and the lack of evaluated rate

constants for many of the included elementary steps has led both the funda—

mental kjnetjcjst and those who model to conclude that detailed approaches

are presently intractable for re-~listic fuels. Yet, it is well recognized

- ~ii—: ~~~~~~~
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that detailed modeling may be required to properly account for the

significant coupling of hydrocarbon, carbon monoxide, and NO kinetics,

particularly in fuel—rich combustion. Thus far, only approximations of

detailed chemistry have been employed to estimate rate of energy production

and/or production of partially oxidized species from higher paraffin fuels.

These schemes are in the form of “global” or “quasi—global” kinetic mechanisms.

The concept of overall (global) reaction kinetics and its use is a direct

result of the complexity of most chemical reactions and the complicated fluid

mechanical situation in which some knowledge of heat release and chemical
rates is necessary (74). The assumption invoked is that the course of chemical

kinetic events may be described in terms of a few of the principal reactants
and products ( C . )  in a functional relation with much the same form as an
elementary reaction process. Typically , the equation is of the forms:

t C1
+ C

2
-~~C3

+ C
4
+ ... I

The rate for this process is defined by

in - n .
—d IC )/dt k Z (C .] 1. II1 ov . 1

k , the overall specific rate constant, is expressed in the Arrhenius form

where

k f(T)A e~~”~~
C The n ’s are defined as the orders of reaction with respect to C

i 
but are not

necessar ily equal to the stoichic*setric coefficients of the overall reaction .

is termed the overall reaction order. The product of f(T) and A is

termed the overall frequency factor and, E is referred to as the overalle activation energy.

These relations imply nothing about the actual kinetic mechanism (in

terms of elementary reactionr), although the parameters in the strictly

empirical rate relation are sometimes governed by a single elementary step
r

(or a number of steps) which basically controls the rate of the chemical
process. Under what circumstances such an overall correlation is usable is

largely dependent on both the detailed kinetic behavior of the reaction and

the physical environment in which the expression is derived. For example,

Levy and Weinberg (Comb . Flame 3, 229 (1959)) concluded that such an approach
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is not generally applicable to chemical measurements taken in flames; this

fact may not arise from the chemistry itself, but from the physical structure

and diffusive character of the flame studies.

Where a particular rate—determining step or sequence in the true

chemical reaction mechanism occurs and the physical circumstances of the

application are similar to those from which the expression was derived , the

overall approximation is a valid and vastly simplifying idea. However,

extension of such a correlation to experimental conditions outside the range

of parameters for which it is derived should never be performed without

experimental and/or analytical verification and only then with some reserva-

tion. Unfortunately, there is currently little hope of avoiding this problsm

in the case of modeling hydrocarbon combustion.

Single step global reaction schemes conisonly have been used in many

combustion modeling exercises. Yet the only actual oxidation reactions for
t

which parameters have been derived experimentally are those of methane and

moist carbon monoxide.

Considerable global modeling studies have been performed on carbon

monoxide and these have been reviewed by Dryer (66) and Howard et a]..

(Fourteenth Comb. Symp. 975 (1973)). Methan e ignition and oxidation kinetics

have also been expressed in this manner, often in conjunction with developing

detailed mechanisms, and many of these studies have also been reviewed (66).

The post induction reaction of methane—oxygen mixtures was studied by

Dryer and Glassman (66,67) and their results lent encouragement to the belief

that the rate of hydrocarbon consumption could be expressed by a simple

global expression of the form of Equation II.
The rate of reaction in the post induction phase of the lean methane

oxidation experimentally was found to be described well by the overall

expression

—d (CH4
]/dt — 1013.2±052 e 48400±1200

~”~~(cH 4 ) °~
7 
(O
2
)0~

8

It should be noted that the parameters of this equation are significantly

different than those found by investigators who have studied the induction

(ignition delay) phase of this reaction in shock tubes and flow reactors. A

• review of available data through 1973 predicts the rate of reaction to be

inhibited by the concentration of m thane. Seery and Bowman (Comb. Flame 14, 137 (1970)) empirically correlated the ignition delay time as

•

- - -. -.-~~~~~~~~~~~~~~~~~~~~~~~
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(1/Reaction Rate) ~“ — 7.65 x 10 18 e Sl4O0#
~~

’ 
[CH J °4 [02

) L6

and developed a detailed elementary mechanism which reasonably predicted the

relation. Figure 12 shows a comparison of the overall rate constant derived

by Dryer (66) and the results calculated from parameters predicted by

detailed analytical studies of Bowman (Comb. Sci. and Tech. 2, 161 (1970)1.

The analytical overall rate constant was calculated from

k — (d [CH
4
]/dt)/((CH

4
)0~

7 (0
2
) )

Clearly there are two phases of this reaction which are not modeled by the

same global parameters. Indeed , the experimental flow reactor data of Dryer
show similar behavior (Figure 13). As described earlier , it is the post—

induction reaction which is most important to practical combustion, and it

is evident from Fi gure 12 that the relation which gives the overall general

disappearance readily predicts the same qualitative behavior as the detailed

methane oxidation mechanism over a wider temperature range and equivalence
ratio than the experiments from which it was derived . Dryer (66) completed

the modeling of methane oxidation using a two step global representation :

CR
4 

+ (3/2) 0
2 ~

P CO + 8
2
0

CO + (1/2) 0
2 

— CO
2

with the reaction rates described by

C —d [a1
4

1/dt = 1013.2+0.2 e 4840 l200)/RT 
[CH

4
]°7 (0

2
]0~

8

+d(CO
2

) /dt = 1014 6±025 e~~
4OOOOtl2OO)

~~
T [CO ) (H

2
0]
0 5  

[0
2
)
0525

r It should be noted that both the overall rate oonstants and the reaction orders

were experimentally derived , i.e., no parameters were assumed. Westbrook and

Chang (Central States Meeting of The Comb. Inst., March 1977) have recently
compared calculated flame propagation through premixed and stratified mix-

r tures using both the detailed methane oxidation mechanism derived by

Westbrook et al. (3. Phys. Chest. (1977)) and a global model for methane

disappearance only (i .e. , the overall heat of reaction was proportionally

released with respect to methane disappearance). Results showed reasonable

predictions could be globally achieved over a wide range of pressures and

temperatures for propagation through premixed gases, but flame propagation

•
0

- . — -

-
. - 

- 
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through stratified mixtures was not well simulated by the single step

global model. Only Appleby et al. [3. Amer. Chem. Soc. 75, 1809 (1953)) have

attempted globa l modeling of higher paraffin oxidation (butane); however, those

studies correlated only the maximum reaction rate of the initial fuel, are

outside the temperature range of present interest (T 800 K) and involved

modeling only of the disappearance of the initial fuel. Global reaction

modeling might have some potential for describing spatial energy release and

reactant/final product distribution for higher hydrocarbons only if more than

one global step is used.

Edelmari and Fortune (AIM Seventh Aerospace Sciences Meeting , *69—86

(1969)] have extended the inultistep concept by developing a “quasi—global model”

which combines the use of both global expressions and elementary reactions.

Edelman and Fortune chose to approximate the higher paraffin oxidation to

carbon monox ide and hydrogen as a unidirectional global reaction

C H + (n/2 ) 0 — n CO + (ri + 1) H Ian 2n+2 2 2
with the ra te given by

—d (C H 3 /dt = [C H ]
a 
[0 ]

b 
k h an 2n+2 n 2n+2 2 ov

and combined these equations with a number of elementary reactions from the

hydrogen/oxygen and carbon monoxide/oxygen reaction mechanisms.

Values of a — 1/2 and b — 1 were assigned and

k = 1.8 x 1O
9 
w 

0.5 
[T/llll — 0.5] T

0 5
p °~

2 
e 13740”

~~

was initially determined from results of an analytical study of propane

ignition kinetics. w is the average gram molecular weight of the reacting

system , and dimensions in this equation are cal , K , moles—cm 3 , atm , sec.

Edelman and Fortune suggested 800 - 3000 K as the applicable temperature range.

An attempt to validate the assumption that a quasi—global model based on

propane characteristics also applied to higher paraffins was made by comparing

r 
the magnitudes of the ignition delay determined in the shock tube experiments

of Nixon et al. [Shell Development Company Reports , Parts I— Il l  (1967)] .

These experiments identified some similarity in the functional behavior and

the order of magnitude of the ignition delay times for propane/and n—octane/

oxygen mixtures. The quasi—global model using various global reaction rates
C

and in some cases an extended set of cHO reactions has been employed extensively

by its developers in combustion ignition and combustion-emission modeling , and

S .

- - 
- -• 1T~~T~~~~-~~~~~~~i~~ -
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notable successes have been reviewed on several occasions. The variation in

the overall rate constant expression used for paraffin oxidation was a result

of accumulating new experimental data from which the rate constant was derived.

While the variation at one atmosphere has been over a factor of 30 St times ,

the first and the most recently quoted values are very similar (within a

factor of 4 over 1000 to 2000 K ) .  However , the pressure dependence of the

relations are different, and as pressure increases , the more recent expression

will predict a slower reaction rate.

Modified mechanisms based on the quasi—g lobal concept have also appeared

in the literature. In attempting to predict gas turbine combustion NO

emissions, Mellor [Comb. Sci. and Tech. 6, 279 (1973)) has replaced

Equation Ia with

C
n
H
n 

+ [(n/2) + (m/4)] °2 n CO + (m/2) H
2
O lb

and defined the rate constant of Equation h a  as infinite. This modification

was based upon the results of Marteney (Comb. Sci. and Tech. 1, 461 (1970)1.

However , Bowman in comments to Edelinan et al. showed that “ inf in i te” quasi-

global kinetics do not offer any significant advantages over the partial

equilibrium approach for prediction of NO emissions. It should be noted

that these calculations also show that quasi—global finite , and quasi—global

infinite , kinetics are equally capable of estimating NO emissions for

residence times which are long in comparison to the time necessary to complete

t hydrocarbon combustion to its equilibrium product distribution. Thus, it

should be remembered that in many cases and particularly for lean oxidation ,

prediction of NO emissions may not be a sensitive enough test to judge the

qualities of a proposed hydrocarbon oxidation model. Roberts et al. (AIM 3.

10, 820 (1972)) have also derived a combustion mechanism based upon the results

of Edelinan. Equation Ia was initially replaced with a set of two reactions

C
8
H16 + 02 — 2 C488

0 Ic

• 
2C 4H8

0 3 0
2

-~~8 C O + 8 H 2 
Id

and finally modified to include a third reaction

C
8
H16 + OH H

2
CO + CH

3 
+ 2C

2
8
2 

he

• to describe the initial fuel disappearance. The model also significantly

modified and extended the set of elementary reactions included by Edelisan and

Fortune and added a number of intermediates (non—elementary) reactions of

I.
-— 

- “- ~~~~~~~~~ -
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species such as HCO, H
2

CO , CH
3
, C2

H
4

, C
2
H
2
, etc. The mechanism derived in

this manner has been used in numerical calculations for gas turbine combustors

to predict the formation of nitric oxide, the effects of water addition on

NO emissions , carbon monoxide production in the primary zone (including

droplet effects) , and emissions produced by methanol and jet fuels.

These efforts cannot be reviewed comprehensively here , but it is of

importance to note that the initial publication on quasi—global modeling

forms the conceptual and quantitative basis for the desired model.

D. Ethane Pyrolysis and Oxida tion Studies

Ethane pyrolysis studies in the laboratory (73 , 77) have produced

elementary data for the reaction

C
2
H
6 

— CH
3 

+ CH
3

which is in good agreement with other workers. The reaction

C
2
H
5 

+ H — C
2
H
6 

-* C
2
H
4 

+ 82

has been shown to be important to chain termination in pyrolysis.

Studies of both lean and rich regions of the oxidation of ethane have

been completed. It has been established that a correlation of the type

—[C H ] 
~ ([C H ) — [C H

2 6  2 60 2 6

appears to give a good representation for the initial phase of the disappear-

ance of ethane in its oxidation. More extensive work (77) has shown that this

correlation only holds over part of the range of equivalence ratios studies.

The completed work on ethane covered an equivalence rat io between 0.04 and 3.2

and an i n i t i a l  temperature range of 950 — 1150 K. Of course , all work was at

atmosphere pressure.

Ethane oxidation appears to follow two different patterns according to

two equivalence ratio regimes. The first is a fuel—lean reg ime in which the

limi ts are defined by a parameter 0 < a < 2.2. The other is called a fuel-rich

regime and is defined by a > 5. Obviously then there exists a regime

2.2 < a < S for which both mechanisms affecting oxidation characteristics are

comparable. The parameter a is defined by

• a - k / k  (0]
p o x  2 o

where k is the rate constant for the pyrolysis step

- 

~~~~~~~~~~~~~~~~~~~~~~~ 
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C
2
8
5 
— C

2
H
4 

+ H

and k is the rate constant for the oxidation stepC ox

C
2
H
5 

+ °2 
— C

2
H
4 

+ HO
2

These results and the explanations to follow are given in great detail in

Cohen ’s Ph.D. Thesis (77). 
-

The fue l—lean  regime is characterized by a long induct ion—like  reaction

reg ion in which the ethane disappearance is given by

14.38+0.28 —(55250+2500)/RT 0.8 
H ~

0.4 
~ 

—0.1
— (C

2
H
6

] = 10 e ( [ C
2
H
6

] [C
2
H
6

] )  ~~ 6’ 2~

This region is then followed by one in which

14.96+0.23 —(63840+1120)/RT 1.05 —0.1— [ C 2 H 4
) 10 — e — (C

2
H
4
]

t Intermediates observed in this regime were H2, CR4
, CH3CHO , and C

2
H
4
0 with

traces of propane , propene , acetylene , and formaldehyde .

In the stoichiometric and fuel—rich regime , the ethane reaction ra te was

found to correlate but as

— (C
2
H
6
) — lol3~

4 45e
392 0±2500)u/RT [C

2
H
6
]0 8  

~°2~

The ethane oxidation rate was determined to be

— 
11.92+0.37 —(50970+l770)/RT 0.25 0.85

— IC
2
H
4
] — 10 — e [C 2H4

]

The same intermediates were found in this regime and were in larger quantities

with the exceptions of CH
3

CHO , C
2
H
4
, and CH

2
O.

The difference in the oxidation regimes has been shown (77) to be the

result of a shift in the primary branching reaction from

8
2
0
2 

+ M — 208 + M

in the lean regime to
0

H + 0 -* OH + 0
2

in the stoichiometric and rich regime. This result suggests that

C
2
H
6 

+ OH -~ C2H5 
+ 82

0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  5 -
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is not the only reaction of importance destroying ethane , but that

C
2
8
6 

+ 0 -, C
2
H
5 

+ OH

C
2
H
6 

+ H -
~ C2

H
5 

+ H2

must also be s i g n i f i c a n t  depending on the stoichiometry.

Metal Combustion Laser Work

Previous work in metal combustion led to an exploratory study of a

number of chemiluminescent  metal  vapor f lames wi th  the prospect of achieving

population inversion between electronic states through chemical pumping .

Of particular interest , the . low pressure diffusion flames of Mg and Ca

reacting with a mixture of CC)
4 

and 0
2 
were found to give extensive metal atom

line emission up to the ionization limit of each metal. Emissions were also

observed from the metal monochloride and the high-pressure bands of C
2
. A

detailed examination of these flame systems (75) has revealed that, ina smuch

as high levels of non—equilibrium xcitation were observed among atomic states,

the flames gay— ’, neither population inversions nor excited state populations

- high enough to sustain the losses in a typical laser cavity.

More recently, the em iss ions f rom metal vapor/CC1
4
/0

2 
f l ames employing

the alkali metals (Li, Na , and K) have been examined . These flames differed

from those produced with Mg and Ca in that the metèl atom excitation was much

weaker and only the lowest atomic energy levels showed population . There

was no metal halide emission , but the high—pressure bands of C
2 
were stronger.

A study of the intensity distribution of atomic states showed no population

inversions. An absolute measurement of the photon yield was not made,

because comparison s with the Mg and Ca photometric reading s indicated that

the y ie lds  f rom the a lka l i  metal/CC1
4/02 systems were even less than thoce of

the alkaline earth metal/CC1
4
/0
2 
systems.

Other systems that appeared to have some possibility by virtue of their

visibly strong chemiluminescence were the alkali metal/POd
3 
flames that give

polyatomic (Pod
2
) emission in the 4lOOA to 5000A region of the spectrum .

Inverted Polanyi flames of Li , Na , and K reacting with POC13 have all  been found

to give the same emission spectrum except for weak atomic excitation character—

istics of the metal used .

Jo 
_ _ _ _ _ _ _ _ _ _ _ _
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Absolute intensity measurements showed imperceptibly low proton yields

based on the POC1
3 
consumption rate. The Li/POC1

3 
flame gave the highest

photon yield of l0~~ photons/molecule. Those of K and Na flames were approxi-

mately 2 x l0~~ photons/molecule and 2 x io
6 
photons/molecule respectively.

There was no visible evidence of such effects as stimulated emission and

self absorption . Note , the appa rtus has a mul tiple reflection cavity (or

White cell) that can be used to detect self absorption and stimulated emission.

C

S

I



5 22

* References

1. “A Flow Reactor for High Temperature Reaction Kinetics ,” by L. Crocco ,
I. Glassman , and I. E. Smith , Jet Propulsion , 27 , p. 1266, December 1957.

2. “The Kinetics and Mechanism of Ethylene Oxide Decomposition at High
Temperature ,’ by L. Crocco , I. Glassman , and I. E. Smith , AFOSR TN 58-273 ,
Ppril 1958.

3. ‘ Preliminary Study of the Light Scattering Technique for Determination
of Size Distributions in Burning Sprays, by R. A. Dobbins , AFOSR
TN 58-822, July 1958.

4. “A Study of the Kinetics of the Hydrogen—Oxygen Reaction in a New Flow
Reactor ,” by R. J. Swigart , AFOSR TN 58-823 , August 1958.

5. “The Stability of Propellants and the Theory of Thermal Ignition ,” by
1. Glassman , kFOSR TN 59—586 , May 1959.

6. “Further Studies of the Light Scattering Techniques for Determination
of Size Distributions in Burning Sprays I,” by R. A. Dobbins , AFOSR
TN 59—700 , April 1959.

7. “Meta l Combustion Processes ,” by I. Glassnan , AFOSR TN 59—1093, August
1959.

8. “Ethy lene Oxide Decomposition at High Tempe:atures ,” by L. Crocco,
I. Glassman , and I. E. Smith , Journal of Chemical Physics 31 , p. 506
(August 1959).

9. “Consideration of Hydrazine Decomposition ,” by I. J. Eberstein and
I. Glassnian , AFOSR TN 60—352 , December 1959.

10. “Chemical Thfluences in Liquid Propellant Rocket Combustion In~ t abi1xty,”
by D. T. Harrje and M. Webb , AFOSR extension proposa l, December 1959.

11. “Further Studies on the Light Scattering Technique for Determination of
Size Distributions in Burning Sprays II , Wide Range Photograj hic
Photometry , ” by R. A. Dobbins , AFOSR TN 60—353 , February 1960.

12. “Consideration of Hydrazine Decomposition ,” by I. J. Eberstein and
I. Glassman , ~RS Series on Progress in Astronautics and Rocketry, Vol. II
Liquid Rockets and Propellants , Academ ic Press , p. 351.

13. “Th Optical Determination of Particle Sizes Obeying the Upper Limit
Distribution Functions ,” by W. E. Deiss , B.S.E. Thesis , Princeton
Un ivers ity ,  May 1960.

14. “Light Scattering and Transmission Properties of Sprays,” by R. A.
Dobbins , AFOSR TN 17 , 1961 (P h . D .  Thes i s) .

1 :  - 

-

~

-—.- -— - - 

~~~~~~~~~~~ 

--..,



23

15. “High Temperature Hydrogen—Air Kinetics,” An Abstract by I. Glassman,
X I I  In ternat ional  Astronautical Congress Abstracts, October 1961.
(Reports new Hydrogen - air data.) Presented at I.D.A. Supersonic Ram)et
Combustion Symposium , January 29, 1962.

16. “Combustion Phenomena in Rocket Motors ,” by M. Webb , I. Glassman , and
L. Crocco , Abstract of Papers, Fourteenth AFOSR Contractors ’ Meeting on
Liquid Rock’ t Combustion Research , Princeton University, September 1961,
AFOSP TN 1768. 

-

17. “Analysis of Longitudinal High Frequency Combustion Instability in a
Ga~ Fu eled Rocke t Motor ,” by H. G. Bortzm~yer and L. Crocco, AFOSR
TN 1957, December 1961.

18. “Ar. Experimental Investigation of Longitudinal Combustion Instability
in a Rocket Motor Using Premixed Gaseous Propellants ,” by R. Pelmas ,
I. ~1assman , and M. Webb , AFOSR TN 1968, December 1961.

19. “An Evaluation of Swirl Atomizer Spray Characteristics by a Light
Scattering Technique,” by N. Cohen , M.S.E. Thesis , Department of
Aeronautica l Engineering , Princeton University , 1962.

2~~. “Extension of Light Scattering Theory Applied to Spray Droplet Diameter
Measurement: Investigation of Effect of Spray Viscosity of D32 ,” by
J. H. Roberts , B.S.E. Thesis, Princeton University , June 1962.

21. “Theoretical and Experimental Investigations of Long i tud ina l  High-
Frequency Combustion Instability in a Gas—Fueled Rocket Motor ,” by
J. Bertrand , Princeton University , Aero. Eng . Lab. Report No. 624,
September 1962.

22. “Reaction Kinetics in Turbulent Flows,” by I. Glassman and I. J. Eberstein ,
A.R.S. Preprint 2672—62, November 1962.

23. “Wide Range Photographic Photometry ,” by R. A. Dobbins , L. Crocco , and
I. Glassman , Rev iew of Scien tif ic Instruments 34 , p. 162 (February 1963).

24. “Turbulence Effects in Chemical Reaction Kinetics Measurements,” by
I. Glassman and I. J. Eberstein , A.I.A.A. Jour . 1, p. 1424 (June 1963).

25. “An Experimenta l Investigation of Heat Transfer and Pressure E f f ec t s  in
Longitudinal Combustion Instability in Rocket Motors Using Prem ixed
Gaseous Propellants ,” by (Cap t. U.S.A.F.) W. R. Schob, 3t., M.S,E.
Thesis , 1963.

26. “Measurement of Mean Particle Sizes of Sprays f rom D i f f r a c t i v ely  Scattered
Light ,” by R. A. Dobbins , L. Crocco, and I. Glassman , A.I.A.A. Jour. 1,
p. 1882 (August 1963).

27. “Extension of the Technique of Mean Droplet Size of Sprays from
Diffractively Scattered Light,” by J. H. Roberts and M. J .  Webb ,
Princeton University , Aeronaut ical Eng ineering Laboratory Report No. 650,
November 1963. A.I.A.A. Jour. 2 (March 1964).

•1°
—---- - --- -—------~~—-—---~~~~~~~~ -—



• 24

28. “Resonance Exchange of Vibrational Energy,” by J. W. Rich and I. Glassman ,
submitted for publication to the Journal of Chemical Physics , December
1963.

29. “Gas Phase Decomposition of Hydrazine and Its Methyl Derivatives ,” by
I. J. Eberstein , Ph.D. Thesis, submitted January 1964.

30. “Propellant Potential of Vaporized Metals in Temperature-Limited Rocket
Systems ,” by I. Glassman , R. F. Sawyer , and A. M. Mellor , A .I.A.A. Jour .
2, p. 2049 (1964).

31. “The Gas Phase Decomposition of Hydrazine and Its Methyl Derivatives,”
by I. J. Eberstein and I. Glassman , Tenth Symposium (International) on
Combustion , Cambridge , England (August 1964).

32. “Longitudinal Instability in Premixed Gas Rockets,” by C. T. Bowman
and I. Glassman , Bulletin of The First I.C.R.P.G. Combustion Instability
Conference , C.P.I.A. Publication , Applied Physics Laboratory, Silver
Spring , M d . ,  December 1964.

C 32a. “A Shock Wave Model of Unstable Rocket Combustors ,” A.I.A.A. Journal 2 ,
p. 1285 (1964).

33. “Dissociation and Energy Transfer in Diatomic Molecular Systems ,” by
J. W. Rich , Ph.D. Thesis, Depar tment of Aerospace and Mechanical
Sciences, Princeton University , 1965.

34. “Longitudinal Combustion Instability Studies Using a Gaseous Propellant
Rocket Motor ,” by C. T. Bowman and I. Glassmar-i , Abstracts of AFOSR
Combined Contractors ’ Meeting in Combustion Research , Patr ick AFB ,
Florida , June 1965, Thiokol Chemical Corporation Report No. A1~65—059O.

35. “High Temperature Chemical Kinetics ,” by I. Glassman , Abstracts of 6th
AFOSR Contractors ’ Meeting on Chemical Kinetics of Propulsion , New York ,
September 1965.

36. “Combustion Instability in Gas Rockets,” by C. P. Bowman, I. Glassman ,
and L. Crocco, Technical Co~ nent , AIAA Jour. Vol. 3, Number 10. p. 1981,e October 1965.

37. “Reaction Kinetics of the Hydrazine—Nitrogen Tetroxide Propellant System ,”
by R. F. Sawyer and I. G1as~ nan , ICRPG 2nd Annual Meeting , November 1-5,
1965, El Segundo , California.

I C 38. “Combustion Instability Studies Using a Gas Rocket,” by C. T. Bowman
and I. Glassman , ICRPG 2nd Annual Mee ting , November 1-5, 1965, El
Segundo, California .

39. “The Homogeneous Gas Phase Reaction Kinetics of the Hydrazine—Nitrogen
Tetroxide Propellant System,” by R. P. Sawyer , Ph.D. Thesis, Department

(.1 of Aerospace and Mechanical Sciences, Princeton University, 1965; AFOSR
Report No. 66—0855.

~

- ‘
—V 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~
—— — 

—

~~~~~~~~~~~~~~~~~~~
--—---

~~~~~~

- - -——-- -- - - -

— .~~
,j_

~~~ L _ - 
-- 

- s- -
’- - —



25

40. “The Gas Phase Reactions of Hydrazine with Nitrogen Dioxide , Nitric
Oxide , and Oxygen ,” by R. F. Sawyer and I. Glassma n , Abstracts of Papers,
Eleventh Symposium (International) on Combustion , Berkeley , California.

41. “Longitudinal Combustion Instability Studies Using a Gaseous Propellant
Rocket Motor ,” by C. T. Bowman , J. G. Hansel, and I. Glassman ,
Compilation of Abstracts , 2nd AFOSR Combined Contractors ’ Meeting on
Combustion Dyn am ics Research , AFOSR Report No. 66—0581.

42. “The Homogeneous Gas Phase Kinetics of Reactions in the Hydrazine-
Nitrogen Tetroxide Propellant System, ” Agenda and Abstracts, Seventh
Annual Con tractors ’ Meeting on Chemical Kinetics of Propulsion , AFOSR
Report No. 66—1391 (1966).

43. “Experimental Investigation of High Frequency Combustion Instability in
Gaseou s Propellant Rocket Motors ,” Ph.D. Thesis of C. T. Bowman , AFOSR
Report No. 66—2725.

44. “Chemical Kinetics of Propulsion Systems,” by F. L. Dryer, R. B. Blau,
J. G. Hansel , and I. Glassman , Abstracts of AFOSR , Eight Annual
Contractors ’ Meeting on Chemical Kinetics of Propulsion , lIT Research
In s t i t u t e, Chicago , I l l inois, 1967.

45. “Longitudinal Combustion Instability Studies Using a Gaseous Propellant
Rocket Motor,” by D. Hardesty, J. G. Hansel , and I. Glassman , Abstracts
of AFOSR , 3rd Combined Contractors ’ Meeting on Combustion Dynamics
Research , Mar tin Marie tta Corpora tion , Cocoa Beach , Flor ida , 1967.

46. “The Gas—Phase Reactions of Hydrazine with Nitrogen Dioxide , Nitric
Oxide , and Oxygen ,” by R. F. Sawyer and I. Glassman , The eleventh
Symposium (International) on Combustion , p. 861 (Combustion Institute ,
1967).

47. “Special Topics in Combustion Processes and Chemical Rocketry ,” by
I. Glassnian, a monograph published by Dept. of Aero. Eng., Technion-
Israel Inst i tute  of Technology , 1967 .

48. “Un Reattore a Flusso Turbolento per lo Studio della Cinetica di
Reazione della Idrazina ,” (A Turbulent Flow Reactor for the Study of
Hydrazine Reaction Kinetics) by I. Glassman , in the Proceedings of
Mathemat ical  Seminars 1967 , Univers i ty  of Milan , Italy .

49. “Il Problema della ‘Jelocjta di Combustione di un Razzo Ibrido ,” (The
Hybrid Rocket Burning Problem) ,  by I . Glassman, in the Proceedings of
Mathematical Seminars 1967, University of Milan , Italy.

50. “Alcune Recarche Sui Propellenti Chemici,” (Some Researches on Chemical
Propellants), by I. Glassma n , a monograph published by the Instituto di
Aerosyn amica , Univers i ty  of Naples , Italy .

51. “Cinetica Chemica , ” (Chemical Kine t ics ) ,  by I. Glassman , a monograph
published by the Instituto di Aerodynainica , University of Naples, Italy.



26

52. “Recent Advances in Aerothermochemistry,” by I. Glassman Editor , AGARD
Conference Proceedthg~ No. 12 , Technical Editing and Reproduction Ltd. ,
London , 1967 .

53. “The Reaction s of Hydrogen with Nitrogen Dioxide , Oxygen and Mixture of
Oxygen and Nitric Oxide,” by R. F. Sawyer and I. Glassinan , Abstracts of
Papers , Twelfth Symposium (International) on Combustion 1968.

L 54. “The Reactions of Hydrogen with Nitrogen Dioxide , Oxygen and Mix tures
of Oxygen and Ni tric Oxide ,” by R. F. Sawyer and I. Glassman , The
Twelf th Symposium (In terna tional) on Combustion , p. 467 (Combustion
Institute , 1969).

55. “Theoretical and Experimental Investigation of Longitudinal Mode
Combustion Ins tability Using a Gaseous Propellan t Rocket Motor ,” by
D. Hardesty and I. Glassma n , Abstracts of AFOSR , 5th Combined Contractors’
Meeting on Combustion Dynamics Research , Denver Research Institute ,
Denver , Colorado , 1969.

56. “Overall Reaction Rates of Paraffin Hydrocarbons ,” by F. Dryer and
I. Glassman , 10th AFOSR Contractors ’ Meeting on Chemical Kinetics of
Propulsion , Universi ty of Cal i fornia , Berkeley, Cal i fornia  1969 .

57. “Chemical Kinetic Influences in Liquid Propellant Rocket Combustion
Instabi l i ty, ” by J. S. Wood , D. T. Harrje , and I . Glassman, ICRPG 6th
Li quid Propellant Combustion Instabili ty Conference , Johns Hopkins
University , Silver Springs , Maryland , 1969.

58. “Per formance of Chemical Propellants,” by I. Glassxnan , Technivision
Limited , Slough , England , January 1970.

59. “Investigation of Longitudinal Mode Combustion Instability in Rockets,”
by I. Glassman , D. Hardesty, and L. Crocco, 6th AFOSR Combined Contractors ’
Meeting on Combustion Dynamics Research, Rocketdyne , Canog a Park ,
Cal i fo rn ia , June 1970.

60. “Oxidation Reaction Studies of the Paraffin Hydrocarbon s ,” by F. Dryer
(~ 

and I. Glasmnan , Abstracts of Paper s, 11th AFOSR Contractors ’ Meeting
- on Kinetics of Energy Conversion, Georgia Institute of Technology,

Atlanta , Georgia, September 1970.

61. “Unsteady Combustion in Gaseous Propellant Rocket Motors,” by D. R.
Hardesty , Princeton University Report T—965, 1970 , AFOSR Report TR—7l—

( 0922.

62. “Overall Rate Kinetics and Energy Release Rate,” by F. Dryer, D. Neegeli ,
arid I. Glassman , Abstracts of Papers, 7th AFOSR Combined Contractors ’
Meeting on Combustion Dynamics Research, University of California at
San Diego, La Jolla, California, June 1971.

U
I- -

0

_ _ _  
-~~ -~~,*a•~~~~

’ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•
~~~~~~

‘

_ .  _.~,7TT~~ i .~~~~~~~



27

63. “Oxidation Reaction Studies of the Paraff in  Hydrocarbons,” by F. Dryer ,
D. Naegeli , and I. Glassnian , Abstracts of Papers, 12th AFOSR Contractors ’
Meeting on Kinetics of Energy Conversion , Western Michigan University,
Kalamazoo, Michigan , September 1971.

64. “Temperature Dependence of the Reaction CO + OH = CO
2 
+ H, ” by F. Dryer ,

D. Naegeli, and I. Glassman , Comb. and Flame 17, 270 (1971).

65. “High Temperature Oxidation Reaction of Carbon Monoxide ,” by F. Dryer ,
D. Naegeli , and I. Glassman , Western States Section Meeting , The
Combustion Inst i tute , October 1971.

66. “ High Temperature Oxidation of Carbon Monoxide and Methane in a
Turbulent Flow Reactor,” by F. Dryer , AFOSR Report TR-72-l109, 1972.

t . (Also Princeton Universi ty Department of Aerospace and Mechanical
Sciences Ph.D. Thesis Report No. 1034—T.)

67. “High Temperature Oxidation of Carbon Monoxide and Methane ,” by
F. Dryer and I. Glassznan , The Fourteenth Symposium (International) n
Combustion , p. 967, The Combustion Institute , 1973.

68. “Oxidation Reaction Studies of the Para f f in  Hydrocarbons , ” by F. Dryer ,
D. Na egeli , R. Cohen , and I . Glassxnan , Abstracts of Papers, 13th AFOSR
Contractors ’ Meeting on Kinetics of Energy Convers ion , Un iversity of
Cal i fornia  at Santa Barbara, Santa Barbara, California 1972.

69. “Oxidation Kinetics of Hydrocarbon Fuels ,” R. Cohen , F. L. Dryer , and
I. Glassrnan , Abstracts of Papers , 14th AFOSR Contractors’ Meeting on
Kinetics of Energy Conversion , Boston College , Chestnut Hill , Mass., 1973.

70. “Additional Work on Chemical Laser Action in Low Pressure Metal Vapor
Flames , ” M. L. Zwillenberg , D. W . Naegeli , and I. Glassinan, Princeton
Univers i ty , AMS Department Technical Report No. 1143 , December 1973.

71. “Flame Ionization Detection of the Carbon Oxides and Hydrocarbon
Oxygenates, ” M. B. Colket , D. W. Naegeli , F. L. Dryer , and I. Glassman ,
Env. Sci. Tech. 8, 43 (1974).

72. “Chemical Laser Action in Low Pressure Metal Vapor Flames ,” M. L. Zwillenberg ,
D. W. Naegeli, and I. Glassnian, Comb. Sci. Tech. 8, 237 (1974).

73. “Oxidation Kinetics of Hydrocarbon Fuels and Kinetics of Metal Oxidation,”
R. Cohen , F. L. Dryer , D. W. Naegeli, and I. Glassnian, Abstracts of Papers,
1974 AFOSR Combustion Kinetics Meeting , University of California,
Berkeley , July 1974.

74. “Combustion of Hydrocarbons in an Adiabatic Flow Reactor: Some Considera-
tions and Overall Correlations of Reaction Rate,” R. Cohen , F. L. Dryer ,
and I. Glasgnan, Joint Meeting , Central and Western States Sections,
The Combustion Institute , San Antonio, Texas , 1975.

t i c

____________________________ _____



1 28

75. “Chemical Laser Action in Low Pressure Metal Vapor Flames,”
M. L. Zwillenberg , Princeton University , AMS Department Ph.D. Thesis,
1975.

76. “Studies of Hydrocarbon Oxidation in a Flow Reactor , ” I.  Glassman ,
F. L. Dryer , and R. Cohen , 2nd International Symposium on Chemical
Reaction Dynamics , Universi ty  of Padua , Italy , 1975.

77. “The High Temperature Oxidation and Pyrolysis of Ethane ,” R. Cohen ,
Ph.D. Thesis, Aerospace and Mechanical Sciences Department, Pr inceton
Universi ty ,  July 1977. AMS Report No. T— 1338.

78. “Oxidation Kinetics of Hydrocarbon Fuels,” R. S. Cohen , F. L. Dryer ,
- 

and I. Glassma n , Abstracts of Papers, 1975 AFOSR Combustion Kinetics
I Meeting , Elgin Air Force Base , Florida , September 1975.

79. “The Combustion of Ethane in an Adiabatic Flow Reactor ,” by R. S. Cohen ,
F. L. Dryer , and I. Glassnian, Eastern States Section/Combustion
Ins t i tu te  Paper , Fall , 1976.

• 80. “Hydrocarbon Oxidation and Pyrolysis Studies in a Turbulent Flow Reactor ,”
by F. L. Dryer , R. J. San toro , and I. Glassnian , Abstracts of Papers ,
AFOSR Combustion Kinetics Meeting , Arnold Air Force Station , Penn.,
April 1977.

(

0

_ _ _ _ _ _ _  

— - 

~~
- • - - ~~~~~ - -~~

- -

-------

~~~~



$ 
29

Table I

- RE LATIVE HYDROCARBON INTERMEDIATE CONCENTRATIONS PRODUCED

DURING OXIDATION OF SEVERAL PURE ALKYL—HYDROCARBONS

Fuel -Rela tive Hydrocarbon Intermediate Concentrations

— ethane ethene >> methane

- propane ethene > propene >> methane > ethan e

butane ethene > propene >> methane > ethane

hexane ethene > properie > butene > methane >> pentene > ethan e

2—methyl pentane propene > etherie > butene > methane >> pentene > ethane

3—methyl pentane ethane > butane > propane ) methane >> pentene > ethane

_ _ _ _ _ _ _ _ _ _ _ _ _  
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