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is fastest, hydrazine decomposition is slowest, and the monomethylhydrazine

decomposition rate is intermediate.

Reaction mechanisms for the thermal gas phase decomposition

of hydrazine, and its methyl derivatives, were postulated and studied

numerically. The postulated mechanism for hydrazine decomposition differs

from �those su gested by other investigators in that it includes a set of

branching rea tions:

IN2H 3 NH +NH9
N23 -N! H2

N2H4 + NTH - NH? + N2H3

R te constants computed from the mechanism agree closely with

rates meas ed experimentally, and the computed stoichiometry agrees

with that oserved experimentally.

A study of hydrazine-water mixtures showed their rates to be

slower than those of the anhydrous material by approximately a factor

of 10, and independent of the amount of water added. Slightly, wet

hydrazine behaved kinetically like the hydra--ne-water mixtures.. Thus

it seems that water inhibits the gaseous decomposition of aydrazijn by

very effectively suppressing some reaztion step. It is suggested that

Sthe N H3 radical may be formed in a vibrationally excited state, from

which it can either branch to give NH + NH2, or be deactivated to a

relatively stable form by collision with other molecules. Then, water

may inhibit branching by greatly promoting the vibrational relaxation

I
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ABSTIRACT

Reaction rate data on gas phase hydrazine decomposition and an

understanding of the decomposition mechanism are of general scientific

interest. Furthermore, such understanding can contribute toward a

solution of the problems associated with the use of hydrazine compounds

as rocket propellants. These considerations led to a study of the

kinetics of hydrazine and two of its methyl derivatives.

The decomposition of hydrazine, hydrazine-water mixtures, UDMH,

and monomethylhydrazine "M-studied in the Princeton adiabatic flow

reactor. This reactor consists of a cylindrical quartz section and a

conical n ozle. The walls of the reactor are heated electrically to

prevent he t loss to the ambient air. Hot nitrogen carrier gas flows,

through th reactor and is rapidly mixed with small quantities of gas

phase reac ant, which is injected perpendicularly to the main stream at

the throat of the nozzle. The mixing is followed by chemical reaction

which can -tretch over a length of approximately 30 inches. Progress

of reactio is followed by measuring the longitudinal variation of

temperatur with a silica coated Platinum - Pt/Rh thermocouple. The

r temperatur regime of the study was approximately 800 - 1000 deg. K.

A water co led probe was used to take samples near the end of th, I

reaction z ne.

The overall reaction order of all three monopropellants was t

found to be very close to unity, and the following first order rate
constants were obtained for de omposition in a 3 inch duct:

Substance Pre-exponential Activation Energyfactor, sec"I kcal/mole

! 10.33

4 1' 10 36.2

UDMH 108 8 26.7

I 1013.4 47.0

A comparison of the reaction rates of the three monopropellants

s, r.4that, in the temperature regime of this study, UDNMH decomposition

Ji S......... ; ... I'



ABSTRACT

Reaction rate data on gas phase hydrazine decomposition and an

understanding of the decomposition mechanism are of general scientific
interest. Furthermore,, such understanding can contribute toward a

iesolution of the problems associated with the use of hydrazine compounds-

as rocket propellants. These considerations led to a study of the

kinetics of hydrazine and two of its methyl derivatives.

-i The decomposition of hydrazine, hydrazine-water mixtures, UIJMH,

d and monomethylhydrazine were studied in the Princeton adiabatic flow

reactor. This reactor consists of a cylindrical quartz section and a

conical nozzle. The walls of the reactor are heated electrically to

prevent heat loss to the ambient air. Hot nitrogen carrier gas flows

through the reactor and is rapidly mixed with small quantities of gas

phase reactant, which is injected perpendicularly to the main stream at

the throat of the nozzle. The mixing is followed by chemical reaction

which can stretch over a length of approximately 30 inches. Progress

of reaction is followed by measuring the longitudinal variation of

temperature with a silica coated Platinum - Pt/Rh thermocouple. The

temperature regime of the study was approximately 800 - 1000 deg. K.

A water cooled probe was used to take samples near the end of the
S~reaction zone.

The overall reaction order of all three monopropellants was

found to be very close to unity, and the following first order rate

constants were obtained for decomposition in a 3 inch duct:

Substance Pre-exponential Activation Energy
factor, sec-I kcal/mole

N H 1010.33 36.2

UDHH 108.84 26.7

MMIH 10 47.0

tlz A comparison of the reaction rates of the three monopropellants
shows that, in the temperature regime of this study, UDMIH decomposition
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is fastest, hydrazine decomposition is slowest, and the monomethy1hydrazine U

decomposition rate is intermediate.

Reaction mechanisms for the thermal gas phase decomposition

of hydrazine, and its methyl derivatives, were postulated and studied

numerically. The postulated mechanism for hydrazine decomposition differs

from those suggested by other investigators in that it includes a set of

branching reactions:

N H NH + NH2

N2H4 + NH -- NH2 + N2H3
22

Rate constants computed from the mechanism agree closely with

rates measured experimentally, and the computed stoichiometry agrees

with that observed experimentally.

A study of hydrazine-water mixtures showed their rates to be

slower than those of the anhydrous material by approximately a factor

of 10, and independent of the amount of water added. Slightly wet

hydrazine behaved kinetically like the hydrazine-water mixtures. Thus

it seems that water inhibits the gaseous decomposition of hydrazine by

very effectively suppressing some reaction step. It is suggested that

the N H radical may be formed in a vibrationally excited state, from
2 3

which it can either branch to give NH + NH2 , or be deactivated to a

relatively stable form by collision with other molecules. Then, water

may inhibit branching by greatly promoting the vibrational relaxation

of N2H
2 3

I
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INTRODUCTION

Hydrazine has many qualities which make it attractive as a

rocket propellant. Being non-carbonaceous, it can be used with flourine

oxidizers to give a hypergolic, high energy propellant combination.

Furthermore, hydrazine is a storable fuel, and is hypergolic with such

storable oxidizers as nitrogen tetroxide.

The potential of hydrazine as a rocket propellant was rec-

ognized at a relatively early date. Thus hydrazine hydrate, in com-

bination with alcohol and water, was used to power German rocket air-

craft at the time of the Second World War (1). Hydrazine is mentioned

as an attractive rocket propellant in Russian space literature (2),

and is used extensively in American guided missile -, and space pro-

grams.

Hydrazine is not only an attractive rocket fuel. It is

also a high energy, clean ourning monopropellant. Thus, it can be

used to drive turbines for propellant pumps, and for auxiliary power.

Since hydrazine is a storable monopropellant, it can also be profitably.

used in midcourse correction units. This was done in the Mariner

Venus Spacecraft in 1962 (3). Furthermore, it has been proposed that

hydrazine be used to pressurize fuel tanks, and thus do away with

pumps (4).

But, together with all its very attractive properties, hy-

drazine also has a very serious drawback. It has a tendency to under-

go explosive decomposition. This tendency severely undermines the

* practical usefulness of hydrazine as a rocket propellant.

The methyl derivatives of hydrazine exhibit a greater sta-

bility than the unsubstituted specie, and like hydrazine, they are

storable. However, their catalytic decomposition aud ignitability

are slower than those of hydrazine, making them less useful for

auxiliary power units, and as hypergolic propellants. Also, the

carbonaceous nature of the methyl substituted hydrazines makes them

less useful with floitrine oxidizers.
AZ :In the methyl substituted hydrazines, some of the desirable

properties of the unsubstituted specie are sacrificed in favor of

greater stability for use in rocket systems. Thus, UDMH was used in

the Jupiter-C missile which launched the Explorer I satellite (5),

and hydrazine-UDMH mixtures have been studied for use in Titan II (6).

- 7-
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I• It was felt that a fundamental understanding of hydrazine

decomposition could contribute toward a solution of the problems as-

I sociated with its use as a rocket propellant. Furthermore, rate data

on gas phase hydrazine decomposition and an understanding of the de-
composition mechanism are of general scientific interest. These con-

siderations led to a study oa the kinetics of hydrazine and some of

its methyl derivatives. This investigation forms the center of gray-

ity of the work described herein.

A number of studies of hydrazine decomposition have been

conducted by other investigators.

Thus, hydrazine decomposition has been a favorite reaction

in laminar flame studies (7, 8,'9, 10, 11). Generally, the dependence

of flame speed on temperature is used to deduce an activation energy

for the reaction. Furthermore, flames may be studied spectroscopically,

as was done by Hall and Wolfhard (12) who observed bands due to NH2

I and NH radicals in hydrazine decomposition flames.

Szwarc o13) used a flow reactor to study the reaction

N2H + X----2N-H + X2 4 2
tin the preserce of toluene, which acts as ascavenger for NH radicals,

2
thus suppressing the chain decomposition of hydrazine.

Ramsay (14) studied the flash photolysis of hydrazine vapor.

Like Wolfhard, he observed NH and NH radicals in absorption. Ramsay
2

also found that if an excess of helium (100 mm) were added to the

hydrazine (8 mm), the hydrazine would not decompose except at a con-

oiderably higher flash intensity.

Jolt (15) studied hydrazine decomposition in a shock tube,
and obtained half-lives of hydrazine as a function of temperature. A

rate constant - temperature plot may be obtained from these data, which

were taken in the temperature range 1100 deg. K. to 1540 deg. K.

In the low temperature regime, hydrazine decomposition in

I . isothermal bombs was studied by Thomas (16) and Lucien (17).

Though the above studies have yielded considerable data on

hydrazine decomposition, only the shock tube work of Jost, which was

carried out at approximately the same time as the Princeton study,

gives quantitative information on overall rate constants in the

homogeneous gas phase as a function of temperature.

As regards UDMH, Cordes (18) studied its decomposition in

o • - • • =-.v • • -- • -- -•W • • - • • - , .. . . . . ..7



-3-

an isothermal flow reactor in helium carrier gas, obtaining overall

rate constants as functions of temperature.

The author is not aware of any kinetics studies on the de-

composition of monomethylhydrazine, nor of any experimental study

to compare the kinetic behavior of hydrazine and its derivatives. Such

a study was carried out in the Princeton adiabatic flow reactor in order

to gain a better understanding of the similarities and differences be-

tween hydrazine and its methyl-substituted derivatives.

As will be evident from the subsequent discussion, the ad-

iabatic flow reactor can be made tc yield quantitative information on

overall rate constants as a function of temperature. Furthermore, the

turbulent, adiabatic flow reactor does not suffer from the mixing and

temperature non-uiiformity problems encountered in isothermal bombs

and in isothermal flow reactors (19, 20). Finally, the adiabatic

flow reactor provides data in a reaction rate regime which is generally

too slow for ordinary shock tubes, and too fast for isothermal bombs,

or even isothermal flow reactors.

A special section is devoted to the discussion of different

experimental techniques for obtaining kinetics data. The specific

merits and limitations of the adiabatic flow reactor will be discussed

in that section.

The purpose of the experimental study was to obtain quanti-

tative information on reaction rate constants as a function of temper-

ature for the homogeneous gas phase decomposition of hydrazine and its

methyl derivatives.

The data obtained in this study were used to reach a better
4-understanding of the chemical kinetic mechanisms by which the decom-

positions proceed, and to compare the kinetic behavior of hydrazine

and its methyl derivatives.

Despite all the work done on hydrazin. decomposition, the

overall mechanism by which this decomposition proceeds is still not

understood. For the case of the hydrazine derivatives the situation

is even worse.

Though some decomposition mechanisms have been proposed by

the various investigators, none of these has been shown to quantitative-

ly predict both the absolute value of the rate constant and overall acti-

vation energy, and none of the proposed mechanisms has been shown to be



valid over a wide temperature range. One reason for this difficulty

is the great complexity of the free radical mechanisms which govern

the decomposition of hydrazine and its derivatives. Generally, it

is not possible to reduce the set of differential equations deducible

from the mechanism to an analytical expression which may be compared

with experimental observations. Rather, it becomes necessary to

make further assumptions regarding the behavior of free radicals in

order to simplify the algebra to a point where a solution can be

obtained (21). Because high speed electronic computers have be-

come available, it is now possible to solve the set of differential

equations deducible from the reaction mechanism without making any

further assumptions. It is thus possible to obtain exactly the rate

constants predicted by the mechanism. The rate constant-temperature

plots obtained from the mechanism may then be compared directly with

those obtained by experiment. This approach also makes it possible

to study the validity of the steady state assumption for the particu-

lar mechanism. Unlike simple Arrhenius expressions, which generally

are only valid in a narrow temperature range, a complete mechanism

can be used with much greater confidence to predict rates over a

wide temperature range.

Reaction mechanisms for the decomposition of hydrazine,

UDMH, and monowethyl hydrazine were investigated by numerically

solving the differential equations determined by the mechanisms.

A discussion of suggested mechanisms and results of Lcmputations

is presented.

In general, the following approach was used: Reaction

rates were measured in the flow reactor over a temperature range

of some 200 deg. C, and chemical samples were taken at the end of

the reaction zone with a water cooled probe. Spectroscopic and

other data available in the literature were used to initially establish

a mechanism. The differential equations given by the mechanism were

then integrated numerically, and the rate constants and stoichiometry

predicted by the mechanism were compared with those obtained experi-

mentally. The temperature range of the study was approximately 800
to 1000 deg. K. It is interesting to note that the computations yield

-j _concentration-time curves for reactants, intermediates, and products.

If these could be measured experimentally, then such data, in con-

junction with information presented in this thesis, could conceivably

_ j



result in a mechanism which is quantitative and unique.

The material in this thesis is organized into seven main

sections. First, a theoretical background is presented. This involves

a discussion of molecular structure, and a brief review of the funda-

mentals of chemical kinetics with particular reference to the validity

of the steady state assumption. Second, a discussion of experimental

approaches to the study of chemical kinetics and previous work on

hydrazine is presented. Laminar flames, shock tubes, isothermal flow

reactors and isothermal bombs, flash photolysis, and explosion limit

studies are discussed in particular as they pertain to the study of

hydrazine and its methyl derivatives. Third, a description of ap-

paratus and of experiments performed in this study is presented. The

principle and operation of the adiabatic flow reactor are discussed,

and a treatment of the effect which turbulence has on the chemical

kinetics measurements is presented. The results of the measurements

are then presented and discussed considering such factors as the most

appropriate overall order for the reaction. After this discussion,

reaction mechanisms for hydrazine and its derivatives are postulated.

This section is followed by a discussion of the results of computations

performed on the postulated mechanisms. It should be noted that

though the experimental data have been reduced using a simple Arrhenius

expression, this correlation has been looked upon as empirical. An un-

derstanding of the mechanism of decomposition was sought by comparing

the computed behavior of various mechanisms with results of the series

of experiments performed in this study and the results of other in-

vestigations.

As a concluding remark, it should be noted that hydrazine

vapor is very explosive and extremely difficult to handle experimental-

ly. Consequently, quite formidable engineering difficulties had to be

overcome. The resulting complexity of the experimental apparatus and

the severe setbacks in the experimental effort caused by several hy-

drazine explosions made it quite impossible to attain the high degree

of reliability, thoroughness and sophistication of experimental effort

which would have been possible if the substance studied had been more

reliable and less hazardous and capricious than hydrazine.

7



CHAPTER I

THEORETICAL CONSIDERATIONS

A brief theoretical background is presented. The discussion

is organized as follows. First, the electronic and molecular structures

of hydrazine, unsymmetrical dimethylhydrazine, and monomethyihydrazine

are considered. This consideration is followed by a discussion of the

meaning of the Arrheni.u expression for elementary reactions. A dis-

cussion of elementary reactions in chain processes is then presented,

and is followed by a consideration of the validity of the steady state

hypothesis for homogeneous gas phase reactions.

A. Electronic and Molecular Structure

In a quantum mechanical study of hydrazine, Penny and Suther-

land (22) found that the (2 )2 shell of the nitrogen atom shows a dis-

tinct tendency to break up under the influence of neighboring atoms.

Consequently, one has to deal not with a pure configuration (2s)2 (2 )3

2 3 4p
but with a mixture of (2s) (2 ) and (2s) (2p)4. Now, if one of the

s p s p 3
2s electrons is removed, there remains the configuration (2s ) (2p )$

identical to that of the tetravalent carbon atom. The four valencies

of the carbon atom are disposetetrahedrally, and their great bond-

ing power arises from the hybridization of the 2 and 2 wave functions
s p

(23). If the 2 electron which was removed from the N atom is nows

restored, not into the 2 orbit, but into one of the already singlys

occupied tetrahedral orbits, then an '- atom is obtained with powerful

valence bonds along three of the tetrahedral directions, and a pair of

electrons of opposite spins occupying the fourth (22). Penny and

Sutherland (22) consider a hydrazine constructed from such nitrogen

atoms to be the most stable one possible.

The following average bond strengths appear to be applicable f
to the hydrazine molecule (24):

N - N 60 k.cal/mole

N - H 88 kcal/mole

Herzberg (25) gives the following ground state bond distances:

N-H r =1.014 x10 cm

N 1.5 x 10

J___ ____ _ __ ____ ___0
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! All bond angles are approximately 108 -+ i0 degrees (26).

SFrom spectroscopic observations, Fresenius and Karweil (27) i

! conclude that of three molecular structures possible for hydrazine,

Si.e. the tub form, the seat form , and the totally unsymmetrical form,

Sthe one existing at ordinary temperatures is the totally unsy•netrical

form. At ordinary temperatures there is no rotation about the N - N
Sbond but only twisting. Fresenius and Karweil (27) assign to hydrazine i

a potential barrier for rotation of 6 to i0 kcal, in agreement with

the value found by Penny and Sutherland (22) who calculated 0.33

electron volts for the higher barrier. These authors also calculated

a smaller barrier of 0.2 ev. The acceptance of this second barrier

leads to acceptance of two forms of N2H4 which result by rotation of

one of the NH2 groups about the N - N bond.

Modes and frequencies of oscillation for hydrazine as found

by Fresenius and Karweil are shown in Figure I.

An interesting possibility to consider is the migration of

H atoms. Thus Audrieth and Ogg (26) state that it is conceivable that

hydrazine may exist in a tautomeric amine-imide form H3N • NH and

that proton migration may have occurred to give a molecule with such

a structure. There is some chemical evidence to indicate that such an

amine-imide structure is possible for certain hydrazine derivatives.

Thus phenylhydrazine undergoes thermal decomposition involving migra-

tion of the NH radical from the ortho to the para position, with the

Sformation of p -phenylene-diamine (26).

It will be seen later that the migration of hydrogen atoms

can result in some intprasting reactions.

Now, let us proceed to a discussion of the two methyl deriva-

Stives of hydrazine, which are of interest in this study.

SFrom electron diffraction studies, Beamer (28) determined
i the following angles and bond distances in unsymmetrical dimethyl-l -
: i hydraz ine:

I 1.47 0.03 A°
Si +

S• I N - N 1.45 .+ 0.03 A°

SAo
Si N- H 1.04 (assumed)

_ I Ao
.• " "o'f -i C- H 1.09 (assumed)

C - N - N II0° + 4°
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An interesting feature of the UDMH molecule is that the
masses of NH2 and CH are very much alike, i.e. the ratio of the mole-

2 3
cular weights of the two groups is 16:15. If this ratio is compared

with 1:15 between hydrogen and CH3 , it appears more correct to consider

UDMN as a substituted ammonia, rather than as a substituted hydrazine.

Thus, UDMH should be written as

CH
H N N
2CR

rather than as

H CH 3

H "" % CH3

From the electronic structure considerations for the nitrogen.

atom, it was found that the N atom has four electron clouds which

are qualitatively similar. Of these only three are being used for bond

formation. Thus, there appears to be a possibility for resonance,

which, together with the short observed N - N bond distance makes it

quite likely that the N - N bond is stronger than 60 kcal. Diebeler,

Franklin and Reese (29) made electron impact studies of hydrazine, and

the methyl substituted hydrazines. From these, they computed the N - N

bond in UDMH to be 72 kcal/mole, which tends to confirm the above con-

siderations.

One would expect the bond strengths in monomethylhydrazine

to be intermediate between those of hydrazine and UDMH. This expecta-

tion is confirmed by Diebeler et al. (29) who give 67 kcal/mole as

the strength of the N - N bond in monomethylhydrazine. However, the

mechanical and steric structures of monomethylhydrazine should not be

treated as simple averages between those of hydrazine and UDMH.

Diebeler et al. (29) find that in monomethylamine the N - C

bond is 80 kcal/mole, in dimethylamine 87 kcal, and in trimethylaminej 94 kcal. The electron cloud contribution which can be provided by an

NH group is likely to be weaker than that provided by a CH3 group.

Consequently, one would expect the N - C bond in UDMH to be slightly

--- ___ __ _ _. . ..
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weaker than the corresponding bond in trimethylamine, and the N - C

bond in monomethyihydrazine to be slightly weaker than the corresponding

bond in dimethylamine. The N - C bond strengths for UDMH and mono-

methylhydrazine were thus estimated to be 90 kcal/mole and 83 kcal/mole

respectively.

In summary, the following values of bond strengths appear

to be applicable to the methyl derivatives of hydrazine.

UDM-

N - N 72 kcal/mole

N - C 90 kcal/mole

N - H 88 kcal/mole

C - H 98 kcal/mole

Monomethylhydrazine

N - N 67 kcal/mole

N - C 83 kcal/mole

N - H 88 kcal/mole

C - H 98 kcal/mole

It is seen from the above that for all the hydrazines the

N - N bond is the weakest.

B. The Arrhenius Expression for Elementary Reactions

The rate constant for elementary reactions may usually be

written as

k = A exp [-E/RT]

where A is the "preexponential factor" and E is the "activation

energy." The meaning of these terms will now be examined.

If a molecule AB has an energy E above the ground state

value for the molecule, there is a finite probability that at some

time this energy will be concentrated in an A - B vibrational or

rotational mode. If E exceeds the A - B bond strength, then such

concentration of energy can lead to rupture of the A - B bond, re-

sulting in the reaction

AB- A + B

The value of E which is necessary in order that the

above process take place is th! activation energy E. For a simple

molecule, the probability that E exceeds E is exp (-E/RT).

For a diatomic molecule the probability that the vibrational
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energy exceeds E is exp (-E/RT) if the vibrational levels are con-

tinuous, which is almost true of the very high vibrational levels. If,

in addition, the effects of rotation may be neglected, than this pre-

exponential factor is the same as vibration frequency, and the rate of

decomposition is the product of the vibration frequency and the prob-

ability that the vibrational energy exceeds the activation energy.

For a bimolecular reaction

AB + C- A + BC

the preexponential factor may be interpreted as the product of collision

frequency and a steric factor. E* is then the translational kinetic

energy released as a result of the collision. In this simplified model

the contributions of initial rotational and vibrational energy of the

AB molecule are ignored.

It should be pointed out that in the above models, the chem-

ical processes were assumed to be sufficiently slow so that a Boltzmann

energy distribution was always maintained.

Hinshelwood (30) considered the contribution of vibrational

and rotational energy to E*, and found the probability that E* exceeds

E to be given by the expression

(E/RT)m- 1
(ET) exp (-EIRT)
(m-l)

where m = n/2 =number of degrees of freedom of the molecule and n

is the number of 'square terms' in which the energy of the molecule is

distributed. In deriving the above expression, it is assumed that there

is free energy transfer between modes. However, the probability that

all the 'mechanical' energy of a molecule is available to a particular

mode, is less than unity. Thus, the rate constant is properly written

as

k = J)PB exp (-E/RT)

where

E/ m- I)B C- (ElT)

(m-)

and P is the probability that the energy contained in the molecule is

available in the time 2 I/V For a complex molecule, the

number B is quite large. However, P is likely to be quite small, so

that BP can have a large range of values.

• -I



A more thorough discussion of ifferent models of mole-

cular decomposition is given by Benson (of ).

In a gas, the Boltzmann distribution of energies is main-

tained by collisional energy transfer. Consequently, it appears more

correct to write the decomposition reaction

AB VP A + B

as the result of three reactions, i.e.

(1) AB +X* . AB* +X

(2) AB* + X . AB +X*

(3) AB* - A + B

Reactions I and 2 serve to maintain the Boltzmann energy

distribution for the AB molecule, whereas reaction 3 results in the de-

pletion of active AB molecules from this distribution.

It is now possible to speak of 'high pressure' and 'low pres-

sure' limits of quasi-unimolecular processes. Benson (32) distinguishes

these as follows:

In the high pressure limit deactivation of active molecules

is much more rapid than decomposition, and an equilibrium amount of ac-

tive species may be assumed to exist. In the low pressure limit, the

opposite is true, i.e. the rate of decomposition of active molecules

is far more rapid than the rate of deactivation. There is no equilibrium

amount of active specie, and practically every activation results in

reaction.

At the high pressure limit, the effectiveness with which

the third body X transfers energy in a collision is of little con-

sequence. However, at the low pressure limit, the effectiveness of

the third body X is of great importance. Also, third body effective-

ness is important for determining the pressures at which a reaction

behaves in a 'high pressure' or 'low pressure' manner.

The rapidity of the depletion reaction, 3, also plays an

important role in determining whether a particular reaction behaves

in the 'high pressure' or 'low pressure' manner. Thus, a very rapid

decomposition reaction could result in 'low pressure' behavior even

at relatively high pressures.
Considerations similar to the ones discussed above hold for

- - overall bimolecular reactions.

A__
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Thus, the reaction

A+BC - AB+C

may be written as the sum of the reactions

A + BC - ABC

ABC -- A + BC

ABC .- AB + C

and the reaction

A + B - AB

may be written as the sum of the reactions

A + B - - AE*

AB* - A + B

AB* + X AB + X*

In the following section the elementary reactions of chain

processes, i.e. initiation, termination, propagation, and branching

will be discussed in the light of the above considerations.

C. Elementary Reactions in Chain Processes

Chain reactions consist of 4 fundamental types of steps,

namely initiation, propagation, branching, and termination. These

reactions will now be discussed, with particular reference to the de-

Icomposition of hydrazine and its derivatives.

First, consider the initiation reaction for hvdrazine de-

composition, i.e.

N2 H4 44 2NH 2

This reaction may be considered to consist of three elementary steps,

namely:

I. N2H + X* N2H4

2. N2H4 * + X • N2H4 + X*

3. NH 4* 2NH2,i2 3 4 22 3

At the low pressure limit R3 >> R2 , whereas at the high pressure A

limit, R2 >, R and the rate of decomposition of N H is independent
23 2 4

S- of the third body concentration.

First, consider conditions at the high pressure limit.

7.. . . . -1jj, , a, 7 I II I I I



-13-

The rate of decomposition of N2 H4 may then be written

d d*-d[N 2 H4 ] d=[NH [N 2H4

vhere is the rate constant of decomposition of the activated com-

plex. It seems that an upper limit on would correspond to the

vibration frequency of the bond to be broken. For hydrazine, the wave
-I

number of the N - N stretching bond is 850 cm (27). Thus
13 -1

max = 2.0 x 10 sec Then, one may write

___d 1°3 E
t H = 2.0 x 10 x BP exp -,) x [N2 H4 ]

Szwarc (13) decomposed hydrazine in a toluene carrier gas

in a silica flow reactor. Toluene acted as a scavenger for NH2 radi-

cals. Consequently, he was able to investigate the reaction

N2 H4 H 2NH2

which he concluded to be a homogeneous, unimolecular gas reaction having

a rate constant

12 -000 -
k 4 x exp -6-0-T )sec"

Writing

k = PB exp (-E/RT)

where B is the factor accounting for energy available in other modes

of the molecule, and P is the probability that this energy is avail-

able in the time ?' 'A) , it is found that BP - 0.2.

However, Gilbert (20) found that, contrary to assumption, the

flow in Szwarc's reactor was not isothermal, but that there must have

been a strong temperature effect due to heat transfer in the entrance

region of the reactor. Gilbert (20) analytically corrected for the

heat transfer effect, and re-interpreted Szwarc's data as favoring a

second order formation for NH2 radicals, rather than a first order for-

mation. Gilbert found a rate constant
L1019 -'60 000

Sk = 10 exp ( RT ) cc/mole-sec

which he assumed to be the low pressure value in a quasi-unimolecular

rate process.

7A The question now arises whether the results of Szwarc's measure- 7

A

IL
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ments, as interpreted by Gilbert, can be applied at the conditions ex-

perienced in the Princeton adiabatic flow reactor. In Szwarc's ex-

periment the following values are representative.

Toluene pressure = 7.6 m Hg

Hydrazine pressure 0.76 mm Hg

Temperature 10VO°K

In the adiabatic flow reactor:

Nitrogen pressure 750 mn Hg

Hydrazine pressure 10 m RHg

Temperature 1000K

A clue to the pressure at which transition from 'low pres-

sure' to 'high pressure' behavior occurs may be found in the results of

laminar flame studies.

Thus Gilbert (33) found in the literature that below one

atmosphere the laminar flame speed was independent of pressure, while

at higher pressures it is inversely proportional to the square root of

pressure, indicating an overall first order reaction at higher pres-

sures.
Hydrazine decomposition in the flow reactor was found to be

first order with respect to hydrazine. However, the carrier gas con-

centration was not varied, so there is no way to tell whether the re-

action is truly at its high pressure limits or whether it behaves in

the low pressure manner, with X = N2 = carrier gas.

If the relative third body effectiveness of hydrazine and ni-

trogen for the ir~ciation reaction is evaluated in the light of re-

laxation experiments, one would tend to conclude that hydrazine is

much more effective than nitrogen, and that hydrazine decomposition

should proceed as if the nitrogen were absent. However, laminar flame

experiments (34) show that hydrazine decomposition at hydrazine pres-

sures corresponding to its partial pressure in the flow reactor is

second order. Thus, it must be concluded that the effectiveness of

nitrogen as a third body cannot be ignored. This conclusion is further

supported by evidence presented by Bradley (35) who concluded that

molecules which are extremely effective third bodies for vibrational

relaxation prove to be ineffective in the activation required to pro-

4 mote unimolecular decomposition. Bradley (35) also finds that tne

SW
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magnitudes of the efficiencies differ in the .... cases, the spread

{ I being much less with unimolecular reaction processes. Thus it is

found (36, 37) that in promoting a typical reaction such as the dis-

sociation of nitrous oxide the efficiency relative to that of the

parent molecule ranges from 1.5 in the case of H20 to 0.2 for Ar,

whereas the efficiency ranges from 1.0 for N2 0 to 100 for H2 0 in

the case of simple vibrational energy transfer in the same molecule.

From this one can deduce the very important conclusion that trace

impurities, which can be very important in relaxation experiments, are

likely to be unimportant in determining chemical reaction rate.

I Since the effectiveness of nitrogen as a third body is not

known, iV is not possible to decide whether hydrazine initiation in

the flow reactor behaves in a true 'high pressure' manner or whether

'low pressure' behavior with nitrogen as third body is a more correct

description of the process. If the nitrogen efficiency is as high as
unity, then 'high pressure' behavior would be expected. If, however,

such efficiency is as low as 0.2 or 0.1 then 'low pressure' behavior,

with nitrogen as the third body would be expected. In the latter case

there would be a slight effect of hydrazine concentration on the rate.

(It will be seen later that hydrazine decomposition flames were sec-

ond order at pressures as high as 10 cm Hg. A third body efficiency

of nitrogen of 0.1 would make its "effective" pressure 7.6 cm Hg,

thus placing the reaction in the 'low pressure' regime. At 1% N2H

hydrazine pressure is still only 1 cm Hg, thus the slight effect of

hydrazine concentration.)

In the light of the information presented by Bradley (35)

'low pressure' behavior with nitrogen as the 'third body' seems to

be the most likely process occurring in the flow reactor.

Similar considerations hold for the decomposition of UDMH

and monomethylhydrazine.

Termination reactions are reactions of the type

A + B - o AB

A general, second order termination reaction may be written

(1) A + B - b AB*

(2) AB* +X )o AB + X*
• •i (3) AB* A + B

SAgain, one may visualize -. high pressure and a low pressure limit. In

M
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the high pressure regime, deactivation by collision is so rapid that

reaction 3 becomes unimportant, whereas ir the low pressure limit de-

activation by collision is no longer a rapid process, and reaction 2

becomes unimportant. It should also be noted that heteropolar mole-

cules can undergo deactivation by radiation, i.e.

AB* ---- AB + h

However, such deactivation is likely to be important only at low pres-

sures, since radiation transition times are generally long compared

with time between collisions, even at moderate pressures.

It appears that transition from 'low pressure' to 'high

pressure' behavior for recombination reactions occurs at much lower

pressures than for initiation, or dissociation reactions. Thus,

Kistiakowsky and Roberts (38) have measured the high pressure rate

constant for the reaction
CH3 + CH3 C 2H6"

C2H*6 + X C C2H6 +X*

and found its value Lo be

k = 3.7 x 1013 cc/mole-sec

at 4400 K. They found this rate to decrease with pressure below 10 mm.

Compare this finding with the results of Gray and Lee (34) who found

hydrazine decomposition to be second order at pressures as high as

10 cm.

However, it is not difficult to find an explanation for this

difference. A deactivation collision merely requires a molecule, which

has a very high probability of being close to the ground state, to be

able to receive from AB* enough energy to deactivate AB* to AB. In

the case of dissociation, the third body, X, must not only be able to

transmit its energy to the reacting molecule, but it must also have the

necessary energy in the first place. Since mcst molecules are generally

close to the ground state, the requirements for an activating collision

are consequently much more severe than for a deactivating collision.

Indeed, it seems likely that whereas deactivation of an excited molecule

can take place in a few collisions, many collisions are necessary to

provide a molecule with its dissociation energy.

Because of the similarity between CH recombination and the
3I

reaction

NH2 + NH 2 - N H4
____________________2____2____2____4_
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it is reasonable to assume that the rate constant for this reaction

will also be approximately 1013 cc/mole-sec.

Propagation reactions are reactions of the type

AA + B- AB+A

where A and B are free radicals, AA is a reactant molecule, and

AB is a product molecule. Again, the reaction proceeds in steps.

(1) AA + B AAB*

(2) AAB* .-- A + AB

(3) AAB* -- AA + B

This sequence may be visualized as follows: reaction I

can occur if AA and B possess sufficient kinetic energy between them to

overcome the coulombic repulsion. According to Eyring (39) such energy

is about 8 kcal/mole. Once AAB is formed, the energy of the bond AB

is released to the 'activated complex'. If reaction 2 is exothermic,

then the activation energy of the overall reaction could be just 8

kcal/mole. If, on the other hand, reaction 2 is endothermic, then the'

activation energy of the overall reaction should be that required to

overcome the coulombic repulsion plus the difference between the bond

energies AA and AB (39). However, this model must be used with great

caution, as it has been demonstrated (40) that such thermodynamic con-

siderations alone cannot always account for the magnitude of activation

energies.

It may be worth remarking that the product molecules can be

formed in states which are vibrationally or electronically excited.

Thus it is possible to have a reaction

N2H4 + NH2 ; NIH3 + N2H3*

where the N2H3 radical is formed in an excited state.

Branching reactions are reactions in which a radical can re-

act, in a single step, to form two or more radicals, thereby continuing

the chain, and starting a new one (41). This can occur by simple, uni-

molecular decomposition of a radical, like

N2H3* NH + NH
2 3 2

or in a bimolecular decomposition, like'Ii
N2H3 + X* N2H3* + X

7 N2 H3* -2 NH2 + NH3

NH7



or the branching reaction may result from the interaction of a free

radical and a reactant molecule, like
NH +NH -N-- NH + N2H

2 4 2 2 3

Another possibility was suggested by Ramsay (14) for hydrazine

decomposition, namely:
£*

(1) N2H4 + NH2 - NH 3 + N2 H3

(2) N2H3* + X - * N2H3 + X

(3) N2H3 01- N-H2 + NH

It is seen that in this case even an inert third body can

play a role in determining the rate of the branching reaction.

In the above discussion, a brief review of the elementary re-

actions of chain processes was presented, and is to serve as background

for postulating reaction mechanisms. For a thorough discussion of chain

reactions reference is made to Semenoff (42), and to the works cited

above.

D. The Steady State Approximation

In analyzing chain mechanisms in the past, it has been customary

to resort to the stationary state hypothesis, which states (43) that

after a brief initial period, the concentration of activated molecules

reaches a state where the concentration of active species is independent

of time, except in so far as the concentrations of reactant and product

molecules depend on time. The validity of this hypothesis will now be

examined. Three regimes will be considered.

A. Moderate temperature with a large amount of branching.

B. Very high temperatures.

C. Low to moderate temperature with either no branching at

all, or a small amount of branching.

Reference is made to the Christiansen-Kramers expression for

reaction rate (43)

- dn = nk n _ _ _

dt (k 4 /k3) n + ( -O )

3

where or is the number of active particles produced when an active

particle collides with an ordinary molecule. Chain branching reactionsi correspond to 4 ;, I . if k4crpd I • the denominator can ap-
3f _____
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proach zero, or even become negative. The former case implies a very

rapid reaction whereas the latter merely means that the steady state

hypothesis is invalid. However, it was assumed in the derivation of

the Christiansen-Kramers expression (43) that deactivation of active
r particles proceeds through collisions with reactant molecules. Gen-

erally, recombination reactions involve two, rather than one active

particle. Thus one may write

(0) -n?-Z .

(1)r÷A n+A n+ A

(2) A + A -- aa

(3) dA ()(- -)kI n A + k n -k2A 2

dt o

(4) dn = k, n A - k n - n(k A + k)
00

S~~dtoo

It is clear that as reaction proceeds, the value of n de-

creases monotonically, and shortly after A reaches its peak concen-

tration i.e. when dA = 0, the first two right hand terms in
dt

Equation 3 will decrease below the value of the third term, and dA
dt

will become negative.

Now, consider the case when the temperature is moderate, but

there is a large amount of branching. Since initiation reactions gen-

erally have a very high activation energy, it is likely that k will
0

be small. The rate equations may then be written as follows:

dA = (a- - 1) kInA- k 2 A2

dt

dn " k, n A
dt

The first of these equations may be re-written as
2

k A (Of..-i) k n A + dA =0
dt

The steady state hypothesis requires that it be permissible

to approximate the above as

21 kA = ('.- 1) kln A

A 1) kl/k) n

2
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But if k and t are very large, then
dA ( -o 1) klkn A

dn/in the initial phase of reaction. Since, k. is large, dt is

also large, and by the time dA/dt approaches zero, a significant

amount of reactant has already been consumed. Also, the concentration

of A is now so high that - dn/dt is very large, and in the second

phase of the reaction

dA k2 A

dt

Since n has decreased very rapidly.

Thus it is seen that in the case of a rapid branching reaction

the steady state hypothesis may not be applied, even though the reaction

rate always rew.ins finite. Semenoff (44) has given the term "degenerate

branching" to the case discussed.

At high temperatures without branching the situation is very

similar, only there the initiation reaction plays the dominant role.

By a process of elimination it is seen that the steady state

hypothesis can only apply to cases where the amount of branching is

small, and where the initiation reaction is slow compared with the

propagation reactions. In such a case the concentration level of free

radicals will be low, and will be reached before a significant amount

of reactant has been used up.

For such a case

2
dA = k (04-1) A -kA + k n

dt 1 2 0S~dt

1 dn = - n (k + k A) n k, A
S~dt

If an expression for A can be obtained, it is then possible to obtain

* an explicit expression for the reaction rate. Solution of the first

i equation for A yields

A = 2 kI (OC- i) +ko) n -k

K_ k2 k2 d t
2

dt

k (OL - 1) + k
A n - i dA

kk dt
k2 2

In essence, the steady state approximation assumes the second term in
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the expression on the previous page to be small compared with the first.

This requirement is far less stringent than the requirement than

dA/dt = 0. If it is satisfied, then

A =L kl ( 1) +k 1 ½

~k2

and

d k 3/2 [k (0(- 1() + kl
dt 1Lk

2

Several limiting cases may now be considered. If there is no branching,

then
3/2 k

dn = - n k 0

dt

If, on the other hand, the initiation reaction is unimportant, and

the main free radical supply is by branching, then the expression for

the rate becomes

dn - n k_ _ __ _

dt 3/2 kI [kI k2

Note that the reaction rate never becomes infinite because, in the cases

treated, the branching is first order, whereas the termination is second

order. This type of "degenerate" branching was the kind encountered in

the mechanisms postulated for the decomposition of hydrazine and its

derivativws.

In summary, the steady state hypothesis can only be applied

when the "steady state" concentrations of free radicals are sufficiently

low that they can be produced x•ithout a significant consumption of re-

actant, and when almost all the reactant is consumed by propagation re-

actions. It might be remarked that the implication of the steady state

hypothesis is not that the free radical concentrations stay constant,

but merely that the concentration of active species depends on time

only insofar as the concentration of reactant molecules depends on time.

Thus, the steady state approximation merely requires that

A kln A
dt

which is not as stringent as

dA =0
dt

.
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Computations on free radical mechanisms show that the inequality can

be satisfied for some reactions, whereas the equality to zero is never

true for more than an instant.

Another difficulty with applying the steady state hypothesis

is that many mechanisms of practical interest are so complex that an

explicit solution for the reaction rate cannot be obtained without in-

troducing many questionable assumptions.
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CHAPTER II

EXPERIMENTAL METHODS USED FOR THE STUDY OF CHEMICAL KINETICS

Two fundamentally different approaches to the study of

chemical kinetics are known. On one hand there is the study of indi-

vidual free radical, or elementary reactions by such techniques as

electron beam or free molecule beam experiments. On the other hand,

there is the study of overall reactions under different experimental

conditions. The overall rate data obtained may then be used for gain-

ing understanding of the reaction mechanism.

It might be noted that under suitable conditions, this second

approach can be used to study elementary reactions. Thus Szwarc (13)

used a flow reactor to study the reaction
N2H + X 22NH + X

2 4 2

In the research conducted by the author, overall reaction

rates were studied, and the rate data thus obtained were used for gain-

ing understanding of reacticn mechanisms. On one hand, empirical ex-

pressions for overall behavior of the reactions studied can be of

practical value. On the other, understanding of the overall mechanisms

of reaction was of considerable interest.

Partly because of the above considerations, the following dis-

cussion will be restricted to some of the better known overall ap-

proaches to the study of chemical kinetics. These will be discussed

in terms of experiments performed on hydrazine, UDMH or mornomethyl-

I hydrazine.

It is poss:Nle to classify kinetics experiments into many

different categories, depending on the particular properties which are

of primary interest.

Thus one may speak about experiments for studying fast re-

actions as compared with those used to study slo4 reactions. Or ex-

periments may be grouped into one class if they all maintain a particular

physical property constant. One may speak of isothermal or adiabatic

reactions, and of constant volume or constant pressure processes. Or

experiments may be classified into the ones which involve steep gradients

of temperature and concentration, and the ones where such gradients are

-is -shallow.

Of course, kinetics experiments must also be classified ac-

-nZ ia
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cording to whether the reaction takes place in the gas, liquid, or

solid phase, or at an interface. However, gas phase reactions are of

primary interest in this study, and reactions in other media will only

be discussed insofar as they throw light on gas phase reactions, or if

consideration of such reactions is necessary to understand a reaction

which is believed to take place in the gas phase.

In the following discussion no particular attempt to classify

the different experiments into a few large groupings has been made.

However, their similarities will become apparent from the discussion.

Flash photolysis and ignition limits experiments are discussed. This

is followed by a discussion of shock wave experiments and laminar flame

studies. Then isothermal bombs and isothermal flow reactors are dis-

cussed. Finally, a brief treatment of surface reactions is presented.

The inclusion of surface reactions is due to the important role that

container walls may play in studies of gas phase reactions. The

Princeton adiabatic flow reactor is discussed in a separate section.

A. Flash Photolysis

Two types of photolysis are possible. The substance of

interest may be exposed to radiation in a narrow frequency range, designed

to break a specific bond, or the speci2 under consideration may be

subjected to white light continuum radiation. The latter method is used

in flash photolysis. In flash photolysis, low pressure gas in a

transparent container is exposed to radiation from an electric dis-

charge having a duration of the order of a millisecond. Subsidiary

flashes may then be put through the photolysis tube timed at various

short intervals. The absorption spectrum of these subsidiary flashes

may then be analysed for bands characteristic of free radicals.

One difficulty with the method is that quite high temperatures

may be reached, and the phenomena occurring are often difficult to
interpret (45). Another difficulty encountered if flash photolysis

results are to be used for the interpretation of thermal reactions, is

the presence and reaction of electronically excited species (46).

It is of course possible to combine the flash photolysis ap-

proach described above with chemical analysis of reaction products, or

with some other measure of the reaction rate, such as might be obtained

from the pressure rise in the container.

The latter approach was followed by Ramsey (14). Ramsey (i4)

7mI l
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introduced anhydrous hydrazine at 8 mm pressure into his absorption

tube. The hydrazine vapor was then subjected to flash photolysis.

NH bonds in the region 4500-7500 A°, and NH bonds near 3600 A were
2

observed, and the pressure in the system after photolysis was approx-

imately doubled. An infrared spectrum of the products in the region

2-15 microns indicated that 80M of the hydrazine had decomposed. The

ammonia and hydrazine were condensed with liquid air, and the residual

gas was shown by mass spectrometer analysis to consist of hydrogen and

nitrogen in the ratio Ui /N2 = 1.5.

Ramsey (14) further found that if an excess of helium

(100 mm) were added to the hydrazine (8 mm), and the mixture was

subjected to photolysis, no NH and NH spectra were observed, and no
2

appreciable decomposition of hydrazine took place.

Ramsey postulates the following reactions

N2 H4 + h NH2 + NH2

N H + NH-*NH + N 1
2 4 2 3 2i

N2 - NH + NH
2 3 2

and suggests that the decrease in the overall reaction and the reduction

in the intensity of the NH and NH2 absorption spectra by addition of

Ssmall amounts of helium may be due to stabilization of the N H radical
2 3

by collision.

It is interesting to note that Gunning (47) found the

N H radical to be quite stable at room temperature. This observation
2 3

suggests the possibility that the N H radical is formed in a vibra-
2 3

tionally excited state, from which it may either decompose or become

- deactivated by collision.

In the later discussion, it will be seen that results ob-

tained in the Princeton adiabatic flow reactor do not contradict

Ramsey's hypothesis.

B. Ignition Limits Experiments

According to the theory of thermal explosion, an explosion

occurs when the amount of heat developed by chemical reaction exceeds

the heat which can be transferred out through the walls of the vessel.

Frank-Kamenetski (48) developed the heat balance equations for the

case of pure conduction. He found that explosion occurs if a non-

dimensional parameter exceeds a certain maximum value, where

2 -i i
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The maximum value for is calculated theoretically by Frank-

Kamenetski (48) andis found to be 2.0 for a cylindrical vessel and 3.32

for a spherical vessel.

Gray and Spencer (49) used the Frank-Kamenetski theory to

interpret the results of their ignition experiments. Gray and Spencer

determi~ned the critical pressure limits of spontaneous ignition by

measuring the total pressure of reaction mixture necessary for ignition

on admission to a hot vessel at a given temperature.

The theory was developed for heat conduction from the gas

to a cold wall, whereas heatl is transferred from a hot wall to the cool

gas in the Gray and Spencer r."periments. In this case it would seem

that ignition occurs if heat generation in the gas layer next to the

wall exceeds the rate at which heat can be conducted into the interior

cool gas. However, this process is very similar to what is assumed in

the Frank-Kamenetski theory. Also, the fundamental physical parameters,

except the radius, are the same. Thus it is not surprising that the

Frank-Kamenetski theory does correlate the results of ignition limits

experiments of the kind conducted by Gray and Spencer. The value of

6 , however, must not be expected to be that calculated theoret-

ically.

Obviously, ignition limits experiments only have meaning for

gas phase reactions insofar as catalytic initiation of the wall sur-

face is unimportant.

The Frank-Kamenetski expression may be re-written as

(-4 E) ýQrý exp (E/RT)
But C f Vt/V , and for an ideal gas

-MPV RT and C P

It follows that for a first order reaction, one may write

e .'( ) RT

If the second term on the right had is assumed to be approximately con-

-T -..... ...... .... -~--~-- -- ~ - - - i



-27-

stant, then an activation energy may be obtained by plotting

3.I2.(P IT versus I/T. For UDMH decomposition, Gray and Spencer
ii found the activation energy to be 28 + 1 kcal/mole.

C. The Laminar Flame

The laminar flame is a steep gradient device, it is isobaric,

and may be used to study reactions generally classed as being rapid.

The laminar flame has been studied extensively. It can

be used for kinetics purposes in two ways, namely it may be observed

spectroscopically to yield information on the free radicals taking

part in the reaction, and it can be made to yield an "activation

energy" of the chemical reaction.

Spectroscopic studies of laminar flames will be discussed

first. Hall and Wolfhard (12) studied hydrazine decomposition flames

at subatmospheric pressures. Spectroscopic work by these authors in-

dicates strong emission of "ammonia alpha bands" attributed to N11
2

radicals, and weaker emission at 3360 angstroms attributed to NH radicals.

The pure deccmposition flames are yellow-brown in color and of low

luminosity,' there is an after glow of the same color but with lower in-

tensity.

It is seen that both NH2 and NH radicals play a role in hy-

drazine decomposition, and that the NH radicals are the more abundant
2ones.

Further usefulness of the laminar flame for kinetics pur-

poses stems from the fact that the flame speed, and its variation with

flame temperature, may be used to deduce an activation energy.

The flame speed is affected by the chemical heat release of

the reaction, the heat capacity of the mixture, the conduction and dif-

fusion of heat, diffusion of active species, and possibly the back dif-

fusion of products. Thus the processes which determine the laminar flame

speed are many and complex.

-j If both the reaction mechanism and the transport properties

j: are known with reasonable certainty, this information may be used to

predict temperature and concentration profiles, and ultimately the

laminar flame speed. information obtained in the Princeton study of

A hydrazine may be useful for a detailed numerfcal analysis of hydrazine

j flames.

The other two Approaches to analysis of laminar flames,
which will be briefly discussed in what follows, are the simple thermal

R. ,"__ _-_
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theory and Van Tiggelen's active particle diffusion theory. Use of

these theories to interpret hydrazine flame speed data will also by

discussed.

In the simple thermal theory of flame propagation the follow--ii
ing assumptions are made: (1) the flame is one-dimensional, (2) it is
steady with respect to time, (3) velocity gradients may be neglected,

hence viscosity terms in the momentum equation may be-ignored, (5) the

effect of gravitational and other similar fields may be ignored, (6)

the loss of energy by radiation is negligible, (7) the hot boundary for

the flame reaction zone is assumed to be the -ondition of thermodynamic

equilibrium at the adiabatic flame temperature, (8) the reaction rate

is described by

w A exp I

(9) diffusion is important only as it affects the energy balance, (10)

specific heat and thermal conductivity are constant throughout the re-

action zone, (11) the thermal diffusivity is equal to the molecular dif-

fusivity, (12) the total number of molecules is constant.

If it is further assumed that the flame can be split into

a preheat zone in which no chemical reaction occurs, and a reaction

zone in which the net energy loss due to nass transfer may be neglected

in comparison with the chemical reaction and heat conduction terms,

the following expression for the flame speed may be derived:

ST
u k I

SCp T -T 2D 00t dr
m o

TiT

where k is thermal conductivity

C is heat capacity
p

is density

j:i =w A exp[E ]
- -'< --.iRT

-Q - heat release due to reaction

Ti, inflection point temperature

T- = mean flame temperature
m

T initial temperature

Tf final temperature
f_ _ _
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Setting T = Tf

t--Ti T

the following expression is obtained

= i k

-fC p Tf 0T
T

0

The above development is derived in detail in Emmons (50).

Adams and Stocks (8) use an integrated version of the above

expression, i.e.

2 2
2 2 . Rf-

S [ EB(Tf- ) exp [RT+
f0  f

where A is thermal conductivity

L is the heat of reaction

is the initial density of the vapor.

If the assumption is made that the determining process in

flame propagation is heat transfer, then it is permissible to deduce

an overall activation energy for the chemical reaction from flame speed

measurements. If, however, diffusion of active species is the dominant

process, the situation is far more complex, and one can no longer expect

an activation energy deduced from laminar flame studies to be applicable

to the chemical reaction under other experimental conditions.

Let us proceed to consider some hydrazine flame experiments

which were analyzed on the basis of the simple thermal theory.

Murray and Hall (7) measured flame speeds in hydrazine, and

in hydrazine-water mixtures. They also analyzed the reaction products,

and found that these pointed to a reaction

N HN2H4  -- NH3 + kN2 + kH

Adams and Stocks (8) measured the rate of burning of hydrazine-

water mixtures in capillary tubes in a nitrogen atmosphere, and prepared

an Arrhenius plot of the data of Murray and Hall (7) and Adams and

_-A Stocks. The slope of their curve gives the apparent activation energy

of the reaction which decreases with decreasing temperature from 45

kdal/mole at 19500K to 3ome 30 kcal/mole at 1400 0K.

Gray, Lee, Leach and Taylor (9) used two experimental methods

+ l~~- , ~ ' - - - =- -
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for the study of hydrazine decomposition. In one case, gaseous hydrazine

was introduced into a squat glass cylinder 20 cm diam., 20 cm depth,

which contained two tungsten electrodes at the center. As the flame

travels to the walls, the pressure rises, and both the burned and un-

burned gases are compressed. As a result, the movement of the flame

depends on both the burning rate and the gas flow. However, during the

initial phase of the combustion, the increase in pressure is small, and

the linear speed of the flame, SLI is very close to the speed relative

to the burned gas, SD. Even when the radius of the flame sphere is

0.3 times the radius of the vessel, the pressure has risen only 3% and

S - .98 S The pressure range which can be studied in a glass vessel

extends from very low values up to about 10 cm Hg.

The second method used by Gray and Lee (9) involved the

burning of liquid hydrazine in narrow tubes, in a pressure range between

10 cm Hg and 76 cm Hg. The products from the decomposition flame of

liquid hydrazine were unaffected by changes in pressure, and corresponded

closely to the equation:

N2 4 = NH3 + N2 +H 2

However, Gray and Lee (9) did find a small decrease in flame speed at

pressures below 5 cm Hg. This they attribute to their method of measure-

ment.

In the thermal theory at laminar flame propagation the flame

speed varies with pressure as

S e%% P

where "n is the overall order of the chemical reaction. Thus the pres-

sure independence of flame speed observed by Gray and Lee indicates a

second order reaction for hydrazine decomposition.

Using Semenoff flame theory, Gray and Lee (9) found an acti-

vation energy of 36 kcal/mole.

Gilbert (33) found in the literature that below one atmosphere,

the normal flame speed was independent of pressure while at higher pres-

sures it is inversely proportional to the square root of pressure, in-

dicating an overall first order reaction at higher pressures.

"The other approach to a chemical interpretation of laminar

flame data is by way of VanTiggelen's active particle diffusion theory.

VanTiggelen (51) states that the flame propagates bdcause
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active particles diffuse upsteam where they engage in propagation,

branching, and termination reactions. Apparently, the initiation re-

actions take place in the very hot downstream part of the flame.

The equation of Smoluchowsky gives the total number of col-

lisions Zt when a particle diffuses over a given linear distauice

d: Zt= 3 d 2 /4A 2

Then, VanTiggelen (51) goes on to say that in order to compensate all

losses, each chain carrier has to diffuse over a distance d, such

that branching occurs once. Then

3 M

For a normal flame front, the flame speed V is equal to d/t, thus

V V

where c

and

V =VI/T
0 0

r it follows that

V 2T R13MT) 2-T)0 0

where M is the mean molecular weight of chain carriers.

According to VanTiggelan (51), this relation is the basic ex-

pression of burning velocity. Next, VanTiggelen goes on to neglect

beta, and to write -"i'in terms of an Arrhenius expression. Then:

Vo = 2To VRI3MT

where A and B are reacting species.

One may question VanTiggelen's assumption that chain branch-

S-i ing species are the only ones whose diffusion is important. Surely, it

is possible for laminar flames to propagate in mixtures which react in

a straight (non-branching) manner. Thus it seems that the interpreta-

tion of 'activation energy' measured in laminar flames still is not quite
S: ~clear.

VanTiggelen and De Jaegere (11) measured flame speeds in

premixed laminar flames of hydrazine and inert, ane also in hydrazine,

Eff ,inert, and oxidizer. In keeping with VanTiggelen's theory, they found

, 4 +• _• :+ • +.+ -• -::....
74_ = + : + +

: : + ++_:+<+•:.: • :_: ":.- +_ ;-_+-4::_•V.17•



-32-

that their results on hydrazine flames could be correlated by the ex-

pression

i . = _)

where T is the proper mean flame temperature, and f(7.) is the initial

mole fraction of hydrazine.

VanTiggelen and De Jaegere (11) found an apparent activation

energy of 28 kcal/mole. They also found that this activation energy

did not change whether they had to do with a decomposition flame or a

combustion flame, and that in the case of the combustion flames it was

independent of the nature of the oxidant.

In summary, the following information about hydrazine de-

composition has been obtained from laminar flame speed measurements.
From spectroscopic observation of flames, one may conclude

that the radicals NH and NH are present.
2The stoichiometry of hydrazine decomposition follows the

path.

2NH + N + H

The adiabatic flame temperature in this case is 1660 C (7).

The following activation energies for hydrazine decomposition

have been deduced from flame speed measurements: On the basis of the

data of Murray and Hall (7) and Adams and Stocks (8), Adams and Stocks

found a curve which decreased with decreasing temperature from 45

kcal/moli_ at 1950°K to 30 kcal/mole at 1400°K. Gray, Lee, Leach, and

Taylor (9) report an activation energy of 36 kcal/mole, and VanTiggelen

and De Jaegere (11) report 28 kcal/mole.

The last authors used VanTiggelen flame theory, and interpret

their activation energy as pertaining to a branching reaction important

in hydrazine decomposition.

The other flame experiments were interpreted on the basis of

Sthermal theory, thus giving an "overall" activation energy of the re-

action.

However, it should be noted that the relations between acti-

vation energy and flame speed given by the two theories are both of the

i"Kf (T, FC)
---. :.• K%.
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where f is a relatively weak function of temperature and concentra-

tion. Thus the difference of the thermal theory approach and the dif-

fusion theory approach does not really lie in how activation energy is

related to flame speed, but rather in how the activation energy deduced

from flame speed measurements should be related to the mechanism of the

chemical reaction.

Since the interpretation of flame speed measurements is un-

certain because of the importance of diffusion in flames, a way to re-

solve the difficulty would be to study the chemical reaction under con-

ditions where diffusion is not important. This is one of the thoughts

which lead to the construction of the Princeton adiabatic flow reactor

in which heat transfer to the unreacted gas and back diffusion of active

species are rendered negligible.

D. Shock Tube Studies

Shock tubes have been used extensively for the study of

chemical kinetics. One reason for their usefulness in kinetics studies

is that changes in physical properties through the shock are so rapid

that chemical reactions can be safely assumed not to take place until

after the shock front. Thus Hornig (53) describes the shock front as

acting as "a 'switch' by which the temperature, pressure, density, and

flow velocity can be changed instantaneously." Of course, the thick-

ness of shock waves is finite, and it would be worthwhile to inquire into

typical values of shock front thickness, and number of collisions in

the shock wave. Greene and Hornig (53) studied the shape and thickness

of shock fronts in argon, hydrogen, nitrogen, and oxygen. They found

that the number of collisions through the shock front is generally

less than 30, and that the shock wave thickness is generally less

than 0.002 mm. The Mach number range of the investigation was ap-

proximately 1.1 to 2.1. The pressure was approximately an atmosphere.

Thus, the number of collisions thro-gh the shock wave is

very small compared with the pre-exponential factors in most chemical

reactions.

For the case of no chemical reaction, the overall process in

a shock wave may be thought of as occurring in two stages, i.e. (a) an

initial compression in the shock front during which no internal degrees

of freedom are excited, and (b) a subsequent relaxation during which

the density changes from that characteristic of the unrelaxed state to
that of the completely equilibrated state (53)4

- - --- --o- -- -- S -• .•
-_- -. ---- _-
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For a gas at atmospheric pressure and 3000 K, Hornig (52)

finds that the iiitial compression occurs in about 10 collisions or

about 10 seconds. He also finds that at least at low temperatures,
rotational equilibration takes place in about 10 collisions, exc.ept

in hydrogen where it takes about 350 collisions. Thus the initial

compression and rotational relaxation takes place in times measured

in millimicroseconds. Chemical reaction rates which are of interest

in propulsion have transient response times measured in microseconds,

and overall reaction times measured in milliseconds. Thus it is per-

fectly justifiable to consider the initial compression and the rotation-

al relaxation to be instantaneous. However, vibrational relaxation

may.not be dispensed with so easily. Kantrowitz (54) measured vibration-
0al rela,..ation in CO2 at temperatures close to 100 F and at pressures

close to atmospheric. He found relaxation times to be in the order of

3 microseconds, and requiring somewhat above 30,000 collisions. There

is thus the possibility that initially the chemical reaction is taking

place in a gas whose internal degrees of freedom are not fully relaxed.

Jost (15) studied hydrazine decomposition in a shock tube.

He spectroscoptically measured the decay of hydrazine concentration be-

hind the shock front. Jost (15) presents an Arrhenius plot of the

half-lives of the reaction. From this he deduces an activation energy

of 43 kcal/mole. Jost's plot of half life vs. l/T is reproduced in r

Figure 2.

One of the limitations of the shock tube is that it can only

be used to study relatively rapid reactions. This is because the time

during which the stagnant region behind the reflected shock is undis-

turbed is relatively short. At higher temperatures the useful time

is also short because for long times heat losses become important, and

conditions in the stagnant region are no longer uniform, making it dif-

ficult to interpret the results.

E. Isothermal Bombs a

Whereas shock tubes are most useful for studying rapid re-

actions, isothermal bombs are best adapted to the study of slow re-

actions.

Isothermal bomb experiments are among the oldest techniques

employed in the study of chemical kinetics. The reactants are placed

in a bomb which is immersed in a constant temperature bath, and the
p i_
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progress of reaction is measured either by the rate of change of

pressure at constant volume, or by the rate of change of volume at

constant pressure. As will be evident shortly, the rate of heat

release due to chamical reaction must be quite small in an isothermal

bomb. The temperature equations for the bomb are shown below. Heat

release due to chemical reaction:

Heat loss by conduction:

IT ( ) Z (2)

Overall equation:

i2 NA (,"+V 3)

I !Steady state equation:

V T+ --) [c BET = (4)

where

T is the temperature in degrees

t is time

AH is the enthalpy of reaction, in calories per
gm. -mole-degree

C is the heat capacity at constant pressure in calories
per gm. -mole-degree

is the density in moles per liter

[C] is the concentration in gm.-mole per liter
the temperature coefficient of the chemical reaction

DO _C C.) T is the chemical reaction rate as represented by a

simple Arrhenius type expression

k is the effeciive thermal conductivity of the substance,
in the bomb

If the uniform temperature assumption is to be valid, it

AL X is necessary that V !A-O in the bomb. It then follows from

Equation (4) that the following must hold:
-• ••--M
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|•iE-RT -(5)

For reactions which are of interest in propulsion AH is

large. It follows that optimum conditions for an isothermal bomb

experiment involve minimum concentration of reactant, maximum con-

ductivity of the reacting mixture, and usually low temperature.

Ideally, a mixture composed of a small amount of reactant in an

inert of high conductivity, such as helium, should be studied at a

low temperature. Of course, it may be quite possible to achieve

S#T• by merely making one or two of the terms in Equation (5)

small.

A different way of achieving an almost constant temperature

is to use a bomb of very small diameter, in which case even a

moderately large temperature gradient will only give a small overall

temperature variation.

The differential equation of heat conduction in an infinitely

long cylinder with heat generation by first order chemical reaction

was solved by Nichols and Presson (55). Some of the results of these

authors are reproduced in the following. Figure 3 shows the temper-

ature distribution as a function of the radius at various time

intervals during the reaction. A 2" diameter solid was studied.

Though Presson's calculations were made for a cylinderical

solid, his results are perfectly valid for a gas in a long cylinder,

provided heat transfer is by conduction.

Of course it may be argued that in the gas phase, or liquid

phase "isothermal" bomb, heat transfer is not only by conduction, but

by convection as well, and that consequently the temperature profiles

in the bomb will be different, and smoother, than those calculated

by Presson. However, the purpose of this discussion is not to

present an exhaustive study of isothermal bombs, but merely to review

their principle and general problems. So, this condition will not

be treated.
Thomas (16) measured the decomposition reaction rate of

hydrazine by measuring the rise of pressure in a constant volume bomb,

into which small quantities of liquid hydrazine had initially beenI +
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introduced. The whole bomb was immersed in a constant temperature

bath.

One of the difficulties with this apparatus was that the

time required to reach temperature equilibrium in the bomb was of the

same order of magnitude as the reaction time. But if uniform

temperature conditions are to be maintained, it is necessary that

the process of temperature equalization by conduction-convection be

much more rapid than any temperature rise produced by chemical reaction.

Since this condition was not satisfied in Thomas's experiment, the

temperature in his bomb was probably not uniform.

Thomas (16) introduced some liquid hydrazine into his bomb

which was then closed and placed in a constant temperature bath. Then

the pressure in the bomb was measured as a function of time. Thomas

varied the amount of liquid charged to his bomb from 8 ml. to 28 ml.

,rhe total bomb volume was 36 ml.) For all cases he measured the

rate of pressure rise at 500 psi, and found that there was no deviation

in this rate due to changes in volume of the initial liquid charge.

This shows that the decomposition does not proceed in the liquid

phase, for if it did, the rate of pressure rise would be a function

of the liquid volume. But let us note that when the amount of liquid

intorduced into the cylindrical bomb is varied the area of the liquid-

vapor interface remains constant so that a reaction whose rate is

controlled by a vaporization step would iso behave in the manner

observed by Thomas.

Now, let us proceed to consider an isothermal constant

pressure experiment on hydrazine decomposition. Such an experiment

was performed by Lucien (17).

Lucien (17) studied the isothermal, constant pressure de-

composition of hydrazine andof hydrazine-ammonia mixtures. His ap-

paratus consisted of a J tube immersed in a constant temperature

bath. The bottom of the J was filled with mercury. The upper part

of the short leg was the reaction chamber and in the long leg a

"constant nitrogen pressure was maintained above the mercury column.

Lucien used J tubes of very small diameters (his I.D.'s

were 3.00, 5.00, 5.56 and 7.00 mm.) Also, he allowed longer time

for thermal equilibrium to be established than did Thomas. Generally,

1 -- A
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his reaction times were in tens of minutes for a vessel of larger

diameter. Consequently, the uniform temperature assumption in Lucien's

(17) experiment is likely to be much better than in the constant volume

bomb experiment performed by Thomas.

In the Lucien (17) experiment, liquid reactant was intro-

duced above the mercury in the short leg of the J. As reaction pro-

ceeded, a vapor space was formed above the liquid. The progress of

reaction was then measured by observing the change in height of the

mercury column. According to Lucien, the initial gas space is formed

by the vaporization of hydrazine and ammonia. Lucien (17) found that,

after an initial changing part, the total reaction rate remained

constant with time. With the progress of time, the vapor space above

the liquid increased. Lucien assumed that the partial pressure of

hydrazine in the gas phase was equal to its vapor pressure. At

constant temperature and constant partial pressure of reactant the

rate of change of volume per unit volume should be constant. Con-

sequently, the total observed rate should increase as the volume of

the gas space increased. Since such an increase was not observed,

it is reasonable to conclude that the rate determining step of the

reaction does not take place in the gas phase.

But Lucien went further to say that the reaction must take

place in the liquid phase. Let us note that this conclusion is con-

tradicted by the experiment of Thomas (16) who found that the reaction
could not take place in the liquid phase. Also, another experimental

observation by Lucien (17) serves to contradict his conclusion about

liquid phase reaction. Lucien found that the rate of decomposition

was inversely related to pressure, and increased very rapidly as the

difference between the confining pressure, and the vapor pressure of

hydrazine decreased.

If we have a reaction like:

N H24 . NH (gas) + H2(g) + N2(g) + heat

only the backward reaction will be pressure dependent. However, at

the temperatures and pressures of the experiment, the free energy

change of decomposition of hydrazine is quite large, and therefore,

the equilibrium of the above reaction is strongly to the right.

We must conclude that under the conditions in Lucien's

-777 7
Z 1



-39-

experiment, the net rate of hydrazine decomposition will be almost equal

to the forward rate of the above reaction. But, at least for moderate

A pressure differences, liquid phase reactions do not depend on pressure.

Thus, the pressure dependence observed certainly cannot be due to a

liquid phase reaction.

Suppose that the reaction takes place in the vapor phase,

but that the slowest step is evaporation. The evaporation rate will

(as found) depend inversely on the difference between the confining

F pressure and the vapor pressure of hydrazine.

Note that Lucien's vaporization takes place at a temperature

above the normal boiling temperature of hydrazine. Under these

conditions it is not unlikely that one gets a reaction of the kind:

N2 H4 (liq.) -- MN (gas)

The activation energy for such a reaction would be

E + E
total evap. bond rupture

As shown by Penner (58) vaporization may be treated as a

rate process. The heat of vaporization of hydrazine is 9.6 kcal/mole.

Szwarc (13) reports that the energy of the N-N bond in hydrazine is

60 kcal/mole. E total would then be 69.6 kcal/mole which is

remarkably close to a value of 72 kcal/mole found by Lucien (17).

Another feature about the proposed reaction step is that

it would exhibit the kind of pressure dependence observed by Lucien.

Consider the vaporization process in the following manner.

If there is vaporization into a vacuum, then

N 2 2 H4 (liq.) --- N2 H4  (gas) p- 2 2NH2  (gas) (1)

If, on the other hand, there is a gas above the liquid, one

may also get the reaction

N2 H4  (liq.) P, N2H* (gas)

N2H4 (g) + x - N2H4 (g) + x* (2)

X*-+dissipation X

F2 .Reaction (1) would lead to decomposition, whereas reaction (2) would

lead to ordinary vaporization of hydrazine.

An increase in the liquid temperature would lead to an

__ increase in both reactions (1) and (2), whereas an increase in confining
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pressure would lead only to an increase of the fraction of vaporization

proceeding by reaction (2) and thus decrease the production of free

radicals. On the other hawl, a decrease in confining pressure would

decrease the fraction of ree-tion proceeding by mechanism (2). Thus,

a decrease in the confining pressure wouid increase the rate of produc-

tion of free radicals, and thus the rate of hydrazine decomposition.

it follows from the above that the less the confining pres-

sure and the greater the vapor pressure, the more rapid the react 4 on.

This is exactly the behavior observed by Lucien (17).

F. Isothermal Flow Reactors

The isothermal flow reactor is similar to the isothermal

bomb, in that in both an attempt is made to maintain constant temperature

throughout the fluid in the reactor.

The laminar isothermal reactor has the same problem with re-

spect to radial temperature uniformity as does the isothermal bomb.

Furthermore, Batten (19) found that over a range of experimental conditions

in a conventional laboratory flow reactor, the bulk of the gas streams

through the tubular reactor without diffusing laterally to any appre-

ciable extent. This condition results in a decidedly shorter reaction

time for reactant passing along the center of the tube, than for ma-

terial flowing near the periphery. Batten (19) goes on to say that

an effect of this kind can vitiate completely calculations of contact

time based on an assumption of plug flow.

Despite such difficulties, a discussion of kinetics studies

using such flow reactors appears worthwhile.

Szwarc (13) decomposed hydrazine in a toluene carrier gas in

a silica flow reactor which he assumed to be isothermal.

The purpose of the toluene carrier gas was to remove NH2

radicals as soon as they were formed, by the rapid reaction

Q -H + NH2 + NH3

followed by

CH2

DIBENZYL
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The products leaving the flow reactor were analyzed.

Kuowledge of the composition of reactants and products, and

of the time spent in the reactor, made it possible to calculate the

rate of the reaction.

N2 H4 2NH 2

A value for the activation energy of the reaction was deduced from

a series of experiments run at different reactor temperatures.

Swarc concluded that the above reaction is a homogeneous,

unimolecular gas reaction, the rate constant being

k. 4 * 0 12 exp [-60 000 -1
e RTx] sec

In Szwarc's experiment, some hydrazint did decompose to yield ammonia,

nitrogen and hydrogL.I. Szwarc (13) found that packing of the reaction

vessel, which increased the surface area about 2½ times caused a rough-

ly proportional increase in the hydrazine decomposition reaction. From

this he concluded that in his reactor, the overall reaction is'essentially

a surface reaction.

Szwarc found that toluene is an effective scavenger for NH2

radicals. Therefore, the amount cf hydrazine decpmposed into NH2 rad-

icals must be directly related to the amount of dibenzyl formed. Since

the amount of dibenzyl formed was independent of the surface area,

Szwarc concluded that N-N found bond rupture is a homogeneous, gas phase

reaction.

Gilbert (20) considered Szwarc's reactor to be composed of an

entrance region or volume of no reaction, followed by a practically

isothermal reacting region. Gilbert proceded to analyze the behavior

of first and second order reactions in such a non-isothermal reactor.

From his analysis, Gilbert concluded that Szwarc's data favor a second

order formation of NH2 radicals, rather than a first order formation.

For a second order reaction, i.e.

X + N2H4 ) 2NH2 + X

Gilbert (20) calculated the rate constant to be approximately.

19 -60 000
k - 10 exp [ RT I cc/mole-sec.

Cordes (18) used what was essentially an isothermal flow re-

actor to study the rate of decomposition of UDMH. Cordes passed helium
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gas, free of oxygen, through a saturator containing the 1,1 dimethyl-

hydrazine. The saturator was immersed in a constant temperature batb

to ensure a constant rate of evaporation. The saturated stream was

mixed with a stream of pure helium, so that the concentration entering

the reactor could be varied. The reactor was a standard pyrex flow re-

actor of the isothermal type. The temperature of the reactor was con-

trolled manually with a pair of heater coils. Cordes measured the

temperature profile along the reactor, and found it to vary by about 5

degrees K. The residence time in the reactor was found by dividing the

internal volume of the reactor by the flow rate. The negative logarithm

of the fraction of unreacted material was then divided by the residence

time to give an empirical first order rate constant.

The products leaving the reactor were analyzed. A mass

spectral analysis showed the presence of methane, ethane and propane

in the ratios 1/0.14/0.002. An infra-red study showed the presence

of ammonia and dimethylamine. Methylene methylamine was also found.

However, the main products were methane and nitrogen with smaller

amounts of hydrogen. Cordes found the ratio of nitrogen to methane to

be 0.59 + 0.07. Raleigh (57) mentioned that, based on chromatographic

analysis, Aerojet had found the following decomposition products (mole

per mole of UDME):

H2  0.38

N2 0.67

CH4  1.40

C 2H6  0.09

HCN 0.43

NH3  0.23

N2 / CH4  0.48

C H6 / C 4 - 0.0641

What is especially interesting about the Aerojet work is that they

found large quantities of HCN. Cordes (18) had concluded that HCN was

not among the decomposition products, since a chemical test for cyanide

had given a negative result.

Cordes (18) calculated the following first order rate constant

V.
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k = 10 exp sec

S-7.83 + 0.21

E 28.68 + 0.68 kcal/mole°K

The limits of error are one standard diviation.

Cordes packed his reactor with pyrex rods. The packed re- 1
"-l

actor had a surface/volume ratio of 5.37 cm as compared to 1.43 cm

for the unpacked reactor. The data for the packed reactor gave the fol-

lowing results:

9- 7.45 + 2.6

E = 28.4 + 8.1 kcal/mole

where the errors listed are the combined contributions of the standard

deviations at the individual temperatures.

Cordes concluded that UDMH decomposition takes place in the

gas phase.

It has been found that the two main objections to the classic

isothermal flow reactors is a non-uniform radial temperature and improper

mixing at the entrance section. An improvement in uniformity could be

achieved if the mixing and heat transfer properties of the fluid in the

reactor could be improved. One way to do this is by going to a highly

turbulent stream. Furthermore, conditions at the entrance can be markedly

improved if the abrupt entrance section of the classic "pyroc reactor"

is replaced by a gently diverging conical section. Furthermore, the
heat transfer problem could be eliminated altogether if the reactor were

made adiabatic rather than isothermal. These ideas were followed in

the development of the Princeton adiabatic flow reactor.

G. Surface Reactions

Generally surface reactions have a much lower activation

energy than do homogeneous reactions. As a consequence of this, re-

action is often more rapid at the surface than in the 6as phase. The

high speed of many surface reactions is probably due to adsorption at

the surface, which is a low activation energy process, followed by a

shift.of the electron cloud of the reacting molecule which weakens the

bonds between its atoms, thus facilitating dissociation of the reactant

molecule, or attack by another molecule.

___ •Of course, not all surfaces are equally active, and it is

worthwhile to look at a few of the factors which play a role in the

- - - -------- - 7
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3 activity of surfaces as catalysts.

In the following, two types of surfaces will. be considered,

namely metals and silica. Metals will be treated first.

3 Eberstein and Glassman (58) correlated the empirical obser-

vations made on metal catalysis of hydrazine decomposition by Wolfe

(59), and suggested a mechanism by which metal surfaces may enhance

hydrazine decomposition. Part of this development will be reproduced

in what follows.
Recall the electronic and molecular structure of hydrazine

discussed earlier. It was found that each of the ty'o nitrogen atoms

in hydrazine has four electron clouds which are qualitatively similar.

Of these, only three form regular bonds. The electron pair not taken

up in regular bond formation may form association bonds. Such associ-

ation bonds may be either with the hydrogen atoms of other hydrazine

molecules, or with atoms of a different substance, such as a metal.

Association of hydrazine molecules with each other to form double

molecules has been reported by Fresenius and Karweil (27).

With the above discussion in mind, look at some elements

whose catalytic activity toward hydrazine is known from experimental
evidence.

Wolfe (59) gives the following metals as those enhancing

the decomposition of hydrazine: Copper, chromium, managanese, nickel,

iron. Metals which do not enhance decomposition are: Cadmium, zinc,

magnesium, aluminum.

A look at the electronic structures of these substances

shows that the non-catalysts either have completely empty d-subshells,

or completely filled ones, whereas the catalysts have incompletely

filled d-subshells. A comparison of the last two subshel1% of both

catalysts and non-catalysts is shown below

Last Two SubthelIs

Non Catalysts Catalysts
Zn ( 3d)10 (4 )2 Cr ( 3d5 (4s)

10 2 6 2
SCd ( 4 d)I0 (5s) 2 Mn ( 3 d)5 (4s)2

Mg (2 (3 Fe ( 3d) (4)2

Al (3)2 (3)1 Ni (3)6 (42

9 1Pt ( 5 d) (6s)

Cu (3 (4)
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It is known that d-orbitals, if they are not completely oc-

cupied by unshared electron pairs, play an important part in bond for-

mation (60), and it is generally believed that with metals the elec-

tronic configuration, in particular of the d-band, is an index of catalytic

activity (61). In this theory it is believed that in the "adsorption"

of the gas on the metal surface, electrons are donated by the gas to the

d-band of the metal, thus filling up the fractional deficiencies or

holes in the d-band (62).

In hydrazine decomposition, adsorption is followed by further

surface reactions which probably involve the formation and interaction

of free radicals.

The following initiation reaction is proposed:

H H
I H

H -N + -H -N-- M - HI,+1 --- 2 N -*2NH + 2M
H -N H -N--.PM '

1 M

H H

Because the N-N bond is weakened in the adsorption process, the activa-

tion energy for such a reaction would be much lower than the 60 kcal/mole

measured by Szwarc (13) for the homogeneous gas phase ir.tiation.

For inhibition of surface adsorption and reaction on metals

:he effectiveness of atoms or molecules as catalyst poisons will de-

pend on their size, and the strength of bonding to the catalyst, and

will therefore depend on geometric and electronic considerations (62).

Molecules containing elements from the periodic table headed by sulphur

and phosphorus were found to act as catalyst poisons, if the potentially

poisonous substance had free electron pairs, e.g.

o H
*H .O: 5:0 H:P:N

(62).

Following the above line of reasoning, a probable poison for

heterogeneous hydrazine decomposition would be anmmonia:

WH

-- H
St--
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A-,,,other probable poison is aniline

H

The large size of the aniline molecule can make this sub-

stance especially effective, since relatively few aniline molecules

could thus deactivate a large area of catalyst surface.

In his work with hydrazine, Szwarc (13) concluded that heter-

ogeneous hydrazine decomposition on a silica surface does not involve

free radicals. Szwarc reached this important conclusion from the fol-

lowing observation. Though an increase in surface area of silica did

increase the overall rate of decomposition of hydrazine, the rate of

formation of dibcnzyl was unaffected. Insofar as practically all NHi2 ,

and presumably other, radicals react with the tcluene carrier to pro-

duce dibenzyl, the above observation implies thatno free radicals are

produced on the silica surface.

For heterogeneous decomposition of hydrazine on a silica

surface, Szwarc (13) proposes the reactions

and 3N 2H4  • N2  + 4NH3

2N2 H4 - N2  + N2 + 2hY-I 3

and surface mechanisms
Ii

NtN 4AN H
/\

Ll KI 1

"-.. N -N .:

and" H
\ t

%

'Al

~~and H

'I

.*N f-I
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Kant and McMahon (63) studied the t-erma1 decomposition of

hydrazine in a pyrex reaction vessel at total pressures of 0Imm - 12mm

of mercury and at temperatures between 270C and 330C. Half-times of

decomposition were 4 to 12 minutes. Under the above conditions, sur-

face decomposition of hydrazine is likely to predominate over gas-

pbase decomposition. The authors concluded that a free radical mechanism

was inconsistent with their experimental results. This supports Szwarc's

(13) assertion that the decomposition of hydrazine on a silica surface

does not proceed by a free radical mechanism.

In view of the above, it must be assumed that NH - H and

H - H bonds are formed no later than the breakage of the N - H and

N - N bonds shown in Szwarc's mechanism. It is, however, not likely

that some bonds break, and others form at the same instant. It is

much probable that weak association bonds between hydrazine molecules

form first, and that the formation of association bonds is followed by

rupture of the bonds of the hydrazine molecule. If the above argument is ac-

cepted, then the absence of free radicals in hydrazine decomposition on

a silica surface points to the conclusion that the first step in the

heterogeneous decomposition on silica involves the association of hy-

drazine molecules on the surface.

Green et al (64) suggest that silica could chemisorb hydro-

gen atoms by means of a loose bond which might be a three-electron

one:

-SL
SIor

It may well be that hydrazine molecules associate with atoms

of the silica surface and with each other in a way like that shown be-

low aq

Se o * /I \ "

---N--N

S•_ • o .

"N N•

l s I Il Il I IIIo [
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In cases where surface reactions are undesirable, it may be

possible to inhibit them, by treating the surface with a substance that

associates more readily with the surface then do the reactants.

Thus Baldwin et al, (65), (66), have studied reactions of

hydrogen-oxygen, and of hydrogen peroxide in boric acid coated vessels.

Though the boric acid does not completely inactivate the surface,

Baldwin et al do claim a significant inhibition effect of boric acid

on the surface reaction. These findings are in agreement with data

of Green et al (64) who in their studies of hydrogen atom recombination

on silica found that washing the surface with acid lowers its activity.

Boric acid cannot be used with hydrazine, since the two

would probably react with each other. However, it is conceivable

that substances like hydrogen of aumonia might inhibit the surface

without appreciably affecting the gas phase reaction.

Since it is likely that hydrazine decomposition on silica

involves association of hydrazine molecules on the surface, this re-

action may be inhibited by compounds tending to prevent such associa-

tion. It is conceivable that some hydrocarbons may serve this purpose

by hydrogen bonding with the N atoms in hydrazine. In connection

with this, it should be noted that the energy of the C-H'''N hydrogen

bond is 3.28 kcal/mole as compared with only 1.3 kcal/mole for the

N-H***N hydrogen bond (67). Some inhibitors, such as butane, hexane,

and heptane (68) may work by the above mechanism. However, it is also

possible that hydrocarbons inhibit gas phase decomposition.

H. The Princeton Adiabatic Flow Reactor

It was seen that rate data for hydrazine are available in

the fast rate regime of shock tubes and laminar flames, and in the

slow rate regime of isothermal bombs. It would be desirable to ob-

tain rate data in an intermediate regime, since knowledge of rate data

over as great a temperature span as possible is needed to really draw

conclusions about reaction mechanisms. The Princeton adiabatic flow

reactor can be used to obtain rate data in the intermediate rate regime.

Also, this reactor is such that there is essentially no back diffusion

of heat or active species. Thus, results obtained in the adiabatic

flow reactor can be compared with laminar flame results to determine

whether a flame of a particular substance is best described by the

thermal or active particle theory of flame propagation.
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Since no radial heat transfer is desired, radial variations

in temperature may be eliminated. If the reactor is operated in the

regime of turbulent flow, then radial velocity profiles will also be

quite flat. Finally, the entrance section can be made to consist of

a gently diverging nozzle, thus eliminating the non-uniform flow prob-

lems which were found to plague isothermal reactors.

It may be argued that turbulent flow introduces problems

of its own. However, it will be shown that turbulence doesnot

significantly affect the chemical kinetics measuremeuts in the reactor.

The adiabatic flow reactor is operated as follows:

A cool stream of reactant is introduced into and mixed

rapidly with a heated inert gas. By properly adjusting the velocity

of the carrier gas, reaction may be made to commence doumstream of

the injection point, and go to completion in the length of the reactor.

Only small quantities of reactant are introduced compared with the mass

flow of carrier gas. Consequently, the change in total concentration

of reactant is small, and the increase in temperature due to the ex-

othermic reaction is also small. Since the zone in which reaction takes

place can be made quite long, gradients in temperature and concentra-

tion are very slight. Consequently, heat transfer to the unreacted gas,

and back-diffusion of active species are negligible.

The rate data are obtained by measuring longitudinal temper-

ature profiles. Such profiles are shown in Figures 4 and 5.

Ideally, each element of fluid is adiabatic and microscopic-

ally homogeneous. Thus, the temperature rise is proportional to the

amount of reactant consumed, i.e.

T - T. = _Q_ (X - Xi)

where X is mole fraction of reactant.

Similarly
i~ ~ Tf z=__ x-F)

C (X

S3P
but the reaction goes to completion, and XF 0. Thus

X = (T -T)

and F
C

dx P dT
dt Q dt

£ " I I I I i I I I II i l! ' lI 1I | - -
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For a first order reaction

" 1 dx 1 dT
X dt TF T dt

Taking account of the relationship between the mole fraction and the

concentration, Crocco, Glassman and Smith (69) developed the following

expression for a first order reaction

k = 1 dC (TflT) 1 dIT
C dt TF-T dt

The discussion pertaining to the Princeton adiabatic flow re-

actor consists of three parts. First, the effect of turbulence on the

chemical rate measurements is considered. Then a description of the

experimental apparatus and procedure is presented. This presentation

is followed by a discussion of how the experimental data were analysed.

I

a
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CHAPTER III.

THE EFFECT OF TURBULENCE ON CHEMICAL KINETICS MEASUREMENTS IN THE

ADIABATIC FLOW REACTOR

Ways in which turbulence can affect measurements in the flow

reactor fall into three categories:
(1) Enhancement of longitudinal heat and mass transfer to a

point where the "adiabatic element" assumption no Longer holds.

(2) Temperature fluctuations of such high frequency that

the steady-state kinetics assumption does not apply.

(3) The rate at the mean value of the fluctuating temperature,

which is measured, might be significantly different: from the mean of

the fluctuating rate.

To study the importance of longitudinal heat transfer, a

one-dimensional differential element of the flow reactor is treated

as one in which heat diffusion, convective and reactive terms are in

evidence in much the same way as the thermal theory of flame propagation

was treated by Zeldovich-Frank-Kamenetski-Semenov e>cept that the

thermal conductivity is replaced by an eddy conductivity. The resulting

expression which is obtained is

dQ = ýj C d T + A d2 T

dx p dx dx2

where

Q is the rate of energy release per unit time

m is the mass flow rate

A is the crossectional area of the reactor tube

x is the axial direction of flow

5 is the turbulent eddy conductivity

For E-0-0 there is no heat transfer, and the element

is in an adiabatic state. Then, the temperature gradient is an adiabatic
4

temperature gradient, and one may write

dx p \dx/ ad

I
II
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The overall equation then becomes

d' dT + .A _ dx2dT'c ad =dx + I P x

or

L~T~a dT " )
Sad dx

where

Aii estimate of the eddy conductivity in the three inch flow

reactor was made from the expression

F6 0.8 1/3- = N = 0.023 Re Prk

For an actual experimental run, the following values were calculated:

Nu = 86.5

E 0.0133 cal/cm sec degC
rfic
-- ' 14.6 cm "1£A

SF = 2.1 deg C/cm

d T 0.15 deg C/cm/cm

dx2

S- 0.5%

An experiment with a very steep axial temperature gradient

was chosen in order to obtain a conservative estimate of I Thus

it is seen that the Princeton adiabatic flow reactor is not troubled

with longitudinal heat transfer problems.

Since temperature and concentration gradients in the reactor

are proportional to each other, an argument similar to that made for

the importance of longitudinal heat transfer may be used to show that

longitudinal mass transfer is not important.

The interaction between chemical relaxation and turbulent

fluctuations is more difficult to determine. It has been treated by

Predvolltev (70) and Corrsin (71).
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Predvolitev (70) assumes that the rate of the chemical process

is a single valued and explicit function of the components of the

fluctuating velocity of the turbulent stream. He concludes by stating

that the problem of evaluating a measurable rate of a chemical reaction

under turbulent conditions resolves itself into determining the cor-
J c whe e 7 r

relation coefficient of the turbulent stream and the where

is the reaction rate corresponding to given values of the r and 1,

components of the fluctuating velocity of the stream. It seems that

Predvolitev merely suggests an avenue of approach to the study of the

interaction of turbulence and chemical reaction rate without really

offering a solution to the problem.

Corrsin (71) describes the nature of turbulence, and especially

isotropic turbulent mixing as "the problem of predicting the statistical

properties of an isotropic scalar fluctuation field which is randomly

convected (= "stirred") by isotropic turbulence while simultaneously

being smeared out by molecular diffusion."

According to Hinze (72) turbulent motion "can be assumed to

consist of the superposition of eddies of various sizes and vorticities

with distinguishable upper and lower limits. The upper size limit of

the eddies is determined mainly by the size of the apparatus, whereas

the lower limit is determined by viscosity effects and decreases with

increasing velocity of the average flow, other conditions remaining

the same. Within these smallest eddies the flow is no longer turbulent,

but viscous, and molecular effects are dominant." Batchelor (73)

states that the energy of turbulent motion dies away effectively to

zero long before length scales comparable with the mean free path are

reached. It seems reasonable to assume that the only ways in which

the chemical kinetics within these smallest eddies can be affected are

by turbulent pressure fluctuations in the fluid and by molecular dif-

fusion of species into or out of the tiny eddy. If the "mean free

path" of the eddy is sufficiently small so that the cddy does not

travel into regimes whose concentration and temperature are drastically

different, then the eddy will not encounter steep gradients, and the

rate of change of conditions in the eddy due to diffusion effects will

be slow. For flow in a circular pipe, an eddy "mean free path" is

likely to be less than the pipe diameter, and for Reynold's numbers in

L
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the experiment (i.e., Re 10,000)

.Ze• 0.2 D (74)

for D = 3", $ 0.6"

The reaction in the reactor is spread over approximately 30." Thus

an eddy encounters approximately a 2% change in concentration, and

approximately a two degree difference in temperature. It seems safe

to say that gradients are sufficiently shallow so that diffusion will

not cause any rapid fluctuations of temperature or concentration within

an eddy. As regards pressure fluctuations, and temperature fluctuations

due to compressibility, Wight (75) has shown that these do not sig-

nificantly affect the chemical kinetics.

Laurence (76) studied intensity, scale, and spectra of

turbulence in the mixing region of a free subsonic jet. At a Reynold's

number as high as 300,000, Laurence (76) found a sharp drop in spectral

density of the turbulence as the frequency increased above 1000 cps.

This results in a characteristic time of approximately 1 millisec. If

one assumes that the characteristic frequency of oscillation is inversely

proportional to the viscous damping, i.e., directly proportional to

Reynold's number, a characteristic time of 30 millisec is obtained for

Re = 10,000.

Taking

• ~0.03 (74)

,- ~ 0.2D

n characteristic time of 20 milliseconds is obtained. At 10000 K,

the time required to reach a kinetic steady state is somewhat less than

0.1 millisec. The time required for the free radical system to adjust

to a temperature change of a few degrees is likely to be less.

Thus it seems safe to assume that steady state kinetics do

prevail in the flow reactor.

The temperature probe measures an average temperature of the

turbulent eddies which flow past it. Now, is the reaction rate deduced

from this average temperature the same as the average rate? The

fluctuating temperature which the probe sees maj be represented as

follows:

+ , 1.
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where

-

Tm= f T(t) At

By definition, the mean temperature is a constant independent

of time. Thus one may write

.Jrra) t
T 

ET

It follows that:

at 0
The overall rate constant k may be written in terms of an Arrhenius

expression

k (T) A ,•p
M(7) A ex [-xp

~(~eA? [R

4-~ ~ ýU4A- tLI + a'-l (t) ='lo.:)

for small an

For small a I+a .
n

f . and k(T,?T T__k r)

SI*x +"#x'+ "+....

": ' = 0 ~,f "-<)

I: .! •

I___ ___ ____ ____ __ ____ ____ ____ ___
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Thus o-
0 k- 1 2

if higher order terms are neglected.

For the case where f(t) - Sint

and

Now, assume the temperature fluctuation to be 107. of the total

temperature spread.

Typical operating values are

spread = 100 deg K

T - 800 deg K
-1

K(T) 100 sec

E = 30 kcal/mole

Under these conditions

E = 18.9; n =
RT 80

n.E = 18.9 2.36 x1 1

RT 80

n E = 5.56 x 10-2
RT

S= 2.78 x 10-2 2.8%

for X = 0.236
X

e = 1.266

i + X + X = 1.259
2

If all the integrals

which results in the maximum possible deviation,

= 2.787 A1.266, = 2.87.
9max'T259

It follows that under normal operating conditions of the
Syf
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flow reactor, differences between mean rate and rate at mean temperature

are small and may be neglected.

It might be noted that if & T is only 2 deg as was estimated

from an approximate "eddy mean free path," then ; becomes as little

as 0.2%.

For a first order reaction, there is no effect if the con-
th

centration is oscillated. For an n order reaction, the following

analysis applies

R=Cn

where R is the rate divided by the Arrhenius expression.

Taking

C = (l + b g(c))

where
-I

and

0

0d

R(C) •< n

if b is as large as 10%, y is still only 1% and for the

n

oscillations is also negligible.

if density variations are neglected for the moment, a heat

balance for a fluid element shows the following

c -C- (T-T)
p

where

c is concentration

T is temperature

is chemical heat release

_Zi

a77777
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C is heat capacity of the carrier gas
P

Differentiating the above expression yi.elds:

-J 0 A
j _ Cp

Since the reaction goes to completion, CF = 0 and

C (Tf - T)
p

1 d6 1 dT
C dt T, - T dt

for a first order reaction.

In the preceding it was shown that there is no significant

smearing out of the temperature profile by longitudinal heat trangfer.

This means that the quantity deduced from the experimental data really

is

1 dC
z dt

It was further shown that steady state kinetics apply. Thus it

seems reasonable that the overall reaction can be approximated by an

Arrhenius expression

1 (T) = A exp [-E

C dt

for a first order reaction.

Finally, it was shown that the rate at the mean tempermture

seen by the thermocouple is the same as the mean rate in the turbulent

field seen by the probe. Thus the measured temperature is appropriate

for use in the Arrhenius expression.

It may be concluded that the turbulence level in the reactor

is such that the chemical kinetics measurements are not affecting by

the existing turbulence.

In what follows, a description of the experimental apparatus

will be presented.

!5
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CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

The flow reactor used in the experiments is a modified version

of that used by Crocco, Glassman, and Smith (69) for the study of ethylene

oxide decomposition, and by Swigart (77) in his study of the hydrogen-

oxygen reaction.

A hot carrier gas flows through a quartz duct whose walls are

heated electrically to the cdrrier gas temperature to prevent heat loss

to the ambient air. The reactor consists of a cylindrical section, the

inside diameter of which may be varied in one inch steps between I inch

and 4 inches, and a conical section. The wide part of the cone is joined

with the main cylindrical section, whereas the narrow part is joined with

another conical section to form a nozzle. At the throat of this nozzle,

small quantities of gas phase reactant are injected perpendicularly to

the main stream. Since the gas velocities in the nozzle are quite high,

rapid mixing results. The mixing is followed by chemical reaction. When

a steady state has been reached in ti e reactor, the longitudinal temperature

profile is measured.

The discussion of the apparatus will be presented in five sections.

First, time at which reaction starts, mixing, and turbulence effects will

be treated. Then, the flow reactor and its carrier gas supply will be

discussed in detail. The temperature measurement technique will be pre-

sented. This will be follov:ed by a discussion of the gaseous fuel injection

assembly and the fuel vaporization system.

A. Start of Reaction, Mixing, and Turbulence Effects

This problem may be considered to have three aspects, namely,

decomposition in the fuel supply line, decomposition in the injectors,

and a reaction which is so rapid that it progresses significantly before

mixing with the carrier gas is complete. All of these aspects have been

investigated.

S - -- I



-60-

The problem of decomposition in the fuel supply line was

investigated for hydrazine-water mixtures containing up to 80% hydrazine

by weight. This study was conducted as follows: The fuel vapor supply

line was disconnected from the injection manifold, and instead was connected

to a water cooled pyrex condensing coil. The fuel vaporization system

was then operated in a manner identical to that employed in the kinetics

experiments. The condensate was analysed for hydrazine using the direct

iodine method (78). The behavior of hydrazine-water mixtures of various

strengths was studied. These mixtures ranged from 50% hydrazine to 80%

hydrazine. In all cases, analysis of the condensate showed hydrazine

content to be within 1% of that in the initial liquid. It should be

mentioned that, apart from the safety hazard, the above type experiments

are not likely to he very fruitful for studying anhydrous hydrazine

behavior. Since all the decomposition products of hydrazine are gaseous,

the concentration of hydrazine in the condensate would be independent of

the amount of hydrazine decomposed.

In a previous study, stainless steel injectors and a stainless

steel flow reactor had been employed. Under these conditions, hydrazine

reacted in the fuel injectors. This condition was obvious from the

following observations: The binder in the glass wool packiny around

the injectors smoked, indicating that the injectors got very hot, and

no temperature profiles characteristic of reaction could be obtained in

the flow reactor, and indicated that the hydrazine was consumed before

it could react in the flow reactor.

In the present all-•uartz system neither of these difficulties

was encountered. Therefore, the amount of decomposition in the fuel

injectors must have been negligibly small. If there was some decomposition

in the injectors, then the reactor temperature traces should Le sensitive

to the amount of diluent nitrogen mixed with the hydrazine vapor prior

to .njection. However, no effect was observed when the amount of diluent

Sas was varied.

From the above considerations it may be concluded that there is

no decomposition of reactant prior to injection into the hot carrier gas.
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A consideration of the processes taking place in the mixing region

shows the following ones to be ýmportant: local relaxation of temperature

between carrier gas and reactant, mixing downstream of the injection point

to produce uniform radial distributions of temperature and concentration,

and initial buildup of free radicals to "steady state" concentrations.

The slowest step in local temperature relaxation is vibrational

relaxation of the reactant molecule. However, this is likely to occur

within a few microseconds. From cold gas injection traces, the mixing

distance was estimated to be approximately 3 inches, which corresponds

to about 0.5 milliseconds under normal operating conditions. However,

computations on reaction mechanisms showed that the time necessary to

reach a chemical steady state is in the order of 0.1 milliseconds.

Thus the mixing region is a region of non-uniform chemical

reaction. Furthermore, the steady state free radical concentration

follows an Arrhenius type dependence on temperature. As a result,

the reaction rate immediately following the mixing rc ion will be

higher than that which would have been attained if mixing had been

instantaneous.

However, the very rapidit- of free radical reactions which

made it impossible for mixing to be completed before the commencement of

chemical reaction, becomes very valuable once mixing has been achieved.

Eince the chemical system very rapidly adjusts to a given temperature

and reactant concentration, the reaction rate in the radially uniform

region downstream of the mixing zone will be a function only of temperature

and concentration, and not of previous history.

The g= ,er•1 turbulence level in the reactor, and the effectiveness

of the mixing process are related to the carrier gas flow rate. If the

mixing process is very critical, or if turbulence effects have an important

influence on chemical reaction rates, then varying the carrier gas flow

rate should have an effect on the rate constants obtained. The results

of these experiments are shown in Figure 6. No effect of velocity

variation on rate constant is apparent. From analysis of the effect that

turbulence is likely to have on chemical reaction rate, given earlier, it

_ -_
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was indeed concluded that under conditions encountered in the flow reactor

the effect of turbulent fluctuation should be very small. This

experimental observation also agrees with the conclusion that the detailed

nature of the mixing process does not affect chemical reaction rates

measured downstream of the mixing region.

B. Flow Reactor and Carrier Gas System

A drawing of the chemical kinetic flow reactor is shown in

Figure 7, and a photograph of the apparatus is shown in Figure 8. Figure 9

shows the quartz reactor removed from the assembly.

As was already stated, the reactor consists of a cylindrical

section, the inside diameter of which may be varied in one inch steps

between I inch and 4 inches, and a conical section. The wide part of the

cone is joined with the main cylindrical section, whereas the narrow

part is joined with another conical section to form a nozzle. The

divergent section of the cone has a half-angle of 15 degrees, this being

the steepest angle for which there is no separation of the flow.

The quart.; reactor is surrounded by a metal sleeve which is

heated electrically to a mean reactor temperature so as to prevent heat

losses to the ambient air.

Ceramic beds are used tr .aeat the carrier gas. Before the

experiment is performed, these beds are heated by oil burners, bringing

the ceramic packing to 10000C or more. During the heating process, the

exhaust gases bypass the reactor. Since packed beds are treated

extensively in engineering literature no further discussion of them will

be given here. Note that a drawing of the packed beds used is shown in

Figure 7.

During the experiment, carrier gas ii passed through the two

beds in series. Upon leaving the second bed it is mixed with cold carrier

gas so that the temperature level may be properly adjusted. The temperature

of the carrier gas is maintained constant by a servo system which varies

the ratio of hot-to-cold gas. The total carrier gas flow is metered by a
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critical flow orifice, and the hot and cold gas valves are located down-

stream of this orifice, so that varying the ratio of cold to hot gas

does not change the total flow rate of carrier. Figure 10 shows a

schematic of the carrier flow system. Figure 11 shows a schematic of

the temperature control servo system, which is shown in a photograph in

Figure 12.

The nitrogen, which was used as a carrier gas was obtained

from a 2000 psi bank of compressed nitrogen which in turn was filled

from a liquid nitrogen storage tank.

Photographs of the control panels for the apparatus are shown

in Figures 13 and 14.

C. Temperature Measurement

Longitudinal temperature profiles in the duct were measured

with a silica coated Pt/Pt - 137 Rh thermocouple. The output from the

tuarmocouple vas fed to a circuit of the type shown in Figure 15. The

change in temperature during a run was small compared to the mean

temperature of the run. Thus, maximum accuracy can be obtained if a full

scale deflection of the measuring instrument is made to correspond to the

change of temperature during a run. This was done by placing a bucking

potentiometer in the thermocouple circuit. As a result, a signal

corresponding to a differential temperature was fed to the Leeds and

Northrup variable range, variable zero Speedomax recording potentiometer

shown in Figure 16.

Prior to a set of experimental runs, a series of runs without

reactant was made to determine the carrier gas temperature at which

heat exchange with the reactor walls is minimized. The experimental

runs were then conducted at temperatures close to this minimum heat

transfer temperature. After a series of runs, traces without reactant

were again made. It was observed that initially there is a slight

temperature profile of smaller extent, but same shape as that observed

during reaction. From this observation it was concluded that the tube

wall tends to assume the temperature of the gas.

J4



-64-

The temperature probe drive assembly is shown in Figure 17.

The probe is held by a trolley which rides on the T-bar. This trolley

is pulled by a cable wound around a drum, as shown in the figure. The

microswitch which rides on the cam is connected to a marker pen on the

speedomax. This provides a record of the motion of the probe on the

same paper )': which the temperature t.:ace is taken. The second

microswitch shown stops the drive motor when the probe is in the fully
in position. A similar switch is provided for the fully out position.

The probe travels a total distance of 38.1 inches in 62.5 seconds.

The thermocouple is made of 0.0015 inch Platium and Pt/13% Rh

wires. Since platium surfaces are highly catalytic to the rate of

chemical reactions, the thermocouple probe was coated with silica. The

tip of the probe was place in a propane-air flame into which small

quantities of hexamethyldisiloxane had been introduced. Part of the

propane stream was bubbled through the silicone at room temperature,

and then recombined with the main flow, which was then passed through

a Meker burner. A thin, glassy coating of silica was obtained in a

few minutes. A photograph of the probe coating apparatus and a

S.... ...... pro U E is .1.0n in "ligure 18. M 6 r-111U LecLhician can

learn to make these probes in a few days.

Two problems now arise. Does the experimenter k.;ow when the

silica coating breaks off or cracks, and does the coating significantly

slow down the response of the thermocouple. Hydrazine decomposition on

platinum is so rapid, ind involves so much heat that exposed platinum

wire is quickly melted, breaking the thermocouple. When the thermocouple

is broken, the recording pen simply goes off scale. Thus it is easy to

detect the breakage or flaking off of the silica coating.

Swigart (77) made a check on the response time of the

thermocouple. Passing air through the bed and injecting cold nitrogen

through the injector a tray rse was made through the mixing section.

Then, the probe was stopped at approximately ½ inch intervals through the

mixing section and steady state temperatures recorded. This was repeated

with a coated thermocouple. Swigart (77) found that all four resulting

* ________
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traces were identical within experimental error.

D. Gaseous Fuel Injection

Vapor phase reactant is injected perpendicular to the carrier

gas stream through four quartz tubes. The injector assembly is shown in

Figure 19. Cold nitrogen can also be injected through these injectors.

A schematic of the fuel vapor and dilueat nitrogen system is shown in

Figure 20. Both the flow rate of diluent nitrogen, and of fuel are

metered by non-critical orifices. Pipe taps are employed. The pressure

differences across the orifices were measured using mercury manometers.

It was found convenient to control the fuel flow indirectly.

The metering orifice was connected to the source of fuel vapor through

a pneumatic on-off valve. The pressure at the source was maintained

constant. In this case it is clear that the amount of fuel flow may

be regulated by regulating the pressure dow:nstream of the orifice.

This pressure depends upon the amount of diluent nitrogen flow, and may be

varied by varying the flow rate of the diluent nitrogen. It is true

that such an arrangement does result in a loss of flexibility, i.e. the

fuel flow rate cannot be varied independently of the diluent nitrogen flow

rate. However, previous experiments have shown that the amount of

diluent used has no measurable effect on the reaction rates of the substances

studied.

It is also possible to deduce reactant flow rates from the mass

flow rate of carrier gas, and the ratio of reactant flow to carrier flow.

This ratio, in turn, may be obtained from a thermodynamic calculation

based on the heat of reaction of propellant, the heat capacity of the

carrier gas, and the temperature rise of the gas in the flow reactor.

Because of the hazardous nature of the substances studied, the

e::periments were carried out remotely. Also, it was necessary to use all

Teflon lines for the vapor, since even materials which are classed as
'compatible' with hydrazine corroded and then became catalytic to

hydrazine decomposition. 304 stainless steel is an example of such



-66-

behavior. When a 304 stainless steel vapor line, in which a hydrazine

explosion had occurred, was examined, the color of the inside surface

was green and dark gray, indicating compounds of nickel and chromium,

both of which are catalysts for hydrazine decomposition.

The substances which have been investigated, namely hydrazine,

UDMH, and monomethyl-hydrazine are liquids at room temperature and

pressure. Thus some means must be employed to prevent condensation in

the vapor lines. This was accomplished by placing an annular line around

the vapor line, and flowing hot oil through the jacket.

Because of the hazardous nature of the hydrazine family

monopropellants, great care was taken to purge the vapor lines with

nitrogen before, and after, a series of experiments.

E. Vaporization of Propellants

Since the substances studied are liquids at room temperature,

whereas vapor is desired, it is necessary to provide a means for vaporizing

the propellants. All three monopropellants are hazardous to handle.

As is well known, hydrazine vapor is expecially explosive. Thus, a

rather elaborate system for converting the liquids into gases was needed.

A schematic of this system is shown on Figure 21. Approximately 100 psi

of nitrogen is applied to the propellant in the liquid tank. This

pressure forces the liquid propellant through 3 spray nozzles which impinge

on the walls of an evaporator which, in turn, is immersed in a hot oil

bath. A picture of the evaporator is shown in Figure 22. The evaporator

is coated with Teflon on che inside, and all vapor lines are made of

Teflon because of the extreme sensitivity of hydrazine vapor to catalysis

by metal surfaces. A photo of the evaporator assembly is shown in Figure 23.

Note the protective shield around the evaporato: assembly. This shield

was necessary to protect the remaining apparatus, and possibly personnel,

from damage caused by evaporator explosions.

The pressure in the evaporator is controlled by a back pressure

regulator placed in parallel with the main fuel vapor supply line. A
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neopreme diaphragm fits over a vapor line from the evaporator. This

diaphram is pressed over the vapor port by nitrogen pressure which can

be regulated to any desired value. If the gas in the evaportor exceeds

the regulator pressure, the excess gas is vented until the pressure again

returns to the desired value. This control is quite good and, except at

high fuel flow rates to the reactor when there is no excess fuel vapor

available, it is possible to maintain constant pressure in the evaporator.

The neoprene diaphragms must be replaced at regular intervals since

they are attacked and made spongy by t. hydrazine vapor.

The evaporator is also provided with a burst disc and with

pneumatic valves which can be used to vent it at any time. The vent gas

goes into a water aspirator.

The vaporization system is purged with nitrogen before, and

after, a series of runs.

The heat transfer fluid used was Pydraul F-9, manufactured by

Monsanto Chemical Company. This is a silicone-base, fire-resistant oil

with good heat transfer and vapor pressure characteristics. The oil is

heated in a separate vessel with electric heaters, and two gear-pumps

are used to circulate the heated oil past the evaporator. This oil is

also circulated through a jacked placed around the propellant vapor lines,

so as to prevent condensation of the vapor.

F. Product Gas Sampling

Chemical samples were taken near the exit of tile flow reactor

using a water-cooled probe. A drawing of the probe is shown on Figure 24,

and a photo of the sampling probe is shown in Figure 25. Samples were

drawn into 1 liter and 2 liter glass sampling bulbs which had previously

been flushed with argon and evacuated. The time required to fill a 2

liter sampling bulb is approximately 2 minutes. It should be noted tlat

at the point in the reactor where the sample is taken, all rapid reactions

have already occurred. Thus quenching is not as critical as it would

be if a sample were taken, say in the middle of the reaction zone. The

time required to cool the sample gas from 5000 C (773 0 K) to 2000 C was

F i mm ||i
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estimated to be 1.4 milliseconds. Time of reaction in the flow reactor was
30-60 milliseconds. Thus, the quenching capability of the sampling probe
is considered to be adequate.

Analysis for hydrogen, methane, and higher hydrocarbons was

performed on a Beckman GC-l Gas Chromatograph using primarily a Linde
Molecular Sieve column. Because of the small concentrations present,
it was not convenient to use chromatography to analyse for ammonia.

Rather, the more sensitive technique of infra-red absorption was used in
this case. A 10 cm single pass absorption cell was used. A photo of
the cell is shown in Figure 26. The infrared analysis was carried out
using a Perkin Elmer model 21 spectrophotometer.

r
. F
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Chapter V

ANALYSIS OF EXPERIMENTAL DATA

A formula for deducing rate constants from the temperature traces

obtained from the flow reactor was first developed by Crocco, Glassman,

and Smith (1) who obtained the following for a first order overall

reaction:

T 7-T ct

In this section the above formula will be derived and extended

to overall reaction orders other than unity.

This derivation will be followed by a discussion of methods

for determining the appropriate order of reaction. Then, a discussion

of the reproducibility of data will be presented, together with

consideration of the principal sources of error. Plots of experimental

data will then be shown, and a method for integrating out the "error

noise" will be discussed.

A. Derivation of Data Reduction Formulas

Consider a crossectional element of the flow reactor, as

shown below

V+JV Tt cT )L L-

I Ii
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where

V is velocity of the gas stream
Ci is concentration of the i th specie•

th

Xi is the mole fraction of the i specie

T is the temperature

A =total mole flow rate

C -- heat capacity of ith specie

Hi - chemical enthalpy of ith specie

hi M specific enthalpy of ith specie

In this analysis it is assumed that heat transfer with the

reactor walls is negligibly small. This assumption is not completely

valid, and failure to satisfy it accounts for much of the scatter of

data.

In what follows, the flow in the reactor is assumed to be

truly one-dimensional, and the pressure in the reactor is assumed to be

constant throughout the region of interest.

The validity of assuming one-dimensionality was checked

experimentally by measuring radial profiles of temperature and velocity.

Such profiles are shown in Figures 27 and 28, and are seen to be quite

flat, confirming the validity of the one-dimensionality assumption.

The validity of the constant pressure assumption may be

checked by treating the reaction in the duct as Raleigh heating. It

is found that AP/P is approximately 0.03% through the reaction zone,

and the pressure may safely be assumed to be constant.

It is further assumed that there is no longitudinal transport

of mass or heat. As was shown in the section an turbulence, the error

introduced by this assumption is less than 1%.

Within the validity of the assumptions made above, a crossectional

element of fluid is isobaric, adiabatic, and radially homogeneous. An

energy balance for such an element of fluid is shown below.

h 41
i~~ XtL
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The mole fraction of reactant rarely exceeds 2%. Thus, - : 2%

and, as a first approximation, it is possible to neglect dn. The above

equation then becomes

It is now possible to split h. into two terms, i.e. h. = H. + C
1 th 1 1 pi

(T - T ) where Hi contains the chemical enthalpy of the i specie. H. is

characteristic of the particular specie only, and is not a function of

T or x. Thus, dH. = o for conditions in the reactor, and:

S--Cp JT= J(T- ())JCJp C

Sx.Jl, = C, JT+ (T--T)J C,

where C is the mean heat capacity of Lo.e gas in the reactor.

Nuw, LuLIsider Litree species: reac.anc, product, and carrier,

having subscripts r, p, c respectively. Then

lI i xi =(rr A)cr

Since carrier is neither generated nor consumed dx = o. Also, dx = m dxc p r

where m is the stoichiometric index.

Thus

7__H (H 1d =

Similarly

uI Cp (T-T) JX (T-TO)(Cp -M CP)J~

= (T-)A CP r

- ___
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It. is seen that the quantity

is simply the heat released by decomposition of reactant at temperature T.

Thus, the above term may be re-written as - Q dx
r

The energy balance equation may now be written as follows:

QJXm = p JT* (T194 d -

,Q JT. + (-r-T T.E-

(C T TOC

The temperature change occurring in the reactor is generally

less than 100 deg K. For nitrogen at 900 deg. K, A C /C for a
p p

100 degree temperature change is approximately 2%. The concentrations

of reactants and produces are so small that the effect of variations in

their heat capacit.: is second order, and is likely to be less than the

effect of variations in the specific heat of the carrier gas.

Taking T to be 1000 deg. K and A/T = 100 deg. K0

_T T " C

It is seen that the error introduced by aFau "ng constant heat

capacity is about 2%, which is no worse than errors intr duced by

Sr::vious assumptions.

,low, a simple expression foy the change of reactant mole fraction

as e function of temperature is obtained, i.e.

4T-

Tf6
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The concentration, C is the product of mole fraction and molar

density, i.e.

For an ideal gas at consta-nt press. ae

'.7 P
V RT

and

1T

Now, - = -

C x

C X T

C

It was shown that

dx -(C T) aT
0

It follows that

X T
tT6 T

ITO
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Since the reaction goes to completion, Xf o, and one rtay write

dx -d T
-T-

In the above it was assumed that P- *~- is constant. This

assumption is valid to within 2% or so.

It follcws from the above derivations that

T T Tr-T

For an ideal gas

Let

then IT' .5
/'T T '/-Cp So o TjS-T- -T

Substituting these results into the equation for dc/cm, the

following is obtained:

___T _ T - T

The velocity V is related to the reference velocity V. as

follows V;,
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AlsoiV
ii

where is distance along the axis of the reactor.

Substituting these expressions into the rate conitant formula,

the following is obtained

7n CM T. Tj-

T i

This expression was used to deduce rate constants from the

experimental data.

B. Determination of Reaction Order

th
The n order rate constant, k was derived to ben

V . S
The quantity in the first parenthesis does not vary much during a run,

and may be approximated as constant for the following discussion. Then,

one may write:

QT B T JT

It is clear from this formula that as T approaches TF
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any errors in the temperature measurement are magnified. Thus, it was

found practical to discard the part of the temperature trace where TF - T

was less than 10 deg. K.

The data may be reduced assuming different orders of reaction.

If the standard deviations of activation energy, or preexponential factor,
thfor a least square line through the n order kinetics data are then

plotted against the assumed order, the resulting curve haa a minimum.

This minimum corresponds to the overall order of reaction which gives

the best correlation of experimental data. However, this type of analysis

can be somewhat misleading. Reference to the formula for the rate

constant shows that the quantity

T
T -T

th
is raised to the n power, where n is the order of reaction. The result

of this operation is that the importance of errors in temperature are

magnified for higher orders and suppressed for lower ones. Thus, one

would expect the "true" overall order of the reaction to be somewhat

greater than that indicated by the above method.

There is also a second means of determining the order of reaction.

It is possible to write:

Rate/ C A A exp (--,/T)

Rate/C = ( AIC r/ e Ep

-kK/C

where n is the "true" order of reaction, and (n + m) is the assumed order.

A plot of In (k ) versus I/T will give a straight line. However, a plot
n

of in (k M) versus l/T will give a curve, as will be evident from the

Lm

I
I
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following analysis.

If logarithms are taken of both sides of the above expression,

the following results:

However, C is proportional to (T;- T)/T and it is permiss:_le to write

C =(Tg-T)/BT where B is approximately constant. It is then permissible

to re-write the above expression as follows:

in A A ' --

Taking derivatives of both sides:

--kv --m- TP-T)

and

0 (/T) T- T R

If m is positive, i.e. if the assumed order is higher than the true order,

then the absolute value of the slope will increase as T approaches TF, i.e.

as the temperature during the run increases. If, on the other hand, m is

negative, i.e. the assumed order is lower than the true order, then the

absolute value of the slope will decrease as the temperature during a run

increases. For m=0 a straight line results.

From the expression for the rate constant, i.e.

"r -T .

it may be seen that errors in temperature, and particularly in TF, will

contribute curvature to an Arrhenins plot of the data. If the measured
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v..lue of Tp is lower than the true adiabatic value, then the measured rate

constants at higher temperature will appear to be too high, giving an

upward curvature to the Arrhenins plot. Similarly, a downward curvature

results if the reasured value of TF is too high.

Insofar as errors in temperature, and particularly in T are

random, curvature due to such errors should be randomly positive or

negative, and should thus average out if the assumed order corresponds

to the true order. If, however, the assumed order differs _rom the true

order, then the curvature should be predominantly in one direction.

If both the standard deviation-assumed order plot, and the

curvature method described above indicate the same value for the order

of reaction, then indeed, a reasonable amount of faith may be placed in

such a value.

Plots of the standard deviation of the activation energy versus

assumed order for hydrazine, UDMH and monomethylhydrazine are shown in

Figures 29, 30, and 31. For hydrazine the minimum is at n = 0.9, for

UDMH it is at n = 0.75, and for monomethylhydrazine the standard deviation

is least for n = 1.

However, curvature analyses of individual runs 3howed the best

order for all three substances to be very close to unity.

The best order predicted by the two analyses is probably different

because the least square approach is likely to indicate a reaction order

which is too low. However, t'he very low value of n indicated for,UDMH

should make one consider the possibility that the overall reaction order

might be less than unity.

C. Reproducibility and Plots of Experimental DaLa

Reproducibility of data was reasonable, considering the accuracy

generally obtainable with chemical kinetics data. However, two principal

sources of error may be distinguished, namely heat transfer to the reactor

walls, and fluctuations of fuel flow rate during a run.

a ---- ---

__ ___ _ _ __ _3
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An indication of the reproducibility of hydrazine data is given

in Figure 31. The two runs shown were taker, on different days and picked

randomly from the data without any attempt to show the best possible

reproducibility. Actually, plots of all data show the reproducibility of

runs to often be much better than is shown in Figure 32. The "hump" in

the data for run 752 is probably duc to a fuel surge. Reproducibility

plots, for UDMH and monomethylhydrazine are shown in Figures 33 and 34.

In all cases, the lines drawn are the least square lines determined by

all the data.

From all runs it was concluded that the error in experimental

points is approximately + 50%.

Arrhenius plots for the three substances studied are shown

in Figures 35 for hydrazine, 36, 37, 38, 39 for N2H4 /H20 mixtures, 40, 41,

42 for UDMH, and 43, 44 for monomethylhydrazine.

The different type points show data taken on lifferent days.

D. Integration Analysis of Data

If the scatter in the kinetics data obtained from the flow

reactor is due to random errors, then it should be possible to integrate

out the "signal" from the "noise." The following technique was employed.

The temperature regime in which data had been obtained was divided into

N equal intervals of I/T. In each of these intervals an average value

of In k and an average value of l/T was obtained from the experimental

points. These average values were then used as the coordinates of a

new point. If an infinite number of experimental points were available,

the intervals could be made infinitesmally small, and a resulting curve

could be completely determined. However, onl-j a little over 200 points

were available. N was chosen to be 20-30 giving approximately 7-10

"raw data" points for each "reduced" point. The results of this

operation on data for hydrazine, UDMH and monomethylhydrazine taken in

the 3 inch duct are shown in Figures 45, 46, and 47. The lines drawn

are least square lines determined from the original data points.
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E. Chemical Analysis oa Reaction Products

Chemical samples were taken near the exit of the reactor using

the water cooled probe discussed earlier. The samples were collected in

pyrex vessels which were stored at room temperature, and later analyzed

for hydrogen and methane using a Beckman GC-l gas chromatograph. A

molecular sieve column was used, and the chromatograph had been calibrated

with standard samples of hydrogen and methane. The samples were also

analyzed by infrared absorption. A 10 cm single pass absorption cell

with- aCl windows was used in conjunction with a Perkin-Elmer model 21

spectrophotometer. Infra-red traces of the gas samples are shown in

Figures 48, 49, 50. The infra-red spectrum of the hydrazine decomposition

products is identical with that of the standard ammonia sample, so

only the ammonia sample trace is shown. The traces for the decomposition

products of UDMH and monomethylhydrazine show methane and HCN in

addition to ammonia. It appears that UDMH yields more methane and less

HCN than does monomethylhydrazine.

The approximate stoichiometry for the decomposition of hydrazine

and its methyl derivatives was found to be:

UDM1 * 0.52H2 + 0.41 NH3 + 0.27CH4 + 0.08 HCN 9080 K

ýMI V-0.89H21 + 0.51 NH3 + 0.20CH4 + 0.51 HCN 917 0K
N2 H4  ;0--0.64H2 + 0.91NH3 + 0.54 N2 983°K

For the case of hydrazine decomposition, nitrogen was computed
by difference.

For the decomposition of both UDMH and -nomethylhydrazine a

brown tarry deposit was formed on the water cooled probe. An infra-red

spectrum of this tarry deposit in acetone solution is shown in Figure 51.

Cordes (18) found a similar deposit when he decomposed UDMH in a flow

reactor. Cordes (18) concluded that this tarry deposit was a polymer

of methylene methyl amine. The spectrum in Figure 51 does not contradict

this conclusion.

Si
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CHAPTER VI

DISCUSSION OF EXPERIMENTAL RESULTS

Once the order of reaction has been determined, the empirical

correlation of data may be presented in terms of an Arrhenius expression.

The next problem is co determine the range of applicability of the

expressions obtained. It has two aspects. Firstly, one should know

under what conditions it is permissible to approximate a complex

reaction mechanism by the relatively simple Arrhenius expression. This

problem is discussed in the section on mechanisms. Secondly, it is

important to know what impurities the reactants contain, and what effect

such impurities have on the measured reaction rate. Because of the large

quantities of reagents used in the experiments, it was not possible

to purify thii reagents to a state of very high purity. However, chemical

analyses of the reagents used are presented. The applicability of results

obtained in this study to reactants of very high purity may then be

tested by small laboratory scale kinetics experiments performed using

both reactants of the type used in this study, and reactants of very

high purity.

A. Hydrazine Decomposition

Figure 53 shows a comparison between data obtained in the Ilow

reactor and results of shock tube studies by Jost (15). Though the

excellent agreement is undoubtedly fortuitous, it nonetheless shows that

good agreement can be obtained between chemical 1-ineticq data taken by

different investigators, using different types of apparatus. It also

shows the usefulness of the adiabatic flow reactor for studying reaction

rates which are too slow for ordinary shock tubes and too fast for

isothermal bombs, or even isothermal flow reactors.

The activation energy for hydrazine decomposition obtained in

the flow reactor study agrees well with that deduced from laminar flame

studies by Gray and Lee (9) who obtained 36 kcal/mole, but does not agree



-82-

with the value of 28 kcal/mole obtained from flame studies by Van Tiggelen

and DeJaegere (11). However, the latter value is due to a different

interpretation of the flame data, i.e. Van Tiggelen and DeJaegere used a

waan flame temperature in their Arrhenius plot, whereas Gray and Lee

used the final temperature (78).

From the chemical kinetics standpoint, the flow reactor may be

described as a "semi-dilute" system. For vibrational relaxation, and

most free radical reactions, collisions with the nitrogen carrier gas

are so ineffective that they may be ignored. Initiation reactions are

the one important exception. It has been found that, for initiation

reactions, the spread of third body effectiveness is relatively small, as

contrasted to such spread for a process like vibrational relaxation (35).

Thus it may be expected that, for conditions in the flow

reactor, the initiation reaction for hydrazine decomposition would

behave in a "pseudo low pressure manner" with nitrogen being the primary

activating body, since its concentration is much higher than that of

hydrazine. If one assumes a third body effectiveness of 0.2 for the

nitrogen carrier gas, then for a 1% hydrazine-nitrogen mixture thr

"effective pressure" for the initiation reaction would be 160 -mm. Hg.

Gilbert (33) found that below one atmosphere the laminar

flame speed was independent of pressure, while at higher pressures it

is inversely proportional to the square root of pressure, indicating an

overall first order reaction at higher pressures. This may be i.nterpreted

as follows. At lower pressures, initiation reactions arp propeztional

to the number of collisions, and the initiation rate is given by the

expression

d2 -k [NHr [
[t 2] initiation 2  L 2H4

At higher pressures, however, collisions are sufficiently frequent to,
maintain an equilibrium amount of excited N H and the rate of the

initiation reaction is determined by the unimolecular rate of

decomposition of the N H hence the first order behavior at higher
24'

pressures.
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However, the adiabatic flow reactor studies would seem to

fall in the low pressure regime, 160 mm Hg, and indeed they do. Only in

this case the initiation reaction collisions are not

N2H4 + N2H4

but rather N2 + N2H4. Thus the initiation reaction should indeed be first

order with respect to hydrazine, as was indicated by the experiments.

The above analysis also suggests that the initiation reaction

shouid be first order with respect to nitrogen.

Gas samples were taken near the exit of the flow reactor using

the water cooled probe discussed previously. These samples were analyzed

for hydrogen by gas chromatiography, and for ammonia by infrared

absorption. The stoichiometry was found to be approximately

N2H4---o-0.9 NH3 + 0.5 N2 + 0.6 H9

It is interesting to compare the above with stoichiometry

observed in flame studies. Murray and Hall (7) measured flame speeds in

hydrazine and in hydrazine-water mixtures. They also analyzed the

reaction products and found that these pointed to a reaction

N 24H 4----NH3 + ½N2 + kH2

which is very similar to the stoichiometry found in this study.

It is interesting to compare the above results with the

stoichioinetry given by equilibrium calculations. Sawyer (79) calculated

the equilibrium stoichiometry both for the decomposition of pure hydrazine,

and for the decomposition of dilute hydrazine nitrogen mixtures of the

kind studied in the flow reactor. For both cases he found that, abn,,e

800 deg. K the products are hydrogen and nitrogen with only small amounts

of ammonia.

The difference between the equilibrium--and observed stoichiometry

is to '3e explained as follows: Fairly large quantities of ammonia are

formed in the rapid decomposition of hydrazine. The stoichiometry

observed in this case is determined by the nature of the rection

mechanism, rather than by equilibrium considerations.

fi
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The composition of products formed in the rapid reaction

subsequently adjusts to an equilibrium composition. For hydrazine

decomposition, such adjustment is likely to be very slow. The

truth of this statement may be seen from the following considerations.

Firstly the conversion reaction between ammonia and hydrogen

plus nitrogen
2 NH -- N + 3H

is known to be generally slow in either direction. It is certainly slow

compared with the rate of hydrazine decomposition.

Secondly, the time required to cool a sample of product gas is

only a tenth of the reaction time allowed for hydrazine decomposition,

so that only a short time is allowed for a slow reaction.

Thirdly, the samples are stored at room temperature and

atmospheric pressure in pyrex vessels. Under these conditions conversion

of ammonia to hydrogen and nitrogen is almost certain to be absent.

Thus it may be concluded that the stoichiometry measured in

the flow reactor experiments does indeed correspond to that determined

by the reaction mechanism.

Application of the stoichiometry information presented above to

the study of reaction mechanisms will be presented in the section on

reaction mechanisms.

Since purity of the reactants used is an important factor for

judging areas in which the kinetib.s results are applicable, a study of

reactant purity was made. An analysis of the reagent, conducted by the

*AC Corporation (57), showed the following:

Ammonia: 8.3%

Water: M"

Aniline: 0.3%

Hydrazine: 90.9% (by difference)

An experiment for investigating the effect that small amounts

of impurities have on the reaction rate has already been suggested.

1'!
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B. Decomposition of Hydrazine-Water Mixtures

The effect of adding large amounts of water to the hydrazine was

studied. It was found that the rate of decomposition of hydrazine-water

mixtures was slower than that of the anhydrous material by approximately

a factor of 10, and was independent of the amount of water added.

Mixtures studied were 75% N2 H4 /25% H120 and 50% N2 H 4/50% H 20. Since the

hydrate is 69.5% N2 H 4/31.5% H 20, the mixtures studied lie on either

side of the hydrate.

Arrhenius plQts of rate data for hydrazine-water mixtures are

shown in Figures 36 and 37.

It was also found that slightly wet hydrazine behaved kinetically

like the hydrazine-water mixtures. Rate data for such hydrazine is

shown in Figures 38 and 39. It is seen that wet hydrazine, and

hydrazine water mixtures decompose at a rate which appears to be

independent of the surface-to-volumn. ratio of the reactor.

An analysis of th- u:•et" hydrazine (57) showed the following
composition:

c i Sample I Sample II

Ammonia 1.1% 7.5%

Water 0.9% 0.8%

Aniline 0.4% 0.7%

Hydrazine 97.6% 91.0%

(There did not appear to be any difzerence in the kinetic

behl. ior of Samples I and II)

Apparently, water inhibits the gas phase decomposition of

b,-irazine by what seems like a very efficient suppression of some reaction

step. It is interesting to speculate how such inhibition may take place.

It has been suggested by Ramsay (14) that N H radicals may
2 3

be stabilized by collision.

Furthermore, it is known that chemical reaction products and'

F
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free radicals may be formed in vibrationally excited states.

Now, consider the possibility that the N2H3 radical is formed

in a vibrationally excited state, from which it can eitler branch to

give NH + NHl2, i.e.

N2H 23 NH + NH2

or be. deactivated to a relatively stable form of N2 H 3, i.e.

S2H3 2+ H2 0- H20 + N2H3

The inhibitive effect of water now becomes apparent, namely

to vibrationally relax the N2H3 radical, and thus prevent it from branching

into NH + NH In this connection it should be noted that water is

generally excellent for promoting vibrationpl relaxation. Third body

efficiencies of 100 times greater than those of other substances have

been reported for water (35). Also, some of the vibration frequencies of

the water molecule are very close to some vibration frequencies of the

N2H4 molecule and thus the N2H3 molecule. Consequently, a possibility

for resonance transfer of vibrational energy between the two molecules

e:dsts.

A brief discussion of experimental observations for the thermal

decomposition of hydrazine was presented. A detailed discussion of the

decomposition mechanism will be presented in the section on reaction

mechanisms.

C. The Decomposition of Unsynmmetrical Dimethyl Hydrazine

Unsymnmetrical Dimethyl hydrazine was decomposed in the

adiabatic flow reactor. The carrier gas was nitrogen, and the duct

material was quartz. Decomposition studies werL conducted in a 2 inch

duct, a 3 inch duct, and a 4 inch duct. Within the accuracy of the

experimental data the variation of surface to volume ratio had no effect

on the observed rate. It thus seems reasonable to conclude that UDEH

"decomposition is not affected by the reactor walls, and is a truly

L

Ii
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homogeneous gas phase reaction. This conclusion is in agreement with

that reached by Cordes (18) in a similar study.

The overall reaction order was found to be approximately unity,

again in agreement with Cordes (18).

Cordes (18) found an activation energy of 28 kcal/mole for

UDHH decomposition in a isothermal flow reactor. Furthermore, Spencer

and Gray (49), who studied UDMH ignition, also report an activation

energy of 28 kcal/mole.

Tb activation energy found by the abovL investigators agrees

with that found in the Princeton kinetics studies. However, the rates

obtained by Cordes (18) are significantly lower than those obtained in

this study. It is conceivable that fluid dynamic effects of the type

discussed by Ba-.en (19) may account for the low rates observed by Cordes.

The stoichiometry of U1DM decomposition found in this study

was approximately

UDMH 00.52 H2I + 0.41 NH 3
+ 0.27 CH4 + 0.08 HCN

It is interesting to compare this with the stoichiometry

found by Cordes (18), that reported by Aerojet (57), and that calculated

for equilibrium conditions by Sawyer (79).

Cordes (18) reports nitrogen and methane to be the primary

decomposition products, with smaller quantities of higher hydrocarbons.

Cordes reports that a mass spectral analysis of a decomposition sample

showed the presence of methane, ethane and propane in the ratios

1/0.14/0.02. The infra-red spectra taken in the Princeton study do

indicate small amounts of ethane, in addition to appreciable quantities

of methane (see Fig. 49). Cordes also found relatively small quantities

of hydrogen, the H /CR ratio being approximately 0.1. The ratio N2 /CH4

Ms 0.6. Cordes did not find HCN, but did observe the formation of a

viscous liquid which had an infrared spectrum identical with the trimer

of methylene methylamine.

=I
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Raleigh (57) reports that chromatographic analysis of UDMW

decomposition products carried out at Aerojet yielded the following

stoichiometry

UDIMH H-0.38 H2 + 0.67 N + 1.4 CH + 0.09CRH
22 4 2 6

+ 0.43 HCN + 0.23 NH3

The N2 /CH4 ratio found above agrees approximately with that reported by

Cordes. However, the Aerojet studies show considerably more hydrogen,

as well as large quantities of HCN, not observed by Cordes.

The Princeton studies show only small quantities of HCN, and

far less methane than is reported by either Cordes (18) or Raleigh (57).

Sawyer (79) calculated the equilibrium decomposition

products of UDMH - nitrogen mixtures, and found that, in the temperature

regime investigated, i.e. 750 - 1000 deg. K, the decomposition products

were hydrogen, nitrogen, and carbon. At equilibrium, HCN and ammonia

are present only in trace amounts.

For reasons stated earlier, one would not expect an equilibrium

stoichiometry for a rapid chemical reaction of the type studied.

Rather, one would expect the observed stoichiometry to be determined by

the reaction mechanism. This stoichiometry is also a function of

temperature, and one would not expect close agreement of stoichiometry

observed under different conditions of temperature and pressure.

(Cordes chemical analysis was conducted at 5220K, whereas the Princeton

reaction products were collected at approximately 9500 K).

It is interesting to note that the Princeton samples were

taken with a water cooled probe, and that Cordes observed the tarry

deposit near the exit of his reactor. It is quite conceivable that the

tarry deposit observed by both investigators, and identified by Cordes

as a polymer of methylene methyl-amine, results from a polymerization

reaction between methane and hydrogen cyanide in a relatively cool region.

One may visualize the reaction

H-C-N H C N -C
2 3H: I

gg 3
polymer
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The above consideration would explain why so little methane and

HCN was observed in the Princeton study, as compared with the "stoichiometry

reported by Raleigh.

A much more detailed chemical analysis over a wide temperature

range would be required before the observed-stoichiometry could really

be used to determine a reaction mechanism.

A chemical analysis of the UDMH used in this study (57) showed

the following composition

Ammonia: 0.27

Dimethylamine: 0.27

Methylene dimethyl hydrazine: 0.27

Water: 0.17

It is seen that only very small amounts of impurities are

present.

The reaction mechanism of UDMH decomposition will be discussed

in a later section.

D. Decomposition of Monomethylhydrazine r

Monomethylhydrazine was decomposed in a 3 inch duct and in a

4 inch duct, using nitrogen carrier gas.

The decomposition was found to be first order with respect to

monomethylhydrazine, the overall rate constant being

k - 10 1 3 .4 exp -47,000 /RT

for decomposition in the 3 inch duct.

The reaction rates observed when monomethylhydrazine was

decomposed in the 4 inch duct were slightly lower than those observed with

the 3 inch duct. This observation may be interpreted as indicating a

surface effect. However, more 4 inch duct decomposition data should be

obtained before much faith is placed in the above deduction.

* I: _ _ _
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For monomethyihydrazine, the following gaseous decomposition

products were observed

SMMH o 0.89 HH2 + 0.51 NH 3 + 0.20 CH4

+ 0.51 HCN

Note that more hydrogen and considerably more HCN is formed than for the

case of UDMH decomposition.

An analysis of the monomethylhydrazine used showed the

following (57)

Ammonia plus

Methylamine : 0.5%

UDMH : 0.1%

N2H 0.1%
2 4

Water 2%

Unidentified 0.5%

d E. Comparison of N2 H4 , UDMH. MMHI

Arrhenius plots for reaction rates of hydrazine, UDMH and
r monomethylhydrazine are shown in Figure 52.

It is somewhat surprising that the reaction rate of hydrazine,

which is known for its poor chemical stability, is the slowest. One

interpretation of this observation is that the particular reactions which

promote the explosive decomposition of hydrazine vapor cannot take place

under conditions such as those found in the flow reactor.

Conditions in the flow reactor are such that surface effects

must be slight, because of the large volume/surface ratio and the use

of quartz as a wall material. Furthermore, the hydrazine vapor is mixed

with large quantities of the nitrogen carrier gas.

At first glance it seems like nitrogen may take part in the

reaction

N2H + X N2H + X
2 3 2 3

Skit

A' A
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and thus curtail branching. This possibility cannot be ruled out entirely.
However, the third body effectiveness of N in the above reaction is

2
likely to be very small, in which case the importance of the reaction

N2H3 + N22 N2H3 + N2

is likely to be slight.

Thus it is not unlikely that the rate of homogeneous gas

phase decomposition of hydrazine is indeed relatively slow, and that

hydrazine explosions are surface initiated. This conclusion is confirmed

by the strong effect which most surface materials have on the decomposition

of hydrazine vapor.

A detailed discussion of the decomposition mechanisms of

hydrazine and its two methyl derivatives will be presented in the section

on reaction mechanisms.

II

ia
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CHAPTER VII

DECOMPOSITION MECHANISMS

The reaction mechanisms of related species, such as those of

hydrazine and its methyl derivatives, may be discussed together as a

group, analyzed quantitatively, and finally compared again.

An alternate approach is to discuss reaction mechanisms for

the individual substances, analyze the mechanisms, and then make

comparisons. This latter method has the advantage that no a priori

similarities are assumed.

In the subsequent discussion, the second approach is followed.

Reaction mechanisms for the individual species are suggested and analyzed.

Then a comparison of cecomposition mechanisms of hydrazine, UDMH and

monomethyl hydrazine is presented.

But before proceeding to a discussion of specific mechanisms

it seems that a consideration of different means for analyzing reaction

mechanisms would be worthwhile.

Perhaps the oldest and best known way of analyzing complex

reaction mechanisms makes use of the steady state approximation. This

approach has two drawbacks. Firstly, it tells nothing about the transient

behavior of the system, and secondly the equations describing a complex

reaction mechanism often cannot be solved even after the steady state

approximation is made.

A more sophisticated approach has been suggested by Wei and

Prater (80) who developed a method for analyzing reaction systems of

molecular species which have the characteristic that the coupling between

each pair of species is by first order reactions only. Wei and Prater

essentially consider a series of coupled, linear, first order differential

equations.

Unfortunately, the equations describing the reaction mechanisms

considered for the decompositiua of hydrazine and its methyl derivatives

Aohe



-.- I - -

-93-

are non-linear, so that it is not possible to use an uinmodified Wei-Prater

type of analysis.

It might, however, be possible to consider a complex reaction

mechanism in terms of loops and links.

Consider the following simplified reaction scheme for hydrazine

decomposition

2. N2H4 + X - 2NH2 + X

2. N2H4,+ NH-2 o N2H3*+ NHi3

3. N2H + X V-N2H3 + X

4. NIH 3 ýNH + NH 2

5. N2H4 + NH )NH 2 + N23H 3
24 3 5

6. NHi + N2H -l N2 + - H
2 222 2 2

It is now possible to consider reactions 2 and 3 as a loop, Ll

and reactions 4 and 5 as a loop, L2. The reaction mechanism may then be

visualized in the following geometrical scheme.

Initiation

NH2

:~ Hk

iNH 2 NU

2 3

Termination

ij
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Then, the "speed" of a loop will depend upon the amount of free

radicals available to that particular loop, and thus on the rates at which

the loop gains and loses free radicals.

It is conceivable that a method of mathematical analysis based

".i the above model could be developed for the treatment of complex

- .c,.ctio-i mechanisms.

However, the approach followed in this study was the "brute

foro-" one of numerical computation. On one hand, the primary interest

was in understanding the behavior of the suggested reaction mechanisms

as rapidly and completely as possible, on the other, computing equipment

was readily rvailable.

In what follows, reaction mechanisms for the decomposition of

•ydrazine ane its derivatives are suggested, and numerically analyzed.

The results of the analysis are then discussed and used as a basis for

conclusions about the reaction mechanisms.

The numerical methods employed are discussed in the apperdices.

A. Hydrazine

From the previous discussion, it seems reasonable to assume that

the initiation reaction for the thermal decomposition of hydrazine is

X + N224 2NH2 + X

the rate constant being

k = 1019 exp ( RT) cc/mole-sec

Similarly, tht reverse reaction
NH, + NH -2--- N2H4

m,:st be considered. Py analogy with methyl radical recombination (38),

the rate constant for this reaction may be expected to be

013k 10 cc/mole-sec

The question of likely propagation reactions now arises.
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It seems reasonable that the NH2 radicals formed by the initiation reactions

should attack hydrazine molecules. The simple exchange reation

N'H2 + N2H4 > NH 2 + H2 NN'H2

will be ignored, as it does not contribute to the decomposition.

If, however, the NH2 attacks a hydrogen atom in hydrazine, the

following reaction is likely

(2). +NH
(2) N2 H4 + NH22 P H2N -2N*H 21

N H + NH
2H3 3

The rate constant for this reaction was taken to be

13 -7_ q000
k, = 10 exp -R-

RT

in agreement with the value chosen for it by Gilbert (21)

Both Gilbert (21) and Adams and Stocks (8) suggest the reactions

(3) N2H3 + X N2 + H2 + H + X

(4) H + N2H 4 NH3 + NH2

The rate constant for the reaction 3 was taken to be
k3 = 1013 exp -20,000 cc/mole-sec

e RT

The constant for reaction 4 was measured by Birse and Melville (81) and

found to be

k =10l13 -7000 cc/mole-sec
p RT

Though neither Gilbert (21) nor Adams and Stocks (8) include

any branching reactions in their mechanisms, such a reaction was included

in the mechanisms studied here. The reasons for this are as follows:

I __ __ __ __ _ __ __ __ _
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1. If N 2H3 can decompose in the complex manner of reaction 3,

it should also be able to decompose by simple rupture of the N - N bond.

2. The NH radical has been observed in flames (12).

3. Without branching, the overall activation energy of the

reaction computed from the mechanism was found to be too high. (An

activation energy of 36 kcal/mole was observed experimentally)

At first glance, the third reason seems in error, since NH2

formation is first order with respect to hydrazine, whereas all the

termination reactions are second order. These are, in agreement with

those suggested by Gilbert (21), as follows:

(7) NH2 + N2 H3  - NH3 + N2 + H?

(8) N2H3 + N2H3 -) 3 + N2

(3) N2H3 + R 0 N,, + 2H2

Also, the reverse of the initiation reaction, i.e.

(10) NH2 + NH2  N H

Now, consider the simplified mechanism

(1) N2H + X 3 2NH,
2 4 Z.

(2) NH? + N24 4NH3 + N2H3

(3) NH? + N2H3 ... NH3 + N2 + H,

d
dt [NH] = k2 [NH2] [NH] - k3 [H>] [N2H3]

at steady state:

k[N2 H3 ] -2-- [N2 H4 ]

dt [NH2 ) = 2k 1  [N2 H4  [ X1 - kl [N2H4 ] [NH2 ]

" Is [NH2] [N2H3 ]

k N
3 IN2 23

4
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at steady state:

2kI [N24H] [X] [Nk2] k2  [N2H4] + k3 [N 2H3]

substituting for (N 2H 3

2k I [N 2HY 'XI [NH2] [N 2H 4 L 2 +k2

k l- tx1 [N H Ik2

If the overall rate is directly proportional to NHi2

concentration, as is reasonable to assume, the overall activation energy

of the reaction without branching should be 53 kcal/mole. For the

case of negligible branching, numerical solution of the complete

mechanism at 900°K and 10000K gives an activation energy of 57.5 kcal/mole.

The rate constants for the termination reactions were taken

to be as follows

k7 = 1012.5 cc/mole-sec
k8 = 10 123 cc/mole-sec

k9 = 1015 cc/mole-sec

k 0= 1013 cc/mole-sec

Certainly the values of k7, k., and kl0 are such as one would

normally expect. The value of k9 , however, does appear to be somewhat

high.

The following branching reaction seems to be reasonable:

(5) N2H + X NH + NH + X
2 3 2

It is most probable that the NH thus formed will react with hydrazine,

which is the most abundant specie. Thus, the following reaction is

postulated:

(6) N2H4 +NH- 0NH2 + N2H3

I -
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Since decomposition of N2H3 by reaction 5 appears to be easier

than by reaction 3, the activation energy was taken as being slightly
1= less, i.e. 18 kcal/mole.
- One would expect atomic iydrogen to be more active than NH.

If this is indeed the case, then the activation energy for reaction 6

should be higher than for reaction 4. It was taken as 10 kcal/mole.

It is realized that NH is a very active radical, and that

the above assumption may be invalid. But, since all NH is consumed by

reaction 6, the value of k6 does not affect either the stoichiometry

of the overall reaction, or the overall rate.

In summary, the mechanism is as follows:

Initiation

(1) X + N2H 4 X + 2NH2

k 019 ep -60,000k =101 exp RT

Propagation

(2) N2H4 + NH 2 N2H3 + NH3

(3) N2H3 + X - N2 + H2 + H + X

(4) H + N2 H4 - NH3 + NH2
33 27Ok2 = k4 = 1013 exp - cc/mole-sec

exp RT

k = 1013 exp -, cc/mole-sec
p RT

Branching
(5) N2H +H X --- NH+NH2 + X

(6) N2H + NH - NH2 + N2 H3

k5 1012.8 exp L_ cc/mole-sec
RT

k 0_101 400 cc/mole-sec
6 exp RT

Termination

(7) Nl2 + N2H .. NH + N + H

2 23 3 2 2
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(8) N2H3 + N2H3 -2 2NH3 + N2

(9) N2A + H - 0 N + 2H

(10) NH2 + NH 2 - >-N2H4

k7 1012.5 cc/mole-sec; k8 1012. 3 ; k9 1015 k 10 1013

The above mechanism was solved numerically on a 7090

electronic computer. The differential equations describing the above

mechanism and details of the program may be found in appendix C.

Since reaction rates are functions of the independent variables

concentration and tempierature, it was felt that the mechanism should be

studied at different temperatures, keeping concentration constant, and

at different concentrations, keeping temperature constant. It is

realized that the case is somewhat hypothetical, since the qr',ntity

which is kept constant in physical systems usually is either volume

or pressure, rather than concentration. However, concentration is the

more fundamental quantity, and was therefore used.

The usefulness of such computation is three-fold. Firstly,

it shows up the transient characteristics of the reaction. Secondly,

a detailed study of a reasonable mechanism can bring out expected modes

of behavior for the reaction. Such predictions can suggest critical

experiments to verify or disprove the validity of the postulated reaction

mechanism. Once a reasonable amount of faith can be placed in the

proposed mechanism, then it may be used to predict behavior of the

reaction over a much wider range of temperature and concentration than

can be measured experimentally.

The approach followed was to analyze the behavior of several

reasonable reaction mechanisms in an attempt to, on one hand, make

predictions concerning the behavior of hydrazine in regimes other than

that covered by the experimental study, and on the other hand, show up

problem areas in the comparison of experiment and theory.

The mixture chosen for initial study was one containing
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10% reactant, and 90% third body. The concentration was taken to be that

of an ideal gas at standard conditions, i.e. I atmosphere pressure and

273 degrees Kelvin. This was kept the same as cases at different

temperatures were considered. In a physical system this would require

the pressure to be different at different temperatures.

The results of the computation for isothermal conditions at

10000K are shown in Figures 58, 59, and 60. A free radical steady state

is reached after some 80 micro-seconds, or after approximately 1.5%

of the reactant has been consumed. After the reaction is about 80'

complete, the rate constant begins to drop sharply.

Some chemical kinetics experiments are performed under such

conditions that only a very small percentage of the reactant is consumed.

Reference to Figures 59 and 60 shows that rates measured for cases

where the extent of resction is very small can be significantly below

the "fully developed" rates.

Reference to Figure 55 shows that assuming constant free

radical concentration may be good for some radicals and very poor for

others. Reference to Figure 55 also indicates that the steady state

assumption is not permissible at the beginning of the reaction, and as

the reaction goes to completion.

An examination of Figures 55 and 56 shows up essentially

four regimes. First, there is the initial build up of free radicals,

and of the rate constant. The build up is followed by a short plateau

region, which is the region in which the steady state assumption is

valid. This "steady state" rate constant was used to determine the

calculated curve in Figure 58. The plateau region is followed by a

region in which the first order rate constant decreases linearly. In

this region, an empirical rate constant of order greater than unity

would be deduced experimentally. The final region shows a sharp non-linear

decrease of the rate constant and of the free radical concentrations.

It is seen from the above that the reaction order which would

be observed empirically, if the mechanism is correct, does not necessarily

X$
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correspond to the "steady state" reaction order.

There exist two ways in which an empirical reaction order may

be deduced. One of these ways is to measure the rate after a certain

fractiron of reactant is consumed for a series of experiments in which

the initial reactant concentration is varied. The other way is to let

the reaction go to completion, and use the function of rate and

concentration thus obtained to determine an optimum reaction order.

For a reaction obeying steady state kinetics the two procedures

would give identical results. If, on the other hand, steady state

kinetics are not followed, then the two procedures can conceivably give

different results.

At this time it might be worthwhile to consider what meaning

can be attached to the "overall reaction order" for a reaction obeying

steady state kinetics.

Consider the following simplified reaction mechanism for

hydrazine decomposition.

(1) N2H 4 + X 2NH2 + X

(2) NH2 + NH 4 4 NN2 H3 + NH3

(3a) N2 H - NH + NH2

(3b) N2H4 +NH - NH2 + N2 H3

(4) N2H3 +NH2- 1 3/2 N2 + 5/2 H2

This mechanism may be further simplified by combining

reactions 3A and 3B into a single reaction

(3) N2H4 + N2H3- --- 2NH2 + N2H3

A steady state analysis of the above mecLanism gives the

following expression for the overall reaction rate:

dt [N2 H4 ] = kA [N2 H4 ] [XI + kE [N2H4 ] [N21 4 ]

where kA 2kI k B k~k-/k4

_ __4
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If kA and k are of the same order of magnitude, then the

reaction will be second order at high hydrazine concentrations, and

first order with respect to hydrazine at low concentrations unless X

is N2H4. A reaction which is second order down to very low concentrations

would indicate that either kB » kA or that X is N2H4. On the other

hand, a reaction which is first order up to very high concentrations,

shows that X is not N2H4 , and that kA k .B

If this simplified mechanism were used to interpret the

experimentally observed reaction order of unity, one would conclude

that the third body is not hydrazine, and that most of the free radicals

are supplied by the initiation reaction, rather than by the postulated

branching reactions.

At higher hydrazine concentrations the reaction is approximately

first order with respect to hydrazine, whereas the overall order exceeds

unity at low hydrazine concentrations.

If the initial build-up phase is ignored, it is found that

the overall first order rate constant is a function only of temperature

and concentration, and is independent of initial reactant concentration.

Thus it does not matter whether the rate constant is determinea by

varying initial reactant concentration and measuring the rate after a
I,

certain fraction of reaction is completed, or whether rate as a function

of concentration is determined by measuriri a series of rates at

different concentrations as a reaction is allowed to go to completion.

The first order overall rate constant is plotted against hydrazine

concentration in Figure 59.

The overall rate was found to be first order with respect to

third body concentration as may be seen from Figure 60.

It is conceivable that the branching reaction is a result of

the simple unimolecular decomposition

NH 0NH + NH
2 3 2

rather than

N2H3 + X --*NH +NH 2 + X
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The only effect of eliminating the third body from the

decomposition of the N H radical would be to change the effect of third
2 3

body concentration on the overall rate. It may be seen from Figure 60

that the overall reaction rate is still first order with respect to

third body concentration, but that the proportionality constant is now

much less. Such behavior would, indeed, be expected.

The overall rate was found to be more sensitive to variations

in the branching rate constants than to variations in the initiation

rate constants, as may be seen in Figure 61, without branching, the

overall reaction rate was found to be too low, and the activation

energy too high. (For negligible branching, numerical solution of the

complete mechanism at 9000K and 10000 K gives an activation energy of

57.5 kcal/mole). By considering the simplified mechanism

(1) N2 H4 + X 2NH2

(2) N2 H4 + NH-2--NH3 + N2H3

(3) N2H + NH- NH + N2 + 11
(3 9 3  2 3 22

it was shown that, in the absence of branching, one would expect a high

activation energy.

One may plot the logarithm of the computed rate constant against
/T, and compare the resulting curve with those obtained expecimentally.

This is done in Figure 58. Agreement between the calculated

rate constants and experimental values obtained in this study and in a

shock tube study conducted by Jost (15) is seen to be good. The

calculated values do fall significantly below those obtained in an

isothermal bomb experiment conducted by Thomas (16). However, reference

to Thomas's experiment suggests that his reaction was wall-catalyzed.

Such an interpretation accounts for the high rate constants and low

activation energy found by Thomas.

The stoichiometry of the reaction, as computed from the mechanism,

is shown in the table below. The decomposition products shown are for

one mole of hydrazine.

f
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Temperature Ammonia Nitrogen Hydrogen

1600 deg. K 0.915 0.545 0.59

1400 0.905 0.545 0.646

1200 0.87 0.56 0.68

1100 0.87 0.56 0.68

1000 0.895 0.545 0.655

The measured stoichiometry, at 983 0 K, was

N2H4 > 0.64H2 + 0.91NH3 + 0.54N2

The agreement between the calculated and measured stoichiometry.

is seen to be remarkably good. Also, the insensitivity of the calculated

stoichiometry to variations in temperature indicates that there is

little uncertainty introduced into the measured stoichiometry by the fact

that the reactor is adiabatic rather than isothermal.

Thus it is seen that the postulated mechanism is in good

agreement with both the measured stoichiometry and the measured reaction

rate data.

However, this mechanism does not explain the effect that water

has on hydrazine decompostion. The observation that small quantities of

water can considerably depress the gas phase decomposition rate and that

adding relatively large quantities of water has no additional effect on

the rate indicates that the water very effectively suppresses some

essential reaction step.

It has been suggested by Ramsay (14) that the N H radical is
2 3

formed in an excited state, N2 H3  which may either branch to give NH + NH2 , i e

N H - NH +NH2 3 2
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or be deactivated to a relatively stable form of N2 H i.e.

N2H + X - N2H X
2 3 2 3

This deactivated N2H3 can no longer branch into NH + NH2 , but can partake

in termination reactions. As was discussed previously, water would be

excellent for promoting the relaxation of N23

On the basis of the above considerations, a modified mechanism

for hydrazine decomposition was suggested. The following modifications

were introduced:

(2) N H +NH 2 -N NH3 + NH
2 4 2 3 23

(3) N2H3 + X P- N2 + H9 + H + X

(5) N2H3  • NH + NH 2

(6) N2H + NH ill- NH + N2H
N2 4  2 23

(8) N2H3 + N2H-3, 1 2NH 3 + N2

(11) N2 H3 + X 3 N2H3 + X

The predicted overall rate of the mechanism can be made to

agree with that observed experimentally if k is set equal to 106.5

cc/mole-sec. This corresponds to a third body effectiveness for

relaxation of approximately 10"7", or rather that ratio of branching/

deactivation probabilities is

b/d =10 exp RT

106.5 [X)

or -18,._000
1.9b= 10 exp RT mole/cc

d [XI

It is believed that the above mechanism for hydrazine
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decomposition may explain why the hydrazine decomposition rate is

relatively low under conditions in the flow reactor, in spite of the great

tendency of pure hydrazine vapor to explode.

The N2 H3 may leave the reaction mechanism by two termination

reactions, i.e.

N2 H3 + N2 H3  1 2 NH 3 + N2
:At *

N2H3 + X N----- N2H3 + X

At high temperatures the concentration of N 2H3* is so high

that the second order termination reaction dominates. At low temperatures,

however, the first order termination reaction is the most important, and

the reaction rate can be seriously affected by varying the effectiveness

of the reaction

N2H3 + X PN2H3 + X

Thus the rate at 800 degrees Kelvin can be made to increase

more than a hundred-fold by letting the rate constant of the above

reaction go to zero.

This modified mechanism is being further investigated.

Two mechanisms for the decomposition of hydrazine have been

investigated. Good agreement with experimental observations has been

shown. This is a significant advance over previous investigations where

only a vague compatibility of suggested mechanisms with experimental

data has been indicated.

There are two areas in which further research on hydrazine

decomposition would be useful. One of these is the study of hydrazine

decomposition rates at temperatures below 800 degrees Kelvin with, and

without additives. A truly major contribution to understanding the

reaction mechanism could be made by studying the transient build up,

and disappearance of free radicals, and the effect of additives on this

behavior.

Mechanisms for the decomposition of the two methyl-derivatives
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of hydrazine are far more complex, and cannot really be established with

much reliability from the available data. However, such mechanisms have

been postulated, and will be briefly discussed in what follows.

B. Unsymmetrical Dimethylhydrazine

Unfortunately a mechanism for UDMH decomposition must be more

complex than those proposed for hydrazine.

It appears that the best approach is to study one or several

simplified mechanisms.

The decomposition of unsyminetrical dimethyihydrazine may be

imagined to proceed in a manner described by the following overall

reactions:

I. UDNH N2+ 2CR

II. UDMH 'NH 3+ H 2C =N -CH3

III. UDMH H 3C -N -CH 3+ kN 2+ kH

IV. 2CH4  ~ CH + H,

V. '-D1Hf P 2HCN +H 2

In what follows, a simplified reaction mechanism for the

decomposition of unsymmetrical dimethylhydrazine is suggested.

The following initiation reaction is proposed:

(1) UDMH + X - RI + NH. .

ki = 10 e, -72,000 cc/mole-sec
1 expRT

Rl is H C -- N CHR .
33

The nitrogen of Rl is deficient in electrons. However, it

may attract some carbon electrons to form a double, and eventually triple

bond with the carbon. The result is the unstable compound

F UH C N CHR
I. UDM N3 3

II.URtMHC-N-C3 N H

MP SMO

IVNPR CH.. +H

V.ME&t• H N+H



-108-

The singly bound CH3 group can break off easily enough to give

H3C = N + CH
3 3

The H CN can break up into H + HCN.
3 2

The overall reaction is

HC -N -CH---- H + HCN + CH
3 3 2 3

The reaction is endothermic by approximately 3.4 kcal/mole. If this

value is used for the activation energy, one may write:

(2) Rl--H + HCN + CH
2 3

k = 1012 exp -3,400 sec-1
2 eRT

Methyl radicals may react with UDMH as follows:

CH CH3 CH3 CH

N +CH 3 N +CH 4I 31

NHE NH

or

(3) UDMH + CH 3 --- UN + CHt4

k3 10 1 exp -7 cc/mole-sec3 RiT

where UN is the radical fNN (CH3 ) 2 . This radical may rearrange as

follows:

CH3 CH3 CH3 CH3 CH3 CH

N - * N -NI I Y
NH N-H N

CH 3 +C4 +N2I

I
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The rate constant for this reaction was taken to be the same as that for

reaction (2), i.e.

k 10 12 exp -3,40R sec' 1

6 ep RT

where

(6) UN- CH3 + CH4 + N2

NH2 radicals may react with UDMH as follows

CH3 CH3 CH3  CH3

N + NH, > N + N2H

NHl
or 2

(4) NH 2 + UDMH bN2H4 + RI

Similarly

(5) NH + UDMH UN + NH?

Reasonable rate constants are:

11 -7,000
4k 10 exp RZ

1 RT

k = 1014 exp -7,000 cc/mole-sec
5 R

The hydrazine thus formed would behave like an intermediate rather than

like a product. Hydrazine may react with methyl and amin radicals in the

reactions

(7) N2H4 + CH3 P N2H3 + Ch4

(8) N2H4 + NHi2 b N2H3 + NHi3

where k = k8 M 1014 exp -72000 cc/mole-sec
78R

It may be assumed that the N2H3 radical thus formed is unstable

and decomposes in the branching reaction

(9) N2H3-- NH2 + NH

11 -18,000 -1
10RT sec

9 ep R
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where Eq is taken as that found to be appropriate in the hydrazine

decomposition reaction.

Finaljy, the following termination steps are proposed:

(10) N2H3 + N2H3 -- - 2NH3 + N2

(11) 1%2 + NH2  N N2 H4

(12) CH3 + CH3  OP C2 H6 12

k10 = k ff = k12 = 10 cc/mole-sec

In summary, the following reaction mechanism is obtained:

Initiation

(1) UDMH + X--- Ri + NH2

Branching

(9) N2 H3  - NH2 + NH

Propagation

(2) RI P + HCN + CH3

(3) UDMH + C113--- UN + CH4

(4) UDMH + N2 N2H + RI

(5) UDI + NH ----> UN + NH2

(6) UN CH 3 + CH4 + N2

(7) N2H4 + N 2H3 + CH4

(8) N2H4 + NH2 - N2H3 + NH3

Termination

(10) N2H +H 3 2+4 --H3 N2 + 2NH3

(11) NH + N - N2R
2 2 2 4

(12) CH3 +- CO3 - C 2H6

It may be noted that reactions 3 and 6 form a loop which converts

UDM4H to methatie and nitrogen, i.e.

rF

L 27
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(3) UDM4H + CH3 ---- UN + CH4

(6) UN CH3 + CH4 + N2

giving the stoichiometry UDMH N2 + 2CH4

Reactions 4, 5, 8, 9 serve to convert UDMH to ammonia. RI, and

UN, i.e.

(4) UDMH + NH2-- N2H4 + RI

(5) UDMH + NH )-UN + NH2

(8) N2H4 + NH -N2H3 + NH3

(9) N2 H 3 - NH + NH2

RI decomposes by reaction (2) to give hydrogen, HCN, and methyl radicals

which may be used in the 3-6 loop. Similarly UN is used in the 3-6 loop.

The 4, 5, 8, 9 loop may be used to give the stoichiometry

2UDMH--- H2 + HCN + N2 + CH4 + NH3 + 2CH3

It may be seen from this that the branching reaction not only boosts the

above loop, but also supplies CH 3 radicals to the 3-6 loop.

On the other hand, reaction 7 converts CH3 radicals into N2 H3

which supply the 4, 5, 8, 9 loop.

The complete reaction mechanism was solved numerically. The first

order raLe constant, as a function of temperature, was made to agree with

that observed experimentally. However, the k vs. % reacted relationship

is seen to be a complex function of temperature. The value of k taken

for comparison with experimentally observed values was that where the

slope of the k vs. % reacted curve was zero. (See Figure 62). If the k

vs. % reacted relationship is as complex as that shown in Fig. 62, then a

simple first order reduction would, indeed, show considerable scatter.

The stoichiometry computed at 900 deg. K is

UDMH- - 0.19HCN + 0.19H2 + 0.79N2 + 0.19NH3

+ 0.19C2H + 1.39CH
2 6 4

the nitrogen, methane, and ammonia produced agree well with the Aerojet
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stoichiometry reported by Raleigh, i.e.,

UDMH --- 30.38H2 + 0.67N12 + 1.CH4 + 0.09C2 H 6 0.43HCN + 0.23 NH3

whereas the amount of hydrogen and HCN computed from the mechanism are

significantly less.

The stoichiometry observed in the adiabatic flow reactor at

908 deg. K is

UDMH---' 0.52H2 + 0.41NH3 + 0.27CH4 + 0.08HCN

showing much more hydrogen and ammonia than was computed, and reported by

Raleigh.

The concentrations of methane and HCN are suspect because of

possible polymerization of these two substances in the cool region near

the sampling probe.

In general, the postulated mechanism for UDMH decomposition

agrees reasonably well with experimental observations.

However, detailed observation of reaction rate as a function of

concentration and temperature over a wide range of both variables is

required before it will be possible to place any great faith in the

suggested mechanism.

In the reaction mechanism postulated for UDMH decomposition

hydrazine is an intermediate. Thus addition of hydrazine to UDMH should

speed up the UDMH decomposition ratu, if the suggested mechanism is correct.

C. Monomethylhydrazine

A mechanism for the homogeneous, gas phase decomposition of

monomethylhydrazine was developed in collabor-tion with Sawyer (82).

This mechanism is as follows:

Initiation

() MM} + X H3C-NH + NH + X
(1)3 2

(2) MMH + X - ,H3 C-N + NH3 + X

~~~ 3
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kI = 10 22 exp (67,000/RT) cc/mole-sec

k2 = 5 X 1021 exp (67,000/RT) cc/mole-sec

Branching

(3) H3C-IWI + X -. CH3 + NH + X

(4) MIMH + H NNH2 + H3 CNNH2

'r 10- exp (-18,000/RT) cc/mole-sec

k4 = 1013 exp (- 7,000/RT) cc/mole-sec

Propagation

(5) H3 CCM2 + X - H2 + N2 + CH3 + X

(6) MMH + CH CH,- + H CNNH
3 4 3 2

(7) HMH + NH2  NH3 + H3 CNNH 2

k5 = 1014 exp (-18,00/RT)

k 6 = 1013 exp (-7,000/RT)
k 7= 1013 exp (-7,000/RT)

Termination

(8) CH3 + CH3-- *- C2 H6

(9) H3CN- - HCN + H2

k8 1013 cc/mole-sec

k9 1014 exp (-10,OOC/RT) sec"I

Sawyer (82) studied this mechanism numerically, and found.its rate behavior

to agree with that observed experimentally.

The following stoichiometry was computed at 9000K

MMH R 0.92H2 + 0.85N2 + 0.17NH3

+ 0.74CH + 0.08C H + 0.08HCN
4 26

Observations of stoichiometry in the adiabatic flow reactor showed at 9170:

MMH -- 0.89H2 + 0.51NH + 0.20CH4 + 0.51HCN
2 ~ 34
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The hydrogen calculated agrees with that observed, whereas the experiment

shows much more ammonia and ACN than computed. The experimental methane,

and HCN, values are likely to be much too low because of polymerization.

D. Comparison of Decomposition Mechanisms of Hydrazine, Monomethylthydrazine

and Unsymmetrical Dimethylthydrazine

A comparison of the suggested reaction mechanisms shows that

UDMH and monomethylhydrazine have not only the NH2 and NH free radicals,

but also the very effective CH3 radicals. This may explain why the

overall gas phase rates of the methyl derivatives of hydrazine are faster

than those of the parent substance.

The next question to be answered is why UDMH decomposition has

a faster rate and lower activation energy than monomethylhydrazine

decomposition. The postulated mechanisms show a quite effective branching

chain for UDMH decomposition, i.e.

UDMH + NH -2- Rl + N2 H4

N2H4 + CH3 - N2H3 + CH4

N 2H - NH + NH

UDMH + NR NH2 + CH3 + CH4 + N2

whereas the branching reaction for monomethyl-hydrazine decomposition, i.e.

H3C - NH 1 CH3 +NH

is not part of a true branching chain, since H3 CNNJ is only formed in the

initiation reaction

MMH + X - NH+NH 2 + X

3 2t
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CONCLUSIONS

The adiabatic flow reactor yields overall rate constants as

functions of temperature and concentration ina reaction rate regime too

fast for isothermal bombs and even isothermal flow reactors, and too

slow for ordinary shonk tubes.

Furthermore, the difficulties encountered in obtaining a kinetic

irterpretation of laminar flame-, isothermal bomb-, and isothermal flow

reactor studies are avoided, since longitudinal diffusion of heat and

active species in the adiabatic flow reactor is unimportant, radial

variations in temperature may be eliminated, and radial velocity profiles

are quite flat.

The one-dimensional flow pattern in the reactor is achieved by

operating it in the regime of turbulent flow. Consequently, the effect

of turbulence on the kinetics measurements had to be investigated. A

method was developed by which an estimate may be made of this effect, and'

it was found that, for conditions encountered in the flow reactor, the

effect of turbulence on chemical kinetics is small enough to be neglected.

An error analysis of the flow reactor showed the most serious

experimental error to be due to violation of the adiabaticity assumption

near the end of the reaction zone. This difficulty may be overcome by

heating the reactor duct in such a manner that heat transfer is minimized.

The present single electrical winding should be replaced by several,

individually controlled coils. The current in these coils may then

be adjusted in such a manner that the wall temperature and the gas

temperature are within a few degrees of each other. If this is done,

then it should be possible to reduce experimental error to less than 5%.

The activation energy for hydrazine decomposition obtained in

the flow reactor study agrees with that deduced from laminar flame studies

by Gray and Lee (9). Diffusion in the adiabatic flow reactor is unimportant,

and the activation energy refers to the overall reaction. Thus, agreement of

activation energy and stoichiometry obtained in the adiabatic flow reactor

with the results of flame observations suggests that hydrazine decomposition

flames should be interpreted on the basis of the thermal theory of flame

propagation.
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A comparison of the first order rates of zhe three monopropellants

shows that, in the temperature regime of this study, i.e. 800 - 1000 deg. K.

UDMH decomposition is fastest, hydrazine decomposition is slowest, and the

monomethyihydrazine decomposition rate is intermediate. It is somewhat

surprising that the reaction rate of hydrazine, which is known for its

poor stability, should be the slowest. It is not unlikely, however, that

the rate of homogeneous gas phase hydrazine decomposition is indeed

relatively slow, and that hydrazine explosions are surface initiated.

Such a conclusion is confirmed by the strong effect which most surface

materials have on the decomposition of hydrazine vapor.

It was found that the activation energy of decomposition is highest

for monomethylhydrazine, lowest for UDMH, and intermediate for hydrazine.

The reaction mechanisms which have been postulated for the thermal gas

phase decomposition of hydrazine and its methyl derivatives provide an

explanation for the observed experimental trends.

Results of electron impact studies by Dibeler (29) show that the'

N-N bond is strengthened by the addition of methyl groups. Now, the

initiation reactions for the decomposition of hydrazine and its methyl

derivatives involve rupture of the N-N bond. Thus, initiation is easiest

for hydrazine, most difficult for UDMH, and intermediate for MMH, suggesting

the following relation of activation energies: UDMH MMH N2H4. But,

the methyl substitution has an additional effect, namely to provide a

source of methyl radicals which facilitate and enhance the chain effects.

This consideration suggests the following relation of reaction rates:

UDMH > MMH> N N2 H4 , which is, indeed, observed. It is further suggested

that the low overall activation energy of UDMH decomposition is due to a

branching reaction, which however does not occur in monomethylhydrazine

decomposition.

The decomposition of hydrazine, UDMH, and monomethylhydrazine

were studied in the adiabatic flow react,'c, and an explanation for the

observed behavior has been presented. Further light can be shed on the

problem by spectroscopic studies to experimentally identify the radicals

taking part in the decomposition of the substituted hydrazines, and by

A
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measurement of overall reaction rates in the presence of additives. Such

additives as mercury- or lead alkyls to supply methyl radicals, and

acetylene to scavenge radicals should be especially interesting. Below

1000 deg. K polymerization is the most important reaction of acetylene

(45). It follows, that in the temperature range of this study, acetylene

would be an excellent radical scavenger.

The mechanism for hydrazine decomposition suggested in this

study differs from those postulated by previous investigators, in that it

includes a set of branching reactions

N H2H3 NH + NH22 32

S2H4 + NH - N2 H3  + NH2

Without branching, the overall activation energy computed from the

mechanism was too high, and the overall rate too low.

The logarithm of the computed 'steady state' rate constant was

plotted against l/T. The resulting curve was found to agree with

experimental data obtained in this study and in shock tube studies by

Jost (15). Also, the stoichiometry calculated from the mechanism agreed

with that measured experimentally. This is a significant advance over

previous investigations where only a vague compatibility of suggested

mechanisms with experimental results had been indicated.

It was found that the rate of decomposition of hydrazine-water

mixtures was slower than that of the 'anhydrous' material by approximately

a factor of 10, and was independent of the amount of water added. Thus it

seems that water inhibits the gaseous decomposition of hydrazine by very

effectively suppressing some reaction step. To explain this effect, it

is suggested that the N2H radical is formed in an excited state, N2H

which can either branch to give NH + NH 2) or be deactivated by collision

to a relatively stable form. Then, small amounts of water can relax

N2 H33 and thus suppress branching.

Unless the third body effectiveness of nitrogen is very low,

the reaction

N23 + N,- NH + N

N 3 2 3
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could make the overall rate of decomposition of hydrazine relatively low

under conditions in the flow reactor, and yet quite rapid in pure hydrazine

vapor.

Computations on the postulated reaction mechanisms showed that,

if the initial build-up phase is ignored, then the overall first order rate

constant is a function only of temperature and concentration, and is

independent of initial reactant concentration. This means that free

radical concentrations, and the overall rate, are independent of the previous

history of the reaction. Thus, it is legitimate to write

-dC/dt- k (T) f (C,T)

However, f(C,T) is not a simple power function of concentration, and may

only be approximated as such over quite narrow ranges of concentration

and temperature. This conclusion is not surprising, and may indeed be

deduced from the steady state treatment of a simplified mechanism. However,

it shows a theoretical reason why data which are analysed according to

an overall Arrhenius expression of the type

-dC/dt = k (T)Cn

must necessarily scatter.

Insofar as f(C,T) is characteristic of a particular mechanism, an

accurate determination of f(C,T) would provide the maximum information

which can be obtained from overall reaction rate measurements. Such a

determination should be possible with an improved version of the adiabatic

flow reactor.

There are two areas in which further research on hydrazine

decomposition would be useful. One is the study of hydrazine decomposition

rates at temperatures below 800 deg. K with, and without additives. The

other is a study of the transient free radical buildup. A major contribution

to understanding the reaction mechanism, and to the general field of

chemical kinetics, could be made by studying the transient build-up, and

disappearance of free radicals, and the effects of additives on this

behavior.
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SPECTtiOM OF GASEOUS DECOMPOSITION
PRODUCTS OF UDMH
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SrECTRUM OF GASEOUS DECOMPOSITION PRODUCTS
OF MONOMETHYLHYDRAZINE
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SPECTRUM OF CONDENSATE IN ACETONE SOLUTION
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FIRST ORDER RATE CONSTANTS FOR
HYDRAZINE DECOMPOSIi'lON
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DECOMPOSITION CALCULATIONS
FOR HYDRAZINE

I0

NH 2

w /N 2H3I--\

o NH .1 0-3 \

-j Ns-

\H\

z 0Q-540

(-)
z

MECHANISM I
FREE RADICAL CONC.\
AFTER 10% REACTION
tx :4o0.0
IN NH 4.6

'0 _ i0-O. I I I ,, , I ,,!,I

..5 .6 .7 .8 .9 1.0 I.1 1.2 1.3 1.4 1.5
TEMPERATURE 1000IRE T FIGURE 57'406- _7
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Arpendix A: Data Reduction

The data reduction uas performed using an IBM 1620
electronic computer, with 8 digit accuracy.

The principle upon which the data reduction was based
has been discussed in the body of the thesis and will not be

repeated here.

Rather, the data reduction programs actually used are
outlined in chart form, and then shown as they appear in

FORTRAN form.

The tables used were taken either from standard references,
such as NBS or JANEF tables, or from experimentally obtained

calibration curves. The calibrations will be :'iscussed in

appendix B.

The table reading and interpolation routine (TRIR)
worked as follows. The table was searched for values of the

abscissa, Xi. such that X < X < X2 , where X is the value of

independent variable for which it was desired to find the

corresponding value of dependent variable Y. A straight line
was then drawn through the points (X!, Y1 ) and (X2 ,Y 2 ), and the

equation of this line was used to determine Y.

The slope of the millivolt-distance trace for

longitudinal temperature was read graphically from the Speedomax
traces, using a Gerber derivimeter, then fed into the data

reduction program RATE 3.

I:
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DATA REDUCTION- SEQUENICE

Base Zlillivolt (XT.B) Tbe

Itn Number (NIRU:J)
Initial Mjv. above B~ase noIMleFatn
Final Div. above B3ase
Duct DiameterofRatn
Reference Gas Density F no 1

FFuel Orifice Reading's Fe lwRt
D:.luent ½ý Orifice Readings Diluent :L ?ow Rate

Carrier Orifice Readings Carrier 'Flow atae

'qolecular Weig;hts efrn C rirvlct

~emperatture -'race

Con~vezrsioir Coeff., C

C, p 0

Least S~oia-c Live fo,

In k vs. 1

Preexperelii i'll :actor

4Z

Tj~



A-3

PROMGXK LINPOL t

Bae 4llWolt (TB Initial my. above base
Run :umer (!R1r:)Final my. above base

Temperature T I R __prtr-lLliotTable
-:1illivolt, and
Enthalpy T- a-.j
:-ables

rýabla -.eding

]Ntap IR~ c Entalp TaAble

M~n ý.ezole rcto o eatnt(A2

"w _,(- i
Care i Dc imcr

Recath eeec a
DestPrdct£f

Enlhlp _ _ _ _ _nc _ _J A _ _ _ ] _ _

t=l frcino -ctr 1,TM
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PROGRAM LINPOL 11

Diluent Iirg n teFl o lation(D outine aat (FU) se

?RN T(RT) (F)Fuel Weighte Fuel Orific
Thrmocouple FibatowIRR i Aoe/e PFl Coverio (semp

C~~~rrterMR Fuas Total alt(?)= F

Or f c 
Crlt Flo 

Orif Ca ib

Orjc im trN lwa I~
'1 ~ Fel Nitrogen_______________ __________T______D-1

-?, 4-1SD
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PROGRAM RATE 3

Table Reading and Temperature
Interpolation Routine (TRIR) dg-Millivolt Table1

Number of Points NUXB
Final Mv. above base E

T`R R Point Number (.NP),

fv . above base,

Order (Min)T U

Conversion
Coeff., C 

T

IT,_ dT N

(TCT) Tl TCT dx

O0utput: k, T, T, NRUN
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C tIGOR J. EILIEFSTEIN
C MODIFHEC) 1.100L
c F IRST PART O)F Tw.:) PAKTS
C JUNE 101902

t'UATA iREDUMON J~ Pli%%.CG:*,-*AV
c CHE11ICAL v,1;4-,TICS EL2ý* 1":~~)

1li.06100 XT(7ý),YT (75)
liAENS Ui' X(25; '7'IV 25) !Y iP ,25) Y (25)

),EAC-,k'l,---TTA

A LPIAR I C P;,I I T
X- I F I E Iý LI I NP L ,P A *,,T "i NEg JI.. I t 19 %2

ALPHlABETIC. PkIN:T
D)ATE OF EXPERizWU1T

ALPIIAGETIC PRIN~T

ALPHAgBETI C P'4-11i0
FUE L

ALPHA3ICTIC, P11ZI8T
!,UCT AiTE*HCS
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ALP.AEI C 1P I NT

P.RIT 1 tQ, ARJ, ETTA

Ni AL13) Et -C Pil I NT
T~Pi;TRELLVT 1T1 L~l

8702 702.T K~ 941
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,. GO TO 1709

I, TO (709,710,711,712),JTT
.1709 1KLAS-,=I

..'00 UMV
0,,; DG 203 1ul.,1

.,1.0 IKII"
,, rIt, IK~ >t I )
;203 %i ", "I ( ,
%_ -.,00 . T-) 1709
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303 1=1 -I
S00303 Z I

ii 2 170'.)
000•31 '3liPPwV

CO T3 705
1%1=1; i]• 3]{] I N'T-=4
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C PRJG tA: PA\T E3
C IGOR J, EIBESTEIl
C OCTJ.BE- 24,1962
C IVRTE CONSTANITS OF , .

I • '- !E.JSJ 1 ON Z' J0( 25)S2(2 5)
Ha.S I3 ,)'TT(25) ,YTT(25) ,YT(751 ,."T(75)

I'tENSI 3J1 -. P(20),ZY,£(20) .ft(2YV ,TJT(22
•:~i;.S ,i]T(21 ),#SL (20) ,Y,1':. (20")

ALPHA'i'ETIC P't,, ;T

IG.iE, E EI -STEIS ;, ,PI ' .)G i; ':iATE 3
bEAE '; Z'9'
,)R.,,t,:Ei(-1..

ALPiHABETIC Pid;;.T
, tEUc , S3

PI 'T, S3., .. .S~.,.EAr , ... EF1
,ALPHII.ET IC P;>,I •

tl3) 102 kT=I ,:;T
102 I )# i E.A•n 0 Y T t" h , T),,' iT (T

IF (:',,U~~i-:iJ 31 , 310, 313
313 COAT 1•TtJ

PL P', i A-1ET I %r P I IT
ill -fiTCHED (, ,T,-

PlU S E

G ) T J) GOO
310 JTTJl

XTT( ;Y)=Y F+,:,...,+ .

GC T ) 106
1 TFYTT( )-~273.1

JTT,2
,) 302 -1,:'
v ;Vf,.• vf X!

I .-6 r.-, 126 ý'•T .I , J

-IJ

I __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __i_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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126 CONTIN~UE
124 IF(KT-l)121,125,121
125 COINT 3UE

ALPH-IAE T ICPUJ
TASLE REAP IN~G t*R:,)

PAUSE
G 9 T:3 o'00

121 Em YT (rT -Y T KT-1

SLOPE.E / S

GO TO(1' ~TT
2 GO TO p

127 YTT(li;=YTO1',T)
0(8)YTT'.!!.i273.1

ALPHAH3TIC" 04I61AT
EXACT MV.-TE.,iP. C )VJ`ISPOINDENCE

PRIt4TRY *x( %.T>
GO 70 T 30 3

301 T(!i)u.YTT(%:')+273.1
YAPD E L IFS L kE* J TF/ 00 1 ~

610 PRITlCTýPP*Y' EIP('/.S620 PtJNCH~iRU~T 2.ZI% '

302 M-S COTi~J

ZIGO m TO*P 600
111 F lENF.SITH1) j,2
61 RINT ,T,1fbP~! 2"

62 UC RI
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C IGOR JOEBERSTEIN
C JUNE 11 1962
C LEAST SdUARE LINE FOR.
C CHEMICAL KINETICS DATA
C PART ONE OF TWO PARTS

DIMENSION x,(450),Y(450)
READtXK1 DXK2,XK3
READNRLUI,11TIOZIPI
N-ia
TaTI
ZIPOZIPI
GO TO 11

10 READ$ NRU H
IF( NRUN )12, 12, 11

14 READ TgZIP
11 Ax(N)w1 .;VT

Y( N)mXKI*LiOGF(ZI P)

GO TO 10
12 1RUi-R;

NFI 1-611-1
XNwNFI 1

SUnHm0.1)
SUt1X2m0. ~l

DO 21 N~,wU :i

SU1'YinSU-"'Y+Y (;i)
SU! t 2wSU: - 2+X ; ) ()
SU;lY 2SU-"fY 2+Y 4~ )*y

21UN TCI ,XK1 EX2,~
PUt4CH;, .U: IH1 :LA

PI.)*C u ! t' t'%2 *SU: ¶y2
ALPHAG;ETIt: P;1.I;T

PROCEED TJ LEEQP- TT~
CONT I i-'U E
ST OP

F. !'
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C IGOR EBERSTEIt4
C LEAST SQUARE LINE FOR CHEM.KHiET. PART TWO
CREADoXKI ,XK29XK3

READ .NRU 1I1,aIRU NL vX N
READ u,SU4XYoSUMXoSUtMY

RED:SUMX2t*SUM4Y2
ALPHABIETIC PRINT

CHEMICAL KINETICS DATA LEAST SQUARE LIME
ALPHABETIC PRINT

DUCT DIAMETER, INCHES
ALPHABETIC PRINT

CARRIER GAS
ALPHABETIC PRINT

FULALPHABET IC PRI NT

ADDhITIVE
ALPHABETIC PRINT

R'UN1 S EftIES

su~ii .xtw*SU, 1XY-SU;iXV*SU;*,IY
SU~i 2mXN*SU: lX2-SU 1X*su" IX
SL0PE=SU;11 /SU'12
ACTEul .99*S LOPE
ALPHABETIC PRIINT

ACTIVATION ENER~GY, CALORIES PER GiKA,:l-20LE
PR] NT.ACTE
SUMi3.SU:vy-(SU: ix*Su !Y) /X[4
SUM4w~SUi ilX2-(SUMlX*SU. .Y- X% ;
SU!4iwSU: 13*SLJ43/SU:i4
SUti6.SU'Yl-( SU-i*S Y '/ -)1S2wSUt16/ (Xr4-2.~;
XAV..SU1X/Y N4'
YAV.ASUMY/$ X N
S U!17wu5! iX2-XI' '*.' AV*XAV
VASLOimS2/SUlM7
SOS LOnSQR(VASLu*)J
SDEt,61 .99*.SpSL.)
ALPHABETIC PRINT

STADAR DEIATONOF ACTIVATI %ý NU-kGY
ALPHABETIC PRINT

CAL ORI ES PER GRAA-tIOLE
PRINT ,SDEN
A=YAV-SLOPE*XAV
Slit &8XN*SU14X2-SUMiX*OU1
stJM9nSU.-1x2/SU: 18
SA~uS2*SU,*q
SA..SQR( SA2)

II
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Pr.IE IE X P (A)
ALPHAB-ET IC PAI ivT

PRE F.XPONE-NITIP.L FACTJR
Pu NT8 P~IJEEX

ALPHABE~TIC PRINT
STANC~A("T. !IEVI.;TI U-4 iF EXP,:i.aENT

ALPHACLET IC Pidli'l
OF" PREEXPONE:ITIAL FIACTOR

P iI WTSAA
ALPW1AL:TIC PRINT

itAIN A.LALYSIS ClOrPLET
ALPHAEBTIC PRINT4

AUXILIARY 1,F3!'.AT Ir FON UV
1ALPflA"'1ETI C PRI NT

SUMX sUM SUXY
P, I NTSUSU:1"eu, ye SUIX

S'U.'X2 SU;Y2 XUA' YikV
p I rS U'X2,,SU:,y2,X`V,YAV.
'LP--3KTIC PQINT

AN LY I S ~JPL TIE

.)p :i



C PROGRAH1 SEAV. IGOF. Ji. EDEaM;TrIhJ
" PAL; -ATt.r POuxr

IGOR J. EBEFRSTEIN PROGRA:1 SEAV
DIMENSION 1SY45vZSrl(9

8 READ 140 1V OR
10 READ NRUI'N

I F(NRU N) 12 12 14.
14e READ ' TPATE

Y. J aLOGF(WIATF)

GO TO 10
12 N.6J-I

x NoI
XMAXwX(1)

DO 20 6.19N
I F(XMAX-v(J.) )212.21 3,213

212 X-MAX=X(J)
2i 1 F(X(J)-X'lIW2I4*21 5,215

215 C 0 WTI NU E
20 CONTIN4UE

DEXaXiAX-XIA:Nr
AD I V. rW I V
DX.DEX/A-' I V
XAXmX% I I Ml
'DO 301 KIa.1,I~V
X I flXAX
XAXwXAX,+r.,X
IF(SENSE SWIlTCH 1)'601.602

601 PRlI NT 9X#%X aX IA
602 .11

SUMZ.60..

7,0 302 Jo's111
IF (XAX-X(J)) 303,304v304

304q IF(X(J-XIN1303.3059305
305 Z(O)x(j)

SUMZaiSUflZ+zI
SUM4WwSUM'iZ44 I
101+1

303 CONTINJUE
302 CONTI WE

IF(I-s1)701 ,701 *702
701 1=2

72XI.I-1

ZAV..SU.'!/XI
WA VmSUi %./X I

00 402 fou1.NI

VAPR.k/
STDwSQRlF VAK)
TAIm1.1/ 'AV
RAV=mEXPF'(WAV)



PRINT Z~AV ILAV VIAVtSTLV
301 PUtICH 9K,TIV..cIV

PAUSE
GO TO 100
END
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Appendix B: Calibrations

All essential pressure gauges, therMocouples, and orifices

were calibrated.

Pressure Gauges

The pressure gauges were calibrated using a dead weight tester,

and were found to be accurate to + 1 psi.

Orifice Thermocouples

The orifice thermocouples were calibrated against a standard

mercury thermometer. All these thermocouples were calibrated in the

system. Tle thermocouple temperatures for the critical flow, and diluent

nitrogen orifices were read in degrees Fahrenheit from a direct reading

(West) meter. In the temperature range of interest, i.e. 20 deg. F to

100 deg. F, the error was generally found to be less than 5 deg. F.

The output from the fuel flow orifice thermocouple was fed

to a millivoltmeter. A calibration curve of temperature vs. millivolts

was obtained, and was used directly in the data reduction program.

Probe Thermocouples

The Pt/Pt-Rh probe isermocouples were calibrated against a

secondary standard Pt/Pt-Rh thermocouple supplied by the Leeds and

Northrup Company. The error of this secondary standard is guaranteed

by Leeds and Northrup to be less than 0.75 deg. C . The temperature

range of the calibration was 600 degrees Kelvin to 1200 deg. K. Below

1000 deg. K. the error was found to be generally less than 2 deg. K.

At temperatures above 1100 deg. K errors as high as 5 deg. K were observed. 1
These calibrations were carried out in an electric furnace.

The thermocouple to be calibrated was placed in contact with the standard

in the furnace, and the open space around the thermocouples was packed with

__V
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quartz wool to prevent the readings from being disturbed by stray air

currents. Care was taken to establish a steady state before any readings

were made. A Leeds and Northrup standard potentiometer was used to measure

the thermocouple potentials.

Orifices

The critical flow orifice was calibrated using a calibration

set up designed by ?elmas* specifically for the calibration of critical

flow orifices. Essentially, a class I-A cylinder was connected to a

heat exchanger and pressure regulator, which in turn was connected to

the orifice to be calibrated. The change of weight of the gas cylinder,

as it was emptiad, was measured. The scale was calibrated using

standard weights. Air was used in the calibration, and it was necessary

to correct for the molecular weight difference when the orifice was used

to meter nitrogen rather than air.

The fuel flow orifice was calibrated as follows. Water was

vaporized in the fuel vaporizer, then passed through the jacketed line

and the orifice. Downstream of the orifice the water was passed through

a cooling coil and condensed.

The diluent nitrogen orifice was not calibrated directly. The

flow through this orifice (0.097 inch diam.) was calculated by using a

calibration curve for a smaller orifice. A 0.033 inch diameter

orifice had been calibrated with nitrogen and ethylene using a wet test

meter. Both calibrations showed good conformity with behavior predicted

by standard orifice formulas for an ideal gas. A similar calculation

Ifor the fuel flow orifice (0.075 inch diameter) showed good agreement

S fwith flow rates obtained using the water calibration described above.

Pelmas, R., Glassman, I., and Webb, M., An Experimental Investigation
of Longitudinal Combustion Instability in a Rocket Motor using Premixed
Gaseous Propellants. Aero. Eng'g. Lab. Report No. 589. Princetonj University, Princeton, New Jersey, December 1961, p. 10.

r_ _ ,__



F . .. . .-----v -- - -- - .- . ...--- _

[ C-1'

APpJ&IX C - Error Analyses

The first order rate constant, 4 , is given by the formula

Let signify the fractional change in / , i.e.

Then

where

To estimate the fractional error in the rate constanT, it is neces-
sary to estimate the fractional errors in \J T )

0 oo

44

where ',t is the molar flow rate, Pn is the molar concenTration, and A is

the cross-sectional area of the duct.

r- (cerrier) + 4I(diluent nitrogen) + 41 (fuel)

or 4-

A4 41

Thus, it is seen that even lartje errors in The flow rates of fuei and

diluent nitrogen will have very little effec7 on the fiow velocity of gas in ,he

reactor. This is why no attempt was made to calculaite Ihe effect on The gas

velocity of the change in the number of moles of reactant as it becomes producT. t
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Such'effecf: is clearly of little significance under the above experimental

conditions.

The flow rate through a critical orifice is :,iven by:

The pressure gauge is accurare to i I psi. Furthermore, fluctualions

of * 2 psi in the carrier pressure do occur. Normal carrier pressure is 200

psi. Thus, f P __ 1.5%: 1.015 31-,i-4 0.985. The temperature error

is less than 50 F. Normal operating temperature is 400 F. 5000 K . Thus

c 1% and 1.01 "? t+ fYT? 0.99. It follows that

0.99 1 .01

1.02•- !- 24  ;' 0.98

Thus the expected error in Ij . approximaTely 2%, making the er-

ror in Vo approximately 2%.

It appears from the above that if major expermenTal error exis:s,

then such error must be sought in the temperaTures.

The following errors are estimated:

(1) Thermocouple calibration err:r ( 2OK )

(2) Error due to difference between stagnation and static temper-

atures of the gas (0.5°K 5 .
(3) Thermocuple radiation error (-dOK a: ,00 0 K

0.5 K at 800°K

(4) Error in T1 due to heat transfer WiTh reacror wa',.

I.-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- - _ - . - - - - . _ _ _ _ _
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i (5) Errors due to fuel fluctutations.

Cý,nsider the approximate formula(- i)~O5 and may be neg Iecrfed)

-~ ý_ :Z•dt- (-T 2Sit,

and

~ g() 4Q -7~) + rf--T)

The thermocouple caliberation errors and the radiation errors wilt not atzýc-r

the above formula. The variation in thermocouple error with temperature is so

slow that it will not affect dT or (Tf - T), since the error will be cons.an;
dX

and will subtract out. Since the probe sees an in. i-rated radiation from the

whole duct, the radiation error will be approximately constant near the end of

the reaction zone. Near 1he beginning of the reaction zone the radiation error

will be less, and there will be tn effect on Tf-T. However, Tf-T is large in

4(-r -T)
this section, and S(Tf-T) = ) will be small.

The highest temperature at which data points are taken is such !hat

Tf -T is greater than IOK . In this region the wall temperal'ure is approxii-

mately 50 0 K lower than the gas iemperature and -he following error estimates

are made

jd. t•-0.l15
dX

(Tf-T) -- 0.33

I-. follows that r

T )- (Tf-T) + (To-T) = 2714

-j or, the error in the rate constan', is 27g.
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However, There is also an error in The temperature at which This

rote constant is measured.

T - OXradiation) + cf(calibration)

at T I ICO 0°

-T - - 2 0.7%
iO00 1000

JCT')r_

The temperature error may be considered as an effective rate constantl

error, since the rate Is assumed to "e at a wrong Temperature. .irit-ing:

taking E a 40 cal/mole

2 cal/mole

T 2 10000K

T)

-0. 7%

Thus the total percent error in the rate constant due to errors in

temperature measurement Is approximately 40%.

To this must be added a 5% error in reading slopes, and an error in-

troduced by fuel flow fluctuations. The error due 1o fuel flow fluctuati.fns

F-- II
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i c-• ,

•- can be as high as 20•-30•, but may often be limited to much lower values.

' • The error actual ly observed w•s approximately 50•. I? is seen --
E

• that this error may be accounted for by experimental inaccuracies.

i "=
l

I

!

)
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Appendix D: Computations

The numerical integrations of the systems of differential

equations describing the suggested reaction mechanisms were integrated on

an IBM 7090 electronic computer using the standard eight digit accuracy.

The method of integration used was a modification of Milne's

Method adapted for computer use. This method is described by Hamming (1)

and Peskin (2).

The error in this method is proportional to the fifth power of

the integration interval times the fifth derivative of the dependent

variable, making the method exact for the integration of functions whose

sixth derivative is zero.

The relative value of the error is used as a control on the

computation, and the size of the integration interval is adjusted to

always have a pre-set error. Normally the desired accuracy was specified

to be seven significant figures, though in a few cases a lower accuracy

limit was used.

The main defect of the Milne method is a tendency toward

instability (1), especially for negative values of the derivatives or

for integration in the negative direction for the independent variable.

However, the sets of equations treated did not appear to be unstable.

The preset accuracy was maintained throughout the computation. Integration

backward in time reproduced the forward integration as exactly as could

be determined, and the predictions of the Milne integration compared

very favorably with integrations of the same set of equations using tile

Runge-Kutta method.

Thus it seems reasonable to assume that the accuracy of the

computations is sufficient to warrant their use in •he discussion of

the reaction mechanisms.

The same type program was used to study the different mechanisms.

An outline of the program and a reproduction of the complete FORTRAN

j program are presented in what follows.
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MECHANISM INTEGRATION PROGRAM

Activation Energies, E. Initial Integyration
Exponents of Preexponental SeH cuay c
factors, AiSeH 

cuay c

[Temperaturef t

i RT

Subroutine DERIV
Differential Equations
Describin- Mechanism

Subroutine DIFFTRAN
Integration~ Routine

New Values of Subroutine

Concentr-ations, C,2 at Output
Time, t., t ,C.IT,

Isteml-i nhlyo



HYZEIC PAGEI
C PROGRAM HYZEl C
C MODIFIED DECOMPOSITION MECHANISM9 JUNE 8 1963

DIMENSION Y(5,1 5),(P(5.15)sYOUT(15).YPOUT?15)
DIMENSION DUMMY (12)
COMMON DUMMYW12W2,W3.W44.W5,W6.W7.W8,pW9,W1.W1 1
DIMENSIONC
DIMENSION ER505),vA(25),W(25)
COMMON EAgWKAPPAKsHTAUKI ,K2,K3gNJ.XTvYYY.JTT,NCC,NNC
COMMON C*QtCP
WRITE OUTPUT TAPE 69599

599 FORMAT (31H1IGOR EBERSTEIN.PROGRAM HYZEIC)
WRITE OUTPUT TAPE 6 598

598 FORMAT(40HDECOMPOS IiION CALCULATI ONS FOR HYDRAZ INE)
KAPPAw1

READ INPUT TAPE 5s5l00qK1,K2qK3
5100 FORMAT(31 )

CALL DATE ~K19K29K3)
12 READ INPUT TAPE 5#501vNJ

DO 14 JJ=IONJ
READ INPUT TAPE S5 052sLJgA(JJ)vE(JJ)

14 CONTINUE
13 READ INPUT TAPE 5o503 9T$TAUgYYYOJTT

199500O15 JJ.1,"NJ
W(JJ )=EXPF(2.3*A(JJ)-E(JJ)/(1 .99*T))

15 CONTINUE
22 WRITE OUTPUT TAPE 6,597

597 FORMAT(64HREACTION NUMBER ACTIVATION ENERGY PREEXtA(JJ) RATE
1 CONSTANT)
DO 16 JJ~1,NJ
WRITE OUTPUT TAPE 6o5049JJsE(JJ)sA(JJ)OW(JJ)

'6 CONTINUE
WRITE OUTPUT TAPE 6,523
WRITE OUTPUT TAPE 6:5969T
WRITE OUTPUT TAPE 69523

596 FORMAT(27HTEMPERATUREqDEGREES KELVIN,,F9.1)
24 WwiW(i)

W2=W 2)
W3.W 3)
W14W 4)
W5sW 5)
W6wW 6)
W7=W 7)
W8.W 8

W1a11

REDINPUT TAPE 59501,NNC
READ INPUT TAPE 5s5169INIqTIME
TIMEw(1 .0Ein06)*TIME
DO 17 IC.1 NNC
READ INPUT fAPE 5 516jINIC( IC)
C(IC)w'(1.0E-06)*Ct IC)

17 CONT INUE
23 XwC(lb

NYDwC2
HYR=C(3)

-~~~~~~774 27=i---~--~ ~ -- -



AZOTC(4)HYZEIC PAGE 2
AMtl1=C(5)
AliI N-C (6)
AMIDaC(7)
HI-C(8)
H2-C(9) 0
HYRA=1 000 .
t,6.9

C SET UP Y ARRAY
Y (I ,I )-T 114E
Yýi 2)-HY0
Y *3).sHYR

Y(l .4)=AZOT
Y (I ,5).A.'414
Y (I 6)=AMI4N
Y(1 ,7)=AMID
Y(i 08)mHI
Y(1 09)=H2
Y(1 ,10)-iHYRA
H T AU
READ 114PUT TAPE 501,METHrACC,SJIG,FFINAL
READ INPUT TA PE 5,550vQsCP
CALL INIT(YtYP,YOUTOYPOUT)
IF(SENSF. SWITCH 5)5959505

595 BACKSPACE 15
GO TO 1192

505 WRITE TAPE 15tTqi(1 K2vK39t4J.T1iE,C(1)),C(2)
WRITE TAPE 15,(A(I5Im14)((U 1. F;)(~ I) 9 I=JI

1192 CONTINUE
CALL G)IFTRN(NMiETHPHiACC,--SIG,2YYP,Y jUTYPjuTg,F LJAL)j
GO TO 1192

1 FORtIAT(15 3E10.4)
501 FORMAT(I155
502 FOIMA T ( 51,2rF10 .I
503 F-)RM!AT (F1 0.1j, 2E 0 .5,,5)
504i F0RJiAT(I15,.2F16.1,E.10.4)
516 FOWRMAT ( II 1 El5.
523 FOR.iAT(3H1/
579 FORMAT(1511 Af: IABAT IC CA.)'-:
550 FOMtAT (2E 0 .5)

END

PI
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IAYZE1C PAGE 3

SUBROUTINE OUTPUT (v yP*YOUT.YPCAJT)
DIMENSION Y(5,1 �).YP� 5915),YOUT(15),YPOUT(15)
DIMENSION DUMMY 12)
COMMON DUMMY ,W1 ,W2,W3,W'�;W5,W6,W7 ,W8 ,W9,W1 0 ,WI I
DIMENSION c(s0)
DIMENSION E(25)�A(25) W(25)
DIMENSION Z (2s� 55 ),DZt25,55)
DIMENSION R (100) ,R2(100)
COMMON EAWKAPPAIPKNTAUKI ,K2,K3,NJX.TYYYJTTNCC.NNC
COMMON C

DIMENSION TI(50),R314(10).PR(10).R312(10)
� 0

997 I4APPA�KAPPA+1
* 1338 IF (SENSE SWITCH 2) L002,2338

2338 IF(YOUT(7))605,606,606
606 IF(YPOUT(2))607,601 605
607 IF(SErISE SWITCH 4)3�3,608
608 IF(KAPPA-101)992,383,383
383 KAPPA1

K.zK+1
Ti (K).sT
DO 333
Z(JK Y)JT�J)*1.E+6

* DZ(JK)1YPOUT(J)
IF (YOUT ( J ) ) 60 5,1701 ,1701

1701 CONTINUE
337 CONTINUE1401 IF(K-24)411,408,11
411 IF (SENSE SWITCH 3) 1339.992

1339 PRINT 508,Z(1,K),Z(2,K),K
GO TO 992

1408 WRITE OUTPUT TAPE 6,523
WRITE OUTPUT TAPE 6,522

410 WRITE OUTPUT TAPE 6,506

506 FORMAT(120H TIIE HYDRAZINE NIT�UGEfl AM�AONIA

Il-IYDROGEN NH2 NH N2H3 iii 1)

417 00 �403 I��1.9,4
813 WRITE OUTPUT TAPE 6 sO 7 9Z(IK),Z(2,K)�Z(4.K),Z(5,K).�(9.K),Z(6,K),
81 31Z(7 ,K) 7J( 3, �) ,Z(8, K5

WRITE TAPE lSZ(l.K),Z(2,K),Z(4,K),Z(5,K)9 z(5,K),L(6,K),z(7,�.),Z(3
1,K),Z(8,K)

1403 CONTINUE
WRITE OUTPUT TAPE 6,523

416 WRITE OUTPUT TAPE 6,509

509 FORPIAT(120H TitlE RATE CONSTANT HYRA C:Jr4C. hYRA DER.

1 RATE2 RATE 3/2 RATE 3/4 PERC. f<EACT. TEMPERATURE I)

413 DO 404 K1,9,4

* R2(K)mR(K)/(Z(2,K)*1.��)
6)

R312(K)gmR(K)/��(Z(2,K)*1 .0E�O6)**O. 5)
PR(K)m100.0*(C(2) Z(2,K)*1.OE06)/C(2)

1, R31 4( K) , PR( K) ,T1 ( K)

- -�-�



HYZEIC PAGE 4

WRITE TAPE 15,Z(I,K),R(K),Z(10,K),R2(K),R312(K),R314(K),PR(K),TI(K

404 CONTINUE
WRITE OUTPUT TAPE 6,523
WRITE OUTPUT TAPE 6,521

406 WRITE OUTPUT TAPE 6,506
702 DO 704 K,,1,9,4

WRITE OUTPUT TAPE 6,507,Z(1 K) DZ(2,K),DZ7(4,K),DZ(5,K),DZ(9,K),
IDZ(6,K),DZ(7,K),DZ(3,K),DZ(8,K)

704 CONTINUE
WRITE OUTPUT TAPE 6,523

Z DO 4338 K,.I 15
STl(K)=TI(K+9,

DO 4.338 J,=1 ,MIMI 14M
Z(J, KI,.(JK+9)
DZ(J,K)-,%Z(JK+9)

4338 CONTI NUE
K=I5
GO TO 992

605 PRINT 580
WRITE OUTPUT TAPE 6,523
WRITE OUTPUT TAPE 6,580
WRITE OUTPUT TAPE 6,523

580 FORMAT(159 RESET INTEIVAL)
I F(K-4)4002,4002,7838

7838 LtmK-3
DO 6838 J-1 ,tMMMM
YOUT(J)=Z(J,LK)*I .E-6

4703 KLK
6838 CONTINUE

Ku LK
GO TO 992

4002 PRINT 4003
WRITE OUTPUT TAPE 6,1588

1588 FORMAT(1HI)
WITE OUTPUT TAPE 6,523
WRITE OUTPUT TAPE 6,4003
WRITE OUTPUT TAPE 6,523
U4Q=0. .0
WRITE TAPE I5,U4Q,U4Q,U4Q,U4Q,U4Q,u4Q.,,U4(:,U4Q,U4Q
ENDFILE 15
BACKSPACE 15

4003 FORMAT(15H CASE I4TERRUPT )
WRITE OUTPUT TAPE 6,599
WRITE OUTPUT TAPE 6,1599

1599 FORM-AAT(14H TO BE PUNCHED)
WRITE OUTPUT TAPE 6,5100,K1,K2,K3
PUNCH 5100,KIK2,K3
PUNCH 501,NJ



HYZE1C PAGE 6
SUBROUT114E TERM (IBACK, FINALvYOUT)
DIMENSIO1N Y(5,1 5),yP(5,15),YOUT(15),YPOUT(15)
DIMENSION DUMMY(1I
COMMON PUMIuiy ,WI ,W2sw3,WhW5,W6 ,W7 ,W8 ,9W9wl 0,W1 1
DIMENSION C(50)
D)IMEN4SI ON E(25) ,A(25) ,W(25)
COMMON E,AIW, KAPPA, K. l 9TAU, KI tK2,K3gNJXTYYY,JTT,NCC,,NNC
COMMON01 C-Q,1CP

C THIS SUBROUTINE WILL NOT TER14INATE IN THIS FORM.
IF(SENSF. SWITCH 6)102,301

301 T I i'T
GO TO 101

102 A14RE-C (2) -YOUT (2)
C TDT=C(I )+C (2)
DEL T-(Q / CP ) *(A!1RE/CT0JT)
T=TIN+DELT

11 SENSE LIGHT 1
I F(S ENS E SWINITCH 41)201,p1995

201 PRINT 500,PELTtT
500 FOR14AT(2E1 5.8)

1995 00 1 I Ju1,N
W( J A~~PF( .3*A(JJ)-E(JJ)/(1 .99*T))

15 C ONT INU E
24 Vil=W (I )

W2-W( 2)
V13mW( 3)
AW ~(4)
W5-w(5)
W6.W (6)
W7-W(7)

V11 0w(1
101 1 GACK=1

K E TURN
END

u



WRITE OUTPUT TAPE 6,501,NJHYiCPG 5
C0 1662 JJ=191J
WRITE OUTPUT TAPE 69502 JJA (JJ) E(JJ)
PUNCH 502,JJ,IA ( JJ),E(JJ)

1662 C ONT INUE
LAN NY=21
LOLAca1
BIGXml.E6*X
WRITE OUTPUT TAPE 6,503 T TAU,YYY,JTT
PUNCH 503DTITAU,YYY,JTT
WRITE OUTPUT TAPE 6,501,NCC
PUNCH 50ljNCC
WRITE OUTPUT TAPE 6s501,NNC
PUNCH 5019NNC
WRITE OUTPUT TAPE 6#516l, LANNY Z (1 91)
PUNCH 516 9LAN4NY,Z (I I1
WRITE OUTPUT TAPE 695169LOLA,BIGX
PUNCH 516,,LOLAt&IGX
00 1661 J-2,Nt4C
WRITE OUTPUT TAPE 6#516#JZ(J.1)
PUNCH 5169,JZ(Jt1)

1661 C014T INUfE
11 CALL E'XIT

992 RETURN
501 F ORMA T(I15)
502 FORM4AT(15,2F10.1)
503 FORIIAT(rlO.1,2E10.5,15)
504 FORt-AT(t15,2F16 1lt.10.4I)
523 FORIIAT(3H //);
516 FORMAT (I I jEl 5.5)
521 FORMAT(13H 1DEKIVATIVES I
522 FORMAT(161i COINCENTI':ATI (ThS
5147 FORIMAT(5E1 3.5)
526 FORMAT(20 5 6 13)
507 FOR14AT(N`1 3.55
508 FORMAT(2%:E13.4,I13)1
599 FORMAT ( 31 Hi I" J,% EE3)E[RSTE IN, PR(XRGAl HYZEl C)

5100 FORHAT(315)

F~ ND

UK_ __ _ __ _ _
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SUBROUT11NE INIT(YpYP YOUT YPOUT)
DIMENSION Y(5,14) YH50414
DIMFNSIO1N YOUT(14¶,YPOUT(141
DIMENSION AAAAA(l+),BBBB6(4),,CCCCC(4)
COMMON AAAAA,BBBBBf,CCCCC
AAAAA(, )=.5
AAAAA (2)=.29289321 881 34524755991 556380
AAAAA (3)-i .7071067811865475244'008443620
AAAAA (4¶)=.1~666666666666666666666666667
DBBBB1 0-1 .0
BBBBB(2)-.29289321 881 34524755991 556380
BBE3BB(3)=1 .707106781l865475244008443620
BBBBB (4)= *3333333333333333333333333333
cCCCC(1 ?=,5
cC~cC (ý2)--.29289321 881 34524755991 556380
CICCCC (3)-i1.7071067811 865475244,008443620
CCCCC(4',-.5
DO 900 KKKKK(r195

900 YP(KK~KK,1)=W1.0
RETUR~N
E Ni)

h
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SUBROUTINE DIFTRN(NqMETHD iACSGtYYOTPUtFNL
DIMENSI t-14 Y(5#1 4),YP(591 5 ,CPIYYPOTYPUINL
DIMENSION YOUT(145 YPOUT(14)
DIMENSION AAAAA(4SDBBBBB(4)*CCCCC(4)

* COMMON AAAAA B8BBB CCCCC
DIMENSION QQ615) PRED(15),CORR(15),Ph~c(15)

* 902 UPPPPin29.*(10&,**t-ACC))
D OW~tf-1 .6666666666666f~o6666666666667E-"V 3*UPPPP
M- N+1

903 Z-I
D0 904+ 1.1 b'

904 QQ(I)=0.0
905 J-I

GO TO 4+
908 1IF(METHP).410,914,910
910 IF(K-Z)11,930,930
911 I'mK+1

Y(K, I)=Y(i,-1 , I)
912 YP(Kl,I)=YP(K-1,I)

L 2-2
GO TO 916

914 L2-1
916 IF(J-4)9118,918,999
918 ["0 920 I1,-i

tPDt)DD=H*YP(k, I)
jRRRAAAAA(J) *DPDD-BrHEa((J) *Qo I)

920 QQ)(I -Qeo(lý+3.*RniRRFi)cCCCCC(J)*CDcDD
I (-14)922t922,999

922 J-J+l
* Llsu2

GO TO 4
)99 YOUT (I)=Y(K.1

r-O 9,98 1=s2,,1
'(OUT( I=Y', 1 )

998 YPJUT(i )=YPýK, I

C DIFSIT PACKAGE- iLIPAT
930 Cu 932 1-2,!
932 PMAC (I )-0 . 0

933 K-5
Y(5,1l )=Y(491 )+H
DO 934 1-2 Ili
PREDI=2,*YA(4 I)-YP(3tI)+2.*YP(2,I)
PREO( I ).Y(1 I S-'(i.333333333333333333333333333*H*PRE01)

94Y(5,I )IPRED(I )-.96551 7241 3793101448275862068*PMC-i(i)j~Li1=3
GO To 4

zV-
Val
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936 00 938 172 1.1

C ORR1 u4. ,YP(4 I )+YP(3, I)
CORt( I)mny(3,1I +,3333333333333333333**(P5 1:Ot~'
PfiC( I ).sPRED( I )-CORR( I ,..333333333**Y(, +OR

938 Y(591I)u.CORR(I )+.03448275862068965517241 37931*PiIC(I)
A'iAX40.(
00O 948 1=.2,,t
MrSIG)1968,966 966

968 TEST=AiBSF(PRE.D I )-CoRVR(I))
(7,O T0 9 70

966 TEST-ASSF(1 .- PRED( I /CJFRR( I )
970 DI FFusAIIAX-TEST

iFECOi FF)946,948,948
946 IAliAY=T EST
948 COI4T 11401
950 1 F(AXiAY.-UPPPP) 952,952,,958
952 1 F(AM4A#'-t)t)WwNI)962,.954,95L,

C UK (140 CHANGE)
954 K 5

L0=4
GO TO 4

955 DO 956 1-1 ,m
P. ) 956 Kai 41
Y(KI)YK1,)

956 YP(K, i)r.YP(K41,I)
K= 5
MI Ll=1

r HALVING INTERVAL
958 i 6 -5*H

Ir(SrFrSE SVIITCH 1':702M70
702 PRINT 705oH
705 FOiRiAT(M i HALF I 'IT. sElO .4)
701 I F (AI) i )9599903#959
9359 CV) 960 1aI d, '
960 Y(1 , I )Y(,-, I

(GO TO 903
C DOUMt.1:14( I NT~kVAL

962 Hm2.*H
iF(S.4.SF SWITCH W)04.,703

704 PitIY ''706, H

703 1'0 964 1=1,14
964 YO(v1,)=Y(3,i)

GO TO 903
4 CALL VERIV(YYPfK)
GO TO (908*916,r'36v955)s .1.

6 CALL OUTPUT ( , YPOYOUT I YPOUT)
"CALL TF.Ikl( IBACK, Ft NAL,,Y0UT%

500 GO TO (8*2)vIPACK
8 GO TO (9.05,9089933)tL2
2 RETURN

ENAN
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SUBROUTI -"E tVATE (K1 K'2,9K3
IT F (K2- 31 11270 2 ,270 2, 2701

f 1- 2701 K2voK2-31

2702 C01HT I UE
CIO TO (201,202..204),,f.3

201 HYFAI,=1 961
GJ TO 20 3

202 :JYEAýR-1 962
C, ) Ti1) 20 3

204 IIYEAR2-1963
203 ',,0;T I 1UE

G O(101 ,102,103,104,105.106, 107,,108,109,1 10,111 oi12), Kl
101 RI TF OUTPUT TP 6,5101 ,QAYC~r

510 FtR;AT ( 12 5, 7H.JA'LUARY, 5
G ' TO 120

102 WRITE OUJTPUT TAPE 6,5102 ,K29,NYEAR
5102 FRM~tAT (I 25,8HT RARI5

G 0 T - 120
103 WKI TF OUTP'UT TAPE 6,,5I03,K'2,AY'LYAi\

5103 F~iil'IAT( 125, 5Hi~1A.CI, c15)
G'.) T'.0 120

104 WiITE. OUTPUT TAPE 6,0510 4, K2,;NY E.A P
5104 F-0 ;IA T (112 5, 511A PR I i-, 1

T* T6 120
105 W' I TF i),UTPUT TAPE 16t5I51 '%2, ,N:YL.A1'.

5105 FOý-1iAT(125,34:11AY,15
T, L; 120

106 W~IT:OUTPUT TAPE 6, 5106,f\2, .;YEt'iý
5106 r01r01AT( 125, 4HJW4FE 115)

G, TO 12 0
107 VP ' ITE OUTPUT TAN': 6, 5107,'6'2,NyiA'(YLA

5107 Ný\MAT ( 2 25,46JULY, 15)
G ) T,) 120

108 WRI TE: 0OUJ~IT TAPE: 6, 5I08,iK2, iiy'-Ai.
5108 rO.UAT( I 25,6HtAUGUST, 135)

r;) T) 120)
1094 'k TETO*rPUT TAP' 6, 5109,Qrýzi`, i\

5109 1)I5,9IET M~ 5)
C, T 0 120

110 "-1,i ITF. OUTPUT TAPE 6,5II0,K2,.;Ys:Ai.
5110 '--iIPIAT(1I25.7ii%)CTk~i'ELi, 15)

6;) TO 120
III W~IATF O UTPUT TAPE 6, 5111 2 y:a

5111 OsT(I5,HIViERI
kGO TO 120

112 WrilTh OUTPUT TAPE 6,5112 K290YEAR
5112 ;-Oiu-'tAT(1I25,8Hi.'F.CE:IBER, sS
120 RETURN

1-fif 
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SUBROUThH1W fCERIV(Y,YP,K)

rDIHlENS I N PUtMY '.12)
COMMOICN CUMMY ,ilW- ~2, W? 14 WkW ,7V1,9W 0,i1

COMMOIN FqA Wi,IKAPPALHTA(JtK1,K"2,K3t,r1J,XTYYYJrT,ý.CC,N-,-IJC

T IYiE=Y(K.,3

AZOT=Y(.%,4,1
AMMO Y ( K , 5)
A.'iI1=Y(Kl,6)

IH2~=Y(K,9)

VOWI =W1 *X
* ~~VOW2s (W3-auW4) "

VOW3=s2.0*WI1*X
VOW4-t-5*1%

* VUW5-1W5icX
* ~VOWI6=W/3*X

W 'J%'i5mW6 'Ir A;O

['iy',-iyt* (V Tvi1 +~t,',j7+W6*Atit )

(1li'4Yifu:1yVH(U1431 -")1 0'06y V

t Ailt
Mil =HYi)* -V'I:)IW6-12)) ' Y ~WJ3

LH2=HYIY* (%nIJU-4-W-A4o
CAZOT=HY'R* (WO09+4 i-)61

YP (I K 2)zm-,iYD'
YP(K,, 3)zd.IiyK
YP(K,4tr!AZUT
YP`(K,5).(AMMO,
YP(K.6)-[dA!1i N4

YP(Kv,7)d'A!iI

YP(K,9>-,'H-2
YP(K,16%' 0.1*,HYRA
IIETUR1N

E HV
U.'

777-7
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SUBROUTINE DERMVY YPK)
CdMENSIOI4 Y (Sol 5)YP(5o,15) 9YOUT(015) YPOUTO 5)
DIMENSION DUMI4Y(2)
COMMON OUMMY W19V129W 3 ,W4,W5,W6 ,W7sW8pw9*W0WI1 w
DIMENSION E(25)A() ?w25
COMMON EA,Wq,KAPPA,LHvTAU,K1 ,K2,K3,Xj.XT,YYYJTT,i4CC,N"IC
T 11E=Y (K 91)

HYPR=Y(K,32)

AZ OTaY ( K ,4)
AtMMOaY (K, 5)

AI-13 Y(K,8)

H2u-Y (K , 9,
HY RppmY (ý, K 10
UjHYRA=W2*IiYV:*AjtI I ;4+W6*HY0*AI I I'-HYC!,AX * W3 ~1 )- v~PIYUMIYR
I-W5*i1YRA
(;HYR2W1 ~I *HYRA*v%-HYfK* (W7*! 'I N+W9*I1)i
UHYD=-..i~yUI* (W2*A,"t N+w4-ci41 04W1 -'eA+%16*A; 4 1.)+W 0-*cA? I q*A;~ I N

P'Atillut-45"HYRA -W6*IiYD*A["t "

I A J T A fi f(2*AI u+I4u Y F.;7,'; A N) i~~H Y* * A
C-i2 AHJ4l +ZK A*3X+i~ (;7y! i' AII V19

YPN2=- A2I-Z-HYRI11 VI

YP(".*3)m HYR

y P1 t. 5 i ,

"NK6cr*-if(

'( ',7

V -

-



UOM-H7A PAGEI
SUBROUTINE DERIV(Y VPK
DIMENSION Y(5.1 y p Y51 5)vYOUT(1 5) ,YPOUT(1 5)
DIMENSION DU14MY (12
COMMON [)UMMYW1 .I2,,W3,W4,W5.W6,,W7,,W8,tW9,W10,,W1I ,W12
D IMENSI1ON C (50)
DIMENSION E(25),,A(25)qW(25)
COMMONEmY(, WOPAKsHTAUKlK2,K3,NJXTYYY,JTT,,NCC,,NNC

UDM4HmY(K, 2)
AMMOtýY (K, 3)

HYFý=Y(K 51
ETANE=YIK,6)
TfiANE=Y (K, 7)
ZI NEwY(K,3)
XtIET=Y(K~9)
HC1.Y ( K*10 )
H2-Y(K I1I)
AZOTnYtlK,, 12)
AtI1IA=(V9*HYR)/ (w5*U~fl~i)
LINUDt4H*(l-3*X!4"ET+w5*AH I P /W6
RI =UD14H*(fV1 *,'X+v4*Ao: I '1/W2
L'U~tiH=-U)t' I'H*( C Wi *X+;J3*Xt ýET+Wý4*AI I N+w5*A;.¶I
(,AMI t~UJP11H*(W1 *x+WY5*AlilI ,-WL4'A.MI N1) +wv9*HtYR-A"ItI * (W8*Z I;'4E+2 .(.*Vi1 1*AIIII

1IN)
UHYR=7.ZIIff*(W47*XM4ET+WS*AMi ?J')-HYPR*(V9+2.:"-*WI0*HYRý)
,Z I NE=AIII N* (W4L*UfaiH+41 1 *ij';-I N)-Z INE* (wt7*xtiET+ýqr()*Aý'iI U)

DXIMETwV12*111 +W6*UN-XM4ET* (V.J3*U()r1H+'W7*Z I NE+2 . ;l`*V 2*X;.¶E'T)
DHC 6VIVRI
VH2=W2*RI
flAZOT=l-i6*UII+W1 0*,HYR,*HiYF
DAfM~cwl8*Z I tlJE-*A:' I14+2, 0*W (O*IiYR*Hyp YR
DETANE=h41 2*X!,rET*AX1ET
DTHANE.)(IIET* (W,3*UPIIH+V17*Z I N4E +W6*U NJ

vP (K o3)lAl 1.'1
YP(K*4)s AMIN
YP(K, 5)=HYR
YP( K,6)-[DETANE
YP(K V)iTHALLE
YP(K,8)=[,Z I HIE
YP(K',,9)P[XfiET
YP(K,10)uE'HCi-4

YP(K,1I2).-DAZOT
Y K I 3)=Itl

Y (K,I 5)=UIN
RETURN

E 14
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The follouing abbreviations were used:

AMID is NH

AMIN is NH2

AMMO is ammonia

AZOT is nitrogen

H1 is atomic hydrogen

H2 is molecular hydrogen

HYD is hydrazine

HYR is N2H3.

HYRA is N2H3

ETANE is ethane

Rl is CH 3 NCH 3

UN is CH3 NNHCH3

THANE is methane
W(I) is the rate constant of the Ith elementary reaction.

XMET is CH3
ZINE is hydrazine

For input and output the concentrations were in millimoles/liter,

and time was in microseconds. For computation, concentrations were

in moles/cc, and time was in seconds.

Second order rate constants uere in cc/. ole-sec. First
-1

order rate constants were in sec

WA______________________-------------------- -


