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il is fastest, hydrazine decomposition is slowest, and the monomethylhydrazine
i
o 4
P decomposition rate is intermediate.
" Reaction mechanisms for the thermal gas phase decomposition
; of hydrazine, and its methyl derivatives, were postulated and s:tudied
. numerically. The postulated mechanism for hydrazine decomposition differs
from those sufgested by other investigators in that it includes a set of
branching reagtions: )
} N, H, =——————- NH + NH
273 2
‘ A2H4 + NH ——“€>—NH2 + N2H3

Rite constants computed from the mechanism agree closely with
rates measyred experimentally, and the computed stoichiometry agrees

with that dbserved experimentally.

A study of hydrazine~water mixtures showed their rates to be
¥ 7

slower than those of the anhydrous material by approximately a factor

f 10, and independent of the umount of water added. Slightly wet

o
hydrazine benaved kinetically like the hydrazine-water mixrures, Thus

it seems that water inhibits the gaseous decomposition of aydraziadlby
very effectively suppressing some rea:tion step. It is suggested that

the N, K, radical may be formed in a vibrationally excited state, from

3
which it can either branch to give N + NH,, or be deactivated to a

Py

relatively stavle form by collision with other moiecules. Then, water
may inhibit branching by greatly promoting the vibrational relaxation
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ABSTRACT

Reaction rate data on gas phase hydrazine decomposition and an

e
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understanding of the decomposition mechanism are of general scientific
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Furthermore, such understanding can centribute toward a

Ty

‘ . interest.
: solution of the problems associated with the use of hydrazine compounds

; i as roczet propellants. These considerations led to a study of the

kinetics of hydrazine and two of its methyl derivatives.

1 ‘-——————E;p The decomposition of hydrazine, hydrazine-water mixtures, UDMH
; . WAL, . . . .
: and monomethylhydrazzne.unaeASCudxed in the Princeton adiabatic flow

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

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

r ’ ] . .. . . .
Co prevent neTt loss to the ambient air. Hot nitrogen carrier gas flows

3 H
- through th$ reactor and is rapidly mixed with small quantities of gas

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

The mixing is followed by chemical reaction

the throat]of the nozzle.
Progress

tretch over a length of approximately 30 inches.
3 g PP

which can
of reactioh is followed by measuring the longitudinal variation of

e with a silica coated Platinum - Pt/Rh thermocouple. The
1000 deg. XK.

o3

temperatur]
temperaturp regime of the study was approximately 800

A water copled probe was used to tazkz samples near the end of the

-~ - vy ellpin

: reaction zdne.

v

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 degomposition in a 3 inch duct:
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Substance Pre-exponential Activation Energy 1
factor, sec” kcal/mole 3
10.33 . )
- - NZHA 10 36.2 A
" UDMH 108-84 26.7
] ¢ -
: i 13. :
3 2 100+ 47.0 ‘[
3 i 1
§ : S A comparxson of the reactlon rﬁ_‘~>of the three monopropellants %
§ : 4S;ho%5 that, in the temperature régime of this study, UDMH decomposition é
g 5
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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, }
p and monomethylhydrazine were studied in the Princeton adiabatic flow
5 reactor. This reactor consists of a cylindrical quartz section and a

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

w

prevent heat loss to the ambient air. Hot nitrogen carrier gas flows
through the reactor and is rapidly mixed with small quantities of gas t
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
d : of reaction is followed by measuring the longitudinal variation of

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

Wk

reaction zone.

The overall reaction order of all three monopropellants was
found to be very close to unity, and the following first order rate

1 1 constants were obtained for decomposition in a 3 inch duct:

3 h Substance Pre-exponential Activation Energy
X factor, sec~l kcal/mole

3 10.33
N2H4 10 36.2

UDMH 108-84 26.7

L

o 1013-4 47.0

A comparison of the reaction rates of the three monopropellants

shows that, in the temperature regime of this study, UDMH decomposition
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is fastest, hydrazine decomposition is slowest, and the monomethylhydrazine

decomposition rate is intermediate.

[T R

Reaction mechanisms for the thermal gas phase decomposition ;

N e s s

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:

[ e
; N2H3 NH + NHZ

N2H4 4+ NH ——p NH2 + N2H3

, 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 amhydrous material by approximately a factor
d of 10, and independent of the amount of water added. Slightly wet

hydrazine behaved kinetically like the hydrazine-water mixtures. Thus

-~ o

Y . it seems that water inhibits the gaseous decomposition of hydrazine by
very effectively suppressing some reaction step. It is suggested that
the N2H3 radical may be formed in a vibrationally excited state, from
which it can either branch to give NH + NHZ’ or be deactivated to a

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

may inhibit branching by greatly promoting the vibrational relaxation

£NHY
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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 vurning 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 rucket 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 cf the methyl substituted hydrazines makes them
less useful with flonrine oxidizers.

In the methyl substifuted 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 beenrstudied for use in Titan II (6).
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It was felt that a fundamental understanding of hydrazine
decomposition could contribute toward a solution of the problems as-
sociated with ite 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 o? the kinetics of hydrazine and some of
its methyl derivatives. This investigation forms the center of grav-
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
and NH radicals in hydrazine decomposition flames.

Szwarc {13) used a flow reactor to study the reaction

NZHQ + X-4>2NH2 + X

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 NH2

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

and NH radicals in absorption. Ramsay

hydrazine (8 mm), the hydrazine would not decompose except at a con-
giderably higher flash intensity.

Jodt (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

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 timé as the Princeton study,
gives quantitative information on overall rate constants in the
hcmégeﬁebuslgaé phase as a function of temperature.

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

RPN =i A o - - - =

s o Gy




[

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-uaiformity 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 iso<hermal bombs,
or even isothermal flow reactors. ’

A special section is devoted to the discussion cf 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

%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

it TR Gt 8

.

e e




" o

3
3

-y

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, 2 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 monomwethyl hydrazine were investigated by numerically
solving the differential equations determined by the mechanisms.
A discussion of suggested mechanisms and results of ccomputations
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. 3Spectroscopic 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

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
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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 precented. Laminar flames, shock tubes, isothermal £low
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 locked 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 engincering 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.
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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 monomethylhydrazine
are considered. This consideration is followed by a discussion of the
meaning of the Arrhenius 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 reactionms,

A. Electronic and Molecular Structure

In a quantum mechanical study of hydrazine, Penny and Suther-
land (22) found that the (Zs)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 conflguration (2 ) (2 )
but with a mixture of (2 ) (2 ) and (2 ) (2 ) Now, if one of the
2, electrons is removed, there remains the conflguratlon (2 ) (2 ) s
1dent1ca1 to that of the tetravalent carbon atom. The four valenc1es
of the carbon atom are dispose® tetrahedrally, and their great bond~
ing power arises from the hybridization of the 2s and Zp wave functions
{(23). 1If the 2s electron which was removed from the N atom is now
restored, not into the 2s orbit, but into one of the already singly
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 possibile.

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

N~-N 60 ksal/mole
N-H 88 kcal/mole

Herzberg 625) gives the following ground state bond distances:

N-H r = 1.014 x 107 %m
N-N r, =15 x 10 %n
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All bond angles are approximately 108 hy 10 degrees (20).

From spectroscopic observations, Fresenius and Karweil (27)
conclude that of three molecular structures possible for hydrazine,
i.e. the tub form, the seat form, and the totally unsymmetrical form,
the one existing at ordinary temperatures is the totally unsymmetrical
form. At ordinary temperatures there is no rotation about the N - N
bond, but only twisting. Fresenius and Karweil (27) assign to hydrazine
a potential barrier for rotation of 6 to 10 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 1.

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 H.N —3= NH and

that proton migration may have occurred to give a molezule 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
formation of p -phenylene~diamine (26).

It will be seen later that the migration of hydrogen atoms
can result in some interzsting reactions.

Now, let us proceed to a discussion of the two methyl deriva-
tives of hydrazine, which are of interest in this study.

From electron diffraction studies, Beamer (28) determined

the following angles and bond distances in unsymmetrical dimethyl-

hydrazine:
C-N 1.47 + 0.03 A°
N-N 1.45 + 0.03 A°
N-H 1.04 A° (assumed)
C-H 1.09 A° (assumed)
C-N-C 110° + 4°
C-N-N 110° + 4°
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An interesting feature of the UDMH molecule is that the

masses of NHZ and CB3 are very much alike, i.e. the ratio of the mole-

cular weights of the two groups is 16:15. If this ratio is compared
with 1:15 ﬁetween hydrogen and CHB’ it appears more correct to consider
UDMH as a substituted ammonia, rather than as a substituted hydrazine.
Thus, UDMH should be written as

CH3

aN- nC
2 N\
CH,

rather than as

H CH

3
\\\'N - N -
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 tc 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 trimethylamine
94 kcal. The electron cloud contribution which can be provided by an
Nﬂz
Consequently, one would expect the N ~ C bond in UDMH to be slightly

group is likely to be weaker than that provided by a CH3 group.
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weaker than the corresponding bond in trimethylamine, and the N ~ C |
bond in monomethylhydrazine to be slightly weaker than the corresponding | l
bond in dimethylamine. The N - C bond strengths for UDMH and mono~ 7 ]

PRGN W Sl T

methylhydrazine were thus estimated to be Y0 kcal/mole and 83 kcal/mole i

e

respectively. 1

In summary, the following values of bond strengths appear

“

to be applicable to the methyl derivatives of hydrazine. *
| UDMH
N-N 72 kcal/mole
} | N-C 90 kcal/mole l
. N-H 88 kcal/mole
E J c - H 98 kcal/mole {
1; : Monomethylhydrazine
N-N 67 kcal/mole
N-C 83 kcal/mole
N-H 88 kcal/mole
1 C-H 98 kcal/mole , ]
d d

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
4 concentration of energy can lead to rupture of the A - B bond, re-
* sulting in the reaction

AR ——> A+B

*
d : The value of E which is necessary In order that the

'
. 4 da, o0
P IV PRLT LY Rt
-

above process take place is thi: activation energy E. For a simple

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

For a diatomic molecule the probability that the vibrational :

it
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energy exceeds E is exp (~E/RT) if the vibrational levels are con- : 5
tinuous, which is almost true of the very high vibrational levels., If, z

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

g : 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 t
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 4

E to be given by the expression

_(E[RT)™ 1 exp (-E/RT)

(1) | 2 |

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 j

as
k = VPB exp (-E/RT)
where ‘ {
B = [E/RT]m—l ‘ T
(m~ 1) ! % !

T

and P is the probability that the energy contained in the molecule is
available in the time T = /4 . 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,
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A more thorough discussion of \different models of mole-

cular decomposition is given by Benson (31).
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 ———» A +8B
as the result of three reactions, i.e.

(1) AB + X* ——>» AB¥ + X
(2) AB* + X ——_y AB + X*
(3) AB¥* —————> A+B
Reactions 1 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.
'high pressure' and 'low pres-

Benson (32) distinguishes

It is now possible to speak of
sure' limits of quasi~-unimolecular processes.

these as follows:

In the high pressure limit deactivation of active molecules
d
is much more rapid than decomposition, and an equilibrium amount of ac- s
tive species may be assumed to exist. In the low pressure limit, the ﬂ
1

opposite is true, i.e. the rate of decomposition of active molecules
is far move 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-
However, at the low pressure limit, the effectiveness of
Also, third body effective~-

sequence.

the third body X
ness is important for determining the pressures at which a reaction

is of great importance.

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

The rapidity of the depletion reaction, 3, also plays an
important role in determining whether a particular reaction behaves
Thus, a very rapid

in the 'high pressure' or 'low pressure' manner.

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.
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Thus, the reaction
A+BC e—» AB+C

may be written as the sum of the reactions

and the reaction

A4+B ———» AB
may be written as the sum of the reactions
A+B —>> AR¥

AB¥ ———> A +B
AB* + X ———3p 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-
composition of hydrazine and its derivatives.

First, consider the initiation reaction for hvdrazine de-

composition, i.e.

NH, ————p 2NH,

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

namely:
1. NZH, +X*._._) Nzﬂﬂ*
2 N}{*-{-X._,NH + X%
) 24 24

*
3. NZHA —_— ZNH2
At the low pressure limit R3 >> Rz, whereas at the high pressure
limit, R2 >> R3 and the rate of decomposition of NZH4 is independent

of the third body concentration.
First, consider conditions at the high pressure limit.

R
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The rate of decomposition of N2H4 may then be written

d d *, *

o N8, ] =gVt 1= N8, )
where 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

number of the N - N stretching bond is 850 cnrl (27). Thus
=2.0 x 1013 sec -1. Thea, one may write
max

d 13
[N2H4] 2.0 x 10

-E
3t x BP exp ( RT) X [NZHA]

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

N, —— 2N,

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

a rate constant 1

e

12 -60,000) sec-l

k=4 % 1077 exp ( RT

Writing 1

k PB exp (-E/RT)

where B is the factor accounting for energy available in other modes
of the molecule, and P 1is the probability that this energy is avail-
able in the time %= '/2) , 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 tc 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 ! A

second oxder formation for NHZ radicals, rather than a first order for- ! 3
mation. Gilbert found a rate constant

k = 1019 exp (

-60,000

RT

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

) cc/mole-sec

rate process.

The question now arises whether the results of Szwarc's measure-
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ments, as interpreted by Gilbert, can be applied at the conditions ex-
perienced in the Princeton adiabatic flow reactor. 1In Szwarc's ex-

periment the following values are representative.

Toluene pressure = 7.6 mm Hg
Hydrazine pressure = 0.76 mn Hg
Temperature = 10uU°K

In the adiabatic flow reactor:
Nitrogen pressure 750 mm Hg
Hydrazine pressure 10 mm Hg
Temperature 1000°K

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 iriciation 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-

mote unimolecular decomposition. Bradley (35) also finds that the

.
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magnitudes of the efficiencies differ in the ... cases, the spread
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 NZO to 100 for HZO 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,
Since the effectiveness of nitrogen as a third body is not
known, i* 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. 1If, however,

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

with nitrogen as the third body wovld be expected. 1In 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% NZHQ’
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 ———p AB

A general, second order termination rezaction may be written

(1) A+ B ——3 AB*
(2) AB* + X ——> AB + X
(3) AB* —» A+B

Again, one may visualize 4 high pressure and a low pressure limit.

In
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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, 1i.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 an¢ Roberts (38) have measured the high pressure rate

constant for the reaction
%*
CH3 + CH3 —> CZH6

* *
C2H6 + X = CZH6 + X

and found its value to be
13
k = 3.7 x 107" cc/mole-sec

at 440°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 deaccivate AB* to AB. 1In
the case of dissociation, the third body, X, wmust not culy 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

3
reaction

NH2 + NH2-——%> N2H4

. .
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it is reasonsble to assume thai the rate constant for this reaction

Ninrs

i ‘ will also be approximately 1013 cc/mole-sec.

Propagation reactions are reactions of the type
. AA+ B —3 AB+A

b : where A and B are free radicals, AA 1s 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 1

3 can occur if AA and B possess sufficient kinetic energy between them to
1 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 + NHZ-——4> NH3 + 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

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

molecular decomposition of a radical, like

23 2

‘ N H, * ———3 NH_ + NH : 1
or in a bimolecular decomposition, like

% %
N2H3 + X% ——> NH % + X

*
N2H3 — NHZ + NH
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or the branching reaction may result from the interaction of a free

radical and a reactant molecule, like

NH + N2H4 ——nlpe NH2 + N2H3

Another possibility was suggested by Ramsay (14) for hydrazine

decomposition, namely:

*
(1) NJH, + NH, ———3 NH, + NH,
*
*
(2) NH* + X ———F NH, + X
 ——
(3) NH, NH, + 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
examirned. Three regimes will be considered.
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)

2

- dn = kl n

where ©L is the number of active particles produced when an active
particle collides with an ordinary molecule. Chain branching reactions

correspond to ¢ » | . If ( Xy

T)" A, | the denominator can ap-
3
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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 A

the Christiansen-Kramers expression (43) that deactivation of active [

particles proceeds through collisions with reactant molecules. Gen- .
- 3
i erally, recombination reactions involve two, rather than one active 4
: particle. Thus one may write
(0) 77— m+A
i (1) n+ A ——3 o+ A F
: (2) A+A ——3 aa
;.
¢ (3) _dA_ =(e -1k nA+ kn - kA
i at 1 o 2 }
£ (4) dn = -k o A ~kn= - n(, A+k) {
s dt (o) 1 o
s ]
z 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 |
g Equation 3 will decrease below the value of the third term, and dA 1
; : dt
! will become negative. }
r .
g Now, ccnsider the case when the temperature is moderate, but :
5 |
g there is a large amount of branching. Since initiation reactions gen- :
g erally have a very high activation energy, it is likely that k0 will 1
% be small. The rate equations may then be written as follows:
4 dA = (et - 1) k1 nA - k2 A
: % dt
) %
’ : dn = - kl n A
dt
: A . The first of these equations may be re-written as
r szz_ -1)k, nA+_dA =0 [
~s 1 ] dt !
< { The steady state hypothesis requires that it be permissible r
to approximate the above as f; 2
3 2 ‘
] k2 A = (O 1) kln A B
A = ; :

(¢ - 1) kllkz) n

N y oo
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1 and &, are very large, then

A Ay (et Dk n A
dt

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

-

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

amount of reactant has already been consumed.
of A is now so high that

phase of the reaction

Also, the concentration
- dn/dt 1is very large, and in the second

dd ., -k A
de ™~ 2

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 remeins 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. 1In 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

dA = k (X -1) A - kA +kn
— A

§n= - n(ko+k1A) I~ n k, A
t

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
equation for A yields

A2 - (K (- 1)tk

) n - 1 _dA

k k dt
2 2
R
kl (oL~ 1) +k
A = °Hym - _1  _da
k2 k2 dt

In essence, the steady state approximation assumes the second term in

ol
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the expression on the previous page t? be small compared with the first.
This requirement is far less stringenf than the requirement than
dA/dt = 0. If it is satisfied, then

A =ln ¥ € -1 +k I3
ks
/
and (.f
- %
dn = -k 3/2 k(X 1) +k
dt K
2

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

then
3/2
dn = - n k1 ko
dt kz

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

- 1
- M ko (&- D
dt 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
derivatives.

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 without 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
t

which is not as stringent as

dt

LU ARSI 13 8w




Bl LS PR 0 15

-

Frgue w

i Sl

-22a

Computations on free radical éeghaniams 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 te obtained without in-

troducing many questionable assumptions.

it
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CHAPTER T

EXPERIMENTAL METHODS USED FOR THE STUDY OF CHEMICAIL 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
NZH.4 + X -—-——-——;-2NH2 + X
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 i g

of reaction was of considerable interest.

o3
e shmdud U

Partly because of the above considerations, the following dis-

Y
i
13

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 mouomethyl-

hydrazine.

s It is possible to classify kinetics experiments into many

ﬂ ! different categories, depending on the particular properties which are

{ of primary interest.

1.

Thus one may speak about experiments for studying fast re-

L e

actions as compared with those used to study slos 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
shallow.

Of course, kinetics experiments must also be classified ac-
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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 speci: 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 (14)
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introduced anhydrous hydrazine at 8 mm pressure into his absorption
tube. The hydrazine vapor was then subjected to flash photolysis.

NHZ bonds in the region- 4500-7500 Ao, and NH bonds near 3600 A° were
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 80% 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 Hlez = 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

N2H4+W—>NH2+NH2

N2H4 + NHZ——>-NH3 + NZ

N2H3 A NH2 + NH

and suggests that the decrease in the overall reaction and the reduction
in the intensity of the NH and NH

H
3

9 absorption spectra by addition of

small amounts of helium may be due to stabilization of the N2H3 radical
by collision.

It is interesting to note that Gunning (47) found the
N2H3 radical to be quite stable at room temperature. This observation
suggests the possibility that the N2H3 radical is formed in a vibra-
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
ocecurs when the amount of heat déveloped by chemical reaction exceeds
the héat 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 é; exceeds a certain maximum value, whére
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The maximum value for é; 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
determined 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 heal is transferred from a hot wall to the cool
gas in the Gray and Spencer ¢ ‘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

d? , 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

S (JARE)”P ey

But C = ‘n/V , and for an ideal gas

PV = MRT and C, = Pi

1 RT

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

’l"(% " +’Z"(Qrze)

If the second term on the right had is assumed to be approximately con-
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stant, then an activation energy may be obtained by plotting

Jaﬂ-(Pi/T3) versus 1/T. For UDMH decomposition, Gray and Spencer
found the activation emergy 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 cf 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 NHZ

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 NH, and NH radicals play a role in hy-

2

drazine decomposition, and that the NH, radicals are the more abundant

2
ones.

Further usefulness c¢f 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.

If both the reaction mechanism and the transport properties
are known with reasonable certainty, this information may be used to
predict temperature and concentration profiles, and ultimately the
laminar flamé speed. Information obtained in the Princeton study of
hydrazine may be useful for a detailed numerical analysis of hydrazine
flames. .

The other two approaches to analysis of laminar flames,
which will be briefly discusséd in what follows, are the simple thermal
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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-
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 bouadary 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 fi%—

(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.

1f 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 mass transfer may be neglected
in comparison with the chemical reaction and heat conduction terms,

the following expression for the flame speed may be derived:

T

u=_k 1 o
pCp T, T, j‘_%p_%a_c__ dT

T,

where k is thermal conductivity

is heat capacity

is density
=w = A exp |E 1
RT
heat release due to reaction

Y

inflection point temperature
méan flame temperature
initial temperature

= final temperature

ol ' o

Ml b 01 0




Setting 'Tm = '1‘f
Ti = To

the following expression is obtained

u= _k

fco

1 20Qet dT
. T k

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

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

expression, i.e.

s = A . ®T:2)? \ -E

2
1 r ] B exp
Po E(Th, - T) RT

where )\ is thermal conductivity

L is the heat of reaction

f% is the initial density of the vapor.

1f 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 thé chémical 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-watér mixtures.

They also analyzed the reaction products,

and found that these pointed to a reaction

N2H4 — NH3 + %Nz + %HZ

Adams and Stocks (8)Ame33uréd the rate of burning of hydrazine-~

water mixtures in ¢éapillary tubes in a nitrogen atmosphere, and prepared

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

Stocks. The slope of their curve giveés the apparent activation energy

of the reaction which decreases with decreasing -temperature from 45
kéal/mole at 1950°K to some 30 kcal/mole at 1400°K.

Gray, Lee, Leach and Taylor (9) used two experimental methods
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for the study of hydrazine decomposition. 1In 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, SL, 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 SD' 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:

N2H4 = NH, + %N_ + iH

3 2 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 ~nvP (n;?‘)

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.

Giloert (33) found in the literature that below on: 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 preésures. )

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 bécause

3
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active particles diffuse upsteam where they engage in propagation,
Apparently, the initiation re-

branching, and termination reactions.

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

The equation of Smoluchowsky gives the total number of col-
when a particle diffuses over a given linear distauce

lisions Z
. 2, 2
d: oz = 3 d°/4A
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
2
z, (v-g)= 1= 37d" (v-£)/4 )\

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

V= CVW/: )(v-8)
where
c = V'g RT/mM
and
v, = VI/T c

it follows that

V=T V(z R/3MT) V-4 )

where M is the mean molecular weight of chain carriers.
According to VanTiggelan (51), this relation is the basic ex~

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

beta, and to write -/ in terms of an Arrhenius expression. Then:

o 2|/ RRIMT CAT T8I %es

)
vhere A and B are reacting species.

One may question VanTiggelen's assumption that chain branch-

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- 1

tion of ‘activation energy' measured in laminar flames still is not quite

clear.
VanTiggelen and De Jaegere (11) measured flame speeds in

premixed laminar flames of hydrazine and inert, ani also in hydrazine,
In keeping with VanTiggelen's theory, they found

QTN e RPN WL TR

inert, and oxidizer,
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that their results on hydrazine flames could be correlated by the ex-

pression

= £ l/rmexp (&%)

where T 1is the proper mean flame temperature, and £(%) 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 NH2 and NH are present.

The stoichiometry of hydrazine decomposition follows the
path.

2N2H4~—ap2NH3 + Nz + Hz

The adiabatic flame temperature in this case is 166000 (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/mole 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
thermal theory, thus giving an “overal." activation energy of the re-
action.

; However, it should bte noted that the relations between acti-
vation energy and flame speed given by the two theories are both of the
form.

w = KF(TC) Vexp (:R!f)
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where £ 1is a relatively weak function of temperature and concentra-

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

i 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 toc 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 g
acting as "a 'switch' by which the temperature, pressure, density, and ]
flow velocity can be changed instantaneously." Of course, the thick- f
ness of shock waves is finite, and it would be worthwhile to inquire into
typical values of shock front thickness, and number of ccllisions 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. Tha pressure was approximately an atmos here.
Thusg, the number of collisions throagh the shock wave is

Aif» very small compared with the pre-~exponential factors in most chemical
reactions.

A;;% ) 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 dagrees

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)¢
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For a gas at atmospheric pressure and 300°K, Hornig (52)
finds that the iuitial compression occurs in about 10 collisions or
about 10"9 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 collisione. Thus the initial
compression and rotational relaxation tzkes 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 milligeconds. 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-

al relavation in CO, at temperatures close to 100°F and at pressures

2
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.

FE——— W TR S TN TR

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

He spectroscoptically measured the decay of hydrazine concentration be~

P o« TN
iy

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 kcalf/mole. Jost's plot of half life vs. 1/T is reproduced in

AN we

Figure 2.

LR

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-

F 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

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
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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 duée to chemical reaction:

(SI EHEM (7%_)[(:) Be ke o

Heat loss by conduction:

($F )= )07 @

Overall equation:

(—é’,—}) - (,ac,,)[c] Be AT -r(_,5F viT @

Steady state equation:

VAT + Q)] Be T 0 @

where
T is the temperature in degrees
is time
AH is the enthalpy of reaction, in calories per
gm.-mole-degree
C is the heat capacity at constant pressure in calories
P per gm,-mole-degree
P is the density in moles per liter
[cl is the concentration in gm.-mole per liter

ST the temperature coefficient of the chemical reaction
[f-j 5.‘/“ is the chemical reaction rate as represented by a

simple Arrhenius type expression

k is the effective thermal conductivity of the substance
in the bomb

If the uniform temperature assumption is to be valid, it
is necessary that ‘72'T="~C> in the bomb. It then follows from
Equation (4) that the following must hold:
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(%H') [c’]h B e~ 0 (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
§7‘1=uo 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 been
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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.
«The 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 deviationm
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 andf hydrazine-ammonia mixtures. His ap- 2
paratus consisted of a J tube immersed in a constant temperature 7
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,
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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 E

(17) experiment is likely to be much better than in the constant volume :
bomb experiment performed by Thomas. 7

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

1 e

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 observiung the change in height of the ]

: mercury column. According to Lucien, the initial gas space is formed
§ by the vaporization of hydrazine and ammonia. Iucien (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. ILucien assumed that the partial pressure of

[ R

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

adle

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

T AT TS D8 0

was inversely related to pressure, and increased very rapidly as the
difference between the confining pressure, and the vapor pressure of

hydrazine decreased. z

G e e v

If we have a reaction like:

N2H4 (1iq.)-:- NH3 (gas) + Hz(g) + Nz(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,
-;érié the equilibrium of the above reaction is strongly to the right,

We must counclude that under the conditions in Lucien's
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experiment, the net rate of hydrazine decomposition will be almost equal
to the forward rate of the above reaction, But, at least for moderate

pressure differences, liquid phase reactions do not depend on pressure. , j
N ) Thus, the pressure dependence observed certainly cannot be due to a

liquid phase reaction,
B Suppose that the reaction takes place in the vapor phase, ;

o

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

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

TR

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:

O S 1 o e o S PO Rty

N284 (liq.) s.._>2NH2 (gas)

The activation energy for such a reaction would be

: +
Etotal Hevap. Ebond 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. i

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

L A0 g 0

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

G,

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

i 3 il

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
1 NZHA (1iq.)—+N2H4 (gas)-—-—-—-—-—)ZNH2 (gas) (1)

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

+ O

may also get the reaction

N2H4 (liq,) =———3» NZHX (gas)

*
Nyl (8) + X e——p NoH, () + x* (2)

X*pdissipation X

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

L ‘wnemmuummmmmw;w

lead to ordinary vaporization of hydrazine.

il

An increase in the liquid temperature would leéad to an

increase in both redctions (1) and (2), whereas an increase in confining

EREETTEETT
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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 haw!, a decrease in confining pressure would
decrease the fraction of ves~tion proceeding by mechanism (2). Thus,
a decrease in the confining pressure wouitd increase the rate of produc-
tion of free radicals, and thus the rate of hydrazine decomposition.

ﬁ it follows from the above that the less the confining pres-
sure and the greater the vapor pressure, the more rapid the react‘on.
This is exactly the behavior observed by Lucien (17).

F. 1lsothermal 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 cver 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 reaétion
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 ceffect of this kind can vitiate completely calculations ¢f 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 {sothermal.

The purpose of the toluene carrier gas was to remove NH

2
radicals as soon as they were formed, by the rapid reaction

' CHj
+ NHZ-———¥- + NH3
followed by
CH2
~ —_— DIBENZYL

.-
i
x
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The products leaving the flow reactor were analyzed.
Kiowledge 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,

NZHQ —p 2NH2
A value for the activation energy of the reaction was deduced from
a serles of experiments run at different reactor temperatures.
Swarc concluded that the above reaction 18 a homogeneous,

unimolecular gas reaction, the rate constant being

ko= 4 % 1012 exp P:QQQ%QQ-] sec -1

In Szwarc's experiment, some hydrazine did decompose to yield ammonia,
nitrogen and hydroge.i. Szwarc (13) found that packing cf the reaction
vessel, which increased the surface area about 2% times caused a rough-

ly proportional increase in the hydrazine decomposition reaction. From
this he concluded that in his reactor, the overall reaction {s essentially
a surface reaction.

Szwarc found that toluene is an effective scavenger for NH2

radicals. Therefore, the amount cf hydrazine decggposed into NHZ 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 formatiom.

For a second order reaction, i.e.

X + NZ“A — ZNH2 + X

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

k = 1019 exp Flégagggl 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 bath
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 materidl 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 decompnsition products (mole
per mole of UDMH):

Hz 0.38

Nz 0.67

CH4 1.40

CiHG 0.09

HCN 0.43

NH3 0.23
Nz / CH4 = 0.48

CZHG / CH& = 0,064

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
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~E -1
k = 10’ exp [ RT] sec

f=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
actor had a surface/volume ratio of 5.37 cml-1 as compared to 1.43 em
for the unpacked reactor. The data for the packed reactor gave the fol-

lowing results:

= 17.45 + 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
rturbulent stream. Furthermore, conditions at the entrance can be markedly
improved if the abrupt entrance section of the classic 'pyrex reactor”
is replaced by a gently diverging conical section, Furthermore, the
heat transfer prcblem 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 Reacticns

Generally surface reactions have a much lower activation
energy than do homogeneous reactions. As a comsequence of this, re-
action is often more rapid at the surface than in the gas 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 2
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
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activity of surfaces as catalysts.
In the following, two types of surfaces will be considered,

namely metals and silica, Metals will be treated first.

Eberstein and Glassman (58) correlated the empirical obser-
vations made on metal zatalysis of hydrazine decomposition by Wolfe
(59), and suggested a mechanism by which metal surfaces may exhance
hydrazine decomposition. Part of this development will be reproduced
in what follows.

Recall cthe electronic and molecular structurs of hydrazine
discussed earlier. It was found that each of the two 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 asscciation bonds. Such associ-
a~ion 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, zinec,
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 subshells of both
catalysts and non-catalysts is shown below

Last Two Subsghells

Non Catalysts Catalysts
zn (30 )2 or (3, (4"
cd (ad)m 5 )2 Mo (3d)5 % )2
6 82 6 ,,°.2
M 2)® @) re (3% &)
2 1 6 2
At @) N (3% )

e 507 (6}
cur (39 47

Wi

all e
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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). 1In 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 l
holes in the d-band (62).
In hydrazine decomposition, adsorption 1s followed by further b

surface reactions which probably involve the formation and interaction
f . of free radicals.

The following initiation reaction is proposed:

‘ i H H

1f H - & H -&—*-}1 N A !
M e—— ' — 2 N —-—->2NH2 + M

¥ H- N H-N—»NM '
) ) M
H H

Because the N-N bond is weakened in the adsorption process, the activa- 1

F?

{ tion energy for such a reaction would be much lower than the 60 kcal/mole

P o RO

measured by Szwarc (13) for the homogeneous gas phase in'tiation.
1 For inhibition of surface adsorption and reaction on metals

che 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 !

voisonous substance had free electron pairs, e.g. 1

| O
0:S5:0 H

LI ¥

S e
I

’ _ (62). !

Following the above line of reasoning, a probable poison for

heterogeneous hydrazine decomposition would be ammonia:

T

Lot
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Huother 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) conciuded 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 dibenzyl was unaffected. Imsofar as practically ali NHZ’
and presumably other, radicals react with the tcluene carrier to pro-
duce dibenzyl, the above observation implies thatmo free radicals are
produced on the silica surface.

For heterogeneous decomposition of hydrazine on a silica
surface, Szwarc (13) proposes the reactions

nd 3N2H4 —p N2 -+ ANH3

ZNZH4 — Nz + N2 + 2NH3

and surface mechanisms

and
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Kant and McMahon (63) studied the t-ermal decomposition of
hydrazine in a pyrex reaction vessel at total pressures of 10mm - 12emm
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-
phbase 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 NHZ - 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 suriace points to the conclusion that the first step in the '
heterogeneous decomposition on silica involves the association c¢f 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:

— St = O« H
|

‘ or \SL /

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 X
It
Hz'l)' l‘.‘\ N‘H *
o" / \ “\
“ 'l \\\ \H
-\ VAN
N — N
- -——
H H
S0 5,0

Ryt gt Yo T




b Ay 3 ot

-48

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 beric 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 ammonia might inhibit the surface
without appreciably affecting the gas phase reaction.

Since it is likely that hydrazine decompositicn on silica
involves assocciation 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 tu ob-
tain rate data in an intermediate regime, since knowledge of rata data
over as great a temperature span as possib.e is needed tc 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. 1If 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 does not
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 downstream 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 zonme 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 cbtained 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 - Ti = Q X - Xi)

c
p
where X 1is mole fraction of reactant.
Similarly
Tf -T= _Q X - XF)
CP
but the reaction goes to completion, and XF = 0, Thus
X = c2 (T, - T)
and Q
dx = % dT
dt Q dt

T

o i
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For a first oxder reaction
. | dx = 1 dT
X de 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 =('rf/T) 1 dT

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.

Ll
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CHAPTER III.

THE EFFECT OF TURBULENCE ON CHEMICAL KINETICS MEASUREMENTS IN THE
ADTABATIC 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 f{lame propagation
was treated by Zeldovich-Frank-Kamenetski-Semenov except that the
thermal conductivity is replaced by an eddy conductivity. The resulting

expression which is obtained is

Q _ . ar 4T
dx m Cp dx A 2

where

is

pol

m is
A is
X is
€ is

For

is in an adiabatic state.

the rate of energy release per unit time
the mass flow rate

the crossectional area of the reactor tube
the axial direction of flow

the turbulent eddy conductivity

£ —» 0 there is no heat transfer, and the element

temperature gradient, and one may write

aQ . dt
ax - ™ Cp dx ad

Then, the temperature gradient is an adiabatic

SR —— )
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The overall equation then becomes

a1 _dr . Ea b
dx ad dx mCP de
or
dT dT ,
(E?) ad ax L +,5 )
where

" Cp X
An estimate of the eddy conductivity in the three inch flow

reactor was made from the expression

0.8 . 1/3

% = M = 0,023 RelS pr

For an actual experimental run, the following values were calculated:

Nu = 86,5
£ = 0,0133 cal/cm sec degC
A 14,6 em
%% = 2,1 deg C/cm
dzT
—5 = 0.15 deg C/cm/em
dx

A o= 0.5%

An experiment with a very steep axial temperature gradient
was chosen in order to obtain a conservative aeastimate of ;? + 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 felaxation and turbulent
fluctuations is more difficult to determine. It has been Freated by
Predvolitev (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-

c o e

relation coefficient of the turbulent stream and the E%E , Where

is the reaction rate corresponding to given values of the 27 and
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 g
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

r

E with distinguishable upper and lower limits. The upper size limit of d
the eddies is determined mainly by the size of the apparatus, whereas
the lower limit is determined by viscosity effects and decreases with g
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 ﬂ
' ! the chemical kinetics within these smallest eddies can be affected are

hy turbulent pressure fluctuations in the fluid and by molecular dif-
, fusion of species into or out of the tiny eddy, If the "mean free

1 ; path" of the eddy is sufficiently small so that the cddy does not L

| travel into regimes whose concentration and temperature are drastically 1

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

Ao,
R
I T




-5t

the experiment (i.e., Re  10,000)
A= 0.2 (74)
for D = 3", L= 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 ‘ s
Re = 10,000, !
Taking
U = 0,03 (74)
A = 0.2p

» characteristic time of 20 milliseconds is obtained. At 1000° 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 ma; be represented as

™oy a, §0t)

".TT

follows:
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By definition, the mean temperature is a constant independent

of time. Thus one may write

L (Tre _
Tj = dt =1

o
It follows that:

Tet)dt =0

The overall rate constant k may be written in tewrms of an Arrhenius

expression

k(T) = A exp [“ET‘.]
R(T) = A e)\p[-gﬁ-r-_]

B = o ['ﬁ? (1 - ‘F‘)l

- I = d+ay £(t)-1 Anf(t)
T lci-amc(t) = Tra,{k)

for small a.

Ax £(})
I+ a, f(t) Ay 4(2)

For small a
n

k(T) B (V)

X [
e = +x+Fx'+ x4 ...

‘F(t)Jt"o and {L(t)S |

—= &
k(1) _ k(T
= T j ———HT ;&;— fexf:[s%_ﬁﬂt)J




K

H
=
£

Az S Dyt

Vol ROV

b ehen e b

“56-

(4
Thus -,!?,— f Q: 'ft&)c& < Q:

- R(T)- p(F) E
3= ifﬁg&r < 5

2

if higher order terms are neglected.
For the case where £(t) = Sint

L Tt
ZJM', tdt =4
o
and 2
é; R (;52219
=4 RT
Now, assume the temperature fluctuation to be 10% of the total
temperature spread.

Typical operating values are
spread = 100 deg K

T = 800 deg K
K(i) = 100 sec“1
E = 30 kcal/mole

Under these conditions

E =18.9; n = 1
RT 80
o =18.9 =2.36 x 10!
RT 80
2
e = 5.56 x 10" 2
RT
S _ -2
=2.78 x 1072 = 2.8%
for X = 0.236
e* = 1.266

1+X+X5  =1.259
2
If all the integrals

I ?‘h
e j £ ()t =1
which results in the maximum possible deviation,

S = 2.78%  1.266, = 2.8%
max 1.259

It follows that under normal operating conditions of the
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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 A T is only 2 deg as was estimated
from an approximate "eddy mean free path,' then S becomes as little
as 0,2%.

For a first order reaction, there is no effect if the con-
centration is oscillated. For an nt order reaction, the following

analysis applies

R=c"
where R is the rate divided by the Arrhenius expression.
Taking
c=2¢C (1 + b g(c))
where
-1 s—.)fs.)
and
5 ©u-o
/]
R(C _ S c
R rad (g) d
o
for 0 =2 this becowmes
2
y = R (C) - R (C) < bn
R(C) =

if bn is as large as 10%, y 1is still only 1% and for the
expected bn of 2%, y = 0,047 and thus the effect of concentration
oscillations is also negligible.

If &ensity variations are neglected for the moment, a heat

balance for a fluid element shows the following

-c= 8 -
e, - ¢ C (T TO)
p
where
c is concentration

is temperature

is chemical heat release
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c is heat capacity of the carrier gas

Differentiating the above expression ylelds:

4 - & 4

Since the reaction goes to completion, CF =0 and
Y = -&- -
C c (Tf T)
p
JLogee 1 4T
¢ 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 trancsfer,

This means that the quantity deduced from the experimental data really

is
.1l &
C 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 dc e E .

for a first order reaction.

Finally, it was shown that the rate at the mean temper.iture
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,
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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 Crocce, 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 carrier 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 1 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 velccities in the nozzle are quite high,

rapid mixing results. The mixing is followed by chemical reaction. When

a steady state has been reached in tl« resactor, 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 followed 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 aspecits, 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.
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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 behiavior 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 reactoer 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 packing around
the injectors smoked, indicating that the injectors got very hot, and
nc temperature profiles characteristic of reaction could be obtained in
the flow reactor, 2nd indicated that the hydrazine was consumed before

it could react in the flow reactor.

In the present all-suartz system neither of these difficulties
vas encountered. Therefore, the amount of decomposition in the fuel
injectors must have been negligibly small. If there was some decomposition
in the injectors, then tihe 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

gas 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 ‘wportant: 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<sion 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.
fince 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:.cral turbulence level in the reactor, and the effectiveness
of the mixing process are related to the carrvier gas flow rate. 1If 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 efiect 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 rzte, given earlier, it




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 aand 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 guartz 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 1 inch and & 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

tlie stecpest 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 .eat the carrier gas. Before the
experiment is performed, these beds are heated by oil burners, bringing
the ceramic packing to 1000°C or more. During the heating process, the
exhaust gases bypass the reactor. Since packed Deds 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 showm in

Figure 7.

During the experiment, carrier gas iJ 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-
i 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. Pigure 11 shows a schematic of

1 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 - 13% Rh thermoccuple. The output from the

<

tuarmocouple vas fed to a2 circuit of the type shown in Figure 15. The

P v NPT

P v)

change in temperature during a run was small compared to the mean
temperature of the rum. 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

shovn 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 1
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
wvere again made, It was observed that initially there is a slight
i temperature profile of smaller extent, but same shape as that observed r
f during reaction. From this observation it was concluded that the tube

wall tends to assume the temperature of the gas.
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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/137% 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 iﬁtroduced. 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
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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 dovm’ the response of the thermocouple. Hydrazine decomposition on
platinum is so rapid, nnd involves so much heat that exposed platinum
wire is quickly melted, breaking the thermocouple. When the thermocouple
i.s 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 trav rse was made through the mixing section.
Then, the probe was stopped at approximately % 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 showm 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 comnected 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 downstream 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. Hovever, previous experiments have shouwn that the amount of

diluent used has no measurable eifect on the reaction rates of tiie substances

studied.

t is also possible to deduce reactant flow rates from the mass
flow rate of carrier gas, and the ratio of reactant flow to carrier {low.
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
experiments were carried out remotely. Also, it was necessary to use all
Teilon 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
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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 accomplighed 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, hydracine 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 throush 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 vhe 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 explosionms.

The pressure in the evaporator is controlled by a back pressure

regulator placed in parallel with the main fuel vapor supply line. A

SRS §

-

LTV

B ML

)




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

coes into a water aspirator.

Wt Rundigy

The vaporization system is purged with nitrogen before, and

after, & 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

e o

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 Samplinz

Chemical samples were taken near the exit of the 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
dravn 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 that

e e

1 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 i
be if a sample were taken, say in the middle of the reaction zone. The

time required to cool the sample gas from 500°C (773°K) to 200°C was
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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-1 Gas Chromatograph using primarily a Linde ‘f

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 F

the cell is shown in Figure 26. The infrared analysis was carried out

using a Perkin Elmer model 21 spectrophotometer.
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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) @ho obtained the following for a first order overall

- ! JT
k= (T /7) Te-T 4t

In this section the above formula will be derived and extended

reaction:

to overail rveaction 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

YToi | [Vedh TedT adn
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where

v is velocity of the gas stream

Ci is concentration of the ith specie

Xi is the mole fraction of the ith specie
T is the temperature

n = total mole flow rate

= heat capacity of ith specie

Hi = chemical enthalpy of ith specie

h, = specific enthalpy of ith specie

In this analysis it is assumed that heat transfer with the
reactor walls is negligibly small. This assumptior 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

fiat, 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.
R wh = Gordn) Tlh+dhiig vdy)
n Z X‘.h‘. = (rdi) ; (‘: X, +h, dx, + X Jhi)
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AN
= X2

The mole fraction of reactant rarely exceeds 2%. Thus,
and, as a first approximation, it is possible to neglect dn. The above

equation then becomes
Z(“’.JX.*X.J"‘-)"O |
i i ¢ Lot

It is now possible to split hi into two terms, i.e. hi = Hi + Cpi
t
(T - To) where Hi contains the chemical enthalpy of the i  specie. Hi is
characteristic of the particular specie only, and is not a function of

T or x. Thus, dHi = o for conditions in the reactor, and:

dh, = C, dT+(T-T,) dCp

2 x; dh, = EP JT + (T-E)JEP

where ép is the mean heat capacity of tie gas in the reactor.

Now, consider itiree species: reac.ant, product, and carrier,

having subscripts r, p, ¢ respectively. Then
3 Hdx, = (Ho-mHp) d,

Since carrier is neither generated nor consumed dx_ = o. Also, dxp = - m dxr
-

where m is the steichiometric index.

Thus

> H dx, = (Hr-mHP) o’xr

.l ¢
Similarly

2 Cp (T-Tdx = (T-T)(Cp -m Cop) di,

= ("T'4T;)‘43r <:FthX',
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I(. is seen that the quantity
2 hody
i t 3

is simply the heat released by decomposition of reactant at temperature T.

Thus, the abovz term may be re-written as - Q dxr

The energy balance equation may now be written as follows:

? ~Qdx = TodT+(T-T)d T

| <.:_:Q__>J¥_ JT |, (T-1) dGp
CP 1: r T ram

- To L) CP

The temperature change occurring in the reactor is generally
less than 100 dez K. For nitrogen at 900 deg. K, ACP/Cp for a
100 degree temperature change is approximately 2%. The concentrations
of reactants and products 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 AT =100 deg. K

AT AT  AC,
= =0} - == . D.00R
.1; -T; Ce

It is seen that the error introduced hy assw "ng constant heat
capacity is about 2%, which is no worse than errors intr duced by

, Tcvious assumptions.

“iow, a simple expression for the change of reactant mole fraction

as & function of temp:vrature is obtained, i.e.

—Jx=(€d§_> 4T

e




and

Now,

[l i L LA PR

densgity, i.e.

C=X/o~

For an ideal gas at consta.t prescuare

h p
/ﬁv = RT
d 4T
T
4C _ JX + APN
cC - X ‘ /"’N
de _ dx _ 4T
C X T

The concentration, C is the product of mole fraction and molar

Q T,
X T
¢ £
‘— dx = <Ce Tg) 4T /CPT;
Q T Q
X T

S e —————— = ———

Clevosd
P




o dotyp w0

Since the reaction goes to completion, Xf = o, and one may write

x-(&_I,__) Te-T
-2 =

-}

dx . ~—4dT
R = T(-T

In the above it was assumed that £;E;I;ﬂ- is constant.

assumption is valid to within 2% or so.

It follcws from the above derivations that

o _ 4T _ _ Tz _4dT
X T T ‘&'-T

For an ideal gas

P ()

Let

Q i T

This

- ST _

=_..L....____. then - To
SR, P ST TR

]

Substituting these results into the equation for dc/cm, the

following is obtained:

- dC _( sT N\ T dT
cm T\ T -T T T-T

The velocity V is related to the reference velocity VO as

follows

-z

- & A
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Also
47T T
£ =V 71

where is distance along the axis of the reactor.
Substituting these expressions into the rate con:tant formula,

the following is obtained

k = _T¢ ygm™ T "™ 4T
T w ) T

This expression was used to deduce rate constants from the

experimental data.

Determination of Reaction Order

B,
The nth order rate constant, kn was derived to be
T N T T
k. = T ys J_T
T, -1 J

The quantity in the first parenthesis does not vary much during a run,
Then,

and may be approximated os constant for the following discussion.

one may write:

n
k.~ B T dT
" -1 ) L

It is clear from this formula that as T approaches TF

o R
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any errors in the temperature measurement are magnified. Thus, it was
fqund 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.
i If the standard deviations of activation energy, or preexponential factor,
. ‘ for a least square line through the nth order kinetics data are then
: plotted against the assumed order, the resulting curve has 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
is raised to the nth 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

L3

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“ = kh = ,A eXP (" E/RT) J
/e o= () o)

Ky = ko /C7

{ g where n is the "true" order of reaction, and {(n + m) is the assumed order. !

] : A plot of 1In (kn) versus 1/T will give a straight line. However, a plot {

of In (km) versus 1/T will give a curve, as will be evident from the




——

£3

WWW&*‘&MWWm..,,‘.n... [,

"
i

I

-77-

following analysis.
If logarithms are taken of both sides of the above expression,

the following results:

In by =dn A-m Ao C -

However, C is proportional to (’Tk -'r)/'r' and it is permiss:.le to write

C =(11Jrl/81' vhere B is approximately constant. It is then permissible

to re-write the above expression as follows:

b b= Aot 8 (T

Taking derivatives of both sides:

dkm _ m TedT _ _E J(')
- T(T-T) R T

km

and

dUnkw) . T _ _E
d (/1) 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

| Y B( T )n dT
Te-T dL

it may be seen that errors in temperature, and particularly in TF’ will
If the measured

contribute curvature to an Arrhenins plot of the data.
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v.lue of TF 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 L

results if the reasured value of TF is too high.

Insofar as errors in temperature, and particularly in T, are 1
random, curvature due to such errors should be randomly positive or
negative, and should thus average out if the assumed order corresponds p

1
to the true order. If, however, the assumed order differs .rom the true é
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 1
of reaction, then indeed, a reasonable amoun* 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
Fizures 29, 30, and 31. For hydrazine the minimum is at n = 0.9, for

UPMH it is at n = 0.75, and for monomethylhydrazine the standard deviation

fu N

is least for n = 1. L

However, curvature analyses of individual runs showed the best r

order for all three substances to be very close to unity, |

he 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, the 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 Da.a

Reproducibility of data was reasonable, considering the accuracy
generally obtainable with chemical kinetics data. However, two principal
sources of error may be distinguished, namely Leat transfer to the reactor

walls, and fluctuations of fuel flow rate during a run. ]
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An indication of the reproducibility of hydrazine data is given
in Figure 31. The two runs shown were taken 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 &1l 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 1/T. In each of these intervals an average value
of In k and an average value of 1/T was obtained from the experiméntal
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, only 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.

i
i
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E. Chemical Analysis o 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~1 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 NaCl 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 UDME yields more methane and less

HCN than does monomethylhydrazine.

The approximate stoichiometry for the decomposition of hydrazine

and its methyl derivatives was found to te:

UDMH w3 0.52H, + 0.41 NH, + 0.27CH, + 0.08 HCN 908°K

3 4
MMH ~——> 0.89H, + 0.51 NH, + 0.20CH, + 0.51 HCN 917°K
O.
N,H, «—— 0.64H, + 0.91 NH, + 0.54 N, 983°K

For the case of hydrazine decomposition, nitrogen was computed

by difference.

For the decomposition of both UDMH and n.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 2 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.

"t
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CHAPTER VI

DISCUSSION OF EXPERIMENTAL RESULTS

Lo

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 vo 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 th~ 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

L

both reactants of the type used in this study, and reactants of very

1 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 'inetica 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

i 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
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with the value of 28 kcal/mole obtained from flame studies by Van Tiggelen

aqd'DeJaegere (11). However, the latter value is due to a different
interpretation of the flame data, i.e. Van Tiggelen and DeJaegere used a
maan flame temperature in their Arrhenius plot, whereas Gray and Lee

used the final temperature (78).

From the chemical kinetics standpoint, the flow reactcr 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 igrored. 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 decompositinn 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 the

"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 interpreted
as follows. At lower pressures, initiation reactions are prepcctional

to the number of collisions, and the initiation rate is given by the

d o T
at [NH?_] initiation = ¥ [Nzﬂz,] [Nzﬂa]

At higher pressures, however, collisions are sufficiently frequent to

expression

%
maintain an equilibrium amount of excited N2H4 , and the rate of the

initiation reaction is determined by the unimolecular rate of

*
decomposition of the N2H4 , hence the first order behavior at higher

pressures.

Sk e o
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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

N.H, + NH

274 24

|l

but rather N2 + N9H4' Thus the initiation reactjon should indeed be first

order with respect to hydrazine, as was indicated by the experiments.
The above analysis also suggests that the Initiation reaction

shoutd 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

NH — 0.9 NH, + 0.5 N2 + 0.6 B,

4 3
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
N2H4 —)NH3 + %Nz + 51{2
which is very similar to the stoichiometry found in this study.

It is interesting to compare the above results with the
stoichiometry 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, abeove

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 Je 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 re.ction

mechanism, rather than by equilibrium considerations.

—py
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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 NH3 N2 + 332

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 sawple of product gas is
only a tenth of the reaction time allowed for hydrzzine decomposition,

8o 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 z2lmost 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 kineti.s results are applicable, a study of
reactant purity was made. An analysis of the reagent, conducted by the

+4C Corporation (57), showed the following:

Ammonia: 8.3%
Water: 0.%%
Aniline: 0.3%
Hydrazine: 9C.9% (by difference)

An experiment for investigating the effect that small amounts

of impurities have on the reaction rate has already been suggested.

f o O
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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% N2H4/25% H,0 and 50% N2H4/50% H,0. Since the
hydrate is 69.5% N2H4/31.5% H,0, the mixtures studied lie on either

side of the hydrate.

Arrhenius plots 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-volum= ratio of the reactor.

An analysis of th- “wet" hydrazine (57) showed the following

composition:
Sample T Sampie II
Ammonia 1.17% 7.5%
Water 0.9% 0.8%
Aniline 0.47% 0.7%
Hydrazine 97.6% 91.0%

(There did not appear to be any dif.corence in the kinetic
beh.vior of Samples I and II)

Apparently, water inhibits the gas phase decomposition of
bvdrazine 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 (l4) that N2H3 radicals may
be stabilized by collision.

Furthermore, it is known that chemical reaction .roducts and
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free radicals may be formed in vibrationally excited states.

Now, consider the possibility that the N2H3 radical is formed 4

in a vibrationally excited state, from which it can eitler branch to i
give NH + NHZ’ i.e. i
h

* 1
NH " — NH + NH,

or be. deactivated to a relatively stable form of N2H3, i.e.

*
N2H3 + H20 -——-*HzO + N2H3

The inhibitive effect of water now becomes apparent, namely

to vibrationally relax the N2H3 radical, and thus prevent it from branching

iato NH + NHZ' In this connection it should be noted that water is i
generally excellent for promoting vibrationel relaxation., Third body 4
efficiencies of 100 times greater than those of other substances have 1
been reported for water (35). Also, some of the vibration frequencies of
the water molecule are very close to some vibration frequencies of the
N_H,6 molecule and thus the N _H, molecule. Consequently, a possibility

274 273
for resonance transfer of vibrational energy between the two molecules {

Lot

exists. s

A 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

mechaniasms.

C. The Decomposition of Unsymmetrical Dimethyl Hydracine

N R

; Unsymmetrical Dimethyl hydrazine was decomposed in the

[T ———

adiabatic flow reactor. The carrier gas was nitrogen, and the duct

material was quartz, Decomposition studies were 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

v

! : on the observed rate. It thus seems reasonable to conclude that UDMH . :

decomposition is not affected by the reactor walls, and is a truly ;f !
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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
UDMH decomposition in a isothermal flow reactor. Furthermore, Spencer
and Gray (49), who studied UDMH ignition, also report an activation

energy of 28 kcal/mole.

Th activation energy found by the above 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 UDMH decomposition found in this study

was approximately

UDMH ~—0.52 H, + 0.41 NH,
+0.27 CH, + 0.08 HCN

It is interesting to compare this with the stoichiometry
found by Cordes (18), that rerorted 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 HZ/CH4 ratio being approximately 0.1. The ratio NZ/CH4
was 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.
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Raleigh (57) reports that chromatographic analysis of UDMH
decomposition products carried out at Aerojet yielded the following

stoichiometry

UDMH =—> 0.38 H2 + 0.67 N2 + 1.4 CH4 + 0.0902H6

+ 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

reaciion products were collected at approximately 950°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
i !
H !
\./

CH,
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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 A
reported by Raleigh.

A much more detailed chemical analysis over a wice temperature

L
range would be required before the observed -stoichiometry could really 1
be used to determine a reaction mechanism.
A chemical analysis of the UDMH used in this study (57) showed f
the following composition
} Ammonia: 0.2%
Dimethylamine: 0.2%
‘ Methylene dimethyl hydrazine: 0.2%
4
4 Water: 0.1%
} '
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. i
d d
)
f
[ 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 i
monomethylhydrazine, the overall rate constant being é
k = 1013'4 exp -47,000 / RT : {
for decomposition in the 3 inch duct. {
1
The reaction rates observed when monomethylhydrazine was ]
decomposed in the 4 inch duct were slightly lower than those observed with ;
1’ the 3 inch duct. This observation may be interpreted as indicating a 4
. surface effect. However, more 4 inch duct decomposition data should be 1
} 1 N
‘ obtained before much faith is placed in the above deduction, 4
: : s
|
i
R
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s - For monomethylhydrazine, the following gaseous decomposition

products were observed

MMH ———> 0.89 HZ + 0.51 NH3 + 0.20 CHA

+ 0.51 HCN

1 - 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% ‘
¢ NZH4 : 0.1% z
3 Water : 2%
‘ Unidentified : 0.5% %
H
% E. Comparison of NZHA’ UDMH, MMH d
f Arrhenius plots for reaction rates of hydrazine, UDMH and
f g

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
l interpretation of this cbservation is that the particular reactions which
promote the explosive decomposition of hydrazine vapor cannot take place

under conditions such as those found irn the flow reactor.

Conditions in the flow reactor are such that surface effects

- M- a—— et . e,

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

i with large quantities of the nitrogen carrier gas.

At first glance it seems like nitrogen may take part in the ) 1

by . g e s w2t
p

reaction - ]

*
3 N2H3 +X——-—>N2H3+x
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and thus curtail branching. This possibility cannot be ruled out entirely.

However, the third body effectiveness of Nz
likely to be very small, in which case the importance of the reaction

*
NH, + Ny——> NH, + ¥,

in the above reaction is

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.
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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 cCecomposition mechanisms of hydrazine, UDMH and

monomethyl hydrazine is presented.

But before proceeding to a discussion of specific mechanisms

it seems that a consideraiion 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
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are non-linear, so that it is not possible to use an ummodified 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

—_—
NH, + X 2NH, + X

*
N2H4*+ NHZ-———————> N2H3 + NH3

h —
V2H3 + X N2H3 + X

—_—
N2H3 NH + NH2

—
N,H, + NH NHZ + N2H3

274
NH, + NH———>3 N, + 2 H

*

S bW N

273 22 2 2
It is now possible to consider reactions 2 and 3 as a loop, L1 s
and reactions 4 and 5 as a loop, LZ. The reaction mechanism may then be

visualized in the following geometrical scheme.

Initiation

NoHy

Termination

£y
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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
¢ the above model could be developed for the treatmenit of complex

szoction mechanisms.

However, the approach followed in this study was the "brute
fore~" one of numerical computation. On one hand, the primary interest
was in understanding the behavior of the suggested reaction mechanisms
as vapidly and completely as possible, on the other, computing equipment

was readily svailable.

In what follows, reaction mechanisms for the decomposition of
wydrazine and its derivatives are suggested, and numerically analyzed. f
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 appenrdices.

A. Hycérazine

From the previous discussion, it seems reasonable to assume that

the initiation reaction for the thermal decompositicn of hydrazine is

X+ NH ——» 2NH, + X
274 2

the rate constant being

k = 101 exp (-eoR,goo

) cc/mole-sec
Similarly, the reverse reaction
NH, + NHZ-——-—> N2H4

m:st be considered. Py analogy with methyl radical recombination (38),

the rate constant for this reaction may be expected to be
k 1013 cc/mole-sec

The question of likely propagation reactions now arises.




-95-
1
y
l It seems reasonable that the NHZ radicals formed by the initiation reactions
should attack hydrazine molecules. The simple exchange reation

; 1 '
N HZ + N2H4—~'—>N}l2 + H?_ NN HZ

[
'e 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
i
H NH

HN - N8B e ,
r (@) NjH, + Ny ——— BN - N 2
}
{
]
}

N2H3 + NH3

The rate constant for this reaction was taken to be

: 13 -7,000
=
k 1077 exp _§E_~

~
~

L3

in agreement with the value chosen for it by Gilbert (Z1)
Both Gilbert (21) and Adams and Stocks (8) suggest the reactions

| (3) NH,+X ————> N +H +H+X

273 2 2
———————3
(&) H+ NZHA NH3 + NHZ
The rate constant for the reaction 3 was taken to be
-9
k3 = 1013 exp :QE%QQ cc/mole-sec

The constant for reaction 4 was measured by Birse and Melville (81) and

found to be

k, = 107 exp .ZR%QQ cc/mole-sec

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:

e
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1. 1f N2H3 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 1

those suggested by Gilbert (21), as follows:

I'4 [V [
(7) M, + NH, N, + N, + K, ,
2 L
(8) NH, + NH, —————— 2N, + N, 1
.__—-—-————*
() NH, +H N, + 2H,

&lso, the reverse of the initiation reaction, i.e.

(10) NH2 + NHZ N2H4

Now, consider the simplified mechanism

L3

¢)) N2H4 + X > INH,
2 >
(2) NH, + NH, NH, + N,H,
3) NH, + N2H3 VNHB + N, +H,
4
dt [N2H3] = k2 [NH2] [N2H4] - k3 [I\‘1{2] [NZHB]
at steady state: %
[NH,] ko owm]
273 ks 274
e
dt [NH,] = Zk1 [NZHA] (X} - k2 [N2H4] [NH,]

re——

- ky [NH,) [N,H,]
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at steady state:

[X] = [NHZ] {kz [N2H4] + k3 [N2H3§

o

2k1 [N2H4]

substituting for [N2H3]

2k [NZHA]

1

If the overall rate is directly proportional to NHZ
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

{
"
J
e

mechanism at 900°K and 1000°K gives an activation emergy of 57.5 kcal/mole.

The rate constants for the termination reactions were taken

to be as follows
12.5

k7 = 10 cc/mole-sec

k8 = 1012'3 cc/mole-sec

k9 = 1015 cc/mole-sec
_ 4al3

klo— 10 cc/mole-sec

Certainly the values of k7, k8, and k10 are such as one would
normally expect. The value of k9, however, dces appear to be somewhat
high. '

The following branching reaction seems to be reasonable:

(5) N2H3+X—-—-—> NH+NH2+X

It is mosi probable that the NH thus formed will react with hydrazine,
vhich is the most abundant specie. Thus, the following reaction is
postulated:

(6) N2H4 + NH ——~—%>NH2 + N2H3

The result is a very powerful set of branch reactions.
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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

less, i.e. 18 kcal/mole.

One would expect atomic l.ydrogen 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 k,_ does not affect either the stoichiometry

6
of the overall reaction, or the overall rate.

In summary, the mechanism is as follows:

Initiation
1
(1) X+ Nzﬂa-——-—-r-x + ZNI-I2
_ 19 -60,000
kl = 10 exp —'——--RT

Propagation
(2) N,H, + NH ~———> N _H. + NH

274 2 23 3
—
(3) N2H3 + X N2 + HZ +H+ X
(4) B+ N, H, ——>Ni, + N,
ky = k4 = 1013 exp -Ziggg cc/mole-sec
13 -20,000
= 28,000 -
kg 1077 exp X7 cc/mole-sec
Branching
(5) N2H3+X—'-——" NH+NH2+X
(6) N,H, + NH——3> NH, + N,H;
kS = 1012'8 exp 1l§§%99 cc/mole-sec
k6 = 10t exp ilgﬁ%gg cc/mole-sec
Termination

) Nllz + N2H3——-——-> NH3 + NZ + HZ

£}




2

(10) NHZ + NHZ m— 1‘12114

12.5 12.3, . | 1015, 1 = 1013

k., = 10 cc/mole-sec; k8 = 10 3 kg :

7 10

9 N2}13+H ~———> N +2H2
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 tempcrature, ‘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 quantity
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.

v T T T T T ———— —
-99.-
——n
(8) N2H3 + N2H3 2NH3 + NZ
t’
)
[
s
9 The usefulness of such computation is three-fold. Firstly, d
1 it shows up the transient characteristics of the reaction. Secondly,
a detailed study of a reasonable mechanism can bring out expected modes r
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 rangs of temperature and concentration than

can be measured experimentally.

The approach followed was to analyze the behavior of several |

reagsonable 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

"o g gy e kotan <

.
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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. 1 atmosphere pressure and
273 degrees Kelvin. This was kept the same as cases at different
temperatures were considered. 1In a physical system this would require

the pressure to be different at different temperatures.

The results of the computation for isothermal conditions at
1000°K 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 undar 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. r

Reference to Figure 55 shows that assuming constant free

radical concentration may be good for some radicals and very poor for

P )

others. Reference to Fizure 55 also indicates that the steady state
assumption is not permissible at the beginning of the reaction, and as r

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 f
calculated curve in Figure 58. The plateau region is followed by a }
region in which the first order rate constant decreases linearly. 1In
this region, an empirical rate constant of order greater than unity J
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
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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
fracticn 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. i

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. ]

Fo)
)

(1) NH, +X ——> 2N, + X i

!
| (2) N, + NJH, ———> NH, + N, ]

~—————» NH + NH

2
(3a) N2H3 9
(3b) N2H4 4+ NH ——> NHZ + N2 H3

%) N2H3 + NHZ-———-)-3/2 N2 + 5/2 nz

This mechanism may be further simplified by combining

reactions 3A and 3B into a single reaction

(3) N2H4 + NZHB"———? 2NH2 + N2H3

A steady state analysis of the above mecl.anism gives the

following expression for the overall reaction rate:

"p

[NZHA] = kA [NZHQ] x] + kB [NZHQ] [NZHA]

.4
} dt

-

where kA = Zkl ; kB = k2k3/k4

vy
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1f kA and kB 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 S>> k, or that X is NH, . On the other

hand, a reaction which is first order up to very high concentrations,

shows that X is not N2H4, and that kA >>kB'

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 concentratiom.
Thus it does not matter whether the rate constant is determined by
varying initial reactant concentration and measuring the rate after a
certain fraction of reaction is completed, or whether rate as a function
of concentration is determined by measurin_ 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

N2H3 e NH + NHZ

rather than

N2H3+X —-9-NH+NH2+X

o

£5

. -




i The only effect of eliminating the third body from the

1 decomposition of the N2H3 radical would be to change the effect of third
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

1 third body concengration, 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
1 energy too high. (For negligible branching, numerical solution of the
complete mechanism at 900°K and 1000°K gives an activation energy of

57.5 kcal/mole). By considering the simplified mechanism

(1) N2H4 + X ——>» ZNHZ

2
&3 N2H4 + NHZ———P NH3 + N2H3

. —
(3) N2H3 + NHZ NH3 + N2 + Hz

L it was shown that, in the absence of branching, one would expect a nhigh

o R

activation energy.

One may plot the logarithm of the computed rate constant against
1/

T, and compare the resulting curve with those obtained experimentally.

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

3 one mole of hydrazine.

$
v
O oo .
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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°9K, was

N}, ——> 0.64H2 + 0.91NH

My + 0.54N2

3
The agreement between the calculated and measured stoichiometry.

is seen to be remarkably gcod. Also, the insensitivity of the calculated

d stoichiometry to variations in temperature indicates that there is

little uncertainty introduced into the measured stoichiometry by the fact

r 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 N2H3 radical is

*
formed in an excited state, N2H3 which may either branch to give NH + NHZ’ i.e.

*
b H N2H3 -3 NH + NH2
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or be deactivated to a relatively stable form of NZHB’ i.e.

*
N2H3 + X -—-"NZH3 + X

This deactivated N2H3 can no longer branch into NH + NH2, but can pértake
in termination reactions. As was discussed previously, water would be

excelilent for promoting the relaxation of N2H3.

On the basis of the above congiderations, a modified mechanism

for hydrazine decomposition was suggested. The following modifications

were introduced:

*
(2) N H +NH2—-—-——>- NH +N2H3

274 3 L
*
(3) NH, +X ——> N, +H, +H+X 4
*
(5) NH, ———> NH + MH, 3
*
(6) NH, + N —> NH, + NJH,
* *
(8) NHy + NHo—— 2N, +N,
*
(11) NH, +X ——> NH +X C

The predicted overall rate of the mechanism can be made to
agree with that observed experimentally if kll is set equal to 106'5
cc/mole-sec. This corresponds to a third body effectiveness for

relaxation of approximately 10-7'5, or rather that ratio of branching/

deactivation probabilities is

108'4 -18Rgoo
b/d = =2
l06.5 (X]
or
1.9 -18,000
b _ 10 exp RT mole/cc f
d

It is believed that the above mechanism for hydrazine

T e S A Bt o
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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 wvapor to explode.

The N2H3* may leave the reaction mechanism by two termination
reactions, i.e.
#L * *
N2H3 + N2H3 ———- ) NH3 + NZ
: N2H3* + X -_—_*NZH3 + X
At high temperatures the concentration of N2H3* is so high

that the second order termination reaction dominates. At low temperatures,
however, the first order termination reaction is the most important, and
3 the reaction rate can be seriously affected by varying the effectiveness

r of the reaction 1

*
+x~——>%%+x 4

Thus the rate at 800 degrees Kelvin can be made to increase

NoH,

more than a hundred-fold by letting the rate constant of the above

reaction go to zero.

ndd

g This modified mechanism is being further investigated.

F

Two mechanisms for the decomposition of hydrazine have been
investigated. Good agreement with experimental observations has been f
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.

!
k : Mechanisms for the decomposition 5f the two methyl-derivatives 1

e
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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 unsymmetrical dimethylhydrazine may be
imagined to proceed in a manner described by the following overall

reactions:

.
I. UDMH "'-"'""""——"N2 + ZCH4

IT. UbMH ———» Ni +H2C=N~CH

3 3
———————— - - 1
III. UDMH H3C N CH3 + %Nz + @HZ
H
2 ——P
Iv. CH4 CZHG + H2
V. "™ ™M{ ~————> 2HC N + H2

In what follows, a simplified reaction mechanism for the

decomposition of unsymmetrical dimethylhydrazine is suggested.

The following initiation reaction is proposed:

i

(L UDMH-!-X————)Rl-!-NH?

22 -72,000
% = . e -
ky 107" exp T cc/mole-sec

Rl is H3C - N - CH3

The nitrogen of Rl is deficient in electrons. However, it
may attract some carbon electrons to form a double, and eventuzlly triple
bond with the carbon. The result is the unstable compound

HC=N-CH

3 3

NS T
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The singly bound CHB group can break off easily enough to give
H3C =N+ CH3

The H,CN can break up into H, + HCN.

3 2

The overall reaction is

HC-N- CH,~—» H_+ HCN + CH

2
or

(3) UDMH + CH,——» UN + CH4

3
 1qlf -7,000
k3 1077 exp T cc/mole-sec

where UN is the radical HNN (CH3)7. This radical may reurrange as

follows: .

2
(V%)
+
2
™
+
2
0o

: 3 3 2 3
Z The reaction is endothermic by approximately 3.4 kcal/mole. If this
value is used for the activation energy, one may write:
; (2) Rl —3H, + HCN + CH, '
: 12 -3,400 -1
k2 = 1077 exp —ﬁi—— sec

i Methyl radicals may react with UDMH as follows:
: CH Ch CH CH
i 3 3 3 3
§ ™~ -~ N 7
| N +CH3-—-——-—§' N

NH NH

+CH,
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The rate congtant for this reaction was taken to be the same as that forvr

reaction (2), i.e.

where
(6) OUN ——-—)CH3 -|-CH[;+N2

NH, radicals may react with UDMH as follows

2
CH3\ /C}{3 CHB\ /CH3
N 4+ NH,, ~——2 N + N.H
! 2 24
NH
or 2
(&) NH2 + UDMH-—---—%»NZI-IZ‘L 4+ Rl
Similarly
(5) NH 4 UDMH «—w» UN + NH9
Reasonable rate constants are:
_ 11 -7,000
k4 = 1077 exp -—'——-—RT
_ 14 -7,000
k5 = 107 " exp T cc/mole-sec

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

€)) N2H4+ CH3-——-——> N2H3 + CBA

(8) NJH, + NH, ~~——» NH + NH

274 2 273 3
_ < 1014 -7,000
where k7 = k8 1077 exp ~§E~— cc/mole-sec
It may be assumed that the N2H3 radical thus formed is unstable

and decomposes in the branching reaction

(9 N H,— NH, + MH

_ 4nll -18,000 -1
k9 = 10 exp . ‘-itf*- sec

P o RO
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where Eq is taken as that found to be appropriate in the hydrazine

decomposition reaction.

Finally, the following termination steps are proposed:
(10) N2H3 + N2H3———--> ZNH3 + N,
(1) wm, +8, ——> Ni,

(12) CH, + CH, — CH, b
klO = kll = k12 =10 cc/mole-sec

In summary, the following reaction mechanism is obtained:

Initiation

(1) UDMH + X~—p» Rl + NH2

Branching

arm—————
(9) NH, NH, + MH

Propagation
(2) Rl —> HZ + HCN + CH3

(3) UDMH + CH3-—'>UN + CHQ

(4) UDMH + Ny,~—> N_H. + Rl
2 2«7
(5) UDMH + Mg —> UN + NH,

(6) UN ——————> C'ﬂ3 + CH4+ N2

(N N2H4 + CH3-——? N2H3 + CH4

(8) NZHA + NH2~——7 N2H3 + NH3

Termination

(10) N2H3 + NZHB-———-) NZ + 2NH3

(11) NHZ + Nﬂz -—->N234

TR P Bl s

(12) CH3 + CH3 —— CZH6

It may be noted that reactions 3 and 6 form a loop which converts

UDMH to methane and nitrogen, i.e.

S el v 2
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(3) UDMH + CH3—*‘—> UN + Cl'l4

i
(6) UN CH, + CH, + N,

giving the stoichiometry UDMH N2 + ZCH4

Reactions 4, 5, 8, 9 serve to convert UDMH to ammonia, Rl, and

UN, i.e.

(%) UDMH + NHi—-—%P N2H4 + R1

(5) UDMH + NH ~—3>UN + NH2

(8) N2H4 + NHZ————’>N2H3 + NH3

€)) N2H3 ———>NH + NHZ

Rl 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

2
2UDMH ——> H2 + HCN + N2 + CH4 + NH3 + _CH3

It may be seen from this that the branching reaction not only boosts the
above loop, but also supplies CH3 radicals to the 3-6 loop.

On the otiier hand, reaction 7 converts CH3 radicals into N2H3

which supply the 4, 5, 8, 9 loop.

The complete reaction mechanism was solved numerically. The first

order rave 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 compler function of temperature. The value of k taken
values was that where the
(See Figure 62). If the k

that shown in Fig. 62, then a

for comparison with experimentally observed
slope of the k vs. 7 reacted curve was zero.
vs. % reacted relationship is as ccmplex as

simple first order reduction would, indeed, show considerable scatter.

The stoichiometry computed at 900 deg. K is

UDMH ~—3 0. 19HCN + 0.19H, + 0.79N, + 0.19NH,

+ 0.1902116 + 1.39CH4

the nitrogen, methane, and ammcnia produced agree well with the Aerojet
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stoichiometry reported by Raleigh, i.e.,

UDMH -—)0.38}12 + 0.67N2 + 1.4034 + 0.09C2H6 + 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 rate, 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
(1) mm+x—--—>a3c-mi+m2 + X

(2) MMH + X-——-—)H3C-—N + NH3 + X

f o TS
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k, = 1022 exp (67,000/RT) cc/mole-sec

k2 = 5X 1021 exp (67,000/RT) cc/mole-sec

Branching

(3) H3C-NH + X —-—’>CH3 + NH + X

(4) MM + Ni ——3 NH, + H; CNNH,

= 10;4 exp (-18,000/RT) cc/mole-sec
=1

013 exp (- 7,000/RT) cc/mole-sec

ks
Ky
Propagation

(5) H3CNNHZ + X -——-—)Hz + N2 + CH3 + X

(6; MMH + CH3 —_— CH4 + H3 CNNH2

(7) MmH + NHZ———> NH3 + H3 CNNH2

k, = 1014 exp (-18,00/RT)

P
]

1013 exp (-7,000/RT)

1013 exp (-7,000/RT)

P
]

Termination

(8) b}{3 + CH3———)- CZH6

(9) H,0N ——> HCON+H,

k8 = 1013 cc/mole-sec

ky = 10t exp (-10,00C/RT) sec™t

Sawyer (82) studied this mechanism numerically, and found ,its rate behavior

to agree with that observed experimentally.
The following stoichiometry was computed at 900°K

MMH —> 0.92}{2 + 0.85N2 + 0.1.71%!3

+ 0.74CH4 + 0.08(32116 + 0.08HCN

Observations of stoichiometry in the adiabatic flow reactor showed at 9179:

MMH -——)0.89}12 + O.SINH3 + 0.20CH4 + 0.51HCN
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The hydrogen calculated agrees with that observed, whereas the experiment
shows much more ammonia and HCN 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 Dimethvlthydrazine

A comparison of the suggested reaction mechanisms shows that

UDMH and monomethylhydrazine have not only the NH, and NH free radicals,

2

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 + NHZ--———’ Rl + N2H4

N2H4 + CH3-—-—-> NZHB + ('JH4

NH, ————> Ni,, + Ni

UDMH + NH =—> NH2+CH3+CH4+N7 -

whereas the branching reaction for monomethyl-hydrazine decomposition, i.e.

H3C-NH———-—>CH3+NH

is not part of a true branching chain, since H3 CNH is only formed in the

initiation reaction

MMH + X —-———-)H3CNH+NHZ+X

£l
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CONCLUSTONS

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 reactoxs, and tco

slow for ordinary sherk tubes.

Furtheimore, 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 iavestigated. A
method was developed by which an estimate may be made of this effect, and
it was found that, for conditions 2ncountered 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 wiading 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 the 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
monomethylhydrazine 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 monomethyvlhydrazine, 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 N7H But,

the methyl substitution has an additional effect, namely to provige a
source of methyl radicals which facilitate and enhance the chain effects.
This consideration suggests the following relation of reaction rates:
UDMH > MMH >~N2HA, wvhich is, indeed, observed. It is further suggested
that the low overall activation energy of UDMH decomposition is due to z
branching reaction, wvhich however does not occur in monomethylhydrazine

decomposition.

The decomposition of hydrazine, UDMH, and monomethylhydrazine
wvere studied in the adiabatic flow reactur, 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
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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

N2H3-—-—>~ NH + NHZ

NZH4 + NH-—>N2H3 +

M,

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 1/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 wnere 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 N2H3 radical is formed in

an excited state,

N, H *
273

which can either branch to give NH + NHZ’ or be deactivated by collision

to a relatively stable form. Then, small amounts of water can relax

*
N2H3 and thus suppress branching.

Unless the third body effectiveness of nitrogen is very low,

the reaction

*
N2H3 + Né——ér NZH

3 + N2

£l
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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) £ (C,T)

However, £(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)C"

must necessarily scatter.

Irsofar as £(C,T) is characteristic of a particular mechanism, an
accurate determination of £(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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Arpendix A: Data Reduction

The data reduction was performed using an IBM 1620
electronic computer, with 8 digit accuracy.

The rrinciple 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 Ziscussed in
zppendix B.

The table reading and interpolation routine (TRIR)
worked as follows. The table was searched for values of the
abscissa, xi, such that xi~<:x <.x2, where X is the value of
inderendent variable for vhich it was desired to find the
corresponding value of derendent variable Y. A straight line
was then drawn through the roints (Xl, Yl) and (XZ'YZ)’ 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.
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SLJP;-T/J
VaSLOPE* (U=t {1 X=1 ) }+2 (1 K=Y
GO T4 1‘2"
VaZ {1X)

lr(SENSE lel‘H 3“2" ‘2‘2

PRINT U, V, 10T
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2 Go T0(1.2,3,4,5,06,7,8,1600), 1117

PAUSE
NG
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PRIAGEAY PATLS
fGOR Jo EGERSTED
OCTIBER 24,1962
RATE CONSTANTS OF oibin i
GLAENSTIN 200(26) 52(2;
RIS IV ATTst; YTT{25), (T
t

oo

CPAENST O iw(2p),Y
DIMENS TSN 21P(20),2,
CHAENS i T(21),5L0

I’«LP“A& i .”\ Ph‘uT

‘G.)k :u:} QT:! vy Pl\ l“l\ \;‘TL3

KEAL , ORCER, 53
-;)R-:G:(‘f“ﬁii-l o
ALPHABETIC PrIlT
ommn,ss
|(IHT il i ..>3
LAl “‘tfl
,\LP}IIM‘CTlL PitiiT

CILTFY

af{ZQ‘

) 102 \Ta‘ s T
182 AREAD,YTKT) :\:\T‘
6°¢ I\F!‘r’li '.“u,Q T"' \ e
B8 TAT ’ d\U » ! ‘.’ ‘F
sF(waun-unuaS3ta,31a,313
33 LJ:T! Wil
..P‘f/surTl" Pl “
:1'8!?\.{-“11.{1 UI‘\T!\
PIUSE
G) T Gop
310 ITTwl
XTT(iY)aVY IF4rT. +:0 - VY
wm Y
GO 15186
1 TraVTT{ )+273.1
PALUT, TF, 0

JTT:Z
3(62 I-‘,!' " - \
‘CI\P j.\ ,s". ‘X(“:‘.:)L l(..j
vX( e S

KTT (Y W D470
105 £7 126 KTml, il

57,’*’75’

Ji(20)




e o iy

sy !

e RN reaioiens

AT
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PE(XTTO0=3T(KT) ) 124,127,126
126 CONTINU~
124 1F(KT=1}121,125,121 i
128 COHTIE i
ALPHADETIC PRINT ’
TADLE REA{‘-ING EivIni
PAUSE
GO T3 t)Gﬂ
121 E:=YT(KTY-YT{KT=1)
QQXT(VT, \t(hl'l\
SLOPE=E/S
YTT(M):SL;PI‘ .\""( AT Ty Y ey T {T=1)
GO T‘){‘ 2
25072 30!
127 YTT(H/- T(l\k)
T(H)mYTTI.34273.1
ALPHABETIC P.’{INT
EXACT MV =TEMP. CINBLSPOLDENCE
PI’\‘NT Y \'( ) T(x
G .») 363
301 7(1\-YT"“v273 1
YCEL{ ) mOLOPE
,\APPI\-CJE’I TVEL*(TF/1000,.
ZIP(M)-k‘PP,*!"f'!.) SL 0(
AT ey, /70
ZuO(%)a°3 .(.)/’TF-T’*“
S2(:)a (7 37( X Ve
ZIPS a-wz(ﬂ‘*Z|P(

\‘a /(T""i (¥ '."\)

IFISENSE SWITCH 1) 61ﬂ.62@ g
618 PRINT oT (! V.Z ?(').32(')
62@ PUNCH Nivu il T( ),ZlP( ’) ﬂ
383 CONTINUE ‘

382 CoUTHIUE
GO TO 699
1111 24D
PRINT,CEF
READ, 1iT

st de aat h

Lo

TEREh, L b it st
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IGOR J.EBERSTEIN
JUNE 11, 1962
LEAST SQUARE LINE FOR
CHEMICAL KINETICS DATA
PART ONE OF TWO PARTS
DIMENSION X(4s5B),Y(L50)
READ, XK1 ,XK2,XK3
READ,NRUI,TI,ZIPH
o} '
TaTi
ZiPuZiPl
GO TO 11
@ READ,NRUN
IF(NRUN)12,12,14
14 READ,T,ZIP
11 x%n).l.ﬁlr
Y(N)aXKI*LOGF(Z1P)
Nesi{+1
G0 TO 19
12 HRUHLse=RRU
NF1 Hall-1
Y NaNFIH
; SUNX Yae o}
: SUL i Xm@ o1}
: SUMYm@ o 1}
SUMY 2uf .7 .
SU1Y2w@, ! [
] DO 21 Nl tiFI0
g SU X YmSUY YR (H)=Y (i
. SU XaSU Y (1)) |
1 SUMYaSU: 1y +Y (i)
: SU X 2mSU 24+ () * X ()
i SUMY2aSU; 2+ Y (1 )%r (15)
: 21 CUNTIHUC
i PUNCH , YKY , KK2, %3
PUNCI, Mi UL, iU a1t
PUNCH, SU Y, SUr X, Sty
PUHCH, SUIN2,SUY2
’ : ALPHAGETIC PilnT

XY

OO0

b e P 8 AP Pt

V)

PP

PROCEEC TJ LEESQ,PALT Tho
CONT I WUE
STOP

ENG
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¢ IGOR EBERSTEIN
; C LEAST SQUARE LINE FOR CHEM.KIHET. PART TWO
READ,XKY ,XK2,XK3

READ, NRUNI , HRUNL , XN
READ , SUMXY , SUiX, SUMY
READ , SUMX2,SUMY2
ALPHABETIC PRINT

CHEMICAL KINETICS DATA LEAST SQUARE LINE
ALPHABETIC PRINT

DUCT GIAMETER, INCHES

PTOT T, AP TA T S AR RN AR e

: ALPHABETIC PRINT
: CARRIER GAS
; ALPHABETIC PRINT
: FUEL
ALPHABETIC PRINT
AUDITIVE

ALPHABETIC PRINT
RUN SERIES
PRINT, NRUHT , HRUNL
SU: A m¥ H¥SU. XY =SUiAX*SU 1Y i
SUL 12X N*SU: 1X2-SUi $X*SU: iX ) :
SLUPE=SU:I1] /SUt12
ACTEw1.99*SLOPE
ALPHABETIC PRINT
f ACTIVATION ENERGY, CALORIES PER Gith!'=OLE
1 PRINT ,ACTE
SUM3mSU: XY = (SUX*SUTY ) /X
g SUMbeSUIX2~ (SUHX*SU. X 3/
* SUMGSU 13%*SU4 3/ SU: il
, : SUMGmSUAY 2= (SUHY*SU 1Y } /% N=5U"15 ~
S2eSUME/ (XN=2.0)
XAVeSUMY /31
YAVWSUMY/¥N
SUMTmSUN 2RI FEXAVRXAY
VASLOmS2/SUi17
; SDSLOmSGR{VASLD)
z SDENw] .99*SDSL.)
g ALPHABETIC PRINT
j STANDARD DEVIATION OF ACTIVATI sli CHERGY
ALPHABETIC PRINT
: CALIRIES PER GRAM=MOLE ‘
4 PRINT,SDEN )
AmYAV=SLOPE*XAV : ‘
SUI 18a X N*SUMX 2~SUMK *SUiAX :
4 SUHMGmSUIX2/SU! 18
. SA2=S2*SUiM9
{ — SA=SQR(SA2)

RS W ————
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AN e demnan pod ©
RN Frwdeemrtoronse. .

PREEXwcXP{A)
ALPHABETIC PRINT

PRE EXPOHINTIAL FACTOR
PALWT,PREEX
SitamSALY K2
ALPHABETIC PRINT

STANCARL DEVIATION JOF EXPONHENT
ALPHADZTIC PiINT

OF PREEXPONHENTIAL FACTOR
PAILNT,5AA
ALPHAEETIC PRINT

HALH AGALYSIS ConPLETE
ALPHADETIC PRINT

AUNTLIARY 1UFORCATION FOLLOWS
ALPHAZETIC PLINT

SUMX SUMY
P.otlT, SUIY , SUIY, SUIRY
ALPHACETES PRIHT

SUMX%2 SU'Y2

PREIT,5UX2,5UMYQ, KAV, YAV

ALPHASZETIC PRINT
EHALYSES SO PLITE

ToRTIILE

5T OF

L

SUTKY L

dAV YAV
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PROGRAN SEAV, IGCSR J, EBERSTZIN |
ALPHAGETIC PalLIT

IGOR J, EBERSTEIN, PROGRA4 SEAV

DIMENSION X{0sp),Y(4sB),Z(58),%(50)
106 Jul
8 READ,NDIV,OR
19 READ, NRUN
IF{NRUN}12,12,14
14 REAC,T,RATE
Y( J)mLOGF (RATE)
G J4+1
GO TO 19
12 haJ=}
X N i
XtiAXeX (1)
XMl HmX (1)
DO 28 Jul,N
IF(XMAX-X(J) 212,213,213
XMAXmX (J)
EF(X(J)=Y41i)21h,215,218
XHinmX (J)
CONTINUE
CONTIHUE
DEXa X AX=Xi 11
ADIValiDIV
DXmDEX/AT IV
XAXw Y113
D0 31 Kel,ilDIV
X1 HmXAX
XAXmXAX+0Y
IF{SENSE SWITCH 1)601,6p2
601 PRINT, XAX, X1
602 Imi
SUMZm@ .,
SUMWe@ .,
PG W2 Jm] N

" M2
b ed wd subd
a\nmn

SUMZ-SUHZ-&-Z$ } 2
SUMVaeSUIN4( )
(YRS

W3 CONTHIUE

32 CONTINUE

:Fg"‘" )7" o7¢‘ 0752

202 Xl=l=l
Xlmi=]
Hlm] =y
ZAVlaSUNIZ /X
WAVaSUiW/ X1
VARm@® ..}
0O 492 Iel,iil

4

L2 VARSVARF(H{1)=\AV ) *(W( 1} ~HAV)

STDmSQiF (VAR)

VARSVAIC 31

RAVaEXPF(WAY)

S
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PRINT, ZAV , RAV, VAV, STD
381 PUNCH.K,TAV,RAV
PAUSE
GO TO 100
END
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Appendix B: Calibrations

All essential pressure gauges, theruocouples, 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. The thermocouple temperatures for the critical flow, and diluent
nitrogen orifices were read in degrees fahrenheit from a direct reading
(West) meter. 1In 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 t'.ermocouples 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.

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
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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

Thz critical flow orifice was calibrated using a calibration
set up designed by Yelmas® specifically for the calibration of critical
flow orifices. Essentially, a class 1-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 2as 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 (0.0697 inch diam.) was calculated by using a
calibration curve for a smaller orifice. A €.033 inch diameter
orifice had been calibrated with nitrogen and ethylene using 2 wet test
meter. Both calibrations showed good conformity with behavior predicted
by standard orifice formulas for an ideal gas. A similar calculation
for the fuel flow orifice (0.075 inch diameter) showed good agreement

with flow rates obtained using the water calibration described above.

*Pelmas, R., Glassman, I., and Webb, M., An Experimental Investigcation
of Longitudinal Combustion Instability in a Rocket Motor using Premixed
Gaseous Propellants. Aero. Eng'g. Lab. Report No. 589. Princeton
University, Princeton, New Jersey, December 1961, p. 10.
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APPENLIX C - Error Analyses ]
The tirst order rate constant, » is given by the formula L

L E - :T“£ Qdo dT {
h : 75 .-T‘F -7 Ax i

vy
Let gﬂ/ signify the fracrional change in /z/, i.e. J?}z ’;;/

{

Then

) N\ G eV, (v IV,) '
k(1di) - <l+f(?o)) }: (o -7)(v+ 4z -7) ((JM) 37 {

‘ where A
4 T\
S = 5\(}[3?) r

To estimate the tractional error in the rate coastant, it is neces-

IR dak . .

J, & o _7 4T
sary to estimate the fractional errors in Yo T - it
T, 0 F T ) 4AX
44 ]
, Vo s 7~ ¢
[ |
where M is the molar flow rate, Pn is the molar concentration, and A s f
¢
the cross~-sectional area of the duct. . {
' i
M = M (carrier) + M (di luent nitrogen) + Mmltuel) 3
§
or . : ’ ‘ :
= -(-44 H
/M M nEYe
. i !
Me ) i
— X002 . 2 o~ 00>
M(, { o —
Me
[ Thus, it is seen that even large errors in the tlow rates ot fuei and {
{ diluent nitrogen will have very little etfeci on the tiow velocity of gas in rhe
' R : 1
b B reactor. This is why no attempt was made fto calcuiate the ettect on The gas : !
velocity ot the change in the number of moles of reactant as it becomes product, ¥
#H )
E3
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Such "effect is clgarly of little significance under the above exper imental

I AR I W] AN 20

conditions.

The flow rate through a critical orifice is yiven by:

,J[(x) p°

\l vyere

. (D ?°(1+d?)
by () = —3 ,
. > \Vv2r" \ l+£’7;

The pressure gauge is accurave to t | psi. Furthermore, fluctuations

g e T e e L e

M =

ot t 2 psi in the carrier pressure do occur. Normez!l carrier pressure is 200
o
o
psi. Thus, Jqp ~1.5%: 1.015 =1+ fP = 0.985. The temperature error
is less than 5° ¢ Normol operating temperature is 40° F. = 500°%¢ . Thus

o
oCTos 1€ and 1.01 2 (+ a(T 2 0,99, 1t follows thar
1LOIS . > 0,985
0.99 7 ”‘f‘w Y
1.02> |+ o(]«; > 0.98

Thus the expected error in A .5 approximarely 2%, making the er-
ror in V, approximately 2%,
It appears from the above that if ma jor exper:maental error ex:s:s,
then such error must be sought in the temperatures.
The following errors are estimarted:
(1) Thermocouple calibration error 25K )
(2) Error due to difference between stagnation and static !emper-
atures of the gas (0,59K ).

(3) Thermocuple radiation error (39K a: ,000%

0.5% at 800 °k ).

{4) Error in L T due to heat transfer with reacior wa.!l.

S 0 Y QIO T
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(5) Errors due fo fuel fluctutations.

T¢ 7 )
Consider the approximate formuia: (!( _71".) ~o..5'/° . and may be neglected)
(-]

|+ 8(4T)

[+JL =
i H—J%}_:r)

<[] 18 -1 S,

and
2
b= 8(4) - -7) )
IX \f / ~F
The thermocouple caliberation errors and the radiation errors will not at‘zcr

the above formuia. The variation in thermocouple error with temperature i1s so

siow that it will not atfect ¢ T or (Ty - T), since the error will be constan: h
a X

and will subtract out. Since the probe sees an in igrated radiation from the

whole duct, the radiaticn error will be approximately constant near the end ot d

the reaction zone. Near the beginning ot the reaction zone the radiation error

will be less, and there will be an effect on T4-T. However, T4-T is lerge in

A{T, -7
this section, and !(Tf-‘r) = ——(——f————) will be small.
T& -7

The highest temperature at which data points are taken is such that

B b B S b, 1 ) R sl A 8 (1 ¢

Tg¢ ~T is greater than 10°K | 1In this region the wall temperaiure is approxi- : h

Ao

mately 50°K lower then the gas iemperature and the following error esiimares

are made

! 41 =~0.15 ;
d X '

g P8 e e S
AN

Pr————

(T4-T) =-0.33

) IT follows that

3
s 38@‘})- 4T 4 f(f,-f) = 217

1 or, the error in the rzte constant, k is 27%.
i

i

Vet
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However, There is also an error in The temperafure at which this

rete constant is measured.

IT = J‘(radia’rion) + J‘(calibrafion)
at T = 1CO0°

CFT s - 5 - 2 0.7%
1000 1000

d(L) = -5 dT
$E) = d@/w = -
I(r) = 4T = (%)

—'v—'

The temperature error may be considered as an effective rate constant

4T
—

error, since the rate is assumed to be ot @ wrong Temperature. griting:

40 cal/mole

m
]

taking

2 = 2 cal/mole

b - - zog‘(%‘)
37« -0 |

SEPY:

Thus the total percent error in the rate constant due to errors in
P

temperature measuremént is approximetely 408,

To this must be added a 5§ error in reacing siopes, and an error in-

troduced by tuel flow fiuctuations. The error due 1o tuei flow fluctuaticns

A
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can be as high as 20%-303, but may often be limited to much tower values.
The error actuaily observed was approximetely 50%. 1+ is seen

that this error may be accounted tor by experimental inaccuracies.

[
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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 f£ifth 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), especiaily 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 the

Runge-Kutta method.

Thus it seems reasonable to assume that the accuracy of the
computations is sufficient to warrant their use in cthe 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

program are presented in what follows.
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MECHANISM INTEGRATION PROGRAM

Activation Bnergies, Ei
Bxponents of Preexponeiital
factors, Ay

[Temperature |

'y

= 10

—

T —
A exp b%%?

Y

Initial Integration
Step, H. Accuracy, Ac.

Initial Concentrations
of All Species, C;

Subroutine DERIV

Differential Eguations
Describing Mechanism

l

Subroutine DIFFTRAN
Integration Routine

T

l

New Values of Subroutine
Concentrations, Ci’ at ———3 Output
Time, t, t,,C.,T,
1 \ £
Isothermal Adigbatic Enthalpy cf
. Reaction Heat
C:zse Case !
y Capacities

—{VNew Temperature 4]




HYZE1C PAGE 1
c PROGRAM HYZE1C
c MOD | FIED DECOMPOSITION MECHANISM, JUNE 8,1963
OIMENSION Y(S,15),YP(5,15),Y0UT(15),YPouTl15)
DIMENS 10N puMMaY {1 2)
COMMON DUMMY, W1 ,W2,W3,%Wh, W5, W6, W7, W8, W9, W1, Wit
DIMENSION C(58)°
DIMENSION E(25),A(28),W(25)
COMMON E,A w,KAPPA K, H TAU,K1,K2,K3,NJ, X, T,YYY,JTT,NCC,NNC
COMMON € Q CP
WRITE OUTPUT TAPE 6,599
599 FORMAT (31H1IGOR EBERSTEIN PROGRAM HYZE1C )
WRITE OUTPUT TAPE 6,5
598 FORMAT(uﬁHDECOMPOSIfION CALCULATIONS FOR HYDRAZINE)
KAPPA=1
Kn@)
READ INPUT TAPE 5,5100,K1,K2,K3
5199 FORMAT(315)
CALL DATE Ki,K2,K3)
12 READ INPUT TAPE 5,501 ,NJ
DO 14 JJmi ,NJ
READ INPUT TAPE 5,502,LJ,A(Jd),E(JJ)
14 CONTINUE
13 READ INPUT TAPE 5,583,T,TAU,YYY,JTT
: 1995 DO 15 JJmi NJ
; W(JJ mEXPF (2. 3*A(JJ)-E(JJI)/(1.99*T)) ,
15 CONTINUE P

22 WRITE OUTPUT TAPE 6,597
597 FORMAT(G4HREACTION NUMBER ACTIVATION ENERGY PREEX,A(JJ) RATE
1CONSTANT) .
; DO 16 JJmi NJ , )
| WRITE OUTPUT TAPE 6, 58k, JJ,E(JJ),A(Jd),W(JJ) {
| .6 CONTINUE
WRITE OUTPUT TAPE 6,523 !
WRITE OUTPUT TAPE 6,596,T
WRITE OUTPUT TAPE 6,523
596 FORMAT(27HTEMPERATURt DEGREES KELVINm, r9.|)
24 WieW(1)
W2uW(2)
W3=W(3)
wu-w u;
WG-W 6) : H
WI=W(7) :
W8aW 8} :
WoaW(9 ;
WW—W 10 ]
WitaW(11 :
21 READ INPUT TAPE 5,501,NCC . A
READ INPUT TAPE 5,531 ,NNC ' :
READ INPUT TAPE S.Sl6,lNl TIME . *
TIMEm (1 JAE=D6)*TIME <
DO 17 ICat,NNC
READ' INPUT TAPE 5,5

C(1C)=(1.PE=06)*CL1C)
17 CONT I NUE
23 XaC(1 z

HYD=C(2)

HYR=C(3)

516, 1N1,C(1C) % : i
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595
505
1192

HYZEY1C PAGE

A20TaC(h)
AMHO=C(5)
AMINC(6)
AM'D:C(?)
H1=C(8)
H2=C(9)
HYRA=1 000 o
Ne 9
SET UP Y ARRAY
Y(1,1)=aTIHE

21 z).HYP

Y(1, 3)=HYR
Y(|,u)=Azor
Y(1,5)=AM10
Y(1 6)=AM!N
Y(l,7)=AM|D
Y“ 8 ) =HY
Y(1,9)=H2
Y(1, 19)-HYRA
He TAU
READ INPUT TAPE 5,1,METHD,ACC,S1G, FINAL
REAG INPUT TAPE 5,550 G,CcP
CALL INIT(Y,YP,YOUT, YPOUT)
| F(SENSE SWiTCh 5)595,505
BACKSPACE 15§
GO TO 1192
WRITE TAPE 15,T,X1,K2, K3puu, iE
WRITE TAPE 15, (A(15, 1m0, 000) 01 (1
CONT I NUE
CALL GIFTRN{N,METHD JH,ACC,SHG, Y, YP,Y JUT,YPUUT, FIIAL)
GO TO 1192
FORMAT(15,3E10.4)
FORMAT (15}
FORMAT(15,2F19.1)
FORMAT(F1P.1,2E10,.5,15)
FORMAT(llsnglé 1,E10.4)
FORMAT(I111,E15. ?)
FORAAT(3H /77
FORMAT(16H ALIABATIC CASE)
FORMAT(2E10.5)
END

1, E(2)
1,43), (4(1) , 1=t Nd)

2




; HYZE1C PAGE 3
g SUBROUTINE OUTPUT (Y,YP,YOUT,YPWT)

§ DIMENSION Y(5,15),YPLs5,15),Y0UT(15),YPOUT(15)

: D IMENS1ON DUMIY(12)

; COMMON BUMIY W1 ,W2,W3, %l W5, 16, W7, W8, WO, W1 W11

: DIMENSION C(50)
; DIMENSION E(25),A(25) ,W(25)

D IMENSHON zézso 5),02
DIMENSION R(100),R2(100
COMMON E,A,W,KAPPA, K, H, TAU K1 ,K2,K3,HJ,X,T,YYV,JTT,NCC,NNC
COMMON C -
DIMENSION T1(50),R314(18),PR{18),R312(10)
MM M1 0
KAPPAsKAPPA+]
{F (SENSE SWITCH 2) L40p2,2338
IF(YOUT(7))605,600,606
|F(YPOUT(2))607,607,605
IF(SENSE SWiTCH L) 383,608
I F(KAPPA-101)992, 383, 383
KAPPAs1
{ KuK+1
THK)uT 1
$ DO 337  Jel MMM
; 24, K)=YUTLI)* JE+6
02(J,K)=YPOUT(J)
IF(YOUT(J))605,1781,1781
1701 CONTINUE
337 CONTINUE
W31 1F(K-24) 411,408,110
111 IF (SENSE SWITCH 3) 1339,992 )
1339 PRINT 508,2(1,K),2(2,K),K
GO TO 992
48 WRITE OUTPUT TAPE 6,523
WRITE OUTPUT TAPE 6,522
5 41¢ WRITE QUTPUT TAPE 6,506 ‘
J 596 FORMAT(120H TIME HYORAZ INE NITROGEN AHONTA :
1HYDROGEN NH2 NH N2H3 H1 /) 4
: ‘}17 D0 4p3 K"‘pgvh . :
, 813 WRITE OUTPUT TAPE 6 507,2(1,K),2(2,K),2(4,K},2(5,%),2(2,K), 2(6,K/,
; 81312(7,K) . 2(3,K),2(8,K] ‘
; WRITE TAPE 15.2(1.K),2(2,K),Z{k,K), 2(5,K),2(9,K),2(6,K),2(7,K),Z(3
1,K),2(8,K)
up3 CONTINUE
| WRITE OUTPUT TAPE 6,523 , :
416 WRITE QUTPUT TAPE 6,509 , 2
509 FORMAT(120H TIE~ © RATE CONSTANT HYRA CIHC, HYRA DEH, -
1  RATE2 RATE 3/2 RATE 3/4 PERC, REACT. TEMPERATURE /) i
i k300 [ K-‘v9nl’ ;
r g R(K)m=(0Z(2,K)*1 IEHI6)/Z(2,K) L
R2{K)mR(K)/(Z(2,K)*1,7E=~6) : [
RSIH(K)aR(K)*g(Z(Z.K)*I.ﬁE-ﬁ6)**0.2§) 5 1
< : R312(K)aR(K)/((2{2,K)*1HE-06)**D, 5 :

aye
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W GO~ O

¥ o RO PN
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PR(K)=100.0% (C{2)= 2(2,K)*1.0E-06)7C(2) G
1,R314(K),PR(K), Tt (K)
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HYZE1C PAGE 4
WRITE TAPE 15,2(1,K),R(K),2(19,K),R2(K),R312(K},R314(K), PR(K) TH(K

1)
‘00‘!» CONT I NUE
WRITE QUTPUT TAPE 6,
WRITE OQUTPUT TAPE g,
’

496 WRITE OUTPUT TAPE
762 D0 7864 K=1,9,4
: WRITE QUTPUT TAPE 6,5087,2(1,K),02(2,K),52(4,K),02(5,K),02(9,K),
g 102(6,K),02(7,K),02(3,K).0Z(8,K}
: 784 CONTINUE
: WRITE QUTPUT TAPE 6,523
: DO u§38 K=1 15
. T1(K)aT1 (K+9}
00 4338  Jul,MMiIMM
Z(J, K =7{J,K+9)
DZ(J K)mi: Z(J K+9)
4338 CONTINUE
K=15
GO TO 992
605 PRINT 589
WRITE OQUTPUT TAPE 6,523
WRITE OUTPUY TAPE 6,580
WRITE OUTPUT TAPE 6,523
680 FORMAT(15H RESET INTERVAL)
F(K-4)L4pa2,4002,7838
7838 LKaK-3
DO 6838 Jaml,MMMMM
YOUT(J)=Z(J,LK)*1 .E-6
L7093 KalK
6838 CONTINUE
KalK
GO TO 992
Lpp2 PRINT LO@3
WRITE OUTPUT TAPE 6,1588
1588 FORMAT(1H1)
WRITE OUTPUT TAPE 6,523
} WRITE QUTRUT TAPE 6,4003
: WRITE OUTPUT TAPE 6,523
ULQ=p )
WRITE TAPE 16,U40,U80,U40,U4Q,U4Q,U40, ULC,ULG,ULL
ENDFILE 15 1
BACKSPACE 15
4p@3 FORMAT(15H CASE INTERRUPT )
WRITE OUTPUT TAPE 6,599
WRITE OUTPUT TAPE 6,1599
1599 FORMAT(14H TO BE PUNCHED)
WRITE OUTPUT TAPE 6,5100,K1,K2,K3 1
PUNCH 5100,K1,K2,K3
PUNCH Sﬂl,NJ

AP OB TG IR RPN YA AR 8 st oy aas o
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HYZE1C PAGE 6
SUBROUTINE TERM (IBACK, FINAL,YOUT)

DIMENSION Y(5,15),YP(5,15),Y0UT(15),YPOUT(15)

z DIMENS LON DUMMY(12)
: COMMON DUMIAY ,W1,W2,W3,Wh,W5,W6,W7,W8,W9,W1g, W11
; OIMENSION C(59)

DIMENSION E(25),A(25),w(25)
COMMON E,A,W,KAPPA,K,H,TAU,K!,K2,K3,NJ,X, T,YYY,JTT,NCC, NNC
COMMON C,G,CP
c THIS SUBROUTINE WILL NOT TERMINATE IN THIS FORM,
IF(SENSE SWITCH 6)192, 301
391 TiikT
GO TO 1¢1
192 AMRE=C(2)=-YOUT(2)
CTOT=C(1)+C(2)
DELT={0/CP)*(AHRE/CTOT)
TaTIN4DELT
11 SENSE LIGHT 1
IF{SENSE SWITCH 4)201,1995
201 PRINT s0@,0ELT,T
500 FORMAT(2E15.8)
1995 00 15 . J=tl,ilJ
W(JJ)etXPF(2.3%A(JJI)~E(JJ)/(1.99%T))
15 CONTIHUE
24 Wi=h(t)
W2aWW(2)
W3eW(3)
Wheall (L)
W5=W(5)
b W6V (6)
. W7=aW(7)
r : W= (8)
W= (9)
; W1g=4(1¢4)
] WilsW(11)
191 1BACK=1
RETURN
END

£
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HYZE1C PAGE §
WRITE OQUTPUT TAPE 6,501 ,NJ

L0 1662 JJmt NJ

WRITE OUTPUT TAPE 6,502,J4J, AéJJ

PUNCH 582,JJ,A(dJ
1662 CONTINUE

LANNY= 21

LOLA=

BIGYmY JE6*X .

WRITE QUTPUT TAPE 6,503,7T,TAU,YYY,JTT

~r
rnm
—~—
G G
G
N

L LR A TV DR o N L R SN,

PUNCH 583,7,TAU, YYY, JTT
WRITE OUTPUT TAPE 6,581, NEC

PUNCH 561 ,NCC

WRITE OQUTPUT TAPE 6.5o|,nuc

PUNCH 501, NNC

WRITE OUTPUT TAPE 6, 516.LANNY Z(1,1)
PUNCH 516,LANNY,Z(1,1)
WRITE OUTPUT TAPE 6,516,L0LA, B1GX
PUNCH 516, LOLA BIGX

0O 1661 Ju2,NNC
WRITE OUTPUT TAPE 6, 516,J Z(J,l)
PUNCH 516,J,2(J,1)
1661 CONTINUE
11 CALL EXIT
992 RETURN
531 FORMAT(15)

502 FORMAT(15,2F10.1)

503 FORMAT(F1D.1,2E18. S

50k FORMAT(115,2F16.1,%1 u)

523 FORMAT(3H  ///)

516 FORMAT(111,E15.5)

521 FORMAT(13H CERIVATIVES /)
522 FORMAT(16i1 CONCENTRATIONS /)
5§47 FORMAT(5E13.5)

526 FORMAT(2i15.6,!3)

537 FORMAT(At}3.5)

A8 FORMAT(2:13.4,13)

599 FORMAT (31H11GOR t)hRQT&IN PROGRAIT KYZEIC )
5100 FORMAT(315)

END

=
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SUBROUTINE INIT(Y,YP,YOUT,YPOUT)

DIMENSION Y(5,14),YP{s5,14)

DIMENSION YOUT(1h),YPAUT(14)

DIMENSION AAAAA(L),BBBBB(4),CCCCC(L)

COMMON AAAAA,BSBBB,CCCCC

AAAAA(1 )=, 5

AAAAA22)3.292893218813452&755991336380

AAAAA(3)ml .707106781186547524400844 3620

Ségﬁéz?zaii?66666666666666666666666667
=y JV

BBBBB(2)=.292893218813uszu7ss99153638¢

8B3BB(3)=1.707106781186547 5244808443620

88888 (4)=.3333333333333333333333333333

CCCCC{1)n.5

cccccéz)a.292893218813&52#75599155638w

CCCCC(3)m1 . 7071067811865475244008L44362¢

ccccCllyia,5

DO 9PP KKKKKel,5

YP(KKKKK,1 )=t o8

RETURHN

END

HYZE1C PAGE 7
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%2
%3
WL
M5 J

%8
919
R

912

920
922

799
998
930

932
933

934

DIMENS 10N YOUT (145 ,vPo0T(14)
DIMENSION AAAAA(LS,BBBBB(4),CCCCC(Y)
COMMON AAAAA,BBBBB , CCCCC

DIMENSION Qul1s) PRED(lS) CORR(15),PHC(15)
UPPPP=29,*(1@ . %*{~ACC))

ang$-l 6666666666666’6666666666667E-u3*UPPPP
M 4+

Kat

DO o9gh la] M

QQ(’)nﬂ.

Llal

GO TO &
tF(METHD } 910,914,910
LF(K-4)911 93¢ 930
f\BK"‘"

CC 912 i=t, "
Y(K."GY(A'I )
YP(K,I)aYP(K-l 1)
al

L2=2

GO TO 916

L2=1
IF{J-4)218,618,999

8 50 920 1=1,M

ODODD=HFYP K, 1)

RARRReAAAAA(J ) *DDDOD-BBEEB () *20 (1)
Y(K, 1 )=Y (K, | )+KKRRR

Q0 (11200 ( 1 $+3. #RRRRR=CCCCE (I} *BCODD
tF(J=14)922,922,999

Je J+1

L1=2

GO TH &

YOUT(1)=Y(K,1)

0 998 Im2, 4

fQUT(l‘cY(“ |)

YPOUT(1)=YPK, 1)

GO TO 6

DIFSIT PACKAGE — HILHE PART

60 932 Im2,H

PACTT af o)
1LY =0

K= $§

Y(S 1)=Y(4,1)+H

0793k tu2,

«Entgz.*vp(u 1)=YP(3,1)+2.%YP(2,1)
PRED(1 )mY (1, 5+(! 33333333333333333
Y(Spa)aPREw(l .9655172#131931@34&8
L1=3
GO TO &4

N

HYZE1C PAGE 8
SUBROUTINE DIFTRN(N, METHDSH +ACC,SIG,Y,YP,YOUT, YPOUT,FINAL)

DIMENS I G Y(s.iu)svp(s.lu
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HYZEY1C PAGE 9
936 DO 938 I=2,H
gORR}-?.*{P(hSI)+YP(3 i)
ORR(1)nY(3,1)+.3333333333333333333333 *H*(YP (5,1 )+CORRY}
PMC( 1 )aPRED(1)-CORR( ? 33333333333 5!
938 Z&giléagORR(l)+.03kh8275862¢689655172%13793!*PHC(l)
00 948 i=m2,M
17 (S16)968,966,966
968 TEST=ABSF(PRED{T)=CORR(1))
GO TY 97ﬂ
966 TEST=ABSF(1.-PRED(1)/CIRR(1))
979 CIFFaAlAX=TEST
IF(DITFY9LG, 948,948
946 AMAXaTEST
948 CONTIHUE
958 1F (AMAY~UPPPP)952,952,958
952 | F(AMAY.=-DOWWN) 962,954,954
c OK (NO CHANGE)
984 Kajs
Lisl
GO TO 4
965 DO 966 1=1,M
[‘0 956 "\ﬂ‘ ’l’
Y(K, | =Y {K+t, n\
956 \P(K DaYP(K+ ,
K= §
MiLYnd
L2=3
GO TY 999
HALVING INTERVAL
IF{SENSE SWITCH 1:792, 701
702 PRINT 795,H
705 FORMAT (1111 HALF 14T, LE1R . 4)
701 IF (i411.1)959,99 3,953
389 (¢ 6@ Iat,it
969 Y(‘ |\=:Y(‘ ‘)
GO T0 9% 3
o DOUSLAIG IRTEKVAL
962 H=2.*H
iF(SCASE SVITCH V) 704,783
70k PRINT @6,H
706 =0f>ﬂr(13w COUBLE INT,. ,E10.47
763 (O 964 I=t, M
a6k Y(1, l)uY(3 i)
GO Tdtm3
b CALL DERIV(Y,YP,K)
GO TO (9p8, 916 “36 266),1.4 :
6 CaLl OUTPUT (vy,yP, YoOT \PJU!) ¥ 3
CALL TFkH(IBACK,FlNAL YouT®
sng GO TO (8,2),BACK
2

€ g mp e W — o

(@]

GO 10 (qas 908 533),L2
RETURN

END
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SUBROUTIHE DATE(KY,K2,K3)
1F(K2-3112702,2702, 2791
2701 K2=K2-31
Klaill+]
2702 CONTIHUE
GO TO (291,202,204),K3
201 HYEAK=1961
GJ TO 2003
202 HYEAR=1962
GJ T 203
204 HYEAR=1963
203 CONTINUE

HYZEIC PAGE 10

GO 10 (101,192,103,104,105,106,107,188,189,118,111 112‘,1

161 VI TE \)UTPUT T,\Pr 6,5‘0‘ K2, YCAR
5101 FurAT (125, 7THIANUARY, 15
GO TO 120
102 WRITE JUTPUT TAPE 6,5192,K2,NYEAR
5192 FURNAT(125,BHFE BKUARY, 155
Gu Tu ‘2%
193 WRITE OUTPUT TAPE 6,5103,K2, NYCAR
5183 FuRiAT(125, SHITARCH, 1 5)
G To 129
104 VidTE QUTPUT TAPE 6,5104,1K2, NYEAR
S1@4 TORIMAT(125, SHAPRIL, 15}
6 To 120
105 VWL ATE QUTPUT TAP& 6 5105,K2, HYLAL
5105 .o~.A*(|25 pISIRTA {
G 120
106 uth( OUTPUT TAPE 6, 5106,K2, <YEAL
S186 TORIAT(125, WHJUNE, 15
GJ T 120
107 VRATE QUTPUT TAPL 6,5107,42, RYLAC
S107 FMAT(126,iJULY,15)
G Ty 12¢
198 WHITE QUTPYUT TAPE 6,5108,K2,YIAL
5198 TORGAT(125,6HAUGUST, IS}
GO Ta 129
100 WKITE QUTPUT TAPE 6,5199,42, . Y7 AL
SIPQ TORUAT(126, HSEPTEMBRER,1G)
G T 120
n:ITF OUTPUT TAPE 6,5110,K2, dYEAL
FonMAT (126, 7HOCTORER, | 5)
GJ TO ‘20
Wil TE QUTPUT TAPE 6,5111,K2,1YEAR
FOICAAT (1265, BHHOVEHBER, 1 51
GJ T 120
Wil TE QUTPUT TAPE 6,5112,K2, WYEAR
.JKHAT(nzs,aachs185R,|5?
KETURN
END
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~ HYZE1C PAGE 11
SUSROUTHIE CERIVIY,YP,K)
DIMENSTON Y(5,15) YP(5,15),Y0UT(15),YPOUT(15)
CIMENSTON CuUttY (12)
COMMON DUMMY,WI,wz,W%,Wh,w M6, WT7,48, W, 10,011
CIMENSEON E(26),A(25) ,W(265)
COMMON £ ,A VW, KAPPA, L, H, TAU,KY,K2,K3,0J, X%, T,YYY,JIT,HCT, NHC
TIHE=Y (¥,1)
HYUaY (K, 2)
HYR=Y (K, 3)
AZOTaY (K, k)
AMi40=Y (K, §)
AMliaY(K,6)
AH!FaY(K‘7)
HiaY(K,8)
H2=Y (K,9)
HYRA=Y (£,10)
VO e\t oY,
VOW2e (V3445) X
VOW 32, ()50 *X
VOWhel 5% X
VOWS=1i57%X
VOWB=b 34X
WO =327 A
WiD2aM e il i
VOO 3= Whi)
WOOh=] 0
WOUE=ME*AI
WO WmH YR
WOOT =W =003
WI08=4 02+ D0k
WO0%=V W6+ SOB
WOOT@= @At A i
CHYDm=HY[ * (VW1 #0007 +WHFAME G )
PHYC=HYE )10
CHYP=HY D (301 44 305 =HY i0f (VW2 +WO08+{ 006
PHY m HYE=HYR™ . )06
DAY NeH YD (VW 3=4 001 2000345 )06, +HYE* (Vl=t.)020
DAY Nei A H=WUO10%2 408
LA CaV W g Y =W)IGFHYL
DH VYRS Y G- S0 ) =HY 4003
GAMAMOHYU ¥ 0T +HVE* (WOO2+WE¥HY Y2 i)
LH2=H YR (VIOGH o0k
CAZDTaHYR*(Wa09+¢ 16}
YP{K,2)aiHYD
YP(K, 3)=lHYR
YP(K, b =NAZOT
YP(K,§)=i1AMMD)
YP({K,6 =[:AIEN
YP(K,7 =l ALD
YP(K,8 ):z?iHl
YP(K,9 =i"t2
YP(K, 10 m=11 s 1 *HYRA
RETURN
END

R ——

n:;a x; mmmﬁmﬂ@%@m%ﬂw iwr» '

W

ey w’d\mml' (RN




-

PN~

P TS ]

e,

‘k‘",;”‘k‘\[;ﬂ:“""]';!“lg mﬂﬂ"ﬁ‘ ';mwwmmﬂmfm’mmmmw R M b i

RV———

1

1

HYZE2C PAGE 1

SUBROUTIHE DERIV(Y,YP,K)

CIMENSION Y(5,16),YP(5,15),Y0UT(15),YPOUT(15)
DIMENS1ON DUMMY (12)
COMMON CUMMY , WY, W2,W3,Wh,45,W6,W7,W8,WI,W1g, Wit

GIMENSION E(25),A(25) ,W(25)

COMMON E A, W,KAPPA, L, H, TAU,K1 ,K2,K3,NJ,X,T,YYY, JTT,HCC, NiC
TIME=Y (K,1)

HYCmY (K, 2)

HYRmY (K, 3)

AZOTeY (K, U4)

AtMOa Y (K, 5)

AMI =Y (K,6)

AMI =Y (K,7)

H"Y(K)S)

H2eY (K,9}

HYRA=Y (X,10)

GHYRARW2FHYD XA i+We *HYD* AN U =HYRA*X *(W3 +i11 ) =2 AR EHY RATHY KA

—WG*HYRA
GHYRaW1 1 ¥ HYRAFN~HYE* (WA N+WI*HT ) _
CHY DaeHY 0% (W2AT | HAWLEHE 0] X6 *ATT 5 ) #WT@FAL T NFALTL N

CANT ReHYD % (2, BFW A Xl HT #0060 D JHWEFHYRA  =Anie (W FHYDHUTEHY RV

1@ A 1 2,0)

CAMI e GTHYRA  <WO*HYD*AL D

DHY =MW 3FAYRARY =HT* (VUFHYD WO HYR ] ’
S AR YL (H2% A HLHT Y H0Y (08 (WRARER) $HBFHYRAFHYRARZ ¥
{ A Zei YP AR 3EX+HY R (W7 4409 ¥HY )

CAZITel AHIZHIGRYTATHY EA

Dti2=. AHJZHHYR*HL*WS

YP(i{,2)="HYD

YP(K,3}a HYR

YP(K W =i ATOT

YP{X,5 = AIIS

VPR, 6 ) ao i

YP(K,7, = ANHL

YPig,d = 1

YPRLK, % in ti2

YRR, 160 =ilYRA

2L TUR

Lol

&Y,
LAY S

—
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UDMH7A PAGE 1
SUBROUTINE DERIV(Y,YP,K)

DIMENSION Y(5,15),YP(5,15),Y0UT(15),YPOUT(15)

DIMENSION DUMMY (12)

COMMON DUMMY W1 ,W2,W3,Wh,W5,W6,W7,W8,W9, W18 ,W1t,Wi2
DIMENSION C(59)

DIMENSION E(25),A(25),W(25)

COMMON E,A,W,KAPPA,K,H,TAU,K1,K2,K3,NJ,X,T,YYY,JTT,NCC, NNC
TIME=Y (Ko}

UDMH=Y (K, 2)

AMMOmY (K, 3)

AMINaY (K, &)

HYR=Y (K, 5)

ETANE=Y(K,6)

THANE=Y (K, 7)

ZINE=Y(K,8)

¥YMET=Y (K,9)

HCNaY (K, 10)

HamY (K, 11)

AZOTmY(K,12)

AM) Dm (WORHYR ) / (WE*UDIH)

U NeaUDHH* (V3% XUET+WES*AMI D Y /W6

RYmUDMH™ LW =X+ AE 1) /M2 :
DUDHHe==UGHH® (W1 X407 3XXNE T WL AL NSW AR [ )
D§M|N=U0MH*(W1*x+ws*AMtL-wu*AH|N)+W9*HYR-AM|n*(wg*z'wa+z.u*w|1*Ama
N :
DHYReZ 1 HE* (W7 XMET+W8*AMI N ) =HYR* (V942 , i*WI1@*HYR)
GZINEaAM)N* (WHAUDHHAWT TRAMIEN)=Z 1 NE* (W7*XHET +WS*AMIK)

D XME Tat2%RY +WE*UN=XMET* (W 3¥UDMH4WT*Z | NE+2 03551 250 HET) 2
DHC NeW2%RY ~
DH2=W2#R] |
CAZ OT= W6 FUN+WE Q< HY R*HYE »

DAMMOwHB*Z 1 HEFAI L N+2 ((IFWTE*HYR*HYR
CETANE=WY 25 XIET*XUET
DTHANE=XIAET* (W 3 UDMH+WT* Z | NE ) +ie* UM
YP({K,2)=l:ULIH

YP(K, 3 =bAIND

YP(K, b} ai AMIN

YP(K, 5 ai*HYR

YP(K,6)sDETANE

YP(K,7 )=i THANE r
YP(K,8)ael:ZIHE

YP(K,9)=l:XMET
YP(K, 10 )=lHCiH
YP(K,11)=DH2 .
YP(K,12)=uDAZOT

Y{K,13)ekl

Y(K,14)=AlID ¢
Y(K,18)=UN ‘ *
RETURN .

END




D-17

The following abbreviations were used:

TR U X A 1R 0 s

E AMID is NH
] AMIN is NH,
: AMMO is ammonia
AZOT is nitrogen
* Hl is atomic hydrogen
H2 is molecular hydrogen
HYD is hydrazine
HYR is N2H3*
HYRA is N2H3
ETANE is ethane
R1 is CH3NCH3
UN is CH3NNHCH3
THANE is methane
w(r) is the rate constant of the Ith elementary reaction.
e XMET is CH3
1 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.

i Second order rate constants were in cc/. ole-sec. First

. -1
H order rate constants were in sec

i i




