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FOREWORD

This report was prepared under Contract Nr. AF 33(657)-
7617, "A Research Program for Understanding the Mechanisms
of Flame Inhibition." The contract was initiated under
Project Nr, 6075, Task Nr. 607505, by the Flight Accessoriles
Laboratory, Aeronautical Systems Divislon, Wright-Patterson
Air Force Base, Ohio with Mr. B. P. Botterl as project
engineer,

The work was performed durlng the period August 1961
through October 1962 at the Dayton ILaboratory of Monsanto
Research Corporation, The first year's work was performed
under Contract Nr., AF 33(616)-7757. Dr. G, B, Skinner
was project leader, and Drs., W, H, Hedley and A, D. Snyder
worked with him.

The assistance of G, A, Clinehens, R. L, Evers, F, K, Finke,
S, J, Aulabaugh, D. Q. Douglas and F. N, Hodgson 18 grate-
fully acknowledged.
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ABSTRACT

The mechanism of the hydrazine-nitrogen tetroxide

regction was investigated by examination of the variation
in reaction products and equilibrium reaction temperature
with Ilncreasing reactant concentration when argon-diluted

reactant streams were rapidly mixed in a flow reactor.
It 18 concluded that the reactlon proceeds through a
thermal reaction mechanism rather than a chaln-branched
exploaion mechanlam.

An ignition test was devised to determine the effect of
candidate reactlon inhibitors. No effective inhibitors
were found among 27 gaseous and 28 liquid additives
tested. Thlophene, toluene, trimethyl borate, ethyl
bromide and benzene produced some Iinhibition, but only
at high concentratlons. These results support the con-
clusions that a thermal mechanigm 1s operative.

This technlcal documentary report has been reviewed and
is approved.

Ln)iﬂa.;_-\CLSSouco1kg_
WILLIAM C, SAVAGE

Chlef, Environmentsl Branch

Flight Accessories Laboratory
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INTRODUCTION

As part of a long-range program to elucidate the mechanlsms
of flame Inhibltlon, research to rind effective inhihitors
of the hypergollc reaction between hydrazine and nltrogen
tetroxide was undertaken, This report describes the results
of that Ilnvestilgstion., The general approsch lncluded:

1. Literature survey of existing literature on the ,
over-all reactlon, and all sub-reactions that )
might be pertinent in the over-all mechanism,

2., Definition of the ignitlon characteristics of !
the reactant system under lnert gas diluent ;
conditions. §

3. Definition of an ignition procedure by which
potential inhibitors could be tested for effec-
tiveness in retarding the reactlon rate.

4, Clarification of the preflame resction mechanism i
by analytical and spectroscopic techniques. :

Since very little was known about the mechanism of the
hydrazine-nitrogen tetroxlde reactlon, a good deal of
effort was expended on section 4 above. Although our
results have not completely defined the reaction mechanlsm,
we belleve a sgignificant advance has been made.

SUMMARY |

Studies of the hydrazlne-nitrogen tetroxide reactlon
indicate that a thermal reaction mechanism 1is operative
which is inltlated and propagated primarily by molecular
interaction. No evidence for a chain branching explosion
mechanism was found. If this i1s true, one would not

expect small quantitles of inhibitor to apprecilably
decrease the over-all reaction rate. 1In the chain branched
reaction, minute quantities of inhibitor effectively reduce
reaction rate through removal of active free radicals from
the prereaction zone, 1In the case of a thermal molecular
reaction, only two inhibiltor mechanisms exlist, both re-
quiring major inhibltor concentrations. The first occurs
when the agent competes with one reactant for the other,
resulting In a lower net heat release. The second involves

Manuseript released by authors December 1962 for publli-
cation as an ASD Technical Documentary Report.
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application of an agent which removes the exothermic heat
of reaction to maintain the equilibrium temperature below
the ignition temperature.

The conclusion, that a thermal recacticn mechanism is
operative, 1s supported by experimental results obtained

in reaction mechanlsm studies, and investigatlons of the
effect of candidate inhibitors on the ignition limit of
argon-diluted reactants., In reaction mechanism investi-
gatlons, the distributlion of products and the equilibrated
reactlon temperatures resulting from the mixing of argon-
diluted reactants were studied as a function of reactant
concentration, Under dilute conditions, below 2 mole

of each reactant, a preignition reaction was found to
proceed, yielding as major products ammonium nitrate and
nitrous oxide, At concentrations of 2 mole % and higher
of each regsctant, the preignition reaction product analyses
indlicated s regular increase in nitrogen and nitrlc oxide
at the expense of nitrous oxide, At 3 mole % of each
reactant and above, the major gaseous products were nitrogen
and nltric oxlde, slong with minor quantities of nitrous
oxide and ammonia,.)i At 5 mole %.of each reactant spontaneous
ignition oceurred, snd at 6 mole % the reaction flask was
uniformly enveloped in flame., The experiments were con-
ducted by rapldly mixing the two argon-diluted reactant
8treams wlth a high speed stirrer in an lnsulated resgction
flask.

The emlission spectrum from the nitrogen tetroxide-hydrazine
flame indicated the presence of NHp, NH and OH radlcals

after the flame front. It was not possible to conduct
emission measurements in the preflame reglion where the
presence of free radicals would imply & chain-branched
reaction mechanlism., High speed schlieren movies of the
ignition of a hydrazine droplet 1n an argon-nitrogen dloxide-
nitrogen tetroxide stmosphere were of qualitative interest,
but offered no quantitative insight into reaction mechanism.

A modified spontaneous ignition technlque was employed to
screen 27 gaseous and 28 1liquid inhibitor candidates for
the hydrazine-nitrogen tetroxide reaction. Of these,
only five were found to inhibit the hypergolic reactilon,
and these to only a small extent, They are thiophene,
toluene, trimethyl borate, ethyl bromide and benzene. No
explanation for theilr effectiveness can be advanced. The
relative concentration of inhiblfor studied was quite
large. It seems reasonsble that no inhibitor acting by
removal of a critical intermedlate was found for the
hydrazine-nitrogen tetroxide reaction since this type of
Inhibition requires a relatively small amount of the active
agent.

1 ' . .
e mt— P—

N M eew e ey e e A MR M B el b

trheobad wall ki B s Db Tanle s A b i e



c——

SPONTANFOUS IGNITION CHARACTERISTICS

In preliminary studies, when a high concentration of
nitrogen tetroxlide was added to low concentrations of
argon-diluted hydrazine, hypergolic lgnition resulted
at room temperature even when only 2 mole % hydrazine
was present, On the other hand, when liguid hydrazine
was admitted to argon-diluted nitrogen tetroxide, there
was found a limiting nitrogen tetroxide concentration
below which spontaneous ignitlon did not occur at a
given constant temperature. Similar behavior was noted
by the Bureau of Mines (Ref, 1) during spontaneous
ignition measurements on hydrazine-unsym,-dimethyl-
hydrazine (UDMH)-nitrogen tetroxide-air mixtures.

3.1 Inhibitor Screening by Spontaneous Ignition
Limit 1t was observed that when a drop of hydrazine,
originally at room temperature, is dropped into an
Erlenmeyer flessk filled with an NOo* (equilibrium-
nitrogen tetroxide-nitrogen dloxidé-mlixture)-argon mixture
at 75°C, spontanecus ignition oeccurs when the con-
centration of NOo* in argon exceeds 11 mole %, If the
mixture contains less than 11 mole % NOo*, a nonflame
reactlon occurs. These observations agree qualitatlive-
ly with those of Perlee, Imhof and Zabetekis (Ref., 2)
who found the concentration 1limit at 75°C to be 13,2
mole % of NOo* in air.

A serles of experiments were designed by means of which
the effect of selected candidate inhibitors on this
ignition limit c¢ould be studied rapidly. It was reasoned
that an effective inhibitor would displace the ignition
limit to higher concentrations of NOo*¥,

The apparatus for studying the spontaneous ignitilon of

& hydrazine drop in an atmosphere containing NO-* vapor
is presented in Figure 1. Argon, NO-*¥*, and gaseous
inhibitor are metered through rotamefers. The gases

mix and flow into a 250-ml Erlenmeyer flask, thermo-
statted at 75°C in s water bath. When all air has been
dlsplaced from the flask, gas flow is stopped, and after
30 seconds, during which turbulence in the flask dimin-
ishes, a drop of hydrazine is allowed to fall into the
flask, and results are noted. To enable screening of
vaporized liquids as inhibitors, the apparatus includes
a heated injector. The liquid, fed into the inJector

by a variable speed syringe driving motor, 18 vaporized
in the Injector and admitted into the main stream through
a fine slot,
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It was declded that an effective inhibitor might raise
the NOo* concentration ignition limit from 11 mole %
to 15 mole %. Therefore, gas mixtures containing 15

mole % of NO,*

5% inhibitor and 80% argon were tested.

3
None of the 57 gaseous inhibitors tested prevented

ignition under these conditions,

Some might have

increased the concentration limit slightly above 11%
NO,¥, but if 90 the change was insignificent and no
ef%ort was made to check the point., The gaseous inhibl-
tor candldates tested are presented in Table 1,

Table 1. GASES SCREENED AS INHIBITORS OF SPONTANEOUS
IGNITTON OF HYDRAZINE-NITROGEN TETROXIDE

Methane

Methyl chlorilde
Methyl bromide
Trifluoromethane
Carbon tetrafluoride

Bromotrlifluoromethane

Bromochlorodifluoromethane

Dibromodifluoromethane
Ethyl chloride
Chlorotrifluoromethane

1,1-Difluoroethane
Dichlorotetrafluoroethane
Ethylene

Ethylene oxlde

Vinyl chloride

1,1-Difluorocethylene
n-Butane
1,3-Butadiene
Hydrogen bromide
Hydrbgen chloride

Hydrogen sulfilde
Ammonis

Carbon monoxide
Carbon dloxilde
Nitrous oxide

Sulfur dioxide
Sulfur hexafluoride

The liguid inhibiltors were tested similarly. The liquids
were 8yringe-driven into the injector, vaporlzed, and
injected into the NOo*-argon stream through a heated line

(to prevent condensation).

The mixtures were agsin 15

mole % NOo*, 5% additive and 80% argon.

The 28 vaporized liquid candidate inhibitors are presented

in Table 2, Of these 8 appeared to be effective,
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Table 2, VAPORIZED LIQUIDS SCREENED AS INHIBITORS
OF SPONTANEOUS IGNITION OF HYDRAZINE-
NITROGEN TETROXIDE

Ineffectlve Effective

Acetone Benzene
Acetlc acid Diethyl ether

Acetonitrile Dimethyl sulfide
Bromobenzene Ethyl bromide
Bromochloromethane n-Octane

Carbon disulfide Thiophene

Carbon tetrachloride Toluene

Chlorsal Trimethyl borate
Chlorobenzene

Chloroform

Dibromotetrafluoroethane

Ethyl iodlde (a)

Iron pentacarbonyl

Methanol

Nitromethane

Phosphorous trichloride
Silicon tetraehlo?iﬁe
Tetramethyl lead \& (a)
Titanium tetrachloride ‘&
Water

(a)Plugged inlet tube

Three of the compounds tested (iron pentacarbonyl, tetra-
methyl lead, and titenium tetrachloride) reacted with
NOo* to such an extent that they plugged the inlet tube,
ang could not be properly tested.

To determine thelr ultimate effectiveness, the inhibitory
materials were tested at 5% concentration in mixtures
containing greater than 15% Noz*. The results are listed
in Table 3.
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Table 3. VULTIMATE EFFECTIVENESS OF INHIBITORS FOR HYDRAZINE-

NO,*_ REACTION

Inhibited at, Falled at,

Material % NO,* in Mixture

n-Octane (a) (2) 23.8 24.8
Diethyl ether ‘= (a) 22.5 23.8
Dimethyl sulfide ‘= 22,5 23.8
Thiophene 18,7 19.5
Toluene 18.6 19.6
Trimethyl borate 17.2 18.6
Ethyl bromide 16.4 17.2
Benzene 15.6 17.2

(2) Not gctually inhibitors - see text

n-Octane, diethyl ether, and dimethyl sulfide appeared to
react directly with the NOo¥, with considerable heat re-
lease, The hydrazine drop provided enough additionsal

heat to 1gnlte the NOps*-inhibiltor mixture, after which

no NOz* remained to burn with hydrazine, With the other
inhibitors, the NOo* disappeared slowly during the experi-
ment, reacting with hydrazine by the nonflame reaction.
Therefore, these last flve materlials acted as true inhibil-
tors, though not extremely good ones. The first three
cannot be considered Inhibiltory.

It can be seen from Table 3 that 5% of inhibitor was
effective in neutralizing no more than 8% of NOo*. The
inhibiting effects could plausibly result from a prefer-
entlal chemical reactlon of the inhibitor to remove either
the fuel or the oxidizer, or else by an incresse in the
specific heat or heat transfer rate of the gas mixture.
Elther of these mechanisms would require & relatively
large amount of added material. It seems reasonable that
no inhibitor scting by removal of & critlical intermediate
was found for the hydrazlne-NOo* reaction, since this
type of inhibition requires a relatively small amount of
the active agent. .

This reaction 1s an acid-bagse reaction, hence proceeds
rapidly to completion. Since the hydrazine-NOo¥* reaction
starts spontaneously, 1its rapid exothermlc character
carries the first stage to completion as soon as the
reactants are combined., In view of the high spontaneous
heat release of this reaction and the fallure to find any
highly effective inhibitors out of 55 candidates tried,
it seems improbable that any ignition inhibitors exist.
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3.2 The Preignition Reactlon Early in the
spontaneous ignition studles 1t was observed that when
the nltrogen tetroxilde was sufficiently diluted with
inert gas, the hydrazine-nltrogen tetroxide reaction
produced ammonium nitrate (solid) and nitrous oxide (gas).
The solid product ' (not previously reported for this
reaction) was 1dentifled by x-ray diffraction measure-
ments, ‘while gad gnalysis was cbtained by infrared.
Because of this reaction premixed flame studies at near-
atmoapheric pressures could not be carried out,

INVESTIGATION OF THE HYDRAZINE-NITROGEN TETROXIDE FLAME

MECHANISM

Since the mechanism of the hydraszine-nitrogen tetroxide
combustlon process was almost entirely unknown, 1t was
necesgary that our research include a study of the un-
Inhibited reaction. It was hoped that understanding of
the mechanism might suggest specific inhibitors not
previously tested,

4,1  High S%eed Movies of the Ignition of a Drop
of Hydrazlne o gain more 1nsight into the ignition
process that occeurs when a drop of hydrazine falls into
NOo*-argon, high speed movies were taken at about 1500
frames per second., The NOs*-argon mixture contained
20% NO~*, and was originally at room temperature, as was
the hydrazine. The gas mixture, contained in a 2-inch
square glass cell, was viewed through the aschlileren
system, which made 1t easler to see flow patterns and
denslty changes., Flow of NOo>*-argon was shut off a few
seconds before addition of the hydrazine to avold gas
motlion not due to the lgnition process,.

A sequence of individual frames selected from a 100~ft
roll of film (about 4000 frames total) is shown in
Figure 2 along with the time in milliseconds after the
drop hit the bottom of the glass cell. From these
photographs, the ignitlon process may be divided into
seven stages. Stage 1 shows the hydrazine drop enter-
ing the glass c¢ell, The tube to the far left is the
NOo*-argon entrance tube and the droplet is about to
contact a small glass plate located on the bottom of
the cell. Stage 2 1llustrates a preignition reaction
during whilich hydrazine vaporizes 1into the NO2* atmosphere,

]
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Figure 2. High Speed Photographs of Hydrazine Droplet Ignition

(Numbers refer to time in m%lliseconds from start of
test




forming a growing particulate cloud of ammonium nitrate.
During this time a spherical droplet appears to take
form on the glass plate.

From the photographs 1t 1s not clear whether ignition
occurs at Stage 3 (ca 378 millisec) or at Stage 4

(932 millisec%. During Stage 3 what appears tn he a
flame 1s formed while the amount of smoke gradually
decreases until at 811 millisec only a faint wisp re-
mains. During Stage 3 a conilcal inner core appears
directly on the glass plate surface and becomes sharply
defined. This core may represent a surface of reaction
or a pool of liquid hydrazine,

An alternate explanation would be that the apparent
flame boundaries in Stage 3 represent ammonium nitrate
streams which are directed upward due to their low bulk
density and under the influence of the exhaust duct
located dilrectly above the apparatus. The sudden dis-
appearance of the conical core in Stage 4 would then
represent the onset of ignition,

In Stage 5 the reacting surface is establishedf while
Stage 6 follows a representative cycle termed "flicker"
of the flame., In thils cyele an establighed surface
separates at the base of the flame, gradually lifting
off while a new surface isg being formed, In Stage 7

the "flicker" of the flame was repeated, The total film
time was over 2000 millisec.

So as to clearly define the onset of ignition, the appara-
tus was modified. A photomultipller tube was placed
perpendicular to the schlieren axis which fed a signal to
a trigger circuit. This triggered an intense high voltage
spark source in line with the schlieren axis when ignition
occurred. The apparatus worked perfectlys however, the
mode of ignition appeared nonreproducible, and the experi-
ments were dlscontinued,

4,2 Spectroscopic Studies of the Hydrazine-Nitrogen

Tetroxide Diffusion Flame The emission spectrum of a
hydrazine-nitrogen tetroxide flame produced with the
diffusion burner (Figure 3) was studied employing the
Jarrell-Ash Model 82000 spectrometer., Argon-diluted
streams of nitrogen tetroxide and hydrazine preheated to
850C were metered up through the concentric tubes, The
gpectrum was taken near the top of the yellow rounded
inner cone,

10
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The most lmportant spectral feature was the spread out i
emlssion spectrum of NH,, which extended from about

6000 to 4500 A, 1In add%tion, peaks due to NH at 3360A o
and OH near 3100A were detected. It must be pointed out i
that the presence of free radilcals 1n the hydrogen-

nitrogen tetroxide flame does not constitute proof that “r
the radlcals are involved in the ignition process. |

4.3 Stirred Reactor Studies - Temperature and [
Product Analysis Early work Indicated that at low .
concentrations of nitrogen tetroxide in argon & pre-

ignition reaction proceeded when & hydrazine droplet 7
entered the NOo* atmosphere. At 2.2% NOo* or below, .
the reaction was found to proceed in nearly 80% conver-
sion to ammonium nitrate and nitrous oxide according to
the reaction

N2HL'_ 4+ NEOM —_— NH}_J_NO3 + N20 .

—

Infrared analysis indlcated that nitrous oxide was the
only nitrogen oxide formed, and therefore it appeared
that some N02* was reduced to nitrogen.

-y

While the study of the reaction that occurs when a drop
of hydrazine is added to NOo* vapor offered some inslght 1
into the mechanism, thils technique has limltations. The [
roles of diffuslon, conveection and heat transfer are

important but are difficult to evaluate quantitatively. .
Of the heat generated by the reactions, some is trans- |
ferred to unreacted gas, some to the container walls,

and some to the vaporizing hydrazine, and some, of course, )
remains in the reaction products, ralsing thelr tempera- {
ture, It was not possible to determine from these

experiments Jjust what temperature and what substances

were required to bring about the transition from nonflame T
to flame reaction.

3
¥ ——

It was desirable to obtain information as to the course of
the precombustion reaction up to the point of spontaneous
ignition, in the absence of competing physical processes
such as vaporilzatlon and mixing. A knowledge of the
gaseous reaction products and the reactlon temperature

as a function of initial reactant concentration would

lead to a better understanding of the over-all mechanism.
Since the argon-dlluted reactants could not be premixed
without reaction, a methcd was devised to permit dilute,
prevaporized reactant streams to be mixed instantaneously.

p— ey
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A series of experiments was planned which made use of the
Instrumented diffusion burner previously employed for the
spectroscopic study. A stilirred reactor was mounted on the
exit of the diffuslon burner so that concentrilc streams of
hydrazine-argon and NOo*-argon entered through a hole in
the bottom of & 200-cc¢ Pyrex flask, where they were rapidly
mixed by a paddle-wheel stirrer. The temperature of the
product gases was measured by a chromel-alumel thermocouple,
(Gas samples at equilibrium were withdrawn through a stain-
less steel caplllary for infrared, mass spectrometric and
gas chromatographic analysis. The flask was well insulated
with asbestos, At hlgher reactant concentrations it wes
necessary to substitute a quartz flask since the equilibrated
temperature surpassed the temperature capabllity of Pyrex.
The stirred reactor is sketched in Figure 4.

In this reactor, streamsg of nitrogen dioxide and hydrazine
in argon, preheated to 85°C, were rapidly mixed as they
entered the flask, After a short period during which the
flask and stirrer warmed up, the reactor came to a steady
state, wilth a constant product gas temperature and composi-
tion. Employing this method, experiments were conducted
in which the nitrogen dloxlde and hydrazine streams were
at the same concentration in mole per cent, but this con-
centration was successively increased from 2% nitrogen
dioxide - 2% hydrazine - 96% argon to 6% of each reactant
and 88% argon.

The gas products were analyzed by one or more of the three
analytical techniques used: Iinfrared, mass, or VPC; thus,
nitric oxlde was analyzed by s8ll three methods, while
hydrogen was analyzed only by gas chromatography.

Results by different methods, when used, agreed within the
expected accuracy ranges, and average values are therefore
reported,

The gaseous product analysis in mole per cent and the
temperature rise in ©C for each experiment are presented
in Table 4, 1In the experiments at 4.5, 5.0, and 6.0%
reactants, it was first observed that rate cof stirring
affected the extent of reaction and the final equilibrated
temperature. A setting on the varlable speed motor was
found at which the highest temperature was cobserved; any
change in the stirring speed would lower the equilibrated
temperature. For these experiments the analysls and
temperature reported correspond to that stirring speed at
which the temperature was maximum., The analyses complete-
ly neglect the quantitiles of any condensed phase products
such as water and ammonium nitrate. No attempt was made
tc determine these species,

13
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The nonflame reaction continued at reactant concentra-
tlons below 5 mole . At 5 mole % a very dim flame was
observed, and at 6% reactants the flame appeared to fill
the entire reactor. Product analysis indicates that at 6%
reactants the reaction is not yet complete according to
the reaction

NO, + NyHy —_— 2H,0 + 3/2 N,

This 1s supported by the measured temperature rise of
737°C for the 5% reactant experiment, compared to the
calculated temperature rise of 1244°C for complete re-
action. Thus the actual value represents an erfflciency
of only 60%. The maximum change of temperature with
reactant concentration was found to occur between 3.5
and 4,0% of reactants. At about 3.8% reactants the
indicated temperature from the thermccouple constantly
fluctuated between two extremes. In one case the
fluctuation was rapid between 438°C and 597°C (these
temperatures include a preheat of 85°C). This behavior
indicates a change in reactlon mechanism, That is, at
3.8% reactants, or at about 440°C, a new reaction is
Just at the threshold of asserting 1ltself in the over-
all reactlon mechanism.

The data of Table 4 can be more realistically presented

by calculating the per cent of total gas phase nitrogen
appearing in each of the gaseous products, Data so
calculated more clearly represent the approach to the
complete reaction. Consider, for example, & product
mixture which contains equal quantities of nitrogen

and nitrous oxlde. As far as the complete reaction is
concerned, where all nitrogen atoms appesr as nitrogen gas,
the reaction is 67% complete. The results of these cal-
culatims are illustrated in Figure 5 where the mole

per cent of product gasesa based on their nitrogen etom
content is plotted against the per cent of each reactant
in the argon-diluted streams. In additlon the equillibrium
temperature rise is illustrated for each experiment.

The data are not completely consistent, but the trend
with increasing resctant concentration is readily apparent:

1. The proportlon of nltrogen and hydrogen gas to
the remalning gaseous products increases with
temperature or concentration,

2. The proportion of nitrous oxide decreases with
temperature to a low constant value,
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3. The proportlon of nitric oxide first in-
creases and then decresses with temperature.

4, The quantity of ammonia increases to a
maximum and then decreases.

5. The major gaseous products above 3% reactants
are nitrogen and nitric oxlde,

CONCLUSIONS AND RECOMMENDATIONS

The pattern of combustion product distribution and reactant

temperatures furnished by the stirred reactor investiga-
tions suggests that the over-all reaction mechanism is
complex, To appreclate this fully, potential competing
reactions are listed in Table 5, along with thelr heats
of reaction at 25°C,

In the following paragraphs the information avallsble on
the individual resctions is discussed, with the objective
of explaining which would be important in the over-all
reaction. The temperature at which the reactlon rate
becomes sufficiently rapid that an appreclable fraction
of the reactants would be used up in one gecond was con-
sidered the critical property. These temperatures,
listed in Table 5, are those above which the reactions
are rapid enough to play a part in the ignition process.

Reactlion N-1 Initially the only oxidizers present
are nitrogen dioxide and nitrogen tetroxide. They are in
dynamic equilibrium, with about 50% of the latter dis-
sociated at room tenperature and pressure (Ref. 3). At
75°C the dissociation of nitrogen tetroxide is 95%, and
this percentage increases steeply wlth temperature,
Therefore, as the reactions occur and heat the gas as
high as lﬁOOC (Ref, L), nitrogen tetroxide converts .
almost quantitatively to nitrogen dioxide. Since ignition
occurs only at much higher temperatures, one can rule out
nltrogen tetroxide reactions as i1ts cause,.

Reaction N-2 The initial reaction between nitrogen

dioxlde and hydrazine tc yileld nitrous oxide, ammonium
nitrate, and a considerable amount of heat 18 definitely
known to occur at room temperature even when the partial
pressure of the reactants i1s less than 0.01 atmosphere.

18
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Table 5. EKNOWN AND POSSIBLE SUB-REACTIONS IN THE

HYDRAZINE-NITROGEN TETROXIDE REACTION

Heat of

Reg
250

per g mol of
First Reactant

Reaction (All substances are taken as

ction at
C, Kecal

No. gases unless otherwise noted)* in Equation
N-1 = Ny0 <-l_l—‘o—:»iz NO,, + 13.9
N-2 NoH, (1ig.) + 2NO, 5—25-8>N20 + NH4NO3(sol.) - 95.8
N-3 NH)NOq (soliqd) —“Cﬁ))Ngo + 2H,0 - 8.6
N-4 NoH), (1iquid) —@-;NH3 +1/2 N, + 1/2H, =~ 23.0
N-5  NO, 9205 o + 12 0, +13.5
N-6  NO 13505, 1 /o N, + 1/2 O, - 21.5
N-7 N0 L°°°>N2 +1/2 0, - 19.6
N-8 N,H), (1iq.) + 2N,0 --76—00;-3Nz2 + 2H,0 -166.8
N-9  NHg + 3/2 N0 -2%221\12 + 3/2 HyO -105.1
N-10 H, + Ny0 05 N, + HyO - 774
N-11  NHy + 5/2 NO, —> 7/2 NO + 3/2 H,0 - 15.4
N-12  H, + NO, 5003, o + H,0 - b3
N-13  NoH, (11q,) + 20 ——>2 N, + 2Hg0 -170.6
N-14 Ny + 3/2 NO — 5/ N, + 3/2 H,0 -108.0
N-15 Hy + NO 15008 4 /o N, + Hy0 - 79.3
N-16  N,H) (1iquid) + 0, —> N, + 2H,0 -127.7
N-17 NHg + 3/4 O, $2051/2 N, + 3/2 HyO - 75.8
N-18 H, + 1/2 O, —izigﬂgo - 57.8

¥ All temperatures in degrees centigrade.
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Resctions N-3 and N-4 Reaction N-3, thee thermal
decompositlon of ammonium nitrate, and reactiam N-4,
the thermal decomposition of hydrazine, are kiwmn to
occur below the over-all ignition temperature srwd are
almost certainly involved in the ignition procsess.
Extrapolation of published data (Ref. 5) showstthat
Reactlon N-3 will go to 99% completion in one se=tond
at 410°C, Data on Reaction N-U4 (Ref. 6) indiatdte that
this rgaction should go to 99% completion in oex= second
at 598°C. Since Reactions N-2, -3, and -4 areemil
exothermic, they ralse the temperature considemsily.

Reactions N-5, N-6 and N-7 As the tempe=rature
rises, other thermal decomposition reactions of the
oxidlzers become possible, as indicated by subr—eactions
N-5, -6 and -7 in Table 5. One must also consliber the
possibility of the dilsappearance of each of the nltrogen
oxldes by thermeal decomposition,

Reaction N-5 From a considerstion of thnermo-
dynamlics the thermal decomposition of nitrogendBloxide to
nitric oxide and oxygen (Reaction N-5) is nearlyv quanti-
tative at 600°C (Ref. 7). Kinetically this sew:ond order
reaction only goes to 64% completion in one sew:ond at
this temperature with a partlal pressure of niim~gen
dioxide of 0.10 atmosphere; at 920°C, Reaction: ¥5 is
99% complete in one second (Ref, 8).

Reaction N-6 Nitric oxide, formed by there decompo-
altion of niltrogen dioxide, is thermally very sts:able,
The thermal decomposition of nitric oxide (Reat:-ion N-6)
goes only to 13% completion in one second for ig gs
sample at 134790C, containing 0.10 atmosphere put-tial
pressure nitric oxide (Ref. 9). This reactionias zero-
order at temperatures below 1100°C, second orde - in the
1400-1800°¢ range, and both mechanisms are invivved in
the 1100-1400°C range (Ref. 10). Potter and Wgmmsan
(Ref. 11) state that even &t 2400°K thermal dewmmposition
of nitric oxide is so slow that the reaction isuunl ikely
to contribute to a flame front.

Reaction N-7 Nitrous oxide 18 also verw stable
thermally; at temperature of 97100, 99% of thermitrous
oxide initially present at 0.10 atmosphere partisal o
pressure would decompose in ten seconds and at 110004°C,
99% conversion would be obtained in one second (FRef ., 12).
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Reactions N-8 and N-18 The sub-reactions sus-
pected to occur in fthe preilgnition perilod could produce
geveral fuels and oxidizers not initially present, the
fuels beling ammonla and hydrogen, and the oxldlzers
belng nitric oxlde, nitrous oxide and oxygen. These
possibilities are expressed in sub-reactions N-8 through
N-18 in Table 5. :

Reactlion N-8 No data for reaction of nitrous
oxlde with hydrazine were found, so attempts were made
to measure the autoignition temperature of this reaction
with the standard ASTM apparatus. The procedure of
dropping hydrazine into nitrous oxlde-argon atmospheres
was tried but was not successful, At elevated tempera-
tures, sudden vaporization of hydrazine created a local
high concentration whilch burned, but whether ignition
began in the flask or in the alr was not apparent. A
droplet of hydrazine in air willl spontaneously ignite
at temperatures as low as 270°C (Ref. 2). Therefore
experiments were carried out in which a continuous gas
stream containing argon, nitrous oxlde, and vaporized
hydrazine was passed into the spontaneous ignition
apparatus, The mixtures triled contained 0,5, 1,0, and
2.0 times the stolchiometric amounts of hydrazine with
4 and 8% nitrous oxide, Also an undiluted mixture, 23%
hydrazine, 77% nitrous oxide, was tried., None of these
mixtures ignited even at temperatures as high as 760°¢C
(the upper temperature limit of the apparatus). At this
high temperature, hydrazine thermally decomposes rather
rapidly to ammonia, nitrogen and hydrogen. This strongly
suggests that at these concentrations nelther ammonia nor
hydrogen are reactive toward nitrous oxide below 760°C.
At other concentrations, as indicated below, nitrous
oxide and hydrogen wlll react at this temperature.

Reactions N-9 and N-10 Concerning the reaction
of ammonia and nltrous ¢xide, Destriau and Laffitte re-
ported that one part ammonia mixed with six parts of
nitrous oxide at a combined partial pressure of 100 mm
ignited at a temperature of 950°C (Ref, 13). A mixture
of 30 mm of nitrous oxlde plus 10 mm of hydrogen ignited
when heated to 750°C (Ref. 14).

Reactlons N-11 and N-12 Two addltional possgible
gub~reactions of nitrogen dloxide should be considered,
one with ammonia and the other with hydrogen. No pub-
lished data was found for the former system., For the

21




i

gystem nitrogen dioxide-hydrogen, Ashmore and Levitt

(Ref. 15) reported that these gases igniie above 500°C,
and that this reaction 1s inhibited by the presence of
nitric oxilde, oxygen and nitrogen and inert gases, but

18 slightly accelerated by the presence of water vapor,
Oxygen, the most effective inhibitor, reduces the initial
rate of reaction about 50% when present at 0.5 atmospheres
partial pressure,

Reactions N-13, N-14 and N-15 Though nitric
oxlide may potentlally react wlth hydrazine, ammonia and
hydrogen, data on the first reaction are not yet aveil-
able. The reaction of hydrogen with nitric oxide
(Reaction N-15) is very hard to initlate as evidenced
by the fact that niltric oxide 1s stable in nitrogen
dloxide-hydrogen flames at temperatures as high as
1500°C (Ref. 16, 17). Reaction N-14 between ammonia and
nitric oxide, is only somewhat less difficult to initiate
(Ref, 18), Heating ammonia to about 2000°C causes de-
composition, forming NH and NHp radicals. These radicals
then react with nitric oxlde, but the nitric oxide 18 not
completely consumed unlegs ammonia, and thus NH and NHp,
is present in excess. These last two sub-reactions can
almost certainly be ruled out as contributing to 1ignition
of hydrazine-nitrogen dioxide,

Reactlons N-16, N-17 and N-18 Oxygen, & good
oxidizer, reacts wlith hydrazine, ammonia and hydrogen
at relatively low temperatures. The ignition tempera-
ture of gydrazine in air has already been stated to be
only 270°C (see Reaction 8), which is 300°C below its
decomposition temperature. The minlimum ignition tempera-
tures of hydrogen and ammonia in air are 575°C and 650°C
respectively (Ref. 19). Thus, although these reactions
were consldered, they probably do not play a role in
hydrazine ignition in NOpo*, because there is no oxygen
present,

Figure 6 diagrams the possible reaction sequences dis-
cussed above. The results of the stirred reactor studies
can now be interpreted in light of Table 5 and Figure 6.
Ignition occurred at a tempcrature greater than 690°¢

and less than 817°C, These temperatures correspond to
the sums of the temperature rise and preheat temperatures
for experiments at 4.5% and 5.0% of both reactants, or
the concentrations Just before and after spontaneous
ignition occurred,
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<
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Figure 6, Possible Reaction Sequences in Hydrazine-Nitrogeh

Tetroxide Flame Reaction
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The specles present Just before the ignition temperature
is reached are niltrous oxide, nitrogen, nitriec oxide,
hydrogen and water, since at %400°C all the ammonium
nitrate would have decomposed. These products 8re all
stable toward decomposition up to at least 1100°C where
nitrous oxlde decomposition to No + 1/2 0p 1s 99% complete
in one second. From the gnalysis of the products at 2%
reactants, and from earlier investligations of preignition
reaction at lower concentrations it seems likely that the
initlating reaction is Reaction N-2

2NO2 + N2H4 —_— N20 + NH4N03

That this equation does not completely account for the
reaction at low reactant concentrations 1s evident due

to the presence of large quantities of nitric oxlde and
nitrogen in the 2% investigation, and the sudden decrease
in nitrous oxide concentration at 3 mole per cent regctants,
In thls concentration regicn both nitric oxlde and nitrogen
have lncreased at the expense of nltrous oxilde, while
¢oplous quantities of ammonium nitrate are still observed
28 whlte particulate smoke issuing from the reactor. In
this region, therefore, the initlal resction between
nitrogen dloxide and hydrazine must be producing nitric
oxlde and nitrogen as well as nitrous oxide and ammonium
nitrate, This 1s presented as a mechanism for nitric
oxlde and nitrogen formation since none of the sub-
reactions presented in Table 5 will account for nitrogen
and nitric oxlde at temperatures in the order of 200 to
300°C. The initiating reaction above 2% reactants is
therefore consildered to result from molecular interaction
of nitrogen dloxide and hydrazine as a type of Lewis
acld-base reaction with the formation of ammonium niltrate,
nitrogen, nitric oxide and nitrous oxide. The relative
concentration of nitrous oxide from the initial reaction
then drcps off at the higher temperatures encountered at
3 mole regetants. Conslderation of the temperatures
required for depletion of nitrous oxide by Regctions N-7,
N-8, N-9, and N-10 emphasizes the fact that as the
reaction temperature is increased the 1nitiating reaction
ylelds a product distribution with very 1little nitrous
oxlde, since this oxide cannot react by any sub-reaction
considered,

When one calculates the heat glven off gy Reaction N-2,

a temperature rise of approximately 100°C per 1% increase
in reactant concentration is predicted. The experimental
values at 2% and 3% fall far short of this since one would
expect temperature rises of 200 and 300°C rather than 109
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and 236°C. Any change in the product distribubion where
the concentration of nitriec oxide and nitrogen is inereased
at the expense of nitrous oxide or ammonium nitrate would
tend to decrease the expected temperature since the heats
of reactlon would be lower, The experimental temperatures
and the gas compositions therefore are in rough agreement,

As menticned earlier, an apparent change in reaction
mechanlism occurs at §.8 mole % reactants where the largest
rate of temperature rise with lncreased composlition occurs.
This wag observed experimentally as a temperature fluctu-
ation between about 4U40°C and 600°C as the reactor was
warming up. This fluctuation ls equivalent to temperature
rises between 355°C and 520°C., Unfortunateiy nc traumatic
change 1n the over-all gas composition is apparent at this
point, This temperature region is where the exothermic
decomposition of ammonium nitrate would occur. Since, at
this temperature, nitrous oxide cannot be removed by
Reactions N-7, N-8, N-9 or N-10, and no increase in
nltrous oxide concentration is observed, 1t is concluded
that ammonium nitrate must decompose to a mixture of
water, nitrogen and nitric oxlde, or even water, nitrogen
and oxygen. Thls decomposition path is more exothermic
than that of Reactlon N-3 and might furnish the thermal
energy necessary for inltilation of reactions such as

N-4, N-11 and N-12, the exothermic decomposition of hydra-
zine and reaction of nitrogen dioxide with the resultant
hydrogen and ammonils to form water, nltric oxide and
nitrogen. If ammonium nitrate is prezent es a vapor, the
exothermic nature of N-3 would he further enhanccd,

The nonf'lame reactlon is therefore plctured to be a thermal
reaction mechanism, originally initiated by the molecular
collision of nitrogen dloxide and hydrazine molecules.

As the concentratlons of reactants are increased, the
mechanism of reactlon changes since more exothermic heat

is avallable for initilation of further sub-reactions.

This trend increases untll at 5 mole % reactants the
mixture becomes hypergolic,

The inhlbition of a thermal reaction mechanism of this
type 1s virtually impossible since there exists no pre-
reaction zone during which critical concentrations of
free radicals must build up In order to establlsh a
self-supporting free radical chain mechanism as is the
cage for hydrogen-oxygen reactions. In this case small
quantitles of inhibitors,which remove the free radicals
from the reactant stream before the flame front, are
extremely effective in moderating the reaction. In the
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case of nitrogen dioxide-hydrazine, the formation of
nitrous oxide and ammonium nltrate as the initiating
reaction predominant at high diiutions results in a
heat of reaction which 1s about 2/3 of the heat of re-
action based on one mole of hydrazine for the over-all
desired result:

NH, + NO, —— 3/2 N, + 2M50 (N-19)

In view of this, and the fallure to find any highly
sucecessful inhlbitors out of 55 candidates tested, i1t
seems improbable that effectlve inhibitors exist for the
nitrogen tetroxide-hydrazine reaction,

Preliminary plans have been completed for construeticn of
a low pressure burner similar to that designed by Wolfhard
and coworkers (Ref., 20). This burner (Figure 7) will
permit flame studies of premixed gas systems which cannot
be investigated at atmospheric pressure due to hypergolic
tendencles, preignition solid adduct formation, or burner
clogging by solid reaction products. Although the burner
is primarily intended for other reacting systems, it
should be ideal for the study of nitrogen tetroxide-
hydrazine flames. Spectroscoplic studies of the flame in
the region before the flame front should afford valuable
information concerning the existence of free radicals in
the preflame reglon. In additlon, the flve vaporized
additives which appeared to have some 1nfluence on the
composition ignition limit of NOp*-hydrazine mixtures can
be tested as to thelr abillity to inhibit the premixed
flame veloclity of the system,

It is recommended that the research outlined above be

conducted in hope that the resctlon mechanism and the
possibility of inhibition be further defined,
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Figure 7. Low Pressure Burner, after Wolfhard (Ref.20)

27




o

10.

11,

12,

13.
14,

REFERENCES

Progress Report No. 1, "Flammability Characteristics of
Hydrazine—unsym.—Dimethylhydrazine—Nitrogen Tetroxide-
Air Mixtures,' Bureau of Mines, P160, as quoted in

R. R, Liberto, AFF TC TR 61-32, October 1960,

H. E. Perlee, A, ¢, Imhof, and M, G, Zabetakls, "Flam-
mablllity Charscterlstles of Hydrazine Fuels 1n Nitrogen
Tetroxide Atmospheres,"” paper presented in Symposium on
High Energy Fuels, American Chemical Society, Chicago,
I1linois, September 3-8, 1961.

Allied Chemical Corp., Nitrngen Division Product Bulletin,
"Nitrogen Tetroxide," New York, p. 36.

R, E. Kirk and D, F. Othmer, Kirk-Othmer Encyclopedia of
Chemical Technology, Volume 9, Intersclence Encyclopedia
Inc,, New York, 1952, p. 417,

A, G. Keenan and B. Dimetriades, Trans. Faraday Soc. 57,
1019-23 (1961).

W. Jost, Technical Summary Report No, 2, Contract No. AF
61(514)-1142, "Investigation of Gaseous Detonations and
Shock Wave Experiments with Hydrazine," 30 September 1960,

R, E. Kirk and D, F, Othmer, op. cit, (Ref, 4), p. 417,
N. Thon et al., Tables of Chemical Kinetics - Homogeneous

Reactions, Natlonal Bureau of Standards Circular 510,
U. S. Department of Commerce, Washington D. C., pp. 541-560.

E. W. Washburn, International Critical Tables, Vol. 7,
McGraw-H111l Boock Company, New York, 1930, p. 117,

E. L. Yuan, J. E. Slaughter, W. E. Koerner, and Farrington
Danicls, J. Phys. Chem. 63, 952-956 (1959).

R. L. Potter and D. H., Wayman, Combustion and Flame 2,

129-336 (1958).

H. S. Johnston, J. Chem. Phys. 19, 663-667 (1951).

M. Destriau and P. Laffitte, Compt. rend. 252, 4003 (1961),
M. Destrisu and P. Laffitte, ibid. 250, 3022 (1960).

28

B ‘
po——y oz

+ a
¥ e

o] e sene]  mey  peeed ]

3

ertmem—y

.




15.
16,

17.

18.
19.

20,

P. G. Ashmore snd B, P. Levitt, Nature 176, 1013-1015 (1955).

M. H. Boyer and P. E., Friebertshauser, Combustion and Flame

1, 278 (1957).
A, G, Gaydon and H. G, Wolfhard, Flames, Their Structure,

Radiation and Temperature, Chapman and ﬁali, Tondon, 1953,

p. 304,

A. G. Gaydon and H, G, Wolfhard, ibid. p. 302.

J. H. Perry, Chemical Engineering Handbook, 3rd Ediltion,

MeGraw-Hill Book Company, New vork 1950, p. 1584,

M. Vanpee, H. G, Wolfhard and A. H. Clark, Project Squid,
Technical Report RMD-1-P, Qctober 1961, Also paper pre-

sented at Ninth Symposium (International) on Combustion,
Cornell University, 27 August - 1 September 1962.

29




iy

lell —_— _ PO
~ { 1
\u caajjedady 7 WSTURGOM [eEIaq) © ~S3ATIRId0 g WETUWUDNT TRWIT] ® —
~ Y3 SUCTENTAIOD 33 3foddag gaTnear Isayy " swmorq — 3 SUTIWOD Q3 Joddur SITUSSL IWHRG, ~SUWOTT
“RAUBIWOS YBTY IE ATUO 0q TUOTITATYUT SWOS pIong -RI3EI0000 GG 38 ATCO Inq ‘OOTITATIT JWos pIdaD _
~01d auazuaq puUR 20TWOIQ TS SIjel0q [AqpIWTIn . -oxd Wﬂnﬂa. puR agTwoxy TARe ‘aexeq [Ag3SEpay
‘susnroy ‘susdoTul, - peIsel waALAIPEe PYNLIL gz pue aonros ‘caqdoryy, -pIIEI} SIATITPER PINbIY g2 pue
Fnoased [z FUOER pUAO] AIIN SIOITATUUT IATISITIS snoesed L2 BUOWR pUNo I SIOITQIUNT MTIVIIIe
O °SJIOATQTUUT UDTIJEII ITEPIPURD JO 39a3Je of "SIOITATUYCT TOTIVBII ITLPICURD JO 333139
WY MMWIIFIP O3 PISTANP SN 3937 UOTITIRY oy W AATWIIIIP 03 DISTAID B8R 827 WOTITIET uy
"wspuEgsam pogsordxs . " TRTUeURIN B0t FoTdxe _
PHOUBIG-UTRY? B URU JIYIEJ LETUSHIIM USTIIREL o Lin T TP EEI
TRLIZY] © YInoaul SpIesoid uny3oRax 43 3BYY papard i Tenxaqy ¥ gEnOoIM] SpIIdCIT UOTIdERI aul Q3 pIPNTD
-uod S§ 1T  °J03283I AGIJ € UT paXilk Aiprdes Iaw 203 87 3T  “J03083x ROTJ B UL .$INM ATprdex sdom
SWEAIIS JUBIOEAX POINTIH-uCBIT TIYA TOTIVIJUDD SERALIS JWRIIWAL CIINTTP-UoEde TIYM UOT3IBLIUBD
-uos 1 Qut e uoT3IRax -000 R3S FUTSRAIIUT WITA mivtadmas UOT3IVaT
mMIQE[Inbe put s30onpoud uol30eaT U UOTIWTIeA wmTIGYTINbs pue gyonmpard 0T10Eal UT DOTJWIIRA
Y3 JO UCTIRUTHEXD Lq PaEFI3LPAUT SBA UOTIIRIL 33 JO UOTIRULWRXA LG PAEE;IRIAUT WA I0TAOBSI
UOT3IOBIIO2 YILSY UL "IA IPTXOIFIT CIBOIITU-IATZBAPAY Y] JO TWSTUEYIIT I DOTIDITIO) VIISY UL “IA 3PTYOXLI) USGOIITU-IUTIRIPAY YT JO mETmeUdAE ayL
SIO JJ TBAY 4 SX0 IJ TRAaY A
1% 30 Jaoday peTsISseIsun “I® 38 3xoday pPITITSSETIUD
| o imm g2 353 03 reatamn . R
- . B 129 saq “axod < - 3 s o2 ‘salgey
i USIBSIIY OIURSUOW IIT SW,WMM—MLB %QE.NMZ\MM"NWWENM&NVN.GMM IOIn.WnNHMWM Goaeosay oueswoy; -IIT “TSAIlE [T ~dfg ‘zg aaq “‘jaodaa [(RUTH *NOLILGVEN
i 6L WOTHIRD ANY WSTRVEIZM ° THOT-29-HOL-GSY “OH 30y 180, SALTOLLS] NEDOULIN-INIZVMAZS Tl 0 NOLLIGTHNT
(919)EE gv 3deajuoy I ‘OpY) ‘EAY UOSINNIBI-IUBIAN ‘QET SITIOSLIODY JUITIJ {9T9)EE v 33exymo, fnd gm:ﬁu Y WSTRYETIM TRO1-29-MILASY “ON Jdy
| . 505109 AsEL fgoTuRySBmOISY/IT ‘UOTETAT] SWR1SAS YRSTINWUCIH S05.09 XTeL TOTOD ‘GAY UOSIIIIRG-RuBTIN ‘e #37I088303y TS
H SLOg 393f0xd gSdAV T — 6109 3990OXT SV "L .w&ﬂﬁﬂoﬂuﬁ«q\g “UCTSTATQ STIYSLS [EDTZOEUCIFY
spunoduo) N\ spanodeog 7
_ usBCIITy oFUEBIO [ « ) wIBoTITH OTHRANQ T ﬂ )
—_———— e — O _—— Y ——
() | B
i \ ﬁ *RLTIBIAAC § WHTUBYOIW TEIISY] B
~~ -aarjerado £7 WSTURYINN TEmIsyl © vwvulac\nqnﬂﬂunco ays joddns saTneas ISl °SUOTL
3841 SUOLSNIUOD 3y 3Joddns SI(MSOI_VSIGY - SUOTY ~8IjU30000 GETY 3® ATUC 104 .nﬁumﬂnﬁ awmo3 peIng
~BJ3uasT0d YSTY 3¢ LTuO Inq ‘USTITATUUT ados paIonp ~oxd FuATURQ puT spmoxq TAq33 ‘ageyoq [Aramiay
-04d suazuaq pUR IPTWOIQ [LYje ‘Ieaoq TAGISETI] “sosnros ‘suaqdolul “paqssL SIATITLO® PINLIL ge pue
‘suonios ‘suoydoTul -PIIcI3 SIATITOPR DYNDIT g2 pae snoesed 2 3uowme pUTIOJ SXSA SIOITQTUUT 3ATIISIFS
Sn03gEY L2 FUOKE DUNOJ I SJIOITQIYUT J4TISIZI# Off “SIORTATUT UOTIVEIX IBPTPURS JO 333JJ3
O "$X03TQIYUT UOTIIVAL IIEPIPUED Jo JIATIa 3 IUTUILISP 03 PACTASC S 3833 TOTITUIT Ty
‘ U1 WTWIFISP 00 DIBTASP S8 3893 WOTITuly oy - maymeyoem zoy SOTdNE
- wsTUegosT gopdia PAUOUTIN-UTEND B UNTY JIYIEI WETUBUDINEM UGTIIVAI
PIYIUEI-ATEYS U Y3 &u&um&lﬁhuﬁuﬂuulﬂ“«auuvn TmIag) ¥ GSuodUl 5paercad UoT1sua U3 3Uq3 PIpmId
Temrays © yInodys spaadsodd UOTIIEAI A3 VU3 DAl -909 ST 31 “303023I wOLY B T PAXTR Lyprded agom _
-uod ST 3T -JH03VEAX MOYF ¥ U] PIXTE Lrprdel aaom SURAILE ITCIIUII PIINTLP-UABIE USGN UOTIBIIUSD d
SR3I18 JTRIORAI PIIATTH~UCITE USGR UO[IEIIUID -uQs Ee3ITsx SUTSRIZIAT UITR aInsexadraa goridead
~U09 3UB308aI FUTSTIISUT YITH HINGeIodxos WOTIINII IALIQTTINDS PUZ $320POId OOj1dead Uy uopIvjLEA
wnTaqrIInbs poB $3INPold UOTIIESE U UOTIVLISA Sg3 JO UOYINOTWEXS Lq PIRERTIE3AUT Sex uarIdess
.Lo«uuunﬁmﬂ\..wo«ww.mﬂaﬂu JIa Y3 Jo uDTIVLTEEXE Fq PIIEBT3EIAUT SON UCTIIRII Guﬁvuoﬁnhbg or "IA SPTX0IIAY USTOIITU-FTZRIDAY Y3 JO WSTURGIam oqy
. ¥ A XOX! SP0I3 TU-2UTZRIDAY 0 ESTUCYRIN aJ TRey 4
— “IE 38 oot %3 @ it ¥ Maidhd o e 39 I0dag DITJTSSRTIUN
‘IFUUTAS ‘g ‘D AT oday . ‘ronoTRS g 'g AT
otup “uoakeq *-dacd e PIRIISTIN . 3321 oz ‘$31qel v “oovie - dxog 83 oz “s3Tael
udIeIEIY CYUBSUSH "III snITF 1ouT déz ‘gg oo ‘3304 1SUIY  *NOIIOVEM qoavosg CITeSwOR  “ITI ‘-eniry ToUT tdbe ‘29 9ag ‘ixodex TEUTd NOLIOVEM
)EE. e xﬁ%mu QNV WSINVHOEM “I401 wwm.ﬂhn.%mwl.oa -3dy 6L SCLXOEEL NEIOULIN-SNIZVEARE JHL 20 zoﬁhﬁmm.w _
5T9)eedy 3ovajuoy "1y ~op - T9JEELy 3omxzuog  “IT TYIINAHD QXY WSIAVEOGM °T70T-29-S0L-gSY °OoM 3
59 506L0g SRl OFU0 LIV 00sIa33es-IFTAN QU] $ITIowESdy IUFILL (513} 505109 XS, - OTUD SN COYenIea SURT I (L] LOTIoEraoey JUBTTE
“GLO9 303f0Ng ISV "I nuvuh:uuaonoi\ﬁ“n VCTLIATQ SWI3SAS [ROTINRUOINY GLOg I%efoaI gsAv I .auﬂﬂ/dﬂdﬂiu.nua\hun ‘UOTSTATQ SWe3sLS [0 3INBUCISY
spunoduoed spunodwon Ve
wsBOIITN OTUERID T { CaBoTy SPURBI) T L )
- 4
- - S U |

WO b b b L L e e 2 bt eed G GRS GES BN B OB

- e L, B e TR ST
R T T O T T Pl ekl



