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FOREWORD

This technical documentary report was prepared by Juris O.
Krisjansons, loren E. Bollinger and Rudolph Edse of the Department
of Aeronautical and Astronautical Engineering of The Ohjo State
University on Contr .t Kumber AF 33(616)-5615, Project 7065, "Acro-
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with Mr. Robert G. Dunn, Fluid pynamics Facilities Laboratory, as
Project Scientist.

This report covers onec phase of the investigation on Contract
AF 33(616)-5615.
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ABSTRACT

Explosion limits have been determined in a 117.5 cm3 cyline-
drical rcaction chamber for pure nitrous oxide and mixtures
consisting of 1,0 + 0.25 AIR, I1I;0 + 0.88l, and 0 + 0.881, +

0.50 AIR. Two types of ignitors were employed; a 0.005~-inch
copper wire was melted by applying 31 volts DC to its terminals
and a 2.020-inch diameter platimun glow wire was neated with
approximrately 210 watts AC. Results of these cxperiments are
presented in the form of pressure-temperature explosion limit
diggrams. f1he explosion limit curve for nitrous oxide follows
an exponential path for both ignitors.

Explosions could not te produced in the N20 + 0.25 AIR mixture.

However, slow reactions were observed between 593°K and 887°K.
These results follow a characteristic pattern as shown in the
rressure~-temperature diagram. o reactions could be initiated in
the NpO + 0.88liy and 1ix0 + 0.8l + 0.50 AIR mixtures.

Pressure-time relationships of the reactions in pure nitrous
oxide and in the 220 + 0.25 AIR nmixture werc obtained by using a

quartz crystal, high-frequency response pressure transducer together
with an appropriatc oscilloscope and camera. These pressurc traces
aided in studying the individual reactions more closely and in deter-
mining their reaction times.
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SECTION I

INTRODUCTION

Nitrous oxide .s of technical interest because it decomposes M
exothermally, and the primary products of decomposition consist of
nitrogen and oxygen. Aside from tne academic interest in this type
of exothermal decomposition reaction, it is possible that nitrous
oxide may prove feasible as a working fluid for hypersonic wind
tunnels. High stagnation temperatures are available because of the
decomposition reaction which enables high Mach numbers to be nhtained
without liquefaction of the tunnel fluid. The addition of 0.68 mole
of nitrogen to nitrous oxide gives a gas resembling air very closely.
Since nitrous oxide decomposes on a self-sustaining baesis if suffie
cient heat is added initially, this compound will explode when the
appropriate pressure and temperature conditions prevail. These explo-
sions, of course, are highly undesirable in technical applications
where nitrous oxide is employed (e.g., wind tunnels). Therefore, it
is necessary to know the conditions of pressure and temperaturs at
which explosions will occur. At present, the theoretical analysis
of the explosion mechanism of nitrous oxide is not developed suffi-
ciently to permit accurate prediction of the conditions at which
explosions will occur. Therefore, it was necessary to conduct exper-
iments to determine the explosion regions and explosion limits of
nitrous oxide; other experiments were conducted too with nitrogen and
air added to nitrous oxide,

These experiments were conducted in a cylindrical stainless
steel reaction vessel which had a volume of 117.5 em3 (see Appendix
I for a description of the experimental apparatus). Nitrous oxide
(or nitrous oxide plus nitrogen and/or air) was injected into the
chamber; after the gas reached temperature eguilibrium, ignition was
attempted by means of special ignitors, The progress of the reaction
was determined by measuring the initial pressure, the initial presswure
rise and the final pressure.

The experimental research was divided into five different phases;
each deelt with a specific type of gas mixture, type of ignition and/or
technique of experimental observatiorn, Besides investigating pure
nitrous oxide, three different mixtures were studied also. They
consisted of N,0 + 0.88N,, NyO + 0.88l, + 0.5 AIR and N;O + 0.25 AIR.

An exploding-wire ignitor and a glow-wire ignitor were utilized
for the two methods of ignition. For comparison, both metheds of

Note: This manuscript was released for publication by the authors in
April 1962,




ignition were employed with pure nitrous oxide gas dbut only glow-wire
fgnition was employed with the mixtures.

Initially, thc experimental resulis were determined by measure-
nent of the pressure and temperature with Bourdon-type gouges and
thermocouples respectively. Later, a high-frequency response, quartz
pressure transducer was incorporated to pexmit a more detailed cxam-
ination of the reaction mcchanism as a function of time during the
cxplosion-linmit experamentc.

SECTION II

THEORY

This discussion is concerncd with the theory of explosion limits
cf gases in closcd vessels., The forced ignition phase is of partic-
ular interest for thesec studies of nitrous oxide avid nitrous oxide -
nitrogen - air nixtures. Most of this material is based on discucsions
of this subject by Lewis and von Fibe (Ref. 1), Jost (Ref. 2), Hinshei-
wood (Ref. 3) and Hunter (Ref. 4).

Heat recleased by an ignition source causes tine gas nolecules in
its vicinity to dissociate into atoms and to form free racdicals. Taesc
pariicles ma, act as chain initiators and corriers in the resulting
chemical reaction. The flow of heat and trhe diffusion of chain carriers
from the reacting gas layers near the ignition source may initiate
chemical reactions in a layer adjacent to the ignitor. If this process
is continued, the reaction is propagatcd ané nmay lead to an cxplosion.

If the explosive rate of the reaction is due to the heat relcased
by the reaction, this process is cailed a thermal explosion. On tne
other nand, if chains are involved, most explosions result {rom
brancring chains wnhich mey be material or ecnergy chains,

For a purely thermal propagation of the reaction the region of
slow reaction can be determined from the condition that no neat is
accumulated in the reaction vessel. This condition can be expressed
by the eguation

a
H=Wr - (T-T,) = (1)

where g is the thermal energy of the gas in - .e vessel, Q is the heat
of reaction per mole of gas Gecomposed, V is the volume of the vessel,
r is the mumber of moles reacting per unit time per wnit volume, a is
the surface area of the reaction vessel, X is the heat transfer coef-
ficient, T is the average gas temperature in the vessel, and T, is the

temperature of the wall, The first term on the right hand side of




Eq. (1) is the rate of heat evolution, an¢ the second term is the
rate of heat loss to the surroundings. The rate r is a complicated
function which is determined by the reaction mechanism. If Eq. (1)
has a real root involving T, the system will come to equilibrium at
this temperature, and the reaction will take place on a steady-state
basis until the rew.tants are consumed. I T, is increased suffi-

ciently, the equation will not have a real root in T, and %% will

always be pcsitive. Under these conditions the temperature will
increase, and the process of self-acceleration of the reaction, i.c.,
an explosion, will occur. A critical temperature is recached when the
&1l temperature T, is sufficiently high to ignite the gas. Inis

temperature, which is a function of various parameters, can be called
the ignition temperature cf the systert. Since r is dependeni on the
pressure, the relationship of ignition temperature and pressure
generally may be expressed in this form

1ogp=%:-+3 (2)

vhere A and B are cocfficients that arc ncarly constant. A represents
an over-all activation energy dividec by the gas constant, and B depcnds
upon vessel paremeters ané other factors. Iquation (2) agrees with ihe
experinental resuits presented in Ref. 1, however, it does not serve

as a criterion to distinguish vetwecen thermal and chain-branching
explosion limits because the temperature-pressure relationship 2f a
chain-branching explosion frequently is given by Eq. (2).

SECTION III

EXPERDMENTAL STUDIES AND DISCUSSION CF RESULTS

A. N20 IGNITED BY AN EXPLODING WIRE.

Experiments with nitrous oxide werce conducted at initial temper-
atures of 296, 348, 373, 423, 473, 523, 573 and 623°K with initial
pressures ranging from 2 to #8 atmospheres.

The ignitor consisted of a 0.005-inch diameter copper wire which
was nelted by applying 31 volts IC to ils terminals. Tne resulting
clectric current melted the copper wire very quickly thereby producing
a concentrated heat source for ignition.

The initial experiments were carried out at low pressures (two
atmospheres) and at ambient temperature (296°K). In later experiments
the temperature was maintained constant while the pressure was
elevated gradually from experiment to experiment until an explosion




was obtained. For & given initial temperuture, measurements were
nade up to pressures well within the explosion region to make sure
that the explosion limit actually had been reached. Then, the
temperature was elevated and the experiments were repeated. This
procedure was continued up to & temperature of 623%K which was the
maximum temperature c-<ainable with the experimental equipmert at
that time. ZLater, the cooling system of the reaction vessel was
inproved so that temperatures up to 1000%{ could be reached. At
623°¢, the explosion limit occurred at two atmospheres. Experiments
with nitrous oxide which were conducted at higher temperatures are
described in part B of this section.

The experimental results are depicted graphicelly by a temper-
ature versus pressure diagram shown in Fig. 1. Only measurements in
the immediate neighborhood of the transition region between explo-
sions end slow reaction are included. These points define the
explosion limit curve as being the dividing line between conditions
of temperature and pressure above which heat addition from the
ignitor initiates an explosion and below which such an explosion
is not formed. The explosion limit curve is exponentiel in shape
from the point of 623°K (3507°C) and two atmospheres to 2989k (25°C)
and 47 atmospheres. Theoretically, the explosion limit line is the
locus of points of tiie unstable equilibrium conditions at which an
explosicn can be initiated by the addition of a minute zmount of
energy and above which an auto-cxplosion will occur. Since the
amount of heat added by the "exploding" wire ignitor was more than
just a small amount, it is probeble that the limiting conditions
occur at pressures higher than those obtained in these experiments.
This ascumption was affiimmed by experinments with a glow wire ignitor
which gives an explosion limit curve that is displaced to temperature
and pressure conditions higher than those obtained with the exploding
wire ignitor. With the glow wire ignitor, the amount of heat added
during ignition can be adjusted. However, such adjustment is not
possible with the exploding wire ignitor since a minimm voltage is
required for mclting the wire.

After injection of the gas into the reaction chamber, the gas
temperature increased by as much as 209C. At first it appeared that
this temperature increase might have tcen caused by a limited
exothermal decomposition initiated when nitrous oxide came into
contact with the hot walls of the reactiocn chamber. Further study
of this phenomenon showed, however, that this temperature increase
resulted from convective heating of the thermocouple hot junction
by gases at the bottom of the reaction chamber which were at a
higher temperature. Measurements showed that the lower region of
the reaction vessel was appreciably warmer than the upper section
because of excessive cocling at the top which resuited in an
undesirable temperature gradient throughout the reaction chamber.
To eliminate this temperature gradient the reaction vessel vas
modified so that it could be operated without a cooling jacket.




The experimentally observed reactions were characterized by an
initial rapid increase of pressure that began to decay irmediately
after it had reachcd its peak. The stable value that resulted vas
30 to 45 per cent higher than the initial pressure. The exact
pressure variations during the reaction could not be obtained
because the instrumentation needed for such rapid pressure changes
was not available at that time. Since the explosion linmit curve
obtained was similar to curves established for thermal reactions in
other systems, the decomposition of nitrous oxide is probebly a
thermal explosion. An explosion besed on a chain mechanism is hard
to visualize for this decomposition. The experiments were performed
in a rather small chamber. Different results may be obtained in
larger chambers or in chambers of different geometry.

In order to study the ignition characteristics of nitrous
oxide with s low energy ignitor, various ignitor-wire configurations
were tried with AC voltage cnergizing sources. However, these
methods did not produce any consistent resuits, In subsequent
experiments, therefore, & platinum glow wire ignitor was used as
described in the following part of this section,

B. 1i;0 IGNITED BY A GLOW WIRE.

Explosion limits of pure nitrous oxide were determined at various
temperatures between 423 and 1035°K. In this temperature interval,
a pressure range fronm two to 75 atmospheres was investigated.

Experiments were performed in a heavy walled stainless steel
cylindrical reaction vessel. The veclume of the reaction vessel was

7. 5 cm3. This vessel and the flow controls, ipgnition mechanism
and temperature controls are described in the Appendix.

The first step in the cxperimental prncedure was to heat the
reaction chamber to the desired temperature level and to stabilize
it at this temperaturc by adjusting the voltage control manually.
After the reaction vessel was evacuated and then filled with nitrous
oxide, sufficient time was allowed for the gas to reach temperature
equilidbrium. Igritio. was attempted by energizing the 0.020-inch
Ciameter platinum glow wire with a power of approximately 210 watts
from an AC source. It was belicved that a flame front could be
initiated with the platinum glow wire vhich was able to propagate
through the volume of gas and possibly could result in an explosion.
This aspect will be discussed more fully in part D.

After the ignitor wire was activated, the amount of the reaction
was determined from pressure changes indicated by Bourdon-type
pressure gauges. The ignitor wire was heated for approximately one
to two seconds. VUhen ignition of the nitrous oxide gas occurred,
the gas pressure rose rapidly and markedly. The pressure increase
consisted of two very definite steps the first of which was of rela-
tively short duration. After a short lag the first step was followed




by a seccnd step in which the pressure rose much more than in the
first step, and the slope of the second step was considerably steeper.
Finally, the pressure decrecased and asymptotically approached a

value that exceeded the initial pressure by approximately 30 to 45

per cent. The maxinum pressure during the explosion exceeded the
initial valuc by a fac*or of two to three.

The experimental technique was not suiteble to determinc the
reaction period accurately at the timc that these measurements were
nade. However, an improved mechanism was incorporated later which
perritted reaction times to be measured.

The experimental results are represented by the temperature-
pressure disgram as depicted by Fige 2. Iot all results are
included in this graph because only the data of experiments in the
neighborhood of the transition region between no reactions and
explosions are shown. The explosion limits were determined by
attempting ipnition of thae nitrous oxide at a constant temperature
over a wide range of pressures. From Fig. 2 it can be seen that the
explosion limit curve is exponential in tre temperature region
between 390 and 720°C. The pressurc was approximately three atmos-
pheres at 6939 (720°C) and increased to 25.5 atrospheres at 6639K
(390°C). Between 663°K (390°C) and 513%% (240°C), experimental
results were very inconsistent. In this temperature range, sometimec
the gas exploded and sometinmes it did not react, so that a sharp
limit could not be estavlished. These results were not reprocucible.
A iore detailed investigation of the reaction mechanisnm in this
region was made later with a high-frequency pressure transducer.

At temperatures below 513%K (2L0°C), the explosion limit curve
was considerably more lincar than the branch above the irregular
region. This explosion limit curve in the lower temperature region
starts at a temperature of 513°K (240°C) and a pressure of 23 atmos-
pheres and falls off to 423°K (150°C) and 72 atmospheres. Ixperiments
below 423°K werc not performed because the present study concerned
itself only with explosion limits at higher temperatures.

Some experiments with nitrous oxide were attempted at 1035°K.
At this ‘temperature an ignitor was not needed because auto-ignition
took place approxinmately one seconé after the gas had entered the
reaction chamber. These auto-explosions were observed at 3.5, 3.7
and 3.9 atmospheres (at 1035°K). Higher initial pressures were not
investigated at this temperaturec.

In order to learn more about the reaction mechanism of nitrous
oxide, & high-frequency pressure transducer was incorporated into the
experimental equizment. The Kistler quartz pressure transducer was
connected to a high-frequency oscilloscope through a transistorized
charge amplifier to decouple the hipgh impedance source. The pressure
transducer was attached tc the 1/8-inch stairless steel tube connecting
the reaction chamber with the conventional pressure gauges. The




crystal detector of the transducer was placed as close as possible Lo
the reaction chamber in order to obtain adequate frequency responsc.
Since the pressure transducer was located in a high-temperaturc areca,
a cooling mechanism was incorporated to prevent damage to the crystal.
The output signal of the transducer vas photographed with a Polaroid
camera attache.. to the oscilloscope (Tektronix Model 555).

Experiments with pure nitrous oxide werc performed with this
transducer system at 498, 565, 618, 745, 805, 828 and 887°%K for a
wide range of pressures. At 745, 828 and 887%, experiments with
the Ly0 + 0.25 AIR nixture were perforiied at the seme initial pres-

sures that were employed with nitrous oxide in order to compare the
reaction times of the mixture and the pure nitrous oxide gas. These
results are shown ir Figs. 3, 4 and 5. Pressurc-time traces, depicted
in Fig. 6, vere obtained also during ciperiments with nitrous oxide
in the "inconsistent! ranze, thet is, between 513%K (240°C) and 653%%

(390°).

Thesc pressurc-time histories of the reactions exhibit certain
basic characteristics. The pressure increase with time did no®
follow a uniformly rising path in the initial phase. Instead, the
reaction period between ignitor activation and the time when maxirun
pressure was attained can be divided into two intervals Ty and T,

(sec upper tracing in Fig. 6). The first interval T, started wicn

the ipaition wire was activated and terminated when a reaction in
the pas was first noticed as evidenced by a measurable increasc in
pressure. The second time interval Té started where 'I‘l enced and

terminated when the pressure reached its naximum value, that is,

completion of the primary reacticn. During the time interval T2

the reaction was composed of several phases distinguished by differe
ent rates of pressure rise. At the end of time interval Tl’ a rapid

increase in pressure was observed wnich lasted for approximately
0.05 second (call this time interval tl) during most experiments.
This increase was followed by a slower pressure risc, essentinlly
a plateau, lasting for an interval T, At the end of period t?,

however, the primary reaction accelerated and came to an end at
the peak durirng time interval t3.

Since the platinum glow wire ignitor contributed only heat to
the nitrous oxide gas, the initiel gas reaction, which lasted for
the time period t,, was of a thermal nature. This reaction did not

start until the ignitor wire was activated for a period of time Ti
which varied from 0.1 to 1.5 seconds. For lower pressures at
temperatures below 663°K, the period T was as long as 15 scconds.

During the period t, it is difficult to specify the type of
reaction which took place. This interval appears to be a transition




reglon hetween the reaction started by the ignitor and the finel self-
susteiaing reaction mechanism which lasted for a period t3. The period

t2 was of the order of 0.05 to 0.2 second although values up to 0.6

second were obtained for temperatures below 663°K., From the rate of
pressure increase, it e—~-ears that the reaction during the final
period t3 was similar to the initial react-on, that is, a thermal

reaction. For higher temperatures at a certain pressure level, or
vice versa, the reaction time t, becomes noticeably shorter and the

intermediate reaction almost disappears. Consequently the decompo-
sition reaction scemed to go from the initial thermel rcaction directly
into the final thermal reaction resulting in an overall short reaction
time To. The experimental results showed that this reaction time To

varicd between 0.2 and O.4 second. Since the pressure pulses from

the reaction area had to travel a distance of 9 l/2-inches through
0.07h~inch diameter tubing before they reached the pressure transducer,
a time lag resulted which distorted the measured reaction tim.s and
amplitudes. Because of the relatively long time periods involved,
however, frequency and amplitude response were satisfactory.

For the decomposition of 1120, & chain-branching reaction can be
formilated although it is unlikely

N,0¥—sN, + O initiation
O+ NO~eN, + 0%
2 2 2
N chain
Oy * + NZO-N20* + 02
NQO* + M~e N0 + M* chain breaking
O* + M=+ 0, + M* chein breaking

vbecause of tne breaking of chains the chain will not propagate. The
* indicates exress thermal energy.

It is concluded, therefore, that the decomposition of nitrous
oxide involves no chain reaction, and thus the explosions are of
purely thermal nature.

The pressure versus time traces definitely show that at temper-
atures below 663°K the reaction times were longer than those determined

at higher temperatures as expected. Some typical pressure-time traces
obtained in this region are depicted in Fig. 6

c. N20+0.25AJBIGNITEDBYAGIWWIRE.

Experiments with the r:ao + 0.25 AIR mixture were conducted at
initial temperatures of 508, 59%, 648, Thli, 832 and 887°K. For these
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temperatures respectively, pressure ranges of 6 to 62.2, 21 to 61.7,
21 to 61.7, 6 to 27, 2.7 to 21.h and k.k to 21.k atmospheres were
investigated. At the lower temperatures most of the experiments were
conducted at relatively high pressures, up to approximately 62 atmos-
pheres; at the higher temperatures, however, the lower pressure region
was studied more ..osely. This procedure was chosen because the
ignition limits of explosive gases usually follow this pattern.

The experimental apparatus was the same as that employed for the
neasurcrient of explosion limits of pure nitrous oxide, However, addi-
tional flow controls were necessary to obtain the nitrous oxide -~ air
mixture. A flow of the premixed pases at the required concerntrations
vas established; then they were bypassed from the reaction chamber
through a vent for a sufficient period of time to purge the flow
systen of any foreign gases. MNext, the vent valve was closed and the
ges mixture was admitted to the reaction chamber, which had been
evacuated previously. When the desired pressure level was reached,
the reaction chamber was scaled off from the remainder of the system.
To minimize the danger involved when the reaction vessel was pres-
surized with explosive gases, filling and venting operations were
controlled recmotely.

Experimental results are presented in Fig. 7 by a temperature-
pressure diegram. lNumerous experiments were necessary to identify
the critical pressure range. No ignition was obtained at a temper-
ature of 593°K or lower. At a temperature of 887°K ignition was
secured for all pressures investigated. The range between 593°K and
887° included the transition region between ignition and no ignition
(Fig. 7) which is described by an exponential curve. Either of two
types of process was observed when the gas mixture ignited. The first
type of process was a very limited one which resulted in a final
pressure increase of approximately five per cent; the peak was approxi-
mately 20 per cent greater than the initial pressure. Since the
reaction time was relatively long and the pressure increase was small,
probably this decomposition was incomplete. The glow wire ignited
the surrounding gas layer thus causing a modest increase in pressure
as observed; however, insufficient heat was available to ignite the
adjacent layer. Thus, the flame was extinguished., This process is
characterized by pressure-time traces obtained at 593°K (Fig. 8).

The other process that was observed developed a much greater increase
in pressure as depicted in the pressure~time traces at 648 and 887%K
in Fig. 8. For these experiments the meximm pressure rise was
approximately a factor of two. The average final pressure Increase
was 26 per cent. From these pressure rises it seems probable that
the decomposition went to completion. Further supporting evidence
was derived from the pressure-time histories of the decormpositione
vhich indicated that their rates increased with time.

Pressure-time histories (Figs. 3, 4, 5 and 8), deteramined with
the pressure transducer ~ oscilloscope system, indicated that all
decompositions investigated were relatively slow., The reaction process
can be divided into certain definite time intervals T; and T, as defined

in the last section. At the end of time interval Tl the rapid pressure
9




increase was observed to last for approximately O.1l second (i;l). This

fast pressure rise was followed by a slower pressure increase which
continued for 0,5 to 1.4 seconds (ta). This latter pressure rise was

followed by the final pressure increase interval (t3). Although +the

decomposition process started as a slow burning flame, it is possible
that the decomposition which took place during the final time interval
t3 vas a thermel explosion. But, since the volume of the rcaction

chamber was small, this decomposition did not continue for e suffi-
ciently long time to identify its character clearly. Although these
various phases of the decomposition were obtained too during the

experiments with pure nitrous oxide, the intervals T, tl, t2 and t3

were longer (particularly t, and t3) for the nitrous oxide - air

reactions which indicated a slower rcaction rate which is to be
expected. From Figs. 3, 4, 5 and 8 it can be seen that the reaction
tine T, ('t',l + by + 1:3) decreased with increasing temperature (from

1.8 to 0.6 seconds) indicating an acceleration in the reacticn mecha-
nism with increased temperature. The time Ty also decreased in the

same manner, however, a few inconsistencies occurred.

Since the reaction times for the 1120 + 0.25 AIR nmixtures were

relatively long, it is concluded that explosions were not initiated
in these gas mixtures. More likely the observed decompositions were
of the slow-burning type.

D N,0 - 0.88N2 IGNITED BY A GLOW WIRE,

The mixture Nao + 0.88“2 was investigated to determine whether

nitrous oxide diluted by an inert gas, such as nitrogen, could be
forced to ignite and explode. This particular concentration was
chosen because, if the decomposition did go to completion, the
product would be air (3.76 Np + 05).

Since it is known that inert gases such as nitrogen tend to
prevent the formation of explosions, most of the experimentation was
conductad at higher temperatures :. . pressures where & reaction is
more likely to take place. Ordinarily, for these experiments the
platinum glow wire ignitor was activated for periods of five seconds;
quite frequently, however, the activation period was extended to 20
seconds. Experiments were initiated at 573°K and 10 atrospheres.
Then the temperature was increased stepwise until 1000°K vas reached.
At each individual temperature level a pressure range from 10 to 58
atmospheres was investigated. Experiments were attempted at 1087°%
(19578R), but they could not be completed because some of the pressure
seals, the gas injection mechanism and the thermocouple hot junction
were destroyed at this high temperature. No explosions or slow reac-
tions were observed at any single combiration of these temperatures
and pressures.
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For experiments in the temperature range from 889°K to 1000°K,
pressures from T5 to 200 atmospheres were investigated. Even at these
extreme conditions, no reactions could be initiated even though the
amount of power delivered to the ignitor was increased to the point
where the wire mel*-d. A small temperature increasc in the gas was
measured during the experiments which could have indicated that a
limited reaction had taken place. However, since no measursble pres-
sure rise accompanied the temperature increase, it is unlikely that
e reaction was initiated. The temperature rise was attributed to
heating of the thermocouple hot junction by the glow-wire ignitor
because of long periods of activation., A sizeable amount of heat
was emitted by the ignitor which was located close to the thermo-
couple hot junction.

From the experimental investigation of the NyO + 0.88l, gas

mixture, it is concluded that nitrogen is very efficient in preventing
the formation of explosions. The region of investigation for the
various temperstures and pressures is sumarized in Fig. 9.

E. Ny0 + 0.88Né + 0,50 AIR IGNITED BY A GIOW WIRE.

Experiments with the mixture NyO + 0.88N, + 0.50 AIR were

performed in order to learn how the addition of one half mole of
air affects the NpO + 0.88Ny mixture which was investigated previ-
ously. With this latter mixture it was demonstrated experimentally
that the addition of nitrogen to pure nitrous oxide negates the
formation of explosions under the conditions employed. Air, being
an oxidizer, will support combustion or cxplosion reactions. It is
obvious that if the decomposition of NQO with O.88N2 + 0.50 AIR

goes to completion, the end product will be air and, therefore, such
a reaction is of technical interest {see Section I). The ignition
method and experimental procedure was similar to that employed with
the nitrous oxide - nitrogen mixture described previously.

The initial experiments were performed within the temperature
interal of 673 to 1000°K at pressures which ranged from 12 to 82
atmospheres. Since no decompositions were obtained with these
temperatuwre and pressure conditions, further experimental efforts
were concentrated in the region up. t¢ and including the maxirmm
temperature and pressure of 1000YK and 200 atmospheres respectively.
At these high temperatures and pressures numerous difficulties were
encour "ered with the flow controls and the reaction vessel. However,
they were overcome and the experiments were conducted successfuliy.

Fronm the experimental results obtained, no explosions or eveu
slow, linited reactions are to be expected at any one of the previ-
ously specified combinations of temperature and pressure. It is
conecluded, therefore, that the addition of one-half mole of air to
the mixture N5O + 0.88Né has no effect in counteracting the effect

of inert nitrogen gas in preventing ignition in nitrous oxide.




The experimentally investigated temperature and pressure condi-

tions are summarized in Fig. 10 which shows a temperature-pressure
plot.

CONCLUSIONS

From Figs. 1 and 2, it can be seen that the "ignition" temper-
eture T, {below which no explosions can be initiated for a fixed

pressure) decresses with increasing pressure for nitrous oxide as
predicted by theoretical analysis for a thermal explosion. The
experimental points defining the explosion limit follow an exponen-
tial pat™. Although the explosion limit is drawn as a sharp line,

it is more lkely a band of a given thickness. When ignition was
attempted by melting the copper wire, a portion of the wire was vapor-
ized. Conceivably the vapor could initiate a reaction with nitrous
oxide such as Cu + NéO = Né + Cu0., Besides having a different value

of heat input, this possible reaction was another reason for substi-
tuting the platinum glow wire for the exploding wire as an ignitor.
A comparison of the results obtained with the two ignitors shows
that a higher explosion limit curve was obtained when the platinum
wire was used. In Fig. 2 it can be seen that a thermal explosion
limit curve was obtained between 663 and 998°K. The decomposition
time, as obtained from pressure-time traces, was of the order of 0.2
to 0.4 second. These reaction times are long for explosive reactions,
however, modest attenuation occurred because the pressure transducer
was located some distance from the reaction chamber. At best, these
decompositions can be classified as slow thermal explosions. Below
663°%K (including the inconsistent poiits in the region from 513 to

663°K), the pressure-time traces show that a relatively slow decom-
position took place.

Experiments with the N0 + 0.25 AIR mixture produced znly rela-
tively slow decomposition or no decomposition. Reaction times (Ta)

were between 0.6 and 1.8 seconds which are too long to allow the
decomposition to be classified as explosions., Therefore, it is
concluded that the platinum glow wire iguitor coulé initiate only

a slow decomposition in the Nao + 0,25 AIR mixture., Reaction times
in the NQO + 0.25 AIR mixture and N20 gas can be compared in the

diagrams depicted in Figs. 3 through 5. These diagrams show that
the reaction periods Tl and T2 are longer and that the maximm and

final pressures are smaller for the NoO + 0.25 AIR mixture than for
pure Nao. It is concluded, therefore, that the decomposition of Nao
in tae N,0 + 0.25 AIR mixture is slower than in the pure nitrous oxide.

No explosion or reactions of any kind were observed in the N20 +
0.88N2 nixture. Therefore, it wes concluded that the inert gas is

12




very effective in preventing reactions in nitrous oxide in the temper-
ature and pressure limits investigated. lo recactions occurred in a

N

2

0+ 0.88Ne + 0.50 AIR mixture. This result shows that the half mole

of air does not promote the ignition of the NQO + 0.88}12 mixture with
the glow wire ign .or.

l.

REFERENCES

Lewis, B., and von Elbe, G., Combustion, Flames and Explosions of
Gases, Academic Press, Inc., New York, 1961,

Jost, W., Explosion and Combustion Processes in Gases, translated
by Hubert O, Croft, McGraw-Hill, New York end London, 1946.

Hinshelwood, C. N., "The Homogenous Thermsl Decomposition of
Nitrous Oxide," Proc. Roy. Soc. London, Series A, 106, 192k,

Hunter, E., "The Thermal Decomposition of Nitrous Oxide at Pres-

sures up to 4O Atmospheres," Proc. Roy. Soc. of london, Series
A, 11&1#, 193%4.

13




APPENDIX

EXPER/MENTAL EQUIPMENT AND PROCEDURE

The explosion 1im** reaction vessel (Fig. 11) was fabricated
from type 304 stainless steel. It was designed to contain the reactive
gas mixture in a 1 1/2~inch diameter by b4 l%G-inch long reaction
chamber, The lower part of the reaction vessel (which has a wall
thickness of two inches) was heated by an electric heater (described
below) which had a manual terperature control; the upper part was
cooled by circulating cold water through & cooling Jjacket which
functioned satisfactorily. However, the cooling system had to be
eliminated after it was found that excessive temperature gradients
were introduced into the reaction chamber. Because of the internal
stresses created in the reaction vessel during welding, it was stress
relieved prior to initiating the experiments.

The reaction chamber was cloced tightly by means of a copper
seal; in addition, this 1id supported the shaft which contained %he
ignition mechanism, & thermocouple and a 1/8-inch diameter tube
through which the reaction chamber was filled with the gas mixture.
Since experiments were to be performed at temperatures up to 2300°R
and pressures up to 200 atmospheres, the ignitor lead had to be sealed
and insulated with materials that were capable of withstanding high
temperatures and pressures simultaneously. It was found that & suit-
ably modified spark plug served this function very well. Six studs
were embedded in the top of the reaction vessel to secure the 1lid.

The reaction was initiated by adding heat to the nitrous oxide
gas (or gas mixture) through an ignitor mechanism that consisted of
an ignitor wire fastened between two termingl posts at the end of
the shaft. One post was grounded and the other was connected by an
insulated lead to the voltage source. This type of ignition mechanism
was adaptable to the use of either the exploding wire or the platinum
glow wire. For the experiments wherein exploding :-ires were used, a
3l-volt DC potential was emplcyed. When the circuit was completed,
the 0.005-inch diameter copper wire melted very quickly with a bright
flash resulting in the rapid addition of energy.

Later experiments umployed a glow wire which was activated with
AC power that could be adjusted with & Variac to increase or decrease
the amount of heat emitted by the glow wire,

Since the glow wire could be used repeatedly for succeeding
experiments without being replaced, the reaction chamber did not have
to be opened between experiments. Thus, the problem of handling the
components of the reaction vessel at the extreme temperature conditions
was avoided. An ammeter was inserted in the ignitor circuit to allow
constant current settings to be made by the Variasc. Also, the armeter
served as a convenient detector {0 ascertain whether or not the glow
wire had burned out,

1




The temperature in the reaction vessel was determined with a
chromel-.alumel thermocouple in a stainless steel sheath which was
inserted into the chamber through a groove on the shaft. A conven-
tional ice-bath cold junction was employed and a portable potenti-
ometer was used to measure the thermocouple voltage. This thermo-~
couple was employed to ¢ Lermine the gas temperature before and aft«»
ignition was attempted, however, it could not be employed to obtain

a temperature-time history of the reaction because of its poor frequency
response.,

The reaction vessel was heated electrically to the required
temperature. Details of the heater and the vessel are given in Fig.
12. +“his heater was constructed from a six-inch inside diameter
Alundum tube which was grooved on the outside to hold 100 feet of 1k4-
gauge, chromel-A heating wire; the tube was placed around the 5.5~
inch outside diameter reaction vessel. The heating wire was covered
with a refractory cement and the whole system was insulated with fire
brick on the top and bottom and with asbestos along the sides. A 12~
inch diameter Transite tube held the insulation in place. With a
Variac type of power control, a continuously variable range of reaction-
vessel temperatures could be obtained. Using 220 volts AC across the
heater, the reaction chamber could be heated to 1100%K in approximately
three hours. This temperature was gbove the maximum value required
in these experiments. A second chromel-alumel thermocouple was

installed to ascertain the temperature near the heating wires of the
reaction vessel.

A Bourdon-type gauge, filled with mercury to decrease pressure
losses from the reaction chamber because of expansion, was used to
determine the pressure in the chamber before and after the reaction
took place. Since the experiments covered & pressure range from one
to 200 atmospheres, a number of pressure gauges with different ranges
was selected and filled with mercury beforehand so that they could
be quickly and easily incorporated into the system when needed. For
the experiments at maximm pressure, a 10,000-pound per square inch
mercury-filled gauge was installed to measure the final pressure while
a gauge with a lover pressure range wvas employed to determine the
initial pressure more accurately. The reaction vessel was evacuated
with a conventional pump before filling cperations began.

A schematic diagram of the experimental apparatus and a flow
diagram of the system employed to determine the explosion limits are
showvn in Figs. 13 and l4. Figure 15 is a photograph of the apparatus.
One-eighth-inch diameter stainless steel tubing was used from valve 1
to the reaction vessel and from valve 2 to valves 3, 4, 6 and 15 and
to the pressure gauges. The small diameter tubing was employed to
reduce pressure losses during experiments because of tubing volume.
A1l other tubing was 1/4-inch diameter stainless steel. The flow

contrels, regulators and so forth were made from stainless steel to
prevent corrosion.
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Before the experiments could be initiated, the temderature of the
reaction chamber was stabilized at the desired temperature level.
First, the heater controls were adjusted so thet the reaction vessel
would be heated rapidly to a value close to the desired temperature.
Then the voltage was decreased to prevent overshoot o the temperature;
usually it could b. maintained within a range of * 10°K without the
use of an automatic regulator.

When the desired temperature was reached, the system was evacuated
with valves 2 and 7 open and with all other valves closed. After a
satisfactory vacuum was obtained, valves 2 and 7 were shut off, valves
5 and 1 were opened (in sequence) and nitrous oxide was admitied to
the reaction chamber from a cormercial storage cylinder containing
the gas at a pressure of approximately 1000 pounds per square inch.

The filling process was regulated by a control system that was located
in the adjoining corridor. The reaction chamber was filled to the
desired pressure and valve 1 was shut off, Deviatlons from the desired
pressure could be corrected by bleeding the excess gas through valve

L into the venting system. Then valve 4 was closed and the reaction-
chamber temperature was checked. Next, ignition of the nitrous oxide
gas was attempted by melting the 0,005-inch diameter copper wire or
by activating the 0.02-inch platinum wire with AC potentiel. The
experimental results were observed with the pressure gauge ar.d/or
temperature values from the thexrmocouple reaedings and a highe-
frequency pressure transducer arrangement (described below).

Venting was eccomplished by opening valve 2, After the pressure
reached one atmosphere, valve 3 was closed and the system was flushed
with high-pressure air by opening valve 6, Next, the ignition wire was
replaced if necessary and filling operations for the next experiment
could be started. During the higher temperature experiments it was
necessary to replace the copper pressure seals frequently.

During the experiments with mixtures, the flow rate of each
component was controlled and metered separately. A uriform mixture
was obteined by pessing the individusl gases through the mixing
chamber located near the experimental area in order to decrease the
danger from an accidental explosion during the mixing process. The
gas flowed from the mixing chamber through valves 10 end 8 into the
vent line in order to purge the flow lines of any foreign gas. Then
valve 8 was closed, valves 1 and 9 were opened and the evacuated
regetion chamber was filled with the desired gas mixture. The remaine
der of the experamental procedure for mixtures was the same as that
employed for experiments with pure nitrous oxide.

To determine the pressure-time history of these reactions, a
Kistler quartz pressure transducer was employed together with a high-
frequency oscilloscope. The oscilloscope traces were photographed
with a Polaroid camera attachment. This observation technique was
employed only for experiments with pure nitrous oxide and nitrous
oxide - air mixtures since reactions were obtained only for these
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gases. This apparatus functioned satisfactorily after some initial
difficulties with drift in the transistor:zed amplifier were overcome.
To prevent damage to the Kistler pressure transducer at high teivmer-
atures, a cooling mechanism was constructed to maintain it neer
ambient temperature.

Nitrogen and air at high pressures (up to 200 atmospheres) were
obtained by using a 4000-pound per square inch compressor. To obtain
high-pressure nitrogen, the gas was expanded from & standard commer-
cial cylinder through a regulator to & large tank which was maintained
at atmospheric pressure, Nitrogen from this tank was recompressed to
4000-pounds per square inch and waes stored in a high-pressure tank
from which the gas was teken for the experiments. Also the compressor
wvas used to pump high-pressure air to a separate storage system.

The high-pressure nitrous oxide was produced by a liquefaction
cycle using freon 22 as the refrigerant in the heat exchanger. Nitrous
oxide was liquefied in a stainless steel tank containing the heat-
exchanger coils and then drained into a stainless steel storage vessel
located in a water bath. High-pressure nitrous oxide was obtained by
raising the temperature of the liquid in the storage vessel above $B8°F,
the critical temperature, by means of electric heaters.
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