N =

-

1.

DETONATION AND THE HYDRODYNAMICS OF .REACTIVE SHOCK WAVES
N Roger A, Strehlow

Department of Aeronautical and Astronautical Engineering
University of Illinois, Urbana, Illinois

INTRODUCTION

The contents of this review may be conveniently separated into two
rather distinct parts, On the one hand this review covers our cur-
rent understanding of detonation as a unique natural phenomena,

while on the other hand the review discusses the limitations that
hydrodynamics places on the utility of the shock tube as a tool for
studying high temperature reaction kinetics. Specific reaction kinetic
studies are not covered because they are so extensive that it is diffi-
cult to do them justice in a short review. The reader is referred to
recent more extcnsive reviews for this purposet—v,

DETONATION
I, Theories Relating to Structure and Stability

The Zel'dovich6, von Neumann7, Doring8 (ZND) model of a one-dimensional
steady detonation wave as a shock discontinuity followed by a zone of
homogeneous chemical reaction is probably the most useful concept to
evolve prior to the mid 1950's. Even though this model must now be
modified to accommodate non-steady and three-dimensional effects, its
implication that an element of the flow may be treated as containing an
exothermic chemical reaction triggered by a strong shock, which may in
itself be handled as a discontinuity in the flow, represents a useful
tool for understanding the structure and non-steady behavior of detona-
tion waves,

P

The Chapman9-JouguetlO  (CJ), concept that a minimum steady one-
dimensional mass flow exists for any specific exothermic system under-
going reactive shock transition is at present useful only insofar as it
allows a rather exact calculation of the velocity and pressure in a
detonation wave, Unfortunately, at the present time, this success must
be considered to be either fortuitous or at least empirical because re-
cent work has shown that a one-dimensional detonation traveling at the
CJ velocity is dynamically unstable,.

The first attempt to look at time-dependent stability in a detonation
wave was made by Shchelkinll in 1958, He used a square wave detonation
as his model. 1In this model the chemical reaction is concentrated at
the CJ plane and this plane is separated from the shock wave by an in-
duction zone, In his model, he perturbed the position of the CJ plane
with time and discussed the consequences of this perturbation. He found
that the detonation will be unstable to this type of perturbation if the
induction zon¢ reactions have a sufficiently large activation energy.
This model is unrcalistic because one cannot truly cause the CJ plane to
suffer a perturbation, since it is a steady concept. However, Shchelkin
was the first to discuss the effe¢ct of a time-dependent perturbation on
stability.

Since 1963, therc have been-a number of paper512-19 which discuss the
stability of the square wave detonation. However, recent work on deto-
nation stability, using models which allow for an extended heat releasc
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zone, show quite definitely that all the interesting amplification
mechanisms which lead to instability occur in the region of heat
release. Therefore, the square wave model appears to be unsuitable
for discussing stability.

Two approaches have been used to investigate the stability of a ZND
detonation wave with an extended reaction zone. Erpenbeck 0-21 phas
examined stability by following the response of the shock discontinu-
ity to a purely transverse harmonic perturbation in the flow down-
stream of the shock wave (i.e., in the reaction zone). His analysis
is applicable to disturbances of arbitrary wave length but requires a
model for the heat release reactions throughout the entire reaction
zone. He has not formally examined the CJ detonation case, but has
always worked with detonations that have some arbitrary overdrive.

His analysis, which is performed in Laplace transform space, is" very
complex and he finds that stability in the general case can be dis-
cussed only by resorting to numerical techniques. His results indicate
that the occurrence of instability is dependent on the frequency of the
disturbance, the activation energy of the first order heat release
reaction that he has used in his model and the amount of the overdrive
present in the detonation. In a following paper, Erpenbeckz2 has
extended his analysis to transverse waves of high frequency. In this
case, he finds that there are three types of stability regimes which
may be present in the reaction zone of the detonation. The type of
regime_that is present is dependent on the local value of the quantity
d(az-u )/dx where x is measured from the shock and a and u are the
sound velocity and flow velocity at a point in the steady flow behind
the shock. He observed that this quantity either increases, goes:
through a maximum, or decreases, in that order, as one passes from the
shock wave to the plane where heat addition is terminated. 1If the
quantity simply decreases in the reaction zone he finds that the
detonation will be stable to a high frequency transverse wave. If
this quantity goes through a maximum or if it increases, he finds that
the detonation behaves unstably to a high frequency transverse pertur-
bation. 1In the 1limit behavior which he investigated, the ultimate
stability is found to be dependent on the activation energy of the
first order chemical reaction which was assumed in the analysis.
Specifically, systems with a sufficiently low activation energy were
found to be stable.

In the- other approach to_the stability problem, Strehlow and Fernande523
and Barthel and Strehlow24 have used a ray tracing technique to discuss
the behavior of a high frequency coherent transverse acoustic wave in
the _reaction zone of a ZND detonation. They also find that the quantity
d(a2-u2)/dx is important to the behavior of these coherent transverse
waves. For a transverse wave propagating in a flowing gas, the direc-
tion of propagation of the energy trapped in the acoustic front (i.e.,
the ray direction) is the direction which is of interest. They find
that, in the region where the quantity d(az—uz)/dx is decreasing, an
acoustic wave front of any orientation (except for one very specific
orientation) subsequently passes through the reaction zone of the deto-
nation at most only twice (due to reflection from the shock front).
However a wave front of the proper orientation was found to asymptoti-
cally approach the plane where d(az-uz)/dx has a maximum value.  Fur-
thermore, this ray was found to subsequently propagate parallel to the
shock front for an infinitely long time. Thus, if the detonation did not
have a plane where d(a2-u2)/dx was maximum, their theory also predicted
that the detonation would be dynamically stable to a transverse wave per-
turbation. They also noted that since the ray propagating at the plane
d(a2-u2)/dx = maximum is propagating in a region where a temperature and
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density sensitive exothermic chemical reaction is occurring, its rate
of amplitude growth is dependent on the details of the chemlcal
reaction, Briefly, they came to the conclusion that any exothermic
reaction that has been observed in nature would produce transverse wave
amplification under these conditions,

In the region where the quantity d(a2-u2)/dx is increasing they found
another interesting behavior, 1In this region, wave fronts which have a
particular range of initial orientations convolute with time in such a
manner that. an element of the wave front propagates some distance away
from the shock front, then turns around and returns to the front to
reflect and repeat the process. Since this behavior is occurring in a
region which contains a temperature-sensitive exothermic reaction, it is
also expected that the amplitude of this wave front will grow with time,
Interestingly enough they found that this wave front eventually produces
multiple shock contacts which asymptotically approach a regular spacing
and that this spacing is dependent on the extent and the detallcd
structure of the reaction zone of the detonation.

Relative to the problem of longitudinal instability in detonation waves,
Erpenbeck21 has performed an analysis for transverse waves with
arbitrarily long wave lengths (which effectively become a longitudinal
disturbance in the flow). He once again found values of overdrive above
which instability occurs. 1In a recent paper, Fickett and Wood2% have
performed a one-dimensional non-steady method of characteristic analysis
on a propagating overdriven detonation produced by a piston motion,

They carried their analysis out to very long times and observed a contin-
ued large oscillation in the shock velocity for the case that Erpenbeck
predicted would be unstable. They also observed no sustained oscilla-
tions for 8ne of Erpenbeck's stable cases. In a following paper,
Erpenbeck has been able to predict the magnitude of these large scale
oscillations by extending his analysis to include nonlinear terms,

From the above we see that one should expect hydrodynamic instabilities
in many of the flow situations in which a shock wave is closely followed
by exothermic chemical reaction. Specifically, these results show that
the CJ planc is not important to the occurrence of flow instabilities

and thercfore that the self sustenance of detonation is not a requirement
for instability. In other words, the instabilities observed on self-
sustaining detonations are quite certainly a restricted example of a
general class of hydrodynamic instabilities which occur in flows con-
taining a heat release zZone following a shock transition.

1I. Structure

A number of investigators have observed that essentially all detonations
propagate with a complex non-steady frontal structure, Early work in
this area was performed primarily by Russian inggs%igatoga and has been
summarized in a number of recent Russian texts. The primary
findings of these and subsequent investigators is that the main shock
front consists of many sections which .are locally convex towards the up-
stream flow and the intersection of these sections are traveling across
the front as waves (see for example the early photographs obtained by
White31), Both the occurrence and structure of these transverse waves
are intimately connected to the chemistry of the reactions occurring in
the detonation, In the following sections our current understanding of
the nature of this transverse structure and its interaction with the
chemistry will be discussed.
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a., The Nature of Transverse Waves

The transverse waves that propagate across the front of a detonmation
have been found to occur at the front as Mach stems or triple shock
intersections of finite amplitude27,32,33, The single spin detona-
tion that occurs in a round tube is unique because it was the first
non-one-dimensional structure to be observed and because it is the
only example of a transverse wave structure which is steady in the
proper coordinate system. (In this case, the coordinate system

which renders the wave motion steady is one which rotates at the spin
frequency with its axis of rotation along the tube axis.) Spinning
detonation contains a very complex double Mach stem pattern which has
been described by Voitsekhovskii, Mitrofanov and 5gpchian27 and
verified by the careful work of Duff32 and Schott . In all other
observed transverse structures, there are always opposing transverse
waves propagating across the front simultaneously and the structure
at the front is necessarily two -or three-dimensional non-steady.

At the present time, all the details of this complex structure are not
understood. However, as mentioned above, it is known that these
transverse waves consist of Mach stem interactions at the front.
These_have been observed experimentally, both on propagating detona-
tions34,35,36 and as an artifically produced geactive Mach stem on

the "laminar" detonation which White and Cary 7 first produced by
expanding an overdriven detonation through a cylindrical nozzle., A
spark interferogram of such an artifically produced Mach stem and an
analysis of its triple point structure is shown in Figure 1, This
structure was observed by White and Cary37 and analyzed by Strehlow.38
Strehlow found that even though the shock triggered a highly exothermic
reaction a few microseconds after it passes an element of the gas, the
triple point structure is still controlled by an unreactive-unreactive
slipstream balance. The observations on propagating detonations have
not been analyzed as extensively at the present time, There are still
.serious questions concerning the disposition of the reflected shock
and the manner in which it interacts with the reaction zone.

The triple points propagating on the shock front of the detonation
have been found to have the property that they will "write" a line on
a smoked surface., This behavior was first observed by Antolik 9 in
1875 and was used by E. Mach in conjunction with his studies of spark
discharges and the interaction of shock waves produced by bullets
fired in the laboratory, The technique lay dormant for over 80 years
until in 1958, Denisov and Troshin40 started_to use it to study
detonation structure. Oppenheim and Utriew4l have recently verified
that the triple point is writing the pattern by direct laser schlieren
photography looking through the smoked film.

This property has been very helpful in the study of transverse wave
phenomena in detonations, To perform an experiment, oOne simply
smokes a surface with either wood, acetylene,‘kercsine ~or any other
appropriate smoke and exposes it to the detonation. After exposure
the film is "fixed'" with a clear lacquer spray. The quality is
almost as good as that of a photographic negative, A few examples
of smoke track records obtained with detonations propagating in a
rectangular tube are shown in Figure 2,

In Figure 3, the results of studying a symmetric interaction using
the smoke track technique are summarized®<, 1In this case, a number
of sand grains were placed on the smoke plate before the detonation
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passed over the plate and each grain wrote a wake pattern whose axis
is normal to the local orientation of the leading .shock wave of the
detonation,  .The intersection geometry- is therefore completely
determined, and one may calculate all shock and flow properties in

the neighborhood of the intersection. From this calculation one con-
cludes that the normal shock velocity is discontinuously increased by
about 30 to 40% at the center line of the intersection and therefore
that all portions of the leading shock are attenuating véry rapidly

in the detonation. This is very disturbing, because-even though the
shock is locally propagating at a velocity Wthh varies from 10 to
20% below CJ to 10 to 20% above CJ, the detonation as a whole is still
observed to propagate at very close to the CJ velocity. The mechanism
which makes this possible is not understood at the present time.

b, Acoustic Coupling and Limits

The transverse waves on the detonation front exhibit a degree of
regularity which is dependent on the geometry of the detonation tube
and on the chemical system which is supporting the detonation, The
effect of detonation tube geometry is primarily caused by the fact
that the high pressure regions propagating across the front (immedi-
ately behind the Mach stem) produce transverse pressure waves in the
gas column following the front and that these transverse waves have
a tendency to couple with resonant transverse modes of the gas column
downstream of the front. Manson%3 and Fay44 predicted this behavior
for near limit detonations approximately 15 to 20 years ago. It now
appears, however, that this coupling is incidental to the occurrence
of transverse waves on the front, For example Duff and Finger

have observed transverse structure on a spherlcal detonation,
However, the occurrence of transverse waves on the front is not in-
cidental to the self-sustenance of the detonation wave., It has been
noted repeatedly in the literature that as the initial pressure is

-lowered or as the detonable mixture is diluted with an inert gas,

the characteristic spacing of the structure gets larger. It also has
been observed that the last transverse frontal structure that occurs

in any specific tube corresponds to the lowest transverse acoustic
mode of the hot gas column following the front in that tube. In the
case of round tubes, this mode is the single spin mode. It is also

now quite certain, that detonations propagating just inside these
limits propagate at an average velocity lower than the CJ velocity.
This is evidently caused because a significant fraction of the chemical
energy released in the reaction zone resides in transverse wave energy
for an appreciable length of time in these limit detonations.

In certain chemical systems, the tube geometry has a very marked effect
on the regularity of the writing pattern. Figure 4 illustrates that
extremely regular patterns can be observed in rectangular and planar
(very 'narrow rectangular) geometries. Inc1denta11y the planar mode
occurs when the preferred transverse spacing of the detonation is at
least five times .the width of a narrow channel, It is the simplest
self-sustaining detonatlon mode wh1ch may be studied, since it is
two-dimensional non—steady In other chemical- systems however, - it

has been observed that the regularlty of the transverse structure-

is poor in all tube geometries. Typ1cal smoke track records are shown
in Figure 2 and results for a number of fuel-oxidizer ‘mixtures are
summarized in Table 1, The reason for this behavior has not been dis-
covered at the present time, It is, however, quite obviously related
to the chemistry of the system which is detonating.
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c. Spacing of Transverse Waves and Chemistry

In systems which show a reasonably regular writing pattern in rectan-
gular tubes, it has been observed that the characteristic size of &Ee
pattern is dictated by the initial pressure level and the dilution
The transverse wave spacing of regular smoke track patterns is usually
defined as the average distance between two successive waves propagat-
ing in the same direction measured along a line parallel to the
average orientation of the leading shock wave, i.e., along the
diameter of the tube. . ’

The most extensive data on spacing has been taken in the hydrogen-
oxygen system containing argon as an inert diluent. This data is
summarized and compared with the acoustic predictions for the spacing
and with average induction zone and recombination zone lengths in
Figure 5. Here the recombination zone length has been approximated
by normalizing the reciprocal of the maximum rate of recombination
and using the flow velocity at the start of recombination. We notice
from this figure that the spacing is always larger than the sum of
the induction plus recombination zone lengths in this system and
therefore that each element of the detonatable mixture is never tra-
. versed by more than one transverse wave of the same family before it
completes its reaction. We also note from Figure 5 that the spacing
predicted from the acoustic theory is considerably less than any of
the reaction lengths or than the spacing of the transverse wave at
the front of the detonation. Thus it appears that the acoustic
theory cannot be used to predict the spacing of the finite amplitude
transverse waves that are observed on propagating detonations. This
is not surprising, however, since the interaction of opposing waves
appears to be the regulating mechanism in a propagating detonation
However, it is interesting that the spacings which are measured and
the spacings which are calculated using the acoustic theory are
roughly proportional to each other.

d. Spontaneous Growth of Transverse Waves

The acoustic theory of Strehlow and Fernandes?23 predicts that coherent
transverse waves should grow in amplitude as they propagate throuih
the reaction zone of the detonation and the Barthel and Strehlow?

. theory predicts that a single acoustic front should convolute to pro-
duce a number of evenly spaced shock contacts after some time. This
contention has been verified experimentally for at least one case,
during the homogeneous initiation of detonation behind a reflected
shock wave in a hydrogen-oxygen-argon mixturée. Figure 6 contains an
(x,t) initiation photograph and a smoke track record obtained
simultaneously on a side wall of the tube. It is interesting to note
that during this nicely one-dimensional initiation experiment, very
weak transverse waves appear on the front and then grow in amplitude
(as indicated by an increase in the refraction of opposing waves at
their intersection). In a recent paper, Strehlow, Liaugminas, Watson
and Eyman44 have shown that the appearance location on the smoke
track records may be used to predict a reasonably constant exponential
coefficient for the linear theory of acoustic growth. From these
experimental results we may deduce that there is little doubt but. that
the acoustic theory of amplitude growth offers a viable mechanism for’

the appearance of the finite amplitude transverse waves that occur on-

propagating detonations.
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III. Initiation and Failure

a. Fiame>to Detonation Initiation

This subject has been studied extensively in tubes of varying geometry
and in many chemical systems. By far the most quantitative study of
the subject has been performed by Oppenheim, Urtiew and co—workers‘m'52
at Berkeley. The phenomena is complex and the process of flame
acceleration (eventually leading to detonation) is very dependent on
the condition of the tube walls and the presence of obstacles in the
flow.

In general the process develops in the following manner. A flame,
generated at the closed end of tube produces a compression wave in the
gas which steepens into a shock wave some distance from the end of
the tube. This flow develops a boundary layer which becomes turbulent
and causes the flame to accelerate. The acceleration of the flame

.then subsequently reinforces the original shock wave. Eventually, the

shock preheats the gas sufficiently to cause the onset of detonation.
However, the actual occurrence of detonation is sometimes obscured

by the proximity of a very turbulent flame in the neighborhood of the
initiation point and in general the process is not one-dimensional.
The acceleration process depends very strongly on the ratio of the
burning velocity to the sound velocity in the combustible mixture.
High values of this ratio cause more rapid acceleration in the system
and therefore cause a shorter detonation '"induction" distance. If

the tube has a finite length and is closed at both ends, shock
reflection from the far end may occur before ignition. The reflection

"process will always preferentially trigger detonation and it has the

added disadvantage that it produces very high pressures before the
detonation occurs. This type of initiation is extremely important to
the prediction of possible hazardous detonations in large industrial
installations. It appears, from the information now available that
one may make quite realistic estimates of the possibility of detona-
tion for any specific apparatus and combustible mixture.

b. Homogeneous Initiation

Homogeneous one-dimensional initiation has been observed behind a
reflected shock wave in a conventional shock tubev>: ’ . Figure 6
shows an x,t schlieren inferogram of such an initiation process.

The gas ggnamics of this process have been modeled by Gilbert and
Strehlow using an (x,t) method of characteristics analysis. They
assumed that each element of the gas reacts with kinetics which are
dependent only on the previous time-temperature pressure history

and that the gas dynamics may be modeled in a conventional manner.
The results of their analysis agreed with experimental observations
of high temperature reflected initiation in every detail and showed
that this type of initiation process is directly caused by the
interaction of reaction kinetics and inviscid gas dynamics. In
short, they found that because shock heating is a wave process it
generates a reaction ‘wave which interacts with and accelerates the
shock wave in a manner which is completely predictable if the kinetics
are well understood. Furthermore they found that for this process
thermal conduction and diffusion are unimportant to the wave develop-.
ment process.
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In a following work, Strehlow, Crooker, and Cusey®? have experimentally
and theoretically studied the process of detonation initiation when a
step shock wave passes into a slowly converging channel, Once again
they observed that the first point of initiation, in real time, in the
converging channel could be predicted by simple application of non-
steady gas dynamics and the proper reaction kinetics,

c, Hot Spot Initiation

The most extensive studies of initiation have been performed in the
hydrogen-oxygen system56:58:59 At high temperature and low pressure
this system exhibits a strictly homogeneous initiation behavior in
simple flow geometries. However at low temperature (9000—11000K) and
high pressure (i.e., at high reactant concentrations) the system shows
a very unusual type of initiation which is difficult to categorize.
At its first appearance, the initiation occurs as a series of "hot
spots" and these propagate in a number of spherically growing flames
until the coalescence of these flames leads to the initiation of
detonation, An example is shown in Figure 7. This behavior appears
to occur in the pressure and temperature region which is roughly
above and to the left of a line on a (P,T) explosion limit diagram
obtained by extrapolating the second limit line into the "explosion"
region. It appears that this behavior occurs under conditions where
appreciable 8uantities of the species HO, are able to accumulate in
the mixture® . More quantitative work on this type of initiation is
needed,

d, Detonation Failure

In this reviewer's estimation the problem of detonation failure has
not adequately been studied at the present time, It is quite

apparent that each frontal element of a self-sustaining detonation is
failing at a rate which is quite rapid when compared to the rate of
heat release in the feaction zone, It is also true that if the detona-
tion is allowed to opagate into an enlargement of the tube, sections
of the detonation. fe observed to '"fail" because opposing transverse
wavegoare not ref Jcted from the wall and momentarily fail to inter-
sect®”, However . here has never been a truly quantitative study of
this process. To date there has been only one theoretical study of
this problem and this study is relatively incomplete. Strehlow and
Hartung61 constructed a "steady" one-dimesional overdriven detonation
and then allowed it to interact with a strong rarefaction fan
approaching it from the rear, The kinetics were assumed to be zero
order with a constant activation energy. Rapid failure of the detona-
tion was found to occur for activation energies of 18 and 50 kcal.

For a third case, when the activation energy was assumed to be zero,
the results were inconclusive because the detonation did not decay.

to below the CJ velocity. As mentioned above, more work is needed

on failure of detonation waves. :

7 Mmhn 7o
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f Detonations in Reaction Kinetic Studies

[a]

There have been two major techniques developed to study reaction
kinetics in actual detonations, White and Cary37 have produced
"laminar'" detonations by passing an ordinary detonation through a con-,
vergent-divergent nozzle, While this flow is non-steady it is still
useful for rates studies., They have applied it to the study of
vibrational relaxation in exothermic systems and to the study of the
effect of vibrational relaxation processes on induction zone kinetics.

This technigue has also Begg used to study induction zone kinetics by
Mullaney and co-workers6<,
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In another technique, a one-dimensional detonation has been stabilized
in a wind tunnel and the reaction profile studied by observing the
pressure profile downstream of the normal shock64. This technique has
interesting engineering implications because it measures overall rates
of heat release directly in a nicely controlled one-dimensional geometry.

Unfortunately, it appears that all attempts to resolve the reaction zone
in ordinary self-sustaining detonations are doomed to failure, because
of the presence of transverse waves, Soloukhin in his discussion of
what are, in his terminology, "multi-fronted detonations"®", has pointed
out that either averaging across the transverse structure with optical ’
techniques or using pressure transducers at the wall will always yield
results which are incorrect in terms -of a one~-dimensional theory. Thus
the utility of ordinary propagating detonations for kinetic studies is
at best marginal,

SHOCK TUBE HYDRODYNAMICS

Since the ‘inception of its use in the early 1950's the chemical shock
tube has greatly expanded the temperature range available for
quantitative experimental studies of the physico-chemical properties
of gases, The success of its application as a research tool may be
gauged by the fact that throughout the world the extant chemical
shock tube literature consists of over a thousand references®9,1 and
is presently being increased at the rate of approximately 150
references per year,

In the field of reaction kinetics studies, there are two fundamental
reasons for this success. In the first piace the step shock wave
produced during the operation of an ideal shock tube yields an -
extremely precise and reproducible heating cycle with excellent

initial conditions., 1In the second place the shock tube is particularly
suited for studies in systems that are highly diluted with an inert gas
and studies in such dilute systems have consistently yielded the best
quantitative kinetic data. Therefore, one might say that gas dynamics
is the servant which allows one to make relatively precise rate
measurements at high temperatures in a chemical shock tube., However,

it is also the master of the situation in that, (1) the geometry of

the chemical shock tube is dictated primarily by gas dynamics con-
siderations, (2) specific gas dynamics non-idealities limit the utility
of the apparatus and (3) the coupling of the chemical reaction and the
gas dynamics is always important to the study of reaction kinetics; )
particularly in exothermic systems,

At the present time sufficient information has been compiled concern-
ing the behavior of shock tubes, so that the design of a shock tube
for precise chemical rate studies is possible. This portion of the
paper will present a critical discussion of the relative merite of
various experimental techniques and in addition will review recent
work on non-ideal shock tube behavior and recently acquired knowledge
concerning the occurrence of those flow idealities caused by the
presence of exothermic reactions,

I. Studies Behind "Steady' Incident Shock Waves
The most precise measurement of a chemical reaction rate constant

may be obtained by observing .the reaction immediately behind the
incident shock wave produced in a conventional shock tube, For the
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highest precision it is imperative that these measurements be made at 4
high dilution in a monatomic gas and that both the rate measurement |
and the shock velocity measurement be extrapolated to the instant the ‘
shock uncovered the observation station. 1In all other cases flow non-
idealities will cause difficulties in the interpretation of the data,
This type of extrapolation is possible in only certain specific cases,
for example in the study of the initial dissociation rate of a
diatomic or more complex molecule, Typical examples of investigations
which have yielded results of high precision using this technique are
the measurements of the dissociation rate of triatomic molecules by
Olschewski, Troe and Wagner66 67,68,69 the geasurement of hydrogen
dissociation by Myerson, Thompson and Joseph and the measurement of
oxygen atom recombination by Kiefer and Lutz

"In cases where the reaction process must be followed for a long time
after shock passage the measurement of a correct rate is not really
very straightforward. The raw data after being reduced with the help

of ideal shock tube theory must still be corrected for the non-ideal {
flow behavior in the particular tube that is being used in the .
experiment. Since combustion drivers, heated gas drivers, double
diaphragm tubes, detonation drivers, etc., produce notoriously non- l
.ideal flow situations in the test gas, we will discuss correction pro-
cedures which must be used for only the simplest driving process: a

cold gas driver operating with a simple pressure burst in a conventional
constant area shock tube, Even in this case there are three overlapping

but relatively independent corrections which must concern the investi-

gator if he is to obtain reasonable rate constants, The first of this
concerns the diaphragm material used in the study. Diaphragm opening \
time is a function of both the inertia and the tearing properties of .
the diaphragm'materia172:73. Probably the best material in this respect
is cellulose acetate because it disintegrates so thoroughly on bursting.
Mylar is quite slow and irregular and has been shown to produce .
irreproducible late pressure pulses74 (probably due to flapping or late '
tearing) which could lead to scatter in the rate measurements, Metal
diaphragms in general appear to open rather slowly but reasonably
reproducible, if scored uniformly.

It has been observed that even when reproducible, the rate of the dia-
phragm opening process is extremely 1mp05tant in determining the early
.behavior of the shock tube flow. White’? and Alpher and White?3 have
shown that for a slow diaphragm opening process, the shock velocity
increases for a considerable distance and only then exhibits the decay v
that one would expect from boundary layer growth, It has been shown
theoretically that this slow acceleration may easily yield velocities

which are slightly above the theoretical velocity for that bursting

pressure ratio, Since this is the formative period for the shock wave,

it is best to make kinetic measurements outside of this region. This

region extends for a distance from the diaphragm clamp which is a

function of the diaphragm_material, the bursting pressure ratio and

the tube diameter. White reports an accelerating shock 40' from the

clamp with a metal diaphragm in a 3 1/4" square tube at M = 15 in argon.
However at a shock Mach number of 8 he found that the maximum velocity
occurred only 12 feet from the diaphragm. If one remains clear of this \\
accelerating region the major problem which may arise from the diaphragm
bursting process is the problem of late spurious pressure signals from
mater1als such as mylar,
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Other flow non-idealities that occur in a shock tube during the late
flow are all connected to the development of the boundary layer behind
the incident shock., These effects have been reviewed by Spence and
Woods75 and by Holbeche and Spence?6., 1In addition, Mirels’7?,78,79,80,81
in a number of papers has discussed the seriousness of this problem,

If one assumes an ideal diaphragm burst it has been found that the flow
essentially divides itself into two regimes. The first of these is a
period when the shock is decaying due to the boundary layer growth,
During this period, the length of the hot column of test gas is growing
at a reasonably constant rate that is somewhat below the theoretical
rate predicted by ideal theory. After this initial period the boundary
layer has grown to such an extent that it is accumulating test gas from
the main sample at the same rate as the incident shock is accumulating
new test gas, In this situation, the rate of decay in the incident
shock velocity becomes less than before and the length of the test gas
colugE becomes relatively constant. This effect was first reported by
Duff®, Recently Fox, McLaren and Hobson83 have shown that Mirel's
theory quite adequately predicts the observed behavior.

There are two distinctly different types of corrections necessary be-
cause of these flow non-idealities. 1In this paper the effects of
non-ideal flow will be discussed for only the state property temperature
because reaction rates are primarily temperature sensitive. In the
first place the shock wave is continually decelerating -- at first
rapidly and later slowly -~ and this introduces a temperature gradient
in the gas sample which can be large, This temperature gradient may

be calculated if one assumes that the shock attenuates at a specific
rate and that there are two possible limit behaviors for the pressure
decay behind the front, These are: 1, Each fluid element retains its
shock transition pressure, In this case the gas contains a relatively
step pressure gradient due to attenuation and 2., Each element of gas
after shock compression, is isentropically expanded to the instantaneous
shock transition pressure, The real behavior behind the decaying shock
lies somewhere between these two limit behaviors. These two assumptions
yield the following equations for the temperature gradient in the gas
following the shock wave,

1. With a residual pressure gradient (no pressure change after
shock transition)

Ty - 4(f-1 yiyte1 ) dMy
Ty (J+1)2 M, 2 M

2, With isentropic expansion

—

2
Ty _ a1y OS2y

2

Figure 8 is a plot of Tz/millisecond in the flow behind a shock wave
in argon with an attenuation rate of 1% per meter, As this figure shows,
the gradients are sizable and very dependent on the testing temperature
To.

The second correction has been estimated by Mirels8l on the basis of a
boundary layer development theory. In his theory for the late flow he
assumes a constant velocity shock wave propagating down the tube and

he calculates the changes in flow properties along the tube axis due to
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the boundary layer growth. His results are plotted as a function of
the dimensionless distance from the shock wave 1/1, where 1, is the
equilibrium length of the hot gas column. In general he finds that
all state properties increase in value as one travels away from the
shock. Specifically for a gamma = 5/3 gas at M = 3 he finds that the
temperature rises to about 1.07 To at a distance 1 = 0.2 1p and then
remains relatively constant for the remainder of the transit time.
However he finds that an even more serious correction than this is the
correction to the testing time that must be included for strong shocks.
Specifically, the real testing time for a strong shock increases
rapidly over the ideal testing time and at a position 1 = 0.2 1, the
real testing time is 3/2 of the ideal testing time. This has been
verified quantitatively by Fox, McLaren and Hobson 3,

The non-ideal temperature drifts caused by the effects of shock
velocity attenuation and boundary layer growth are in the same
direction (each yielding a temperature increase as one travels away
from the shock) and they may be added to a good first approximation.
The. testing time correction augments both of these temperature gradients
and can in itself cause large errors if ideal flow is assumed. It
appears as though some of the extant reaction kinetic data obtained

- in- shock tubes should be re-evaluated in the light of these developments.

It should be pointed out that these corrections can change the
apparent activation energy of the reaction as well as the absolute
rate because in all cases the correction becomes more severe as the
run temperature increases. '

In the previous discussion it was implied that dilution with an inert
monatomic gas is desirable for accurate kinetic rate measurements.
Modica and La GraffB84 have recently studied the decomposition of N2F4
using both argon and nitrogen as a diluent and their comparative re-
sults reinforce the contention that monatomic gas dilution is
necessary to reduce the ambiguity of results. In another interesting
experiment along these same lines Seery and Britton8° have shown that
xenon is apparently not a completely inert diluent during the
dissociation of fluroine.

II. Reflected-Shock Time-Resolved Techniques

.Rate measurements made behind the reflected shock offer certain
advantages over measurements made using the incident technique. 1In
particular, sampling with a time-of-flight or quadrapole mass
spectrometer is possible and laboratory time is real time because

the gas is relatively quiescent in the neighborhood of the end-wall.
Also, for the same initial conditions the reflected technique produces
considerably high temperatures than an incident technique.

In this section we will discuss some difficulties exhibited by only
the simplest time-resolved reflected techniques, those in which a
sample is drawn from the end wall for mass spectrometer analysis or
in which an emission or absorption spectroscopic technique is used

to observe a gas sample trapped near the back wall. In these cases
the initial temperature behind a reflected shock may be calculated
quite accurately from the incident shock velocity measured at the
moment of impaet, assuming that the gas is entirely inert. The shock
velocity at impact must be determined by extrapolating upstream
measurements and the calculation is only valid for the case where the
reactant is highly diluted with a monatomic carrier gas. As in the
case of incident measurements, if it is not possible to extrapolate.

—
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the rate to the shock, corrections for the flow non-idehlities*must
be included to accurately determine the rates,

Boundary layer corrections are stlll 1mportant in this case, "If one
operates near the back wall (within approximately 5mm of the back wall)
the testing time correction ceases to .be important and.if one operates
with a monatomic carrier gas, bifurcation problems are not serious
However the pressure rise in the gas traveling behind the incident
shock does cause a serious perturbation to the pressure-time and
temperature-time history of the gas sample trapped near the back wall )
As the reflected shock propagates away from the back wall, it encounters
this pressure increase and transmits signals to the gas at the back
wall., Fortunately the sample near the back wall is compressed isen--.
tropically during this process and for a monatomic gas the temperature.
increase may be estimated rather accurately using the equation:

Ar _ ¥-1 4p ~ 4, Ap
Tz ¥ P2 P2

Thus a pressure gauge may be used to monitor the rate of pressure
change at the back wall andthis rate of change may be used to estimate
the equlvalent temperature drift near the:back wall. Alternately,
Mirels’ theory may be used in conjunction with Rudinger's simplified
method of characteristics analysis to calculate a pressure and
temperature change at the back wall for the particular shock tube and
initial conditions of the experiment, ' . o

In the case of mass spectrometer analyses sampling techniques are
important and the correction for heat transfer to the wall should be
considered in-any calculation®8, These corrections are reasonably

. straightforward, however, since in this time scale convection does

not occur, Therefore, only a conduction equation need be solved to
determine the necessary correction. Heat transfer can also be important
in spectroscopic techniques because absorption in the cold boundary
layer gases at the wall can completely dominate the measurement in

certain cases89, Allen, Textoris and Wllson99 have aeveloped an 1ngen10us

apparatus to circumvent this difficulty.

In addition to the above, reflected-shock, time-resolved techniques
suffer from two unique difficulties related to the chemistry. In the
first place, the occurrence of chemical reaction behind the incident
shock cannot always be dismissed in an a priori manner but should be
examined for each experimental system. This problem is particularly
serious for a first order reaction with a relatively low activation
energy and could also be serious for a second order reaction with a
very low activation, In the second place the oc¢cirrence of 'a reaction
behind the reflected shock leads to a non-steady reflected shock
behavior, There are two reasons for this; either the molecular weight
or the enthalpy of the gas may change due to the occurrernce of the
chemical reaction. By far the most important of these .two changes
under ordinary conditions is the enthalpy change associated with the
reaction process, If an endothermic reaction occurs behind the re-
flected shock, the shock wave will decelerate and .this will cause a
pressure decrease and an attendant isentropic temperature decrease at
the back wall. Johnson and Britton®0 have discussed the main features
of this flow and a detailed method of characteristic calculation of
the interaction for the vibrational relaxation of oxygen has been:
reported by Nafzingergz. He found that the shock relaxation process’




1k,

took approximately 7 Ty where ¢+ is the characteristic relaxation time
behind the reflected shock at the back wall. He also observed that
this non-steady process led to a substantial residual entropy gradient
along the tube axis in the neighborhood of the back wall. The effect
of exothermic reactions will be discussed in Section IVDb.

ITI. Single Pulse Techniques

Single pulse techniques93 suffer from a number of relatively distinct
problems. In this reviewer's opinion, the sum total of these defi-
ciencies are serious enough to make the technique very difficult for
quantitative kinetic studies. It is, however, still a useful technique
for qualitative and comparative studies for new or complex systems.

Let us first consider those difficulties that are inherent in a single
pulse experiment performed with an ideal shock tube. Even in this case,
there are five major problems which limit the technique's utility.

These are: 1. Analyses are performed after the experiment is completed.
Thus only stable products may be identified and, at best, only the
systems overall behavior may be studied. Therefore the deduction of
responsible individual reactions with a concordant determination of their
"rates is very difficult. 2. The heating cycle is not the same for the
entire gas sample. Therefore, an average processing time must be esti-
mated for the run. 3. Contact surface tailoring is necessary to obtain
long test times and thereby reduce the errors caused by the averaging
process mentioned in Part 2 above. However off-design tailoring will
cause substantial temperature changes during the last (and usually major)
part of the testing time and this is serious if the reaction has a high
temperature sensitivity. 4. Cooling must necessarily be produced by a
rarefaction fan and this introduces yet another uncertainty into the cal-
culated testing time. 5. 1If the reaction is not thermally neutral,
effects of self-heating must be included. These last two problems have
been discussed by Palmer, Knox and McHalev%.

The non-ideality of a real shock tube flow compounds these problems.
By far the most serious non-ideality is the growth of the boundary
layer behind the incident shock. This leads to three distinct
difficulties which cause problems. 1In the first place the temperature
cannot be held constant for the desired testing time because the
‘upward drift is always appreciable on a time scale of 1 to 4 milli-~
-.seconds. Secondly, tailoring cannot be exact because of- the-shift--in -
properties caused by the boundary layer growth. Thirdly, the growing
boundary layer can entrain a sizable quantity of the test gas. There-
fore the entire reactive sample is not treated by the test pulse.

This last difficulty is particularly serious if the entire contents
of the tube are being analyzed after the run and may be alleviated to
some extent by analyzing only that portion of the test gas that was -in
the neighborhood of the back wall during the pulse cycle.

The majority of the difficulties mentioned above cause errors in hoth
the activation energy and the actual magnitude of the rate measured
with a single pulse tube. This is because the severity of most of’

these  corrections increase as the temperature of the test run increases.

There have been many variations 05 tgs Singée 8ulse technique introduced
in the past few years. Tsang, 5,96 8 100 oy example, has applied
the technique to the study of hydrocarbon decomposition and rearrangement
reactions using a mixture that contains a small quantity of "propyl
chloride” as a trace reactant. This specie is used to independently

\‘
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obtain information on the temperature-time pulse so as to increase the
accuracy of the experimental decomposition measurement, This type of

"trace reaction" technique has utility only if it can be proved in an

unambiguous manner that the trace reaction is occurring independently

of the unknown reaction, It should have the highest accuracy when the
activation energies of the two reactions are approximately equal,

Tschuchikow-Roux101,102,103 pagq proposed a ball valve technique which
may be used to isolate a sample either between the ball valve and the
end plate of the tube or just in the bore of the ball valve, However,
his heating cycle analysis is based on ideal shock tube flow theory
and since he proposes to calculate heating time by subtracting two
large times which are themselves calculated by using ideal theory, the
accuracy of his calculation will be low, However, there is the possi-
bility of improving the accuracy by including the necessary boundary
layer growth corrections.‘

Lifshitz, 6K Bauer and Reslerl04 have introduced and used a tube with a
side dump tank on the test section leg. 1In conjunction with this they
operate the tube without a tailored interface., Instead they "tune"
the length of the driver section by inserting plugs at the end wall so

"that the strong rarefaction fan in the driver gas, after reflecting

from the end of the driver section, will overtake the contact surface
at the instant that it is met by the reflected shock wave., Thus,
testing time in the sample theoretically ranges from zero to
approximately 2 tyye. The technique suffers, however, from the fact
that non-ideal boundary layer growth will always cause the contact
surface to intersect the reflected shock earlier than the theoretical
time, If this effect is not included in the '"tuning" operation the
test gas sample will suffer a complex time-~temperature heating cycle
and the interpretation of the data will be difficult. The presence of
a side dump tank modifies the downstream flow in the test section but
a reasonable constant shock velocity is still attained near the end
plate., The side dump tank is used primarily to prevent multiple high
pressure reflections in the gas sample, It is probably adequate for
this purpose.

IV. Exothermic System Instabilities

In addition to all the difficulties mentioned above, in exothermic
systems the application of the shock tube to reaction kinetic studies
is limited by the occurrence of non-steady flow processes which may

be triggered by the presence of the exothermic reaction. Specifically,
two distinct types of flow instabilities may occur and it has been
found that two independent criteria may be used to predict the
occurrence of these instabilities on the basis of known flow properties
of the particular system which is under investigation. The two
criteria will be called the Chapman-Jouguet criterion and the tube
diameter criterion,

a, The Chapman-Jouguet Criterion

Consider a gas mixture capable of sustaining a reaction which
drives the system toward a state of full chemical equilibrium,
With this restriction we define the mixture to be "exothermic" if,
in the (P,V) plane, the Rayleigh line through the point (Pl:vl)
which just tangents the equilibrium Hugoniot represents a shock
transition whose Mach number, M.;, is greater than unity. We
call the value of this minimum ﬁach number for steady shock
propagation the Chapman-Jouguet criterion for instability, It
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may, of course, be calculated quite aécurately if thermodynamic
properties are available for the system in question, -

An example of the application of this criterion may be discussed
with the help of Figure 9. The system considered in this figure

is a stoichiometric hydrogen-oxygen mixture diluted with various
amounts of argon at the initial conditions T, = 300°K and P; =

100 torr, The unreactive shock temperature %or a shock of Mach
number M = M J.is plotted versus the mixture composition in this
figure, The vertical lines approximate regions-in which studies
have been reported, admittedly for different stoichiometrics and
pressure levels (the numbers on the lines are reference numbers),
The approximation is reasonably good because, however, pressure
shifts the curve in Figure 9 only slightly and stoichiometry changes
are effectively dilution changes on the basis of a CJ calculation.
Region I, above and to the left of the stability line M = Mgy,
corresponds to the experimental conditions under which steagy inci-
dent shock waves may be produced and studied in this system, while
-region II, below and to the right of the stability curve represents
initial shock conditions for which a steady shock wave with
chemical reaction cannot exist., Note that Belles and TauverlO7
worked with incident shocks just at the edge of region I and that
all other extant incident shock studies were performed well inside
region I, It is interesting that Belles and Lauver report
instability difficulties at low temperatures.

" In region II of Figure 1, kinetic studies must necessarily be per-
formed in conjunction with a flow which is longitudinally non-
steady. For this reason well controlled and reproducible initial
conditions are important to the design of these experiments. For
example, the simple fact that the initial flow produced by the
diaphragm bursting process is neither one-dimensional nor
reproducible obviates the use of a conventional incident shock
technique for region II studies. There are, however, four shock
tube techniques which either have been used or have a potential
use for performing kinetic studies under region II conditions.
These will be discussed individually,

The first of these techniques uses the reflected shock region,
Reflected shock studies, when performed in a gas mixture with a
high heat capacity ratio, yield a reasonably one-dimensional heat-
ing cycle with well defined initial conditions®?, Even though

the flow following reflection remains non-steady for an extended
period of time (and indeed may yield a detonation wave propagating
away from the end wall) the gas near the end wall may be used for
kinetic studies since it is quiescent, it suffers no additional
shock transitions after reflected shock pasage and its pressure-
time histggy during the reaction process may be predicted reason-
ably well“YY, This technigue has been used successfully by
numerous investigators54,105,10 situations where the steady
incident technique would not be applicable in terms of the CJ
criterion, ’

6 in cituations where

The second technique consists of passing a weak, but well established,

step shock-wave produced in a conventional constant area shock tube
into and through a section of tubing whose cross sectional area is’
slowly decreasing with distance., If the rate of decrease of area
is sufficiently slow (a2 maximum wall angle to the center line of

approximately 1© for example) the flow will become a quasi one<
dimensional non-steady flow in which the leading shock wave is

\K
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continually accelerating. In this situation a non-steady flow
calculation is required to sort the reaction kinetics from the
gas dynamics effects, This experiment has been performed and
such a calculation has been made for a tube in which d(lnA)/dx =

-k during convergence57. Figure 10 contains iso-temperature
and iso-pressure plots in an (x,t) coordinate system for a
typical theoretical run assuming that the flow is entirely inert,
The region which is mapped is bounded by the leading shock wave,
the reflected shock wave and the "explosion line'", The locus of
the "explosion line" in this figure was determined by assuming
that the fraction of the delay time to explosion which has been
used at each instant along each separate particle path may be
calculated using the relation,

d ) = dt
T-(T,P)

7?7= A _ exp (-E/RT)

[057

With this model the points at which

t dt ='1
)/ 7T, P)
(o]

on each particle path describe the locus of the explosion line.
This approach assumes that the reaction is thermally neutral

during the induction period and therefore that the reaction does
not interact with the flow, Furthermore, as presently constructed,
the model only allows one to predict the location of the minimum
time in the explosion line locus on an (x,t) plot since the effect
of heat release during the explosion is not included in the model,
Reference 57 contains a more complete discussion of this technique.

where

To this author's knowledge the third possible non-steady technique
has not yet been applied to the study of reaction kinetics in
exothermic systems, It is an incident technique which involves the
use of a ball valve whose internal bore is exactly equal to the
diameter of the shock tube, This type of ball valve shock tube has
been used in the study of endothermic systems101 and to prevent
premature explosions in reflected shock studies*®, 1If the

initial pressure were adjusted externally before opening the

valve and if the shock tube were operated vertically, density
separation of an inert gas near the diaphragm and the explosion
mixture downstream could be maintained until a well formed

incident shock wave passes the location of the ball valve.
Observation at a number of window stations downstream of the valve
would then allow reaction kinetic studies to be studied even though
the flow was non~steady. This technique has.two advantages relative
to the converging channel technique in that both the construction

of the apparatus and the calculation of the flow would be simpler.

A simpler calculation of the flow may be made because one may assume .
the flow in the reactive mixture to be pseudo steady until an
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appreciable amount of chemical reaction has occurred., This technique
also has an advantage over the reflected shock technique for those
cases where the system to be studied cannot be diluted to repress bi-
furcation, This is because, in the ball valve technique only simple
boundary layer growth can occur to perturb the incident flow,

The fourth possible technique involves direct expansion of an incident
shock wave through a suitably instrumented two-dimegsional nozzle,

This technique has been described by White and Cary 7 and has been dis-
cussed in Section IVa, '

b. The Tube Diameter Criterion

Even in circumstances where incident shock wave studies are allowable
on the basis of the CJ criterion, transverse instabilities may appear
during an experiment. This_type of behavior has been reported by
Schott110  schott and Birdlll and Hawthornell2 and is important to
the kineticist because it can produce state variable fluctuations
across the tube which may be misinterpreted if the usual one-
dimensional assumptions are used in reducing the data.

Schott11Q has shown that in acetylene-oxygen mixtures diluted with 97.5
percent argon, this type of instability behavior produces soot track
writings which are equivalent to those obtained when a self-sustaining
detonation propagates over a smoked foil., This experimental evidence
implies that the transverse instabilities observed in reaction kinetic
studies in the shock tube are of the same type as those observed42 on
propagating detonations. This is really not very surprising since the
theoretical results discussed in Section a show that detonation per se
is not necessary for the appearance of transverse instabilities,”™ ~—

It is also known that all self-sustaining detonations exhibit a trans-
verse wave spacing which is roughly proportional to the "thickness" of
the detonations reaction zone, Thus, theoretical predictions and
experimental observations both lead to the conclusion that the trans-
verse structure associated with an exothermic reaction zone triggered
by shock passage should exhibit a characteristic spacing which is
roughly woportional to the reaction zone thickness,

One more experimental observation must be mentioned before we may
present a criterion for the occurrence of transverse wave instability
in a reactive shock wave propagating in a specific channel, Both
Manson43 and Fay44 have. shown that transverse structure fails to
couple with transverse acoustic modes of the tube when the preferred
transverse spacing at the front becomes somewhat larger than the
major transverse dimension of the tube, Thus it appears that this
type of resonance must be possible before transverse instabilities.
will appear,

Unfortunately, at the present time, the relation between the
reaction zone thickness and the characteristic cell size of the
structure is not known except for a few systems and then only in an
empirical manner, Therefore, at the present time, the "tube diameter
criterion for the occurrence of transverse instabilities in a steady
incident shock wave experiment must be stated as follows: Transverse
instability may occur in a steady shock wave followed by exothermic
reaction only if the bulk of the exothermic process occurs as close
to the shock wave as the major transverse dimension of the tube,

"

A



e

S—

19.

This criterion correctly predicts the occurrence of the currently
observed transverse instabilities during incident shock reaction
kinetic studies in a shock tube. More quantitative information on
this su?igct is available in Schott's report in this symposium
volume.

SUMMARY

Detonations in premixed gases contain a very complex internal wave
structure which is related to the exothermic chemical reactions occur-
ring behind the leading waves. This structure negates many of the
classical one-dimensional arguments concerning detonation and the full
reasons for its existence and form are not understood at the present
time. The mechanism of self-sustenance of a propagating detonation is
also open to question at the present time. The situation is not hope-
less, however, because it appears that the application of the principles
of non-steady reactive gas dynamics (in which all shocks are considered
to be infinitely thin non-reactive discontinuities in the flow) will
eventually allow a complete description of the structure from first
principles, ‘

The discussion of shock tube hydrodynamics indicates that while the
shock tube is an extremely useful apparatus for high temperature gas
phase reaction kinetic studies, it has its limitations. These are
primarily caused by gas dynamic non-idealities due to boundary layer
growth and to the interaction of the chemistry and the flow. The
implication of this section is that a good kinetic rate measurement
may be obtained from a shock tube experiment only if the full contri-
bution of these non-idealities are considered.
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Detonation Spin in Driven Shock Waves-in a Dilute Exothermic Mixture
s , Garry L. Schott ..

University of California, Los Alamos §c1ent1f1c Laboratory,
Los Alamos, New Mexico 87544

There have been many uses of shock waves in diluted mixtures of exothermic
reactants for studies of chemical reaction rates. It was once commonly thought,
for lack of evidence to the contrary, that one could operate-in a regime free of
complications from spontaneous '"detonation" phenomena arising from the deposition
of the reaction energy in the flowing gas by penerating shock waves faster and
stronger than the Chapman-Jouguet wave for the dilute mixture, Such shock waves
are in reality overdriven detonation waves, and the only basis for distinguishing
them from strong detonation waves in more concentrated mixtures is the fact that
the dilute mixtures, if not supported, may fail to sustain a slower, Chapman-
Jouguet velocity wave. This distinction is one of dégree rather than of kind, and
recent experience with unsupported detonations and overdriven detonations in deto-
nable gas mixtures indicates that three-dimensional structure which characterizes
the Chapman-Jouguet velocity waves remains present, on a progressively finer scale,
in overdriven waves.!®

The occurrence of transverse waves or other instabilities in driven shock
waves in dilute, only mildly exothermic mixtures has been less completely charac-
terized. Indeed, many successful investigations of kinetics of exothermic reac-
tions have been carried out'in shock waves in dilute mixtures without major or even
noticeable interference. On the other hand, theére have been isolated reports of
"instabilities", in the reaction zones in particular, under circumstances where the
system was diluted well beyond the limit of detonability and the shock wave was
clearly stronger than a Chapman-Jouguet wave, Examples of these occurrences may be
found in studies of the hydrogen - bromine reaction,3 ozone decomposition,“ and
hydrogen-oxvgen combustion.® The present paper reports the occurrence of such in-
stabilities in shock waves in a mixture of 1% CpHp, 1.5% Oy, 97.5% Ar and the iden-
tification of conditions where the phenomena exhibit the recognizable and quasi-
reproducible form of single-headed spin. 6y

prerlmentaL

The experiments reported here were carried out in the 10 cm i.d. circular
brass shock tube used for several previously reported chemical investigations.5
Several different test section configurations were utilized for the various kinds
of diarnostic experiments. Lither brass shim stock or Mylar sheet diaphragms were
used, and the driver gas was hydrogen. The several patches of 1.0% CsH,, 1.5% 0y,
97.5% Ar test gas mixture were prepared manometrically from tank argon and a single,
homogeneous stock mixture of 40% CyH,, €0% 0, prepared initially from tank sup-
plies. The composition of one batch was checked by mass spectral analysis, and
0.03% N, was the only detected departure from-tne intended composition. Experi-
ments were carrie< cut at initial shock tube pressures, pg, of 20, 50, and 120 Torr.

Shock wave speeds were monitored Ly raster oscilloscope recording of the prog-
ress of the shock front past five piezoelectric pressure transducers spaced at
30 cm or longer intervals along a 140 cm or longer segment of the tube beginning
200 cm or 350 cm from Lhe diaphragm. '

In other exverlﬂents, where the departurp of the shock front from planarity
was under examination, four of the piezoelectric gauges were arranged at 90° inter- '
vals around tne tube perireter-in a plane perpendicular to the axis, .and their re-
sponses were displayed on four synchronlzed oscilloscope traces.

The presence of Gk radicals in .the combustion zone ‘was. .monitored in-many of
the experlments by oscilloscope recording of the absorption ‘of a beam of ultraviolet
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OH molecular line radiation? which passed diametrically across the tube through
quartz windows.

Mylar foils coated with wood smoke soot? were placed against the interior sur-
face of the shock tube end flange in many of the experiments to record the presence
of irregularities in the shock front reaching the tube end. Smoked foils lining
the side walls along a 14 cm length of the test section were also used in sone ex- ‘
periments. The loci at the tube wall of the abrupt intersections of segments of {
creased shock waves are recorded as-inscriptions in the soot. coating.

Finally, open shutter photography in a 60 cm long glass extension of the test
section was used to record the lumirious trajectory of the spinning reaction zone -
shock front complex in shock waves exhibiting the single-headed spin phenomenon.

Results

The initial results which suggested that spin-like irregularities might be
present in promptly reactive shock waves in the 97.5% Ar mixture consisted of the oc-
currence of quasi-periodic undulations in spectrophotometric records of OH radical d
concentration in the reaction zone, which persisted for several hundred micro- ;
seconds after passage of the shock wave, These records did not identify the in-
stability definitively, nor have they proven to be even reliable indicators of the
presence of instability in all instances. Accordingly, the investigation of the
instability phenomena turned to the inclusion of other diagnostic techniques with {
which we have experience from the study of gaseous detonations.2?

Positive confirmation of the occurrence of single-headed spin was made with a
smoked foil along the inside wall of the tube, After passage of a spinning wave,
the smoke layer bears a helical, ribbon-like inscription. The forward edge of the
ribbon is the path of the backward pointing crease in the otherwise convex shock ¢
front. The trailing edge is the path of the rear terminus of the transverse deto-
nation wave which propagates in the compressed, unreacted gas accumulated behind
the weaker region of the primary shock front., This promptly reactive transverse
compressional wave couples the revolving crease in the primary shock front to the
predominantly circumferential acoustic oscillation of the pressure of the column of
burned gas flowing behind the combustion wave system. The phase of the helix in i
the tube and also the pitch angle, ©, whose tangent is the ratio of the axial to
the circumferential velocity component, is recorded by the side wall smoked foil.
Good specimens of these single spin records were obtained at initial pressures of
20 and 50 Torr. These differ from the records of single spin in unsupported deto-
nations, however, in that the fine structure found within the transverse wave band
in the latter records?’® is absent, Foils placed only on the end wall are more
durable and are generally easier to work with. These record the location of radi-
ally or circumferentially propagating creases in the shock front anywhere in the
tube cross section upon arrival of the wdve at the end. Single spinning waves are
recognized by the presence of a single,more or less radially oriented mark extend-
ing inward from the rim.?

Another prominent characteristic of single spinning waves is severe departure
of the shock front from planarity 29627 This leads to scatter in the apparent shock
rooean era) Trem B R L L S

wave velocity deduced from the time intervals between arrival of the shock at
gauges spaced arbitrarily along the tube., This scatter in apparent velocity was

observed to be as great as t10% over 30 cm intervals in waves where the end foils Y
revealed the presence of single spin. That this scatter is in fact attributable to

the revolving, nonplanar shock front which moves at .much more nearly constant aver- ' \
age axial velocity is confirmed by the differences in arrival times measured by the i
four pressure gauges placed in a ring around the tube. These differences were as v

great as 1l usec, corresponding to a 15 mm differential in axial pOSlthn, in shock
waves where the smoked foil confirmed the presence of single-headed spin.

Finally, the occurrence of single-headed spin is demonstrated very graphlcally
in the open shutter photograph reproduced in Fig. 1.
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Quantitative examination of the conditions under which spin and related in-
stability phenomena occur is hampered by the uncertainty in the measurement of the
axial velocity with the present interval method. Nevertheless, determination of the
approximate ranges of conditions under which spin is observed has been pursued. The
Chapman-Jouguet velocity of the 1% CpH,, 1.5% 0, 97.5% Ar mixture initially at room
temperature and ca. 0.l atm pressure is about 0.9 km/sec, and the velocities of the
shock waves studied were between 1.0 and 2.0 km/sec. At each of the three initial
pressures studied, there is a range of shock velocities above 1.0 km/sec in which
neither single-headed spin nor any other discernible perturbation at the shock wave
front was observed, At pg = 20 and 50 Torr, the occurrence of chemical reaction be-
hind the shock front was indicated at shock velocities above ca. l.1 km/sec by the
growth and subsequent leveling off of absorption of the ultraviolet line radiation
of OH. But.evidence of spin was not present in smoked foil or open shutter photo-
graphic records except at velocities above ca. 1.2 km/sec for pp = 50 Torr and
above ca. 1.33 km/sec for pp @ 20 Torr. At 120 Torr, single-headed spin occurred
at velocities as low as ca. 1.10 km/sec, but not at still lower velocities. At
these lower velocities, where for normal shock waves the temperature before reaction
lies below about 1300°K, OH radical absorption did not provide a good means of de-
tecting the occurrence of reaction, even though other work?® has shown that.the in-
duction zone, scaled for density of reactants, lies well within the time and space
regimes of the present experiments. Evidently, little OH is formed unless the com-
bustion takes place at higher temperatures than this.

When the shock velocity was raised above the threshold range for single spin,
spin modes of higher multiplicity were obtained., For example, at pp = 50 Torr,
single-headed spin was obtained fairly reproducibly near 1.3 km/sec, but shock
fronts with 2, 3, or 4 visible creases extending to the perimeter of the end plate
smoked foils were common near 1.4 km/sec. The ability of smoked and plate foils to
record the impingement of highly segmented fronts in the interior of the shock tube,
as has been done so successfully in unsupported detonations,?’!? was disappoiuting,
At shock velocities above ca. 1.5 km/sec at pg = 50 Torr, only small, isolated seg-
ments of wave intersection tracks were recorded. Thus while the presence of per-
sistent spin-like perturbations is indicated, it was not possible to observe any
orderly structure or study variation of structure with shock velocity.

OH absorption oscillograms showed pronounced undulations not only in experi-
ments where single spin was indicated, but also in experiments with coarse multi-
headed spin. In still faster shock waves, though, the structure was evidently
of sufficiently fine scale and/or low intensity that properties averaged over the
tube diameter, as by a photon beam absorption experiment, may become usable for
determination of combustion stoichiometry and the course of slow chemical changes
that follow behind the induction zone,

Another regime of interesting phenomena was found in redctive shocks at veloc-
ities just below those at which single-headed spin was observed. OH absorption
oscillograms were not reproducible, sometimes indicating abrupt formation of large

- quantities of OH and on other occasions, under closely similar conditions, showing

scarcely detectable appearance of OH. Raster oscilloscope records of the shock
wave progress down the tube showed scatter which was appreciable, with differences
in apparent velocity as large as 3% between successive 30 cm intervals., Tests re-
vealed corresponding departures of the shock fronts from planarity, which were only
about one-third as large as those found when spin was identifiable. Smoked foil
records showed no creases extending to the perimeter of the tube. Instead, end

.plate foils showed patches of indistinct disturbance in the interior of the tube.

On the basis of this somewhat incomplete characterization of these sub-
spinning instabilities, it is hypothesized that they represent irregularities in
the reaction zone which are not of sufficient, localized exothermicity to extend
their influence in large amplitude form to the shock front or are not of proper
wavelength to.couple to acoustic oscillations of the burned gas. Attention is here
drawn to interferograms of reactive shock waves in dilute exothermic systems,
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including an iH3 - 0, system11 and one of the H, - 0, - Ar mixtures!? previously

used for kinetics studies in our Laboratoryd in which at initial pressures-be-
tween 100 and 200 Torr there had been pronounced undulations in COH absorption
oscillograms. These interferograms showed that the shock front is quite flat,
though slightly tilted in the tube, but the reaction zcne is much more signifi-
cantly disturbed. It also seems appropriate to report that attempts to record
smoked foil inscriptions in the Hy; - Oy - Ar mixture under these same conditions
gave negative results,

To relate the present work in acetylene - oxygen mixtures to other work in
the same system, we note that most of tne kinetics studies,!? some of which have
used mere concentrated mixtures than the present one, nave been donme in an initial
pressure regime an order of magnitude lower. In addition, many of the studies have
been done usinpg reflected shock waves and in ways wnhich are not so subject to inter-
ference by transverse waves either at the shock front or in the reaction zone.

The occurrence of spin in an environment divorced from marginally propagating
detonatien would appear to cffer a heretofore unrealized opportunity to study the
limiting conditions for the occurrence of spin with additional variables at one's
command in the hope of eclucidating dctonation limit phenomena. The lack of sharp-
ness of the limits observed in the present system detracts somewhat from the at-
tractiveness of this approach, but further work may be appropriate.

4
£

Lrief attempt is made here to relate some parameters of the single spinning
waves observed in these driven snock waves to xnown vroperties of the chemical mix-
ture. From the admittedly aszproxinate values of the threshold velocities for spin,
Uthresnolds At the three experiment initial pressures, the induction times t; and
axial induction zone lenrths x; for the temperature and density behind the axial-
1y normal porticns of the convex spinning shock fronts have been evaluated from

independent induclion bericd data.?

These values are recorded in Table T, where it
can be seen that the induction zone lenzthas for these spinning waves are not con-
stant, but become smaller at lower density, and arc all smaller than the 10C mm
tube clameter.

The mean piten angle, 9, from smoked side foils and the mean axial velocity,
7, were obtained from separdate experiments, done for py = 20 and S50 Torr, each at
cecnstant tube loading conditions. These data were combined to determine the cir-
cumferentlial velocity componert of the single spin under these two conditions. In
Table T1 these are recorced and compared with the perimetral velocity for pure
fundamental circumferential oscillation in the reacted gas estimated for a_plane _
shock wave at the axial velocity b with reaction to chemical equilibrium (1.84
times the sound velocity, c).!" Also tabulated are the Chapman-Jouguet detonation
velocities D'cy for the unsupported detonation of the hot, compressed, unreacted
gas behind the primary shock front having velocity D. The circumferential veloc-
ity of the transverse spin wave at the tube perimeter is seen to lie between these
two chaeracteristic velocities of the system, wnich are sufficiently different from
each other under the present experimental circumstances that the spinning wave
cannot be in close resonance with both, as it has been found to be in certain un--’
supported spinning detonations,l%*15

In simplest terms, the experiments described here show that the occurrence of
single-headed spin, which may be universally associated with unsupported detona-
tions at the limits of their ability to propagate, is not exclusively a property of
unsupported waves or of Chapman-Jouguet flow. ’

The initial experiments in which the occurrence of spin in this acetylene -
oxygen - argon mixture was first identified were carried out in July 1963 by
r. P, Eastman and P, F. Bird, and in collaboration with Prof. R. A. Strehlow.
J. L. Young and J. G. Williamson carried out most of the subsequent experimental
work. ’
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\ .
) Table I, Normal Shock Induction Zones at Spin Threshold for 1% CoHy,
Y 1.5% 0, 97.5% Ar in 10 cm diameter tube.
{ Po Dihreshold T 4 Xy
. Torr km/sec °K uséc mm- B
! - . : : »
) ’ 20 1.33 1820 52 20
A 50 . -1.20° 1518 83 ..29°
5 120 - 1.10- 1317 122 41
; Table II. Circumferential Velocity Considerations for Single-Headed Spins
! in Driven Shock Waves.
N
. i - Po D‘ 0 1.84 ¢ D cot® DLy
N ‘Torr km/sec km/sec km/sec - km/sec
R .
\ 20 | 1.38 ug° 1.59 1.33 1.25
, 50 . 1.31 u3° 1.53 l.40 l.24
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4. W, M. Jones and N. Davidson, J. Am, Chem. Soc. 84, 2868 (1962),
) 5. G. L. Schott and P. F. Bird, J. Chem. Phys. 41,72869 (1964).
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Novosibirsk, 1963; (English transl. FTD-MT-64-527, AD 633821, issued by U.S.
A Air Force, Wright-Patterson AFB, Ohio, 1966.) -
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‘ of Sciences, Siberian Division, Novosibirsk, 1966, Fig. 19, page 38. (Text in
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° 12, D. R. White, General Electric Research Laboratory, Private Communication,
! July, 1964, - »
| 13, W. C. Gardiner, Jr., W. G. Mallard, K. Morinaga, D. L. Ripley, and B, F. Walker,
' Symp. Combust. 1llth, Univ. Calif., Berkeley, Calif., 1966 (1967); and refs.
' cited therein.
'2 4, J. A. Fay, J. Chem. Phys. 20, 942 (1952).
i 15, B. V. Voitsekhovskii, Dokl. Akad. Nauk SSSR 1lu, 717 (1957). (English transl.
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Figure 1.

Still photograph of luminosity of driven shock,
D = 1.3 mm/usec, in 1.0% C,Hy, 1.5% 0,, 97.5% Ar
at 50 torr. in 10 cm diameter glass tube,

Shock motion left to right.
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Transition from Branching Chain Kinetics to Partial Eqﬁilibrium in the
Shock-Induced Combustion of Lean Hydrogen-Oxygen Mixtures

W. C. Gardiner, Jr., K. Morinaga, D. L. Ripleyh
and T. Takeyama

Department of Chemistry, The University of Texas, . Austin, Texas

The chemical kinetics .of the high-temperature reaction between hydrogen and
oxygen has been the subject of numerous, éxperimental studies. For the case of
~ombustion in shock waves through hydrogen-oxygen mixtures highly diluted with
argon, tine kinetics may be divided into three regimes: in the initiation regime,
small concentrations of atoms and/or radicals are generated by slow, unknown reac-
tions; in the induction regime, bimolecular branching chain reactions lead to ex-
ponential inecrease in the concentrat ons of H,0 and OH; in the recombination regime,
termolecular reactions cause evaluation of heat and establishment of chemical
equilibrium. The induction regime kinetics are thought to be explicable in terms
of the mechanism '

H+0,=0H+0 _ S (1)
0+ H2 = O + H (2)
"OH + H, = H0 +H (3)
When the OH radical concentration is high, the fast reaction
: Of + OH = H,0 + 0 (%)
also contributes to interconversion of species. Neglecting the step
H+0,+M=HO, + M (5)

which is important for » > 1 atm, T < 1200°K, defines the limits of validity of
this mechanism. Rate constant expressions_ for all of these steps, based on a
variety of experiments, hzve been proposed™ . The agreement among the various inves-
tigators is good.

The separation between induction and recombination regimes lies essentially
in the fact that the termolecular reactions of the latter are far slower than the
bimolecular reactions of the former. Steps (1-4) have, as a consequence, almost
equal forward and reverse ratgs during the recombination regime, leading to a_con-
dit on of pzrtial eguilibrium . It was shown recently by Hamilton and Schott

that in mixtures with [H,J/T0,] = R either >> 1 or <<1 the transition between

indu~tion regime kinetics, governed by the rates of (1-3) and the partial equili-
criur condition, governed by the equilibrium const-nts of (1-3) could involve
rransient effects capable of yielding worthwhile information on the rate constants
of (1-4). They investigated the situation with R>> 1. They predicted large O-
ztom zpikez, an+ from the experimental absence of OH spikes, they were able to
deice =n upper limit for k,/k,. We have investigated the situation for R <<1.
The OH spikez absent in R:>§ ljmixtures are found to be quite pronounced for
R<.1l. CGuantitstive investigation of incident shocks in H /02/Ar = 1/16/89 mix-
tures, po = 10 torr, 1400 < T< 2500°K is reported here. %h experimental technique
corbined OM ~oncentration measurement by the Bi(3067) method” with conventional
snock tube methods. ) .

The OH absorption signal'forﬂé.run at 1680°K is shown in Fig. 1.
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P, = 10 mm Hg

T = 1680 °K

‘ OH "ABSORPTION
. H,/0,/Ar = 1/10/89
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In order to convert the data to graphical form, some approximations are needed.
First, the extinction coefficient for the Bi(3067) method fluctuates considerably
-from run to run. For these experiments each run was used as its own calibration
point, an? Beer's Law was taken to calculate the ratio [OH J(spike)/[OH](partial
equilibrium), with the level portion of the trace assigned to the partial equilibrium
condition, for which [OH] can be readily computed from the shock speed. To assign
error limits to this ratio, the appropriate extreme points were read from the records
and likewisé substituted into Beer's Law to get the upper and lower limits for the
[0H 1(spike)/[OH J(partial equilibrium) ratio. Since the full width of the spikes
is difficult to determine both on the experimental records and on the computed pro-
files, we use the apparent full width at half height for the quantitative shape
parameter. By apparent half width is meant the width which would be obtained on
the accurate computer plotout of the profile by extrapolating the slightly sloped
post-spike [OH] (a small amount of recombination does occur on the time scale of
these experiments via Reaction (5)) back to the center of the spike, and then
measuring the full width of the. spike half way between the back extrapolation and
the top. On the records themselves, this means reapplication of Beer's Law to get
the correct half height. The results-are presented in Figs. 2 and 3. ’

—

The first approach to interpret these data is to search for a set of rate
constants for the mechanism (1l-4) which will predict the-correct spike heights and
spike durations. This is greatly assisted by the availability of much good data,
and a suggestion by Schott that lean mixture maxima would be favored by large values

of the ratio k,/k,. We started with the rate constant‘expressionlfor k, given by
Baldwin and Me?vi lb, the k. expression given by_Clyne and Thrush C, and the k
and *, expressions given by Kaufman and DelGreco &, A recent experiment by Gu%man

and Schott provides a new value for k, which can also be used as input. For
the critical k,, there are three studies which supercede the consensus of Clyme
and Thrush, al? giving higher values of k,; these were done by Wong and Potterlg
Westenberg and de Haasle, and Gutman and Schott again. A higher value of ky

has been reported by Dixon-lewis, Wilson and Westenberglh. The hint regarding

the k,/k, ratio may be understood in the following way. In order to produce a
spike inBthe OH profile, the induction period reactions must behave in such a way
that OH production temporarily exceeds OH destruction as the H, concentration sud-
denly drops from its induction period value to its partial equilibrium value.
Reaction (L) unambiguously destroys OH rapidly at this time; Reaction (1) provides

reactants for both (2) and (3) at equal rates; this leaves (2) and (3) as the primary

generators of the OH profile. . Both of them have the same dependence on H,, so both
will have rates which drop suddenly as the last H, is consumed. Overproduction of
OH by (2) can then lead to more OH than can be consumed by (3) when Hp comes into:

-
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short supply, and an overshoot occurs. This analysis is rather oversimplified, as
our subsequent analysis will showj; however, the direction of seeking high values of
k, is ~lear. Whether or not it will be fruitful to seek low values of k5 will
depend on the-value of kh' . ’ )

First consider the peak heights and half widths which are predicted by numeri-
cal integration using the k1 and k. values of Gutman and Schott. (Figs. 2 and 3.)
The half widths are approximately correct, but the heights are far lower than the
data indicate. Immediately we can conclude that it is unnecessary to investigate
further with the kX, value of Clyne and Thrush, for it is lower than Gutman and
Schott's at 1500°Kéby factor 2. Next, increase the value of k, and see what hap-
pens. Just as expected, the heights increase; the half widths decrease. By trial
and error, a .k, value 5 times that of Clyne and Thrush, or 2-1/2 times that of
Gutman and Sch6tt, is found to give the right height and half width at 1500 °K.
In subsequent calculation it is found that the right temperature dependence is found
also, although the high temperature values are perhaps somewhat high. The influence
of_k1 in place of the Gutman and Schott value. It is seen that the difference is
mino¥.  Varying k, has little effect. When the rates of the reactions are checked,
it is found th=t éhe lack of effect of k, is simply due to the fact that OH is
mostly consumed by (4) rather than (3) af the spike time. .Therefore, in order to

- try to reproduce the spike by lowering the OH consumption rate at the time of the

spike, k must be reduced. It is indeed possible to increase the heights somewhat
by thiz procedure; however, the predicted half widths are seen to become far too
large, and we conclude that it is useless to try to predict the spikes by lowering
the OH destruction rate from that predicted by the consensus rate constants.

To summarize thic approach to predicting the spikes by numerical integration of
tihe conventional mechanism, we find that reasonably satisfactory agreement is ob-
tained if k. is taken as about 2-3 times the value predicted by the expressions of
tman and 3chott, Wong and Potter, or Westenberg and de Haas. Furthermore, this
is the only way to predict spikes with this mechanism. The shortcomings of this
approacn are the disagreement with other values for k, ‘and the impossibility of
regonciling high vslues for k2 with the observed dependence of ignition delays upon

D oot

KN

There are several other ways in which OH-spikes might be produced. The pos~-
slbility th=t the observed oscilloscope traces are due to an inadequacy in the
2i(3067) method arising from its sensitivity to OH{v=0) may be rejected as a gquan-
titative explanation by noting that at 1500°K only 7% of the OH molecules are in
eycited vibrat.onal states. The maximum thermal effects of vibrational relaxation
are only 3-4% for these mixtures. Trace amounts of impurities could only affect
the results by bimolecular catalysis of the recombination reactions or by interven-
tion in the already fast branching mechanism. We see no way to accomplish either of
these, although they cannot be rejected on our evidence. Finally, it must be allowed
that come combination of causes could be the source of the observed spikes.

VWie ~onclude that the observed OH profiles in shock-induced combustion of lean
H,-0.-Ar mivtures can be explained on the basis of the conventional mechanism if
the Fate for O + H_ = OH + H is assumed to be about twice the current best value
from other szperimsn-s. Since such an assumption leads to substantial discrepancies
n the interpretation of other experiments, we consider this explanation to be sug-
stive only, and szubject to refinement as further experimentation is done on the

high-tempersture chemistry of the H2-O2 reaction.
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INITIATION OF DETONATION BY INCIDENT SHOCK WAVES

IN HYDROGEN-OXYGEN-ARGON MIXTURES

G.B. Skinner
Wright State Campus, Dayton, Ohio

G. Mueller, U. Grimm and K. Scheller .
Aerospace Research Laboratories, Wright- Patterson Air PForce
Base, Ohio

K

INTRODUCTION

The steps involved in the initiation of detonation by incid-
ent shock waves have been outlined by Strehlow and Cohen (1). In
their words, "An exothermic reaction occurring in a small region
of a flcwing gas causes an increase in the local pressure ....
Since this region 1s subsonic the pressure increasé will propagate
to the front and increase the velocity of the front, thereby in-
creasing the temperature of the next element of gas heated by
shock compression. This process is self-accelerating and in gen-
eral 2 steady-state wave will not be obtained until the wave is
traveling at or above the Chapman Jouguet velocity for the mixture.

For dllute hydrogen- oxygen argon mlxtures, ignition induct-
ion times ranging from microseconds to milliseconds can be obtained
over a range of temperatures (2,3). In a shock tube equipped with
several velocity-measuring stations, we have shock-heated such mix-
* tures to temperatures at which induction times are a few millisec-
onds long, and observed in considerable detail the process by which
the reaction wave, initiated several meters behind the shock wave,
overtakes and couples with the shock wave,

Earlier measurements (4,5 6) have indicated the increase in

..shock velocity due to coupling of the reaction to the shock wave,

but have not shown many of the details of the process. Strehlow
and co-workers (1,7 »8) have made extensive studies of initiation
of exothermic reactions bpenind reflected shock waves., ' Oppenheim,
. Laderman, and Urtiew (9 lO) have reported extensive studies on

the initiation of detonations in gaseous mixtures where the igni-
tion source was a spark, a flame, or a hot wire. ’
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EXPERIMENTAL

A square shock tube 7.62 cm. on a side was used. This had a
driver gas section 1.83 meters long and a sample gas section 6.10
meters long. Diaphragms were of 1.22 mm. thick aluminum, scribed
diagonally so that, when they burst, four triangular sections would
fold back, one along each side of the tube. Air was used as driver
gas.

When a run was made, the air was added to the driver section
at the desired pressure (below the bursting pressure of the diaph-
ragm), then the diaphragm was ruptured by a plunger. This permitt-
ed close control (about 0.5%) over the driver gas pressure.

The sample gas section was instrumented with thin-film plati-
num heat transfer gauges for velocity and heat transfer measurements,
and with SIM Model 603 piezoelectric gauges (Kistler Instrument
Corporation, Clarence, New York) for pressure measurements. The
positions of these gauges with respect to the diaphragm are listed
in Table I. .

Table T

Positions of Gauges with Respect to Shock-Tube Diaphragm

Gauge Distance Downstream from
Diaphragm, Meters
Heat transfer No. 1 3.2004%
Heat transfer No. 2 3.8100
Heat transfer No. E L4196
Heat transfer No. 4 6482
SIM No. 1 4 6991
Heat transfer No.l3 4 6991
Heat transfer No. 5 4.8006
Heat transfer No. 6 4 go022
SIM No. 2 . 4.9530
Heat transfer No. 7 5.0038
Heat transfer No. 8 5.1054
Heat transfer No., 9 5.2070
Heat transfer No.lO 5.3086
Heat transfer No.ll 5.3594
Heat transfer No.l2 5.9690

Heat transfer gauges 1, 2, and 3, and SIM gauge 1 were mounted on
the side of the tube; the others were on the top. Heat transfer
gauge 13 was used to measure the rate of heat transfer from the gas
to the wall. The time base for all velocity measurements was a Tek-
tronix Model 180A time-mark generator. Outputs from the piezoelec-
tric gauges were fed into charge amplifiers, then recorded using a.
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Tektronix Model 555 oscilloscope. The piezoeletric gauges were
calibrated statically against a precision laboratory pressure
gauge .

RESULTS

In the temperature, range under study, the induction time for
ignition of a hydrogen-oxygen-argon mixture varies rapidly with -
temperature. Accordingly, a good many experiments were necessary
to determine the conditions needed to bring about coupling of the
reaction and shock waves in the right part of the tube. This p01nt
'is illustrated by the data of Figure 1, which apply to a gas mix-
ture containing approximately 4% Ho and 2% 0z by volume in argon.

With sample pressures above about O. 086 atm. , the varlatlon
of shock speed with sample pressure is as one would expect when -
no chemic¢al reaction is.occurring. In the sample pressure range
of 0.082 to 0.086 atm., the shock speed reaches a high value as
the reaction wave catches up to the incident wave.  For lower sample
- pressures, the. reaction has coupled to the shock wave before the
wave reached the measuring station. The effects of small differ-
ences in initial pressure, and of other minor variables such as-
the speed of diaphragm rupture, are shown by the three different -
shock speeds measured for presumably identical runs at 0.08% atm.
Complete data for these three runs show that in one case the peak
shock speed occurred before heat transfer gauge 8, in one case be-
tween gauges 8 and 9, and in the other case after gauge 9.

A complete set of data for the run that gave the highest vel-
ocity in Figure 1 is shown in Figures 2 and 3. The data of Figure
3 have been redrawn from the original oscilloscope records in order
to have the same time scale for all the records, and the same pres-
sure scale for the pressure records.

Similar sets of data were obtained for gas mixtures containing
approximately 0% Hz and 3% Oz, and 8% Hz, and 4% O2. For these
mixtures, of course, the energy release by chemical reaction was
:greater than for the first mixture studied, and thé pressure and
velocity effects correspondingly more pronounced. Data for a run
with the more concentrated mixture are shown in Figures 4 and 5.

DISCUSSION

The data presented in Figures 2 to 5 can best be related by
drawing wave dilagrams for each experiment. Sufflclent data are
avallable to draw reasonably complete wave diagrams, whlch are
given in Figures 6 and 7.

The procedure for draw1ng Figure 6 was as follows:: From Flgures
1 and 2 it can be seen that the first velocity measurement of Figure
2 corresponds to a shock wave unaffected by chemlcal reactlon.
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Therefore., the shock velocity from. the diaphragm to heat trans-
fer gauge 2 will be constant-(neglecting diaphragm opening effects
and attenuation) at a velocity of approximately 870 meters/sec.
(The shock. speed that 'is calculated from the pressures of sample
and driver gas, by means of Markstein's graphical method (11),

830 meters/sec., in close agreement.) If the diaphragm opening
time 1is taken as 0, the incident shock wave will reach heat trans-
fer gauge Z in 4.38 milliseconds (point A of Figure 6). From this
point on, the times to reach varlous peints on the tube are glven
directly by the data.

It is ev1dent from the slow rise in shock speed between 3.5
and 4.9 meters (Figure 2) that the chemical reaction first produces
a zentle pressure wave that travels through the shock-heated gas
with velocity u + a, where u is the flow velocity behind the shock
wave (551 meters/sec) and a is the speed of sound in the heated

;as (557 meters/sec). Accordingly, a characteristic line with
u + a, of 1108 meters/sec. can be drawn back from Point A, to re-
present the path of this first pressure wave that communlcates
enersy from the reaction to the shock wave.

The orizin of this wave is undoubtedly near the driver-sample
interface, at which is located the part of the gas sample that was
heated first (point B of Figure 6) ‘It is apparent that the igni-
tion induction time was about 2 milliseconds, or a little less if
it i1s considered that some of the sample next to the diaphragm will
be cooled by driver gas and not react. The calculated temperature

behind the incident shock wave is 880°K., and the pressure 0.68 atm.

From Point B the reaction front first appears as a line paral-
lel to the incident shock wave.- That 1s, once the gas has been
heated for 2 milliseconds, it starts to react. However, as pres-
sure javes from the reaction increase the incident shock speed,
they also increase u and a behind the shock wave. This means, first,
that the iznition induction-times of successive elements of the gas
become shorter, so that the velocity of the reaction wave exceeds
tnat of the shock wave, and second, that pressure waves can catch
up with waves sent out previously, thereby generating a shock wave.
Tne formation of  this second shock wave is shown in Figure 3. It
a5 just beginning to form as it passed SIM gauge 1, and was better
formed z2s 1t passed SIM gauge 2. The average velocity in the inter-
vzl, 1340 meters/sec., 1s just a little greater than u + a, as one
wrould expect for a weak shock wave. Once the two waves coalesce,
the temperszture behind the wave is close to 2000°K., at which temp-
erature the induction time is about 20 microseconds (2,3). By tiris
time, -then, %the reactlon wave 1is- close behind the shock wave, as
shotm in Fisure .

The wave diagram for the more concentrated gas mixture, Fig-
ure 7, 1s similar in many ways to Figure 6. One notable difference
is that the firs+ evidence of chemical reaction to reach the incid-
en* shock wave was a well-developed second shock wave, of velocity
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2080 meters/sec., '‘which had overtaken and assimilated weak pres- b
sure waves sent out earlier when reaction started. The fact that

the shock wave had the same shape at the two pressure measuring

stations suggests that this is a detonation wave in the gas which

had been preheated to 830°K., compressed to 0.79 atm., and accel-

erated to 555 meters/sec. by the incident shock wave. A calcul-

ation of the detonation properties made by standard methods (12)

gave the following data, which are compared to the experimental
measurements.

Property Observed Calculated
Detonation velocity 1,525 meters/sec. 1,465 meters/sec. ,
relative to unreact- i
ed gas
Ve
Detonation pressure 4 6 atmospheres 5.7 atmospheres
Temperature after - 2,T00°K
reaction ,

The agreement, while not highly accurate, is sufficiently close
to confirm the identity of the wave.

The data for this run do not indicate where the detonation
wave started, nor where it caught up with the first pressure wave
from the reaction zone., Two extreme cases can be considered.

1. The detonation wave formed as soon as reaction started, so a
line drawn back from the intersection of the detonation wave
with the incident shock wave (Point C of Figure 7) with a slope
corresponding to 2080 meters/sec intersects the driver-sample
inter-face at the point of initial reaction, at a time of %.9
milliseconds. :

"2, 'The detonation wave -overtook the first-pressure..wave from.the _
reaction just before the latter reached SIM gauge 1, so that a
characteristic drawn back from the detonation wave at this point,
with a slope corresponding to a u + a of 1110 meters/sec., inter-
sects the driver-sample interface at the point of initial reac-
tion, at a time of 3.2 milliseconds. The wave diagram has actu-
ally been drawn half-way between these two extremes, on the
assumption that the induction time was 4.0 milliseconds.

The fact that the speed of the incident shock wave goes through
a maximum value as the reaction wave couples to it, than later de--
creases somewhat, 1s to be expected from the mechanism of the pro-
cess. Since no reaction occurs during the first few milliseconds,
the rate of energy release by chemical reaction reaches a transient y
maximum value significantly above the normal rate as the reaction °
wave catches up with the shock wave.

-
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More quantitatively, the velocity of a shock wave with heat
release can be calculated, and the calculation gives a value lower
than the maximum velocity of Figure 2. We have used Markstein's
graphical method (11) in these calculations also., With reference
to the experimental conditions of Figure 2, if the induction time
was zero an ordinary-looking shock wave would be obtalned, with
a velocity of 1110 meters/sec , a pressure of 0.75 atm., and a
temperature of 1460°K (compared to calculate values of 880 meters/
sec., 0.71 atm and 890°K when no reaction occurs) The shock vel-
ocity of 1110 meters/sec. would be reached eventually in our exper-
iment with an induction time, if the tube were long enough and
attenuation could be neglected. Once this steady situation was
reached the pressure would be uniform from the shock front to the
driver gas expansion region,

When the same typé of calculation is made for the gas mixture

_containing more hydrogen and oxygen, corresponding to Figures 4

and 5, it is found that the air driver is not capable of maintain-
ing sufficlent flow velocity to keep the pressure constant behind
the incident shock wave When reaction occurs. The final steady
state wave would,therefore, have an appearance between a shock and
an ordinary detonation wave, with some drop in pressure, tempera-
ture and flow velocity behind the shock front.
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Figure 1. Incident shock speeds measured between heat
transfer gauges 8 and 9 for a gas mixture containing
4,33% Hz and 1.88% Oz .by volume in argon. Driver gas
17.0 atm, of air. )
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SHOCK TUBE STUDY OF THE H+0,+Ar—HO +Ar
REACTION USING A NEW END-Of TECHNTQUE

David Gutman and Edward A. Hardwidge
Departmeht of Chemistry, Illinois Institute
of Technology, Chicago, Illinois 60616
INTRODUCTION
The reaction H + O, +M » HO, + M is an important radical recombination

step in many gaseous oxidation reactions and plays a particularly vital role
as a chain-terminating process at the second limit of the H,-0, reaction.

- In this study we have determined the rate constant of this reaction for M=Ar

(kﬁr) in the temperature range 1125-1370°K. The purpose of this study was
twofold: first, to obtain accurate values of this constant for use in the
analysis of future shock tube studies of combustion reactions (which are most
often studied in a high argon dilution) and, second, to assess the potential
of the "end-on" shock tube technique for studying recombination reactions.
Our experiments consisted of shock-heating H,-0,-CO-Ar mixtures and sub-
sequently monitoring the exponential growth of the O-atom concentration during
the induction period of this reaction. Values for kAT were obtained from

the chain-branching equation using the measured exponential growth constants
and known rate constants.

are.lThe significant rgactions during the induction period of the H2—O2 reaction
o Hy + 0, k_o__, 0, H, OH , (0)
H + O2 ;l—> OH + 0 : (1)
0 +H, k—z—» OH +H - (2)
OH- *‘Hz‘ ;§4> 'H20”¥ H™ ™ C oo T "V‘(Sj"
H+0,+ M b Ho, e M (4)

When mixtures of Hj and 0, are suddenly heated, a short induction period
is observed during which there is a negligible depletion of reactants and an at
exponential rise in the concentration of the chain carriers [e.g. [0] = [0] e "]
at essentially constant temperature and pressure. Kondratiev+ and others

have shown that this exponential growth constant o is the positive root of
the equation ’
3 : MY L2
+ M) 4 ™1 _ -
a (K1+K2+K3+KLLMJ)A + (KZKS + KZKA[M] + K3K4LM4)G + (K2K3K4[M] 2K1K2K =0

(1)
where K, = k. 0,., K, =k,[H,), K, = k,;[H.] and K, = k,[0,]. Using literature
values *for ;klgkz'aﬁd'thg éﬁpérigentailyzdeténniﬁéd v#1u8s for o and (M1,
Equation (I) was Solved for k
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EXPERIMENT AL

In order to measure the exponential growth of the O-atom concentration
during the induction period, Hy-0,-CO-Ar mixtures were shock-heated and the
chemiluminescent emission from thé 0 + CO - CO, + hv was monitored. Since
the emission intensity is proportional to [CO]fO] and since the concentration
of CO is constant during the induction period, the emission will exhibit the
same exponential growth as the O-atoms. To obtain sufficient emission inten-
sity for our induction period measurements, we used a special end-on tech-
nique, in which we studied the reaction behind the reflected shock wave by
monitoring the total light emitted axially through a 7.6 cm diameter window
mounted in the end flange of the shock tube. Under suitable conditions, the
exponential growth constant of the integrated emission observed by this tech-
nique is identical to that for the free radical growth during the induction
period. ’

The apparatus and. experimental techniques were basically the same as
those described earlier and therefore will only be summarized here.< The
10 cm diameter stainless steel shock tube used in this study has a 3.96 meter
long test section and a 1.82 meter long driver section. Five thin film heat
guages used to measure the shock velocity are mounted 25.4 cm apart along the
tube, the last one located 15.0 cm from the end of the shock tube. The end
flange of the shock tube was fitted with a 10 cm diameter and 1.25 cm thick
Pyrex glass disk, masked on the outside to provide a 7.6 cm diameter axial
window. A plano-convex lens (focal length 57.1 cm, diam. 8.6 cm) located
3 cm behind the window focused the light, which is emitted parallel to the
axis of the shock tube, onto a telecentric aperture 1.9 cm in diameter located
at the focal point. The light intensity was recorded by am Amperex 150 AVP
photomultiplier tube (S-11 response) located behind the aperture. The output
of the cathode follower was directed to a Tektronix 545 oscilloscope (CA
preamplifier) fitted with a Polaroid camera. A thin film heat gauge deposited
on the window provided the signal that triggered a single sweep of the
oscilloscope upon arrival of the shock wave at the end of the tube.

All experiments were performed in gas mixtures containing 0.50% H, -
0.50% 0, ~ 3.0% CO - 96% Ar with the exception of three runs made with the
same Hy-0p amounts but with 0.50% CO and 98.5% Ar. The gases were taken from
commerical cylinders and were purified by passing them through & Drierite-fijleq
trap cooled to dry-ice temperature. Two sets of experiments were performed -
a high density set with densities in the range of 4.2 - 5.8 x 102 moles/liter
and a low density set having densities between 1.1 - 2.5 x 10-2 moles/liter.

DATA REDUCTION

The shock velocity at the end of the tube was obtained from extrapolation
of the data from the five thin film gauges mounted near the end of the shock
tube. Hugoniot calculations for conditions of no chemical réaction behind
both incident and reflected shock waves were used to determine the temperature
and concentration conditions in each experiment. In all experiments, the
vertical deflection was read from the oscillogram and plotted as a function
of time on semi-log paper. A straight line was_hand drawn through the data
points and an experimental time constant a(sec™) was calculated for each.

The results are listed in Table I.
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Solving Equation I for'kA, we obtain

-8a'°—4(k, etk n) o' - 2k k.n%a' + 2k jk.n
K - 12" 23 123 - (11)
A M+ 2(kn{M] + kn[M])a' + k k n?[M] ‘

273
where a' = c/2[02] and n = {Hy]/[0,].

By using Equation II and the experimentally determined growth constants a,
we obtained a value for k, for each high density experiment. These values are
given in the last column of Table I and are plotted in Figure II.

The calculated values for k; depend strongly on the value assumed for
k] and only to a minor extent on the values used for k2 and k3. This is
because Reaction 1 is the slow step in the branching mechanism under our
experimental conditions and is almost rate limiting. To obtain accurate and
self-consistent values for ki for our calculations, we solved Equation I for
v and varied kp .until the experimental o values at high temperature and low
density (where Reaction 4 is unimportant) corresponded to the calculated value.
The best fit was with an expression k; = 1.25 x 101lexp(-14.97 kcal/RT) which
yields values 30% higher than the expression reported by Gutman and Schott.
The Arrhenius expressions for k., and kq used for both the « and k,, calculatiSns
were k, = 2.25 x 1010exp(-10.0 ﬁcai/RT? liter/mole-sec.3 and kg = 6.15 x 10
exp(-5.90 kcal/RT) liter/mole-sec.” The lines drawn tmfough the experimental
points in Figure I are solutions to Equation I using:(1) the above values
for ki, kp, and k3; (2) a smoothed density function [M] = M(T) obtained from
the experimenat} densities (one for each line); and (3) the expression
kﬁr = 46.83 x 1001/10-74 (1iter?/mole?-sec) which is explained below. [Hereafter
units of liter?/mole?-sec are implied for k4.]

To obtain a temperature dependent function of k, for use in the above
calculations and also for use in comparing our results with others at different
temperatures, we evaluated the parameters in the expression kﬁr = ao/m? by
joining the point kﬁr = 3.75 x 107 at_1087°K at the low temperature end of oug
study with a value of kﬁr = 12.5 x 107 at 2259K regorted by Clyne and Thrush.
The resulting expression is kﬁr = 6.83 x 1011 /10.74,

--- The error limits for our k, values vary from +30% at the low temperature
end of our study to +100% at the high temperature end. This change in accuracy
is a result of the decreasing effect of Reaction 4 in the branching kinetics
as the temperature increases- and the density decreases. These limits were
obtained from assigning a +20% overall uncertainty to a' and are shown as error
bars in Figure 11.

Because of the rapidly increasing limits of errxg toward our higher

temperature results, we have chosen the mean value k4 = 3.75 x lO9liter2/hole2—sec

at 10879 as cur best value and assign it an accuracy of +30%.
DISCUSSION
The effects of adding CO to the Hy-0, system were discussed previously.2

However, in this study an additional consideration iE important due to the
high densities used here. The reaction O + CO + M _é> CO, + M, although slow,
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was taken into account. It was added to the kineti¢ mechanism ang a new
cubic equation wag obtained for a, which in-turn was solved for'k, . Using
a value of 1 x 10° liter /molez—sec, , there was a negligible change in the

-calculated k;. ‘We performed four experiments with 0.5% CO and obtained from

these experiments calculated kL values in ‘agreement with the others performed
with mixtures'containihg 3% CO ’ i

Our -results are v1rtually in complete agreement with the value for k
recently reported by Getzinger and Blair. They report a value of kAT =
2.5 x 107 in the temperature range 1500-1700°K. Extrapolating our value to
their temperature range, we calculate values 10-20% higher than theirs. Other
values for k,, especially for kEz,;have been reported near 800°K based on
explosion- llmlt studies, These studies are in fair agrgement~with one another
and report values for k%2 near 8 x 109 llterz/mole sec.”™ Converting these
ﬁ Xalue for kA gives 1.4 x 107 (assuming the presently accepted ratio
2/k 5). At 800°K our k T expression gives the value 6 x 107, -No
expla ation igs offered at t 1 time to account for this large dlscrepancy

..A-value for kj2%¥ = 100 x 10 has been reported by Fenimore and Jones from

flame studles near 1350°K © If this value is adjusted to give a value for

kﬁr using kj' H2 /kgr = 20, it yields a value somewhat higher but in good agree-
curve, The agreement might well be fortuitous, since their

error limits are rather large and the correction for the relative efficiency

. of water. is somewhat uncertain.

CONCLUSIONS

The end-on technique provides a means of. making measurements during
the induction period of chain-branching reactions. Since during this period

- radical concentrations are low, only those reactions which have a single

radical reactant have an appreciable rate. Hence, this +echnlque allows

one to study combustion processes unperturbed by radical-radical reactions.

In thé case of H, + 0, reaction, use of the end-on technique has resulted in
values for kj, k,, and k In other systems where the mechanism is not
clearly understood measurements of the chain-branching coefficient under

a variety of initial conditions could help to identify the important reactions.
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‘ Table I -
Experimental Results of induction period emission experiments
XH2 = 0.0050; XO2 = 0.0050; XCO = 0.030; XAr = 0.960

Low Density Experiments

. x 1077 M] x 10° at x 108 T K7 x 10710
(sec=1) {mole/liter) (1liter/mole-sec) ( K) (1éterg[gole ~sec)
1.4 — 1.096 A 13.300 2040

1.48 1.096 13.500 2040

1.40 . 1.152 12.130 2000

1.38 1.206 11.140 } 1943

1.15 1.298 8.860 1793

9.8 N BN ) A R 4010 A 1750 T e
1.01 1.382 7.310 1705

0.728 1.238 5.890 1655

0.83% 1.528 5.490 . 1613

0.920 1.466 5.280 1608

0.921 1.584 5.820 1600

0.808 1.510 5.350 1577

0.783 1.510 5.180 1576

0.813 1.498 5.430 1555

0.705 1.650 4.270 1515

0.702 1.740 4.040 1465

0.562 1.614 3.480 - 1455

0.402 1.840 3.300 1440

0.511 1.508 31180 1437

0.527 1.744 3.020 . 1395

0.434 1.856 2.220 1355

0.4,18 2.024 2.060 ) 1325 ey
0.391 1.880 2.080 1296
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P

Lo Density Experiments

Ar

“

@ x107° [M] x 107 ot x 10° T . kM x10

(sec™) (mole/liter) (liter/mole-sec) (k) o (Ahter/mole?-sec)

0.339 2.040 1.660 1296 -

0.359 2.020 1.780 1280

0.333 2.080 1.600 1270

0.250 2.138 1.170 o 1220

0.240 2.080 1.150 .- 1192

0.206 2.070 1.000 1182

0.218 2.200 0990 1173

0.202 2.000 . 1.010 1160

0.159 2.260 ~0.702 1130

0.160 2.040 0.783 1110

0.150 2.420 0.620 1105
- 0.160 2.410 0.673 1100

0.142 2.120° 0.670 1100

0.150 2.536 ~0.592 1060

. High Density Experiments

1.035 475 ' 2.180 1370 0.419

1.065 459 2.320 1370 0.337

0.885 L.75 1.865 1295 0.173

0.561 .5.30 1.060 1260 - 0.458

0.522 - 5044 0.960 01220 - 0:334°

0.338 5.52 0.610 © 1200 0:453

0.404 5.56 0.727 1180 0.307

0.268 5.80 0.462 1175 0.511

0.383 © 5054 - 0,690 - 1175~ © 0,309

0.279 5.59 0.529. 1160 0.404

0.198 5.77 0.343 1155 0.423

0.163 5.83 0.279 1125 0.362-

0.113 5.92 0.191 1130 0.422
#0.832 5.22 1.590.. 1285.. .. 0.270 .
*0.381 5.42 © 0.700 1185 - .0.346,
*0., 28/ 5.67 0.501 1166 10,380,
#0.186 5.81 0.320 1135 0.371

#* Experiments performed with:

XH2 = O.OOSO;VXOé=.O.OOSO; XCO = 0.005; XAr‘: 0.985

O
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SHOCK FRONT STRUCTURE - A CHEMICAL KINETICS VIEW
S. H. Bauer

Depértment of Chemistry, Cornell University, Ithaca, New York 14850

INTRODUCTION

In the analysis of shock front structures in real gases, intermolecular proc-
esses which fall within the province of chemical kineticists play a dominant role.
The determination of shock front profiles in density, temperature and in the con-
centrations of chemical species, provide kineticists with powerful techniques for
exploring mechanisms for reactions which cannot be studied otherwise. This has
been recognized for over a decade. Advances made in the state of the art through
1963 can be measured by the content of an 850-page treatise on shock tubes by
H. Oertel(l), which covers theory, practice and applications in a detailed and
thorough manner. More recent assessments may be obtained from the 94 abstracts
of papers which were submitted for presentation at the 6th International Shock
Tube Symposium SZ) and the 37 reports given at the AGARD Colloquium on "Recent
Advances in Aerothermochemistry." )

In this summary attention is called to several developments which have advanced
the "state of the art” during the past year. A brief overall assessment shows that
there is continued emphasis on the improvement of experimental techniques. These

"center around cleanliness of operation (good vacuum technique, insistence on low

leak rates, etc.), the use of polished inner walls to reduce boundary layer
perturbations, improved control of species concentrations, increased precision in
shock speed measurements, refinement in sensitivity and reduction of response
times for diagnostic devices used in recording the profiles of shock fronts, etc.
In addition there is greater sophistication in the design of experiments. The
improvements may be categorized into three groups: (1) use is being made of newly
available devices, such as lasers; (2) it is now general practice to record in
many channels concurrently, such as the mass spectra of several species, the con-
current recording of emission and absorption spectra st different wavelengths as

a function of time; (3) combining shock tube techniques with other techniques for
the preparation of samples to be studied; for example, preliminary flash photolysis
or imposition of a glow discharge through the sample prior to its being exposed to
the shock wave. Along with increased sophistication in the performance of experi-
ments, extended computer programs are used routinely, both for equilibrium com-
positions and for obtaining kinetic profiles; also, to facilitate data reduction.

These trends will continue because they have already proved their worth, but
they occur at the expense of increased complexity in equipment, leading inevitably
to the need for collaboration among several persons in operating a facility. What
remains for the lone experimenter? 1t appears to me that for some time to come the
single-pulse shock tube technique will remain one of a few individualistic activities.
The investigator will have to be ingenious in designing kinetic experiments in which
knowledge of the concentrations of species after a specified reaction time permits
an identification of a mechanism. Single-pulse shock tubes allow the exploration of
complex systems in a qualitative manner, and provide the basis for selecting reactions
which are critical steps in a complex reaction scheme for detailed study by other

techniques.
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A representative selection of interesting developments in technique is
presented in Table 1. The use of narrow electron beams for exciting molecular
spectra in a flowing medium merits an additional comment. The characteristic
spectra excited permit identification of the species present, and an estimation ‘
of their densities (if proper calibrations are made). Vibrational and rotational
temperatures can be obtained from band contours. In the hands of a careful experi- ‘
mentalist, this technique may give translational speeds as well (Doppler widths of
spectral lines). For example, in a sup?gfonic jet of nitrogen expanding from room y
temperature in an axi-symmetric nozzle, the rotational temperature was observed
to follow the isentropic curve initially, but at the lower temperatures the .
rotational population "froze” to a fixed distribution leading to a substantial
degree of non-equilibrium. :

Perhaps one of the most sensitive devices for measuring gradients at a shock
front with high resolution is the laser-schlierien method described by Kieffer
and Lutz. Gradients as low as 1079 gm/liter mm can be detected in argon, and
characteristic times (lab scale) as short as 0.2p sec. have been measured. .
Vibrational relaxation times for hydrogen and deuterium have thus been quantitatively /f
determined for the first time. This technique has been effectively used to scan g
the heat release profile during the high temperature oxidation of acetylene.(lz)

The best illustration of concurrent multichannel recording to provide a large
amount of information for a single shock, and thus to correlate a variety of
parameters, is the use of a rapid-scan mass spectrometer. A time-of-flight
spectrometer coupled to a shock tube via a minute leak has been described by
Kistiakowsky,(13 Dove,(14) Diesen(lsj—;nd Modica.(ls) The successful application /
of a quadruple - mass filter for the analysis of products extracted from a back- ’
reflected shock has been recently reported by Gutman.(17) As described this
relatively low cost instrument could be set to record only one mass at a time; /
however, current developments in Gutman's laboratory indicate that it may be
possible to set four mass filters for concurrent recording. The fidelity of
sampling of back-reflected shocked gases through 0.002 inch apertures remains to ’
be demonstrated. To avoid confusion of the desired sample with end-wall cooled
gases and boundary layer perturbations, Marsters 1 extracts the sample from a
rapidly quenched incident shock and by a sequence ofrlarge aperture nozzles con-
verts the jet to a molecular beam for analysis by a time-of-flight spectrometer.

There is an intriguing possibility of using a small mass spectrometer to detect
the onset of ilonization (in particular, the onsSet of production of a particular
species) and correlating this profile with spectroscopic data (chemiluminescence,
or the appearance of a characteristic absorption). In this connection one should
mention the successful application of a Nier-type mass spectrometer by Sturtevant(lg)
who demonstrated that the first ions to appear in shock-heated argon, at a threshold
approximately four volts below the ionization potential of argon, were B¥ and O%,
presumably from a very low level water impurity. '

The technique of preparing equilibrium samples at elevated temperatures (as with

reflected shocks) and Guenching them so rapidly that one may study kinetic processes

which occur during the cooling path has not attracted many devotees, although -

expansion through a small aperture in the end wall of a shock tube for sampling '

purposes is being used by mass spectrometrists. To avoid boundary layer problems \

and to achieve very rapid cooling, Wilson 20 inserted a pair of divergent airfoils

in a shock tube, so that the incident shock passed through a double Prandtl-Meyer . e
\
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expansion. This setup was used effectively fér measuring the recombination rate of
oxygen atoms at elevated temperatures, and is currently being'developed in our
laboratory for investigating condensation processes in metal vapors produced under
supersaturated conditions by shock-heating metal carbonyls. The expansion generated
by the interaction of the contact surface with the reflected shock was used for a
kinetics study of the ass?ciation of CN radicals -prepared by shock—heating C2N2/Ar
mixtures to about 2000°, 21D 1o oN concentration was followed spectrophotometrically.
It was found that the rate of CN disappearance was first order in CN and first order
in C,N, (or C N polymers), and that the average polymer number under these condi-
tions, m=*#10. Finally, a rapid-quench sampling probe for non~equilibrium air flows
has been described by Stoddard and Watt(zz) in which a small sample scooped from the
free stream region in a shock tunnel is rapidly cooled by contact with the walls of
an explosively sealed probe.

An example of interesting results obtained from use of combined techniques is
the glow tube described by Hartunian, et al 23) jn which a steady-state concentra-
tion of reactive species is prepared in a glow-discharge flow system, and fully
characterized (at room temperature). The plasma is then subjected to a shock,
initiated by rupture of a diaphragm upstream from the rf source. Typically, the
shock strength is less than that which causes further dissociation; the shock
compresses, heats and accelerates those species which are already present in the
glow tube. Thus, a means is provided for studying the temperature dependence of
the gas phase recombination processes and of chemiluminescent reactions. This
combination provides a considerable extension of atom fluxes for study of kinetic
processes. In contrast to heating with shock waves, Petrella et al describe
a combination flash photolysis—flash pyrolysis system in which heating is
accomplished by the comparatively slower process of allowing the gaseous sample to
contact a flash-heated solid grid.

References to several current analyses on the non-ideal behavior of shock tube
operation are listed in Table II, while Table III is a swmmary of papers in which
the measurement of ionization cross-sections and of optical oscillator strengths
are discussed.

MEASUREMENT AND CONTROL OF VIBRATIONAL STATE POPULATIONS

During the past two years much effort has been devoted to the study of the
excitation of vibrational modes due to intra- and inter-molecular energy transfer
processes. For many decades it has been accepted by kineticists that the measured
reaction rate constants depend on the facility for energy transfer between the
various parts of reacting molecules when in the transition state. The mere
difficulty of properly estimating the density and symmetry character of the highly
excited states even in simple systems, led to an attitude of futility, as expressed
by the observation that there seems to be little relation between the states of
interest to chemical kineticists and the transition probabilities measured for
low-lying vibrational states. However, several examples are now known for which
the measured rate constants may be calculated from measured vibrational relaxation
times. The basis for the current activity is in part due to the recognition of
the presence of strong coupling between vibrational modes and dissociation, and in
part to the current explosive development in laser technology.

It has been known for several years that vibrational relaxation times for small
molecules containing hydrogen atmos are much shorter than those predicted on the
basis of the Slawsky-Schwartz-Herzfeld theory, and the observed relaxation times did
not fit the correlation diagram proposed by Millikan and White. For example, the
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vibrational relaxation times for HCZ, DCZ and HI measured by the spectrophone
me thod 43) {(at room temperature) are consistent with the high temperature data
(infrared emission from shocked gases at 2000°) in that the relaxation times
were several orders of magnitude shorter than those predicted by the SSH theory.
They are in better agreement with Cottrell's vibration-rotation theory(45). That
rotational motion plays a role in exciting vibrational states was demonstrated by
Millikan who measured the relative rates of collisional deactivation of
vibrationally excited CO by ortho and para hydrogen. Another example of the
inadequacy of the SSH theory are the vibrationa%lielaxation times for H2-Ar,
HZ-HZ, D,-Ar, D2-D2 reported by Kiefer and Lutz 7). These data are better
accounteﬁ for by Parker's semi-classical theory with an angle-dependent
potential used for calculating both rotational and vibrational relaxation times.
Even though there is agreement for collision numbers with argon and krypton as
collision partners, there remains an order of magnitude disagreement for self
collisions of H, and D,. A good summary of relaxation processes involving
rotational-vibrational interactions and resonance collisions was given b¥ R. C.
Millikan; 48 a simple two-parameter model was developed by C. B. Moore. 49)

The relaxation of NO XZII (v =1) in DZS’ H_O, H2S, DO and CH, was investi-
gated by microwave-flash puise—flash spectroscopy.(507 Deactivation by all the
hydrides was very fast compared with the rate of self deactivation. The rate co-

. efficient showed a systematic variation with the minimum energy which had to be
converted to translation. The authors propose that the uniformly fast relaxation
by the triatomic hydrides may arise from the formation of an intermediate complex
between NO and the H_S or H20. However, this does not account for the effect

of isotopic substitution. For comparison, helium i1i8A0.1 as effective as NO,
which in turn is=0.01 as effective as HZS'

The vibrational. relaxation of oxygen in the presence of small amounts of
methane (0.5% to 1.6%) was measured at room temperature by ultrasonic’techniques.(51)
The relaxation frequency did not vary linearly with the methane concentration. It
appears that translation-vibration excitation occurs only for methane, but that
oxygen molecules become excited only by vibration-vibration transfer from the
methane. A similar mechanism for energy transfer was reported by Millikan in the
quenching of carbon monoxide fluorescence by methane.(48§ In contrast, for nitrogen-
hydrogen mixtures (&42% H2) white(52) found that the vibrational relaxation time
fitted their systematical correlation diagram.

The density profile at .the shock front due to vibration relaxation in oxygen -
was explored with the laser-schlierien technique, in pure oxygen and in oxygen-ozone
mixtures.(53,54) Kiefer and Lutz report: ‘

< (2.92 £ 0.20) x 107 ep [(126. 0 £.0. 9,/TL/3

7 . atm. sec.
P0,-0,) ‘ Lt
pT, C= 14,352 0.19) x 107° - (7.75 £ 0.81) » 10T, atm. sec.

(02-0 ) !
The latter is the deduced value for oxygen molecules dilute in an atmosphere of
atoms. These clearly differing temperature dependencies indicate a strong chemical
effect, possibly similar to those previously suggested for the COZ-HZO system and
CO—CE2 systems, but more likely due to atom exchange: )

02 + 0'»0 + 00'.

Measurement of the vibrational relaxation times in nitrogen presents an
interesting case history. Sodium-spectrum line-reversal measurements for N2 in
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normal shocks gave vibrational relaxation times which checked well with inter-
ferometer-shock tube investigations. (Extrapolation to temperatures below 1500°K
gives values which are orders of magnitude higher than sound dispersion and impact
tube results.) However, when the line reversal technique was used to scan the
vibrational non-equilibrium produced in supersonic expansions of undissociated
nitrogen from reservoir temperatures 2800-4600°K (15° axi-symmetric nozzle, coupled
to the end of a shock tube), the probability for de-excitation appeared to be

2450 times greater. This short relaxation time has now been confirmed by

following the .CO vibrational relaxation (introduced as a tracer in the expanding
nitrogen stream), and by the electron beam technique in a low density non-steady
expansion. For a while it was belleved that the rapid relaxation was d?e to
impurities present in the reservoir.gas, but this was proven untenable. A
plausible explanation has now been proposed by Treanor and coworkers. 8 They
point out that inadequate consideration has been given to effects of anharmonicity
on vibrational relaxation for vibration-vibration exchange dominated regimes.

When the translation temperature is quite low and the vibrational energy content
is high (as in a rapidly expanding nozzle flow) vibration-vibration exchange
introduces a slight but definite non-Boltzmannian vibrational population distri-
bution. In such a case the population of the lowest vibrational level may be
considerably lower than what it would be if the System were to relax through a
sequence of Boltzmann distributions, thus indicating an apparent rapid relaxation
time. Current experiments at CAL on the vibration relaxation in expanding nozzle
flows for CO parallel the above observations reported for nitrogen. It is
interesting to note that for the ascending path, i.e., the vibrational excitation
of nitrogen, as fo%lowed by monitoring the v'=9 level (U.V. absorption at 1176A),
the recorded times are consistent with the Shuler-Rubin-Montroll theory that
the populations of vibrational levels relax via a continuous sequence of
Boltzmann distributions (3000°-5500°K). For temperatures in excess of 5500°K,

the local value for the characteristic relaxation time (f;) becomes increasingly
dependent on the degree of vibrational excitation.

A large amount of attention is currently being devoted to studies of the
vibrational relaxation processes that occur in carbon dioxide. One must consider
not only intermolecular energy exchange (V-T) and (V~V) with various colliders for
COy molecules in its different vibrational states, but also vibrational energy
redistribution in CO, molecules due to collisions with ambient gases. To date
ultrasonic dispersion studies have uncovered only three gases which show two
dispersion frequenciles: SOZ' CH2C£2, and Co;H.. Many shock tube investigations
have shown that the vibration-translation relaxation in CO, follows a single
relaxation time. On the basis of careful measurements of the variation of density
behind 1nc1dent 8§°Ck waves in carbon dioxide, up to temperatures 2500°K,

Simpson, et al report that only a single relaxation time is discernable even
though the density behind the shock front does not change strictly exponentially
with distance; the departure is due to changes in the translational temperature
which must accom?any the relaxation process. A similar conclusion was reached by
Weaner, et al a1l who made simultaneous measurements of the flow density with a
Mach-Zehnder interferometer at the shock front and of the infrared emission at
4.3p. While the emission intensity monitored the population of they 3 level, the
density provided a measure of the energy flow into all the vibrational modes. The
single relaxation time was thus interpreted as evidence that equilibrium among all
the vibrational modes was attained within the rise ‘time of their detector (1.5H sec).
However, the situation gets more complicated when one considers (V-V) energy
transfer. :

Moore and coworkers(sz) measured decay curves of laser—excited vibrational fluorescence
from the (00°1) level of CO, (asym. stretch), as dependent on the admixed gases. He




6h.

deduced (V-V) transfer rates at room temperature which ranged from 15.5 atm-pusec
for He as a collision partner, to 3.76 (self), to 0.34 (H,) to 0.055 (H20). Ultra-
sonic data give relaxation times for the (01'0) level (V-T). Corresponding values,
for self collision, CO, 6.8 + .3 atm—Heec; with He (0.39), H, (0.015) and H,0
(0.0030). They also deduced the energy transfer probability for the reaction.

€o, (00°1) + N,(0) % €O
to be (2.0 + .4) x 10-33 The significant catalytic role of water for CO_, laser
operation {s now evident, At elevated temperatures over the range 800 to 3000°K
shock tube measurements 63 with very short response time detectors show comgarable
differences between the several relaxation processes. Taylor and Bitterman( 4)
have prepared an exhaustive survey of vibrational relaxation data for processes
important in the CO_-N, laser system. A brief review on (V-V) transfer efficiencies
as deduced from ultrasonic measurements has been published by Lambert, (65)

o) -
5 (007°0) + N2(1)

UNSOLVED PROBLEMS IN THE DISSOCIATION OF SMALL MOLECULES

One of the basic problems in chemical kinetics 1s the detailed analysis of the
processes which occur when in diatomic molecules are dissociated thermally but
homogeneously. Although a qualitative description has been given decades ago, 1t
was not possible to perform the experiments nor to test details of the theory until
the advent of shock tube techniques. One of the essential features required is the
possibility to separate in time the vibrational excitation processes from the
dissociation steps. It is now evident that conventional kinetic descriptions are
not adequate. For example: The dissoclation rate of very pure hydrogen at low
concentrations in argon (0.01%-1.0%) has been measured by Watt and Myerson 6 using
atomic absorption spectrophotometry (Lymanetline). An Arrhenius plot for the
bimolecular rate constant gives an activation energy of 94.5 kcal over the tem-
perature range 2200°K. These rates are approximately a factor of five lower than
rates reported by previous investigators, presumably because their samples were
contaminated with slight amounts of oxygen which accelerated the dissociation rate
through the reaction'H + 02-)0H + 0, followed by O + Hz-'OH + H. For contrast
Hurle reported about a year ago his studies of dissoclation rates in hydrogen-
argon mixtures (20% to 60% H2) covering the temperature range 2500° to 7000°K,
based on the Na-spectrum line-reversal technique for temperature measurement. He
then deduced degrees of dissociation as a function of time (or distance behind the
shock front), and was able to assign relative efficiencies to Ar, H_, and H atoms as

- colliders. When his results were converted to recombination rate constants it
appears that H 2 is several times more efficient than argon as a chaperon for the 2H-
-§ recombination but both show an approximate 1’1 dependence. However, the efficiency
b% H atoms as chaperons appears to. be equal to that of H, for temperatures above
5500°K but as the temperature is lowered the efficiency rises sharply and at 3000°
is about 30 times greater than that for H_,. Furthermore, there are indications that
for temperatures below 2500°K the efficiency drops again and the room temperature
H atoms may be only three times as effective as H2.

The foiiowing observations are typical of most of the homoatomic diatom
dissociation processes.(ss) In all cases the self atom is much more efficient
for the dissociation-association steps as a chaperon than is the molecule or an
inert gas. That is not surprising since there are strong indications that the
vibrational excitation efficien%% of the self atom as a collider is greater than
of any other molecular species. 4,55) However, 1t is difficult to explain the
observed temperature dependence of the atom~chaperon rate constants; they do not
fit into the scheme proposed by Keck under the "variational theory of reaction
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rates. I believe it is essential for the experimentalists to provide
boundary conditions for the theories which will be developed; in this instance,
data on deuterium are needed to check the effect of mass (possible tunnelling).

Recent publications describing dissociation rate studies of various diatoms
are listed in Table IV. Inspection of such data shows that for the homatomic
diatoms, simple Arrhenius plots gives lines with a slope for effective activation
energies which are 7 to 10 kcal lower than the spectroscopic values. This is
believed to be due to a statistical factor, i.e., the depletion of the upper
vibrational states due to the slowness of the recombination reaction (3 body)
such that their populations fall below the Boltzmann value calculated for the
ambient translational temperature. This explanation is clearly not adequate to
account for the 'much larger departures between the effective activation energies
deduced from Arrhenius plots and the spectroscopic Dy's for the hydrides HF, HCZ,
and DCZ{. The dissociation rate of HF in shock waves has been studied in two
laboratories. When the data published by Jacobs et al 76 were replotted and
fitted by least squares, the bimolecular rate constant was well represented by
kq =1014‘14exp(-108,600/RT), cm3mole lsec™l, Independently Spinnler(77) found
kd = 101““16 exp(—113,700/RT). The close agreement is striking, since Jacobs
followed the rate of reaction by recording the IR emission intensity behind

. incident shocks while Spinnler looked at absorption behind reflected shocks. A

larger discrepancy has been reported for HC/ and DCZ by Jacobs and coworkers{(78)
and confirmed by F‘ishburne.(79 -The observed apparent activation energy is 70

kcal for both gases while the spectroscopic values are 102 for HC{ and 103 for

DCL. It does not make sense to try to force these data to a rate expression with

a Tl or T2 pre~exponential factor, when the resulting coefficient has a magnitude
of over 1021 in units of cmd mole~l sec”

In summary, considerable progress has been made in formulating an appropriate
statistical mechanics for a dissociation reaction in a thermal bath, in which
cognizance is taken of the departure from Boltzmann distribution in the upper
vibrational levels, v Virtually no progress has been made in calculating transi-
tion probabilities for molecular encounters which produce dissociation. No
explorations have been undertaken of the sensitivity of such probabilities to the shape of
the interaction potentials but it is established experimentally that diatoms are
specially sensitive to the self atoms as colliders. ’

THE HOMOGENEOUS PYROLYSIS OF POLYATOMIC MOLECULES

While the theoretical underpinnings of current collision theories for diatom
dissociations are of dubious dependability, there are even more questions regarding
the interpretation of rate data for triatomic fragmentations. The minimum activation
energy anticipated for the first step is the thermochemical value minus some cor-
rection for the depletion effect due to depopulation of the upper vibrational
levels. Shock tube data for one case (Ng0) gave an E, value which was greater than
the corresponding A;ET, in full agreement with results obtained by conventional
kinetics; there are several systems in which E, was slightly less thanAET,oas
expected, but there are a disturbing number of studies which led to Ep< A ET by
25-50 kcal/mole.

The molecule which has been subjected to the most intensive investigation has
been nitrous oxide. The homogeneous unimolecular decomposition (high dilution in
argon) was studied in both the low and high pressure regimes. Shock temperatures
were 1300° to 2500°K, and pressures between 0.8 and 300 atm (concentration range
5 x 10°6-2 x 1073 moles per liter)gsl) This pyrolysis was also studied in an adiabatic
compression device$82 and the overall results may be summarized in the following

~quations:
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ky 14.7 3. -1 -1
NZO + Ar —» N2 + 0 + AT; k1 =10""" "exp(-58, OOO/RT))cm mole “sec
(High pressure limit: 10*1" Yexp(-59,500/RT), sec™’]
K,
N20+O—>2NO k3/k2g3:i:1
Ky ' : 11° 3 1 -1
N0 +0 ==+ N, +0, (ky + k)~ (2.4 £ 0.8) x 107, cm“mole” “sec

3" at 1800°K.

The pyrolysis of the N,0 was also studied with a shock tube leaking into a
quadruple mass filter.(17)

At the AGARD Colloquium, Troe and Wagner(ss) proposed a general treatment
for the dissociation of small molecules, as a semi-quantum mechanical extension of
unimolecular reaction rate theory. They considered both tri- and tetra-atomics
and divided the former into two groups, those which follow spin-allowed dissocia-
tions and those which require a net change in spin. The latter include N 0, CSz,
and CO,. This analysis was amplified by Olschewski, Troe and Wagner. (84 The
first step in the decomposition of 0.001% CS, in argon was observed, completely
isolated from the consecutive reaction S + C 2-9 CS + Sz, using a UV absorption
technique. They also studied the rate of dissociation of SO, at concentrations
below 0.3% in Ar, and of very dilute mixtures of water. The spin-forbidden
dissociations approach their high pressure unimolecular limits at a few hundred
atmospheres, but this condition cannot be reached for melecules which dissociate
to the ground state atom specles, as does H20. It is interesting to note that
when one observes the rate of disappearance of water, say from its emission
intensity in the infrared, at concentrations 0.02% to 0.2%, the rate constant is
given by kQn3 = (Ar) 1014'2exp(—105000/RT), cm3mole™lgec™!, Here, as in the case
of SOZ, over the temperature range 2700° to 4000°, the measured rate is twice the
magnitude for the first step, because the initial dissociation of the water is
followed by the very rapid reaction, H + H20-9 OH + Hyp. Above 4500°K only the
first step is recorded, since all the subsequent steps are very rapid and the first
step essentially controls the overall OH production. However, i1f the course of the
reaction is followed by recording the amount of OH produced, (OH absorption at
3063A°)(85) the energy activation is about 50 kcal/mole:. This was confirmed by
. the Gattingen investigators. Clearly, at the lower temperatures and higher con-
centrations the initial dissociation step is followed by a host of radical chains
which involve OH; these are so rapid that they control the overall rate of its
appearance. : :

One of the triatomic molecules which produces a product in an electronically
excited state is CO,. Davies(ss)reported that his shock tube study covered the
temperature range 6%00°-11000°K (1% in Ar). Dissociation was monitored by the
infrared emission intensity at 2.7 and 4.34. His results were essentially confi
by E. S. Fishburne and coworkers(87) (3000-5000°K; 1% to 10% in Ar or N,). Their
results are: '

4
1
Ky, =7-11x 108 Thexp(-84500/RT); k, =5.33x10! Thexp(-79000/RT), cm3mole-lsec~1

A Ny

The thermochemical dissociation energy is 125.3 kcal/mole. The Gottingen investi-

gators also studied 002 but at low concentrations and very high pressures in Ar,
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ey report a preliminary rate constant, k°%, 2 x 10 “exp(-111,000/RT), sec ",
which they found to be practically indepengent of the argon concentration at levels
of 5 X 1079 moles/cmS. Thus, in this case also, the use of reagent concentrations
of 1% or higher and modest Ar pressures permits steps subsequent to the first to
confuse the dissociation process. Olschewski and coworkers 88) a1s0 found the
bimolecular rate constant for CS, to be: ky = (Ar) 1015.56 oxp(-80,300/RT),
cm3mole™lgec™1,

Other tri- and tetra-atomic species have been studied but not with the care
devoted to the few molecules listed above. All of these show apparent activation
energies considerably lower than the corres?onding :
These include HCN, (89) NH3(90) NF2$91) C N, 92) and others.

The following is a brief discussion of pyrolysis investigations of more
complex species. Mass spectrometer and spectrophotometric detection (A2536A)
of the decomposition of fluoroform on shock heating to 1600°-2200°K was reported
by Modica and LaGraff.(93) As anticipated, the first step appears to be splitting
of the molecules to HF and CF,, for which the limiting high pressure rate constant
is k{P= 7.03 x 1011 exp(-58,480/RT), sec”l. At pressures 0.29 atm they assumed

. that the reaction had attained the second order 1limit. The dissociation of C2F4

into difluorocarbenes has been previously studied using Ar as the diluent; Modica
and LaGraff(94) repeated this work with Ny, in reflected shocks (1200°-1600°K).
There is a difference in that during the course of the reaction the nitrogen was
vibrationally unrelaxed. In turn, the CF, radicals generated facilitated
vibrational relaxation such that in a 1% tetrafluorethylene-nitrogen mixture the
relaxation time was a factor (10-50) less than in pure nitfogen. Finally, on
shocking mixtures of CZF4 and NO, Modica 5 concluded from mass spectra and UV
absorptions that over the temperature interval 1600°-2500°K, there were the
reversible reactions: CZF4f; 2 CF,; CF, + NO'5 CFZNO. Above 2500°K, 2 CF2NO->
2 CF,0 + N2' He does believe that the latter reaction occurs as a bimolecular
event.

An extensive investigation of the interconversion of fluorocarbons in shock
tubes has been reported by Bauer and coworkers. Mixtures ranging from 0.5%
to 3% in argon of perfluorinated ethylene, cyclopropane, cyclobutane, cyclohexane,
propene and butadiene were investigated in a single-pulse shock tube. The
reaction mixtures were maintained for about 1 millisecond at specified temperatures
and rapidly quenched. Plots of product distribution as a function of reflected
shock temperatures were prepared. For example, a product distribution plot for
perfluoroethylene shows the initial production of cyclobutane, its rapid decline at
1000°K with a concurrent rise in the amount of propene and cyclopropane, followed by
a slow rise in the production of butene-2. These products pass through a maximum
between 1800 and 1900°K, and then decline. Above 2100°K, decomposition of
perfluoroethylene leads to products which are not preserved in the gas phase. All
the products observed may be accounted for by simple sets of fragmentation steps
in which CF, is the dominant radical. The kinetic simplicity of the C/F system
is in striking contrast with the still unresolved complexities of the kinetics
of the C/H system; the crucial differences are (a) the relative ease of migra-
tion of hydrogen atoms and (b) the high stability of the CF, radical. Thus, C/F
compounds pyrolyze by breaking C-C bonds, but there is 1itt%e rearrangement in the
free radicals due to F atom migration,

The p¥rolysis of ethylene highly diluted in neon was investigated by Gay and
coworkers. 97) The' temperature range covered 1710°-2170°K in reflected shock with
pressures of 225 to 1600 torr. Products of pyrolysis were analyzed by leaking into
a mass gpectrometer. The reported rate law shows unit order dependence on ethylene

and half order dependence on neon.
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These results may be fitted equally well by a unimolecular process and by a free
radical chain mechanism. However, the low activation energy is difficult to explain
since it is only slightly larger than the difference between the enthalpies of
acetylene plus hydrogen and of ethylene at the reaction temperatures.

Wing Tsang 1s continuing with his single-pulse shock tgge studies of the thermal
decomposition of low molecular weight alkanes and alkenes. ' Many of the
difficulties inherent in single-pulse shock tube techniques are minimized in this
work, since he measures comparative rates, using the unimolecular decyclization of
cyclohexene as an internal standard.

K, (CgH o -» CoH, + 1,3-C/Hy) = 101%:92 oxp(-66,700/RT), sec
His results are summarized in Table V (taken from Table II, ref. 99). The possibility
of extending the comparative rate method to other types of reactions is intriguing,
but it appears to be difficult to apply to other than unimolecular decompositions. It
is -essential that the reference reaction remain unaffected, and not participate in the
" reaction being studied. When free radicals abound, the possibility of maintaining
parallel but independent paths for concurrent reactions is small indeed.

BRIEFLY ON HOMOGENEOUS ATOM EXCHANGE PROCESSES

There are very few clearly established gas phase reactions of the type
AB + Xz-b AX + BX; those which are known do not follow the simple rate expression

d gf( d”ﬂK Kk lAESJ[X I,

It should be noted that to force this reaction to follow a molecular mechanism (4~
center transition state) it must be carried out under strictly homogeneous conditions
(no hot walls), at the lowest possible temperatures, to minimize contributions from

wall
xﬁ 2X; X + AB»AX + B; AB + X-%A + BX. The results of a shock tube study of
the

homogeneous four-center reaction H2 + D have been reported over a year ago, as
was the exchange reaction between CH, and D ( 101 Heuristic rate expressions
for these systems are summarized in Table VI. These results, although unexpected,
can be rationalized by assuming that exchange occurs with high probability only
during the encounters between pairs of diatoms, one of which is vibrationally excited
to a state approximately 0.4 of the way to dissociation. It appears that the
probability for metathesis is low when molecules in low-lying vibrational states
collide, even when the relative kinetic energy along the line of centers (plus
vibrations) exceeds the activation energy. Support for this mechanism is provided
by approximate calculations of the pre-exponential term for the exchange rate
constant from vibrational relaxation data.

These simple reactions present a challenge to the theorist. The only calcu-
lation which has been made of the transition probability for exchange as a
function of vibrational excitation (H2 + H2) does show that the probability increases
rapidly with vibrational excitation. However, it does not do so rapidly enough to
overcome the lower population of the vibrationally excited states as controlled by the
Boltzmann term. In this calculation, the representative point for the collision
event moves in a classical trajectory, but the potential surface was obtained by a
semi-empirical quantum mechanical procedure. We can only reach the conclusion that
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apparently classical collision theory is not adequate. This is supported by the
observation that in the vibrational excitation of homoatomic diatomic molecules
the self atoms have a very high efficiency for vibrational excitation and for
dissociation, but these effects have not yet been deduced theoretically.

SHOCK TUBE STUDIES OF COMBUSTION REACTIONS

Shock tube investigation of ignition delays is continuing at a modest level.

The emission of visible light was used as a.criterion for ignition in estimating
delays as the function of temperature and composition for propane and methylcyclo-
hexane. (107 Inhibition of the hydrogen-oxygen reaction by small amounts of methane,
ethylene, trifluoromethylbromide, and 1,2-C_ F_,Br, was measured over the temperatures
970°-1300°K. (108)  1pnjition was detected photoeléctrically from the light emitted
at the 3090-31003 band pass for OH, while the induction time was defined as that
between the arrival of the reflected shock at the window and the time at which
emission reached a maximum. The compounds listed inhibit ignition by reacting
with the hydrogen atoms and other radicals which propagate the chain, but it is not
essential that the additives first decompose. As for the initiation step of the
branching chain for the HZ/OZ reaction, Ripley and Gardiner (109) showed, by com-
paring experimental ignition delays with those calculated utilizing a full set of
reactions, that initiation by a path other than diatom dissociation must occur.
They proposed the exchange reaction H2 + 02->2 OH as one which would account for
the data.

(12) )

Gardiner and coworkers have effectively used the laser-schlierien technique
for measuring density gradients and correlating the time profile for chemiluminescence
with that for heat release in the oxidation of acetylene. They found that the OH
absorption appeared at the end of the combustion, and that the OH profile was not
directly related to the induction period chemistry. Apparently the OH profiles were
related to the approach to partial equilibrium, including the reaction OH + co%co, + H.
The formation of C~0 bonds at partial equilibrium conditions indicates that the heat
of reaction is liberated without recombination steps, in contrast to the thermal
sequence which is followed in the H, + O_ reaction. The C_H, /0, reaction has also
been investigated by Homer and Kistiakowsky(110,111) who récorded emissions by €O and
CO, in the infrared, and compared them with the UV emission at the band head 433A
(AEA - x2ﬂ ) transition for CH. They concluded on the basis of the observation
that the time constants for CO and 002 were identical; that the reaction CO + OH
CO, + H does not apply to the initial stages of oxidation. They demonstrated that
the time constant for CO emission was twice that for CH¥, which supports those mecha-
nisms wherein CH* is produced by second order processes ‘in the chain, such as
C., + OH-»CO + CH¥, These results are not in disagreement with the mechanism for
C2H2 combustion proposed by Glass et al. )

A large amount of shock tube data has been assembled on the oxidation of
ethylene.(113) Chemiluminescence by CH* revealed induction periods, followed by
exponential rise of the signals. Measurements of time-dependent species composition
with a TOF mass spectrometer can be represented by a rather complex reactionscheme,
based on branching chain oxidation steps. The most abundant chemi-ions were C_H,_+
and H_O*. The mechanism proposed for 02H4/O is tentative. A similar technique
was followed in the study of the pyrolysis and oxidation of formaldehyde in shock
waves. (114)  The pyrolysis shows first order dependence on the formaldehyde and on the
inert gas. There is a temperature-dependent induction period. Experiments with
formaldehyde-d, show that the pyrolysis proceeds by a radical chain mechanism. The
formation of the radical H,CO has been detected. The observed activation energy
(28 kcal/mole) is surprisingly low but is consistent with many other low values
observed for initial stages of pyrolytic reactionsas measured in shock tubes. The
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first stage in the oxidation consists mainly of the decomposition of.CH20 into CO
and H,, followed by a branching chain oxidation of the hydrogen as well as of the
remaining formaldehyde.

The oxidation of ammonia under homogeneous conditions has been studied by
Takeyama and Miyama.{(115) When mixtures of NH3, O, and Ar were shock-heated to
temperatures 1550°-2300°K, there was a delay in the-appearance of OH, and as in
the case of the Hz/o2 reaction, log (0,)7 varied linearly with the reciprocal
of the temperature. Following the induction period, the early stages of the
reaction were monitored by recording the UV absorption by NH3 at 22458, They found

- 1.5 0.5 0.5
- d[NHa]/dt =k, (NH,] [0,] [AT)
The apparent activation energy is 38.8 + 2.6 kcal/mole.

The oxidation of hydrogen sulfide in shock waves(lls) was observed by measuring
the  goncentration of OH (in absorption) and of the gengrated SOg at 2909A and
2812A. The studies covered the temperature range 1350° to 2450”K. Two regimes
were recognized; below 1560°K, OH and SO, appear concurrently after an induction
period. Above 1700°K, SO_ appears before OH. The authors proposed a branching
chain mechanism, which at“the higher temperatures includes the reaction O + H_S-?
SO + H,. This provides an additional route for the formation of SO, and leads to i
a reduction in its induction period. They also found that the addition of hydrogen )
did not alter the basic features of the hydrogen sulfide oxidation. Additional J
hydrogen did reduce the induction period for the appearance of SO, and OH. The ’
oxidation of H,S is accelerated by hydrogen but the oxidation of ﬁydrogen appears |
to be inhibited by H,S. ‘

A single-pulse shock tube study of the oxidation of perfluoroethylene was
referred to abow.re.(96 The mechanism of oxidation of fluorocarbons is characterized
by comparative simplicity, in contrast to the many unresolved problems which remain -
in the area of hydrocarbon oxidations. The key feature is the rapid production of

CF2, which reacts with the oxygen according to the following scheme:
|
Aﬂgoo (JANAF) ‘
keal/mole
(a) CyF, % 2CF, . +176.1
() CF, + O, -~ CF,0 + © - 52.4
(©) O + CF, =~ CF,0 + CF, ' - 95.5
@ CF, + CF,0 - CF, + CFO + 38.4
() CFy + CFO - CF, + €O - 58.5
o | 2CFy % G,F, - 92.8
(8) CF, + C,F, % C,F, (propene) - 63.8 ' v
() CFg + O . = CF,0 + C,F, -107.8 : ‘i
() CF, + CF, = CF, +  G,F, - 17.0 '
() CF + CFO -~ CF. + CO - 91.

3 4 : \



’.
N
2
s
J

J
\ b') CF. +
A (b") CF, 0, +# CF,0,
i 1
3, (c) O + CF2 - CF20 ~-171,
{
5 This sequence accounts for the observed product distributions as functions of the
; temperature, for several compositions of ethylene and oxygen. The detailed con-
N firmation of the individual steps and their reaction rate constants will have to
! be obtained from mass spectrometric diagnostics.
) CONCLUSION
z It is amusing to attempt to pinpoint the salient features of shock tube chemi-
I cal kinetics. Among the many attractive ones, the most worthwhile in my opinion
f is the specificity in identification of transient species (and of states) on a
) time-resolved basis; the most troublesome is the lack of sufficiently precise tem-
perature measurement; the most intriguing is the need to exploit sophisticated
. computer programs in order to unravel the coupling of reactions in a complex
system. :
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TABLE V. Rate Parameters for the Fission of Simple Hydrocarbons

(from ref. 99)

CHg
CH, CH,CHCH, CH,C—CH, CH,=CH-CH,
Reaction
Product log)gp  E, log,gp  E, logjgA  E, log;pA E,
CH, 15.0 82.8 ©16.0 80.2 16.1 78.2 15.0  70.3
CH,CHCH, 16. 76.0 16.2 73.0 15.7  67.9
s
CH,C—CH, 16.3 68.5 15.8  65.5
CH,=CH-CH, 4.2 59.3
TABLE VI. Summary of Molecular Exchange Reactions, in Shock Tubes
d{AX]/dt = kK[AB]¢ [xz]ﬁ [Ar]Y
1
A(T?)
AB X, o B y EA(kcal/mole {moles/liter] Ref.
H D 0.38 0.66  0.98 42.26 0984 13
0 0 . . . .26:2.1 |1 T 100
10.43, %
HSH D, 0.47 0.98 0.6l 52.3 +2 10 T 103
1
HNH, D e 0 1 &1 39 3 108 12 102
2
1 -
'HCH; D, 0.3 1.1 0.6 52.00+2.2 | 1090412 101
Ny(28) N,30)| 0.5 0.5 1.0 116 £3° 1010.82 104
0,62 0,881 0.5 0.5 L0 37 a4 10° 105
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A SHOCK TUBE STUDY OF METHANE OXIbATION
Daniel J. Seéry and Craig.T. Bowman

United Aircraft Research Laboratories
East Hartford, Comnecticut 06108

Although the oxidation' of methane has been studied extensively there are still
many unsolved problems related to the kinetics and mechanism of the reaction. The
objective of the present investigation is to provide information on the reaction
mechanism and chemiluminescence for the high temperature oxidation of methane. To
this end an experimental study of methane oxidation behind reflected shock waves
has been carried out. In this study pressure, OH, CH, CO, C, and H,0 emission and
OH atsorption were monitored during the reaction. In conjunction with the exper-
imental work, an analytical study of methane oxidation was carried out. Using a
proposed fifteen-step reaction mechanism, temperature, pressure and concentration
profiles were calculated for the conditions of the experiment.

EXPERIMENTAL

The experimental study was carried out in a stainless steel cylindrical shock
tuke (shown in Fig. 1) having an internal diameter of 3.8 cm. The driver gas used

in all experiments was room-temperature helium. To assure uniform diaphragm bursting

pressures, a double diaphragm technique was employed (Ref. 1). Shock velocities
vere measured using four platinum heat transfer gauges mounted along the wall of
the tube. The signals from these heat transfer gauges were displayed on a raster-
sweep oscilloscope. The observation station was located 5.70 m from the diaphragm,
and consisted of four observation ports. These ports were used to make various
spectroscopic and pressure measurements. The reaction was studied behind reflected
shock waves at a location 1 cm from the reflecting surface. This configuration gave
a maximum test time of approximately 2 msec. I ] - -

Pressure measurements were made using a piezoelectric pressure transducer
(Kistler Model 605) with a 0.375-cm diameter pressure-sensitive diaphragm and a
rise time of 3 usec. Two optical paths were available to monitor the emission
and/or absorption of characteristic radiation during the reaction. The principal
spectroscopic instrument was a 0.5 m Seya-Namioka vacuum monochromator equipped
with an EMI/US 6255B photomultiplier. The entrance and exit slit widths were set
to give a bandwidth of approximately 25 A. The monochromator was used for both
emission and abcorption experiments. For the absorption experiments a Hg-Xe arc
larp (Hanovia 528B-1) was employed. Additional emission data were cbtained from
the other optical station using an EMI/US 9558BQ or a Philips 56CVP photomultiplier
with various narrow-band pass interference filters. Sapphire windows were used for
all optical stations. The output signals from the pressure transducers and photo-
miltipliers were displayed on two dual-beam oscilloscopes which were triggered by .
one of the heat transfer gauges. The rise time of the photomultiplier/oscilloscoPe
system was 2-3 usec. :
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The methane, oxygen and argon used in the experiments were Matheson Ultrapure
Grade (>99.9%), and the nitrogen was Linde High Purity Dry (99.9%).

Gas mixtures were prepared manometrically and stored in stainless steel or
glass vessels. These vessels were evacuated to a pressure. of less than 1 . Hgbefore
preparing the mixture. Mixture total pressures varied from" 300~ 3000 mm Hg. Composi-
tion of the gas mixtures was confirmed us$ing a mass spectrograph. The mixtures were
allowed to stand for at least 48 hours before use in an eéxperiment.

Before a run, the experimental section of the. shock tube was evacuated to
less than 14 Hg. The leak and outgassing rate was less than 2 u Hg/min. Initial
pressures of the gas in the experimental section varied between 15-150 mm Hg.

.In all the experiments the temperature behind the reflected wave was obtained
from the ideal shock ‘equations and the measured incident shock velocity at the
reflecting surface with a suitable correction for "non-ideal” shock reflection
(Refs. 2 and 3). 1In the present investigation a temperature correction of -35 deg K
with an uncertainty of 35 deg K was employed. This correction was based on the
results of a study of reflected shock temperature in argon. In this study reflected
shock temperatures were obtained from measurements of incident  and reflected shock
velocities using an approach suggested by Skinner (Ref. 3). This approach could
not be used with the fuel/oxidizer mixtures due to gas dynemic acceleration of the
reflected shock wave in the vicinity of the reflecting plate. Hence a direct deter-
mination of a temperature correction was not possible for the'fuel/oxidizer mix-
tures.

Due to boundary layer effects, the pressure behind the reflected. shock wave
decreased in time. It was assumed that pressure and temperature behind the
reflected wave were related through the isentropic equations. This assumption is
not strictly correct due to heat transfer and chemical reaction effects. It is
felt, however, that the error introduced by this assumption is small.

The temperature for a given run was assumed to be a linear average of the
temperature directly behind the reflected shock wave (corrected for "non-ideal”
reflection) and the temperature directly before the increase in pressure accom-
panying the chemical reaction. A similar averaging technique was employed for the
pressure. Since variations in temperature and pressure behind the reflected wave
were small, a linear averaging is acceptable.
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EXPERIMENTAL RESULTS -

The oxidation reaction was studied using pressure measurements and spectro=-
scopic observations. The. spectroscopic measurements involved the emission and
absorption of the OH radieasl (3067 A) and the emission of CH (4315 A), CO (2200 A),
Cp (5165 A) and Hy0 (9300 A). Typical oscilloscope traces are shown in Figures 2,

3 and 4. The bottom trace in Figures 2 and 3 is the output of the pressure trans-
ducer. The arrival of the incident and reflected shock waves at the observation
station and the increase in pressure due to chemical reaction are indicated in the
figures. The top trace in Fig. 2 is the photomultiplier output showing OH emission.
From the pressure and OH emission traces of Fig. 2 it is seen that the reaction
appears to pass through two phases - a first (induction) phase in which the pres-
sure and OH emission increase slowly followed by a second ?hase in which the pres-
sure and OH emission increase rapidly. As will be discussed later, these observa-
tions are consistent with the results of the analytical study. The top trace in
Fig. 3 is the photomultiplier output showing CH emission. From this figure it is
seen that excited CH(2A)is probsably short-lived, undérgoing a maximum in concentra-
tion just prior to the onset of fast reaction. In Fig. 4 the top trace is the
photomultiplier output showing OH emission and the bottom trace shows OH absorption.
It is apparent that the onset of emission and absorption occur simultaneously,
indicating that the concentration of excited state (2% ) and ground state (2 )
OH increase approximately at the same time. :

For the purpose of comparing the experimental and analytical results it is con-
venient to characterize the oxidation of methane by an induction time. There is
no generally accepted definition of induction time.. In the present study the induc-
tion time was defined to be the time between the heating of the gas by the reflected
shock wave and the rapid increase in pressure or characteristic emission or absorp-
tion. This definition permits a simple comparison between experimental and analy=-
tical results and is not dependent on the threshold of the instrumentation.

Induction time data for methane oxidatioﬁ are presented in Figs. 5 through 8.
In these figures the mole percent of methane, oxygen and argon or nitrogen in the
nixture is given together with the fraction stoichiometric, ¢ , where

(Xcn,/%oy)
P —
(XCHM/XOQ) stoichiometric

and X is the mole fraction. The solid lines through the data points are a least-
squares fit of the experimental data to an equation of the form

T' = A exp (E/RT)
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where T = induction time, T = temperature, and A and E = constants. The parameters
A and E and the standard deviation in E are obtained from the least-squares reduc-
tion of the data, and are tabulated in Table 1.

Table 1. Least-Squares Parameters: Methane-Oxygen~Diluent

@ Diuent Platn) Alsec) lte) os
0.5 N, 1.7 1.6 x 10-10 bl .7 3.7
0.5 Ar 1.7 2.3 x 10710 by, 3 1.4
0.5 Ar o 3.7 k.5 x 1011 46.6 k.3
0.5 Ar 6.0 2.1 x 10712 53.2 6.0
1.0 AT 2.0‘ 5.8 x 10711 49.0 2.1
2.0 Ar 1.7 2.1 x 10710 ‘1;5.1; 4.8

The induction time for oxidizer-rich ( ® = 0.5) methane/oxygen/argon and
methane/oxygen/nitrogen mixtures for an average pressure of 1.7 + 0.3 atm is pre-
sented as a function of temperature in Fig. 5. In this figure the induction time
is based on the rapid increase in pressure. It is noted that in the present study
there was no observed difference between induction times based on rapid increase
in pressure or those based on rapid increase in characteristic emission or absorp-
tion. The solid line is the least-squares fit of the methane/oxygen/argon data.
From Fig. 5 and Table 1 it is seen. that within the experimental uncertainty and
for a given temperature the induction time is the same for the methane/oxygen/argon
and the methane/oxygen/nitrogen mixtures. Hence for the conditions of the present
investigation replacing nitrogen by argon in the oxidizer does not have a signifi-
cant effect on the induction time.

The induction time for a stoichiometric methane/oxygen/argon mixture at an
average pressure of 2.0 + 0.3 atm is presented as a function of temperature in
Fig. 6. From this figure it is seen that there is no significant difference
between induction times based on OH emission or OH absorption.

The dependence of the induction time on the fraction stoichiometric (o=
0.5, 1.0, 2.0) is presentéd in Fig. 7. The difference between the least-squares
lines shown in this figure are within the experimental uncertainty presented in

Table 1. Therefore there is no significant variation of the induction time.with fraction

stoichiometric in the range of & = 0.5 to 2.0 (for induction times between S0 psec -
and 1. msec).
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A comparison of the induction times for an oxidizer-rich methane/oxygen/«
argon mixture (& = 0.5) at average pressures of 1.7 + 0.3 atm, 3.7 + O.4 atm and
6.0 + 0.3 atm is presented in Fig. 8. It is apparent that for a given temperature
as the pressure increases from 1.7 atm to 3.7 atm the induction time decreases.
As the pressure increases to 6.0 atm no further decrease in induction time is
observed. Also shown on Fig. 8 is a least squares fit of the ignition delay data
of Snyder, et al (Ref. 4) for CHy-air, P = 4 atm and ® = 0.5. It is seen that
there is good agreement between the two sets of data.

ANALYTICAL INVESTIGATION

In order to gain insight into the reaction mechanism for methane oxidation and
to aid in understanding the experimental results a model calculation was performed
using a fifteen-step.reaction mechanism. The calculations were made using a compu=-
ter program which numerically integrates the system of reaction kinetic and state
equations to give the time rate of change of compositions and thermodynemic proper-
ties. In the present study the calculations were made assuming an adiabatic, con-
stant volume reaction. Hence the model calculation closely approximates conditions
behind a reflected shock wave.

The mechanism for methane oxidation at high temperature is probably different
from the low-temperature, low-pressure mechanism of Enikolopyan (Ref. 5) which is
used by many investigators. It is more probable that the same reactions that are
important for methane flame propagation also are important in the high temperature
oxidation of methane. The reaction mechanism and rate constants used for the cal-
culations are presented in Table 2.

Table 2. Reaction Mechanism

Rate Constant = A exp (-B/T)

Reaction A% B ng;
1. CH,—>CHy +H . 3.8 x 1014 51,900 %
2. CHy + H-—>CHy + Hy ‘ 2.0 x 1014 . 5,800 7
3. CHy + OH =>CH3 + Hp0 2.85 x 1013 | 2,500 . 8
4. CHy + 0->CHy + OH 1.0 x 1013‘ 4,030 7
5. CH3 + Oy ~>CHpO + OH 1.0 x 101 . -0; 9
6. CH3+ 0-> cnéo + H 1.9 x 1013 -0- 7
7. CHpO + OH = HCO + HpO 3.5 x 1014 563 9
8. HCO + OH—>CO + Hy0 ' 5.4 x 1012 0.5 252 9
9. CO+ OH->CO, + H 3.1 x 1011 300 8

N

R



~ =

T -

87.

Table 2. Reaction Mechanism (Continued)

Rate Coﬁstéﬁtl; A eip_(-B/T)

Reaction : A% B Ref.
10. H+ 0> OH + 0 22x10% 8,310 9
11. 0+ H, >0H + H 1.1 x 1013 4,730 9
12. 0 + Hy0 - 20H 4.2 x 1013 9,120 9
13. H + Hy0 > Hy + OH 5.0 x 1013 10,100 9
W, H+H+M—>Hy+M 5.0 x 1018 71 -0- 9
15. H+ OH + M—>Hy0 + M k.5 x10l Tl Lo 9

¥ A is in cm3 mole~l sec-l except for (1) where the units are sec™l

This mechanism is derived primarily‘from the flame studies of Fristrom and
Westenberg (Ref. 7) and Fenimore and Jones (Ref. 9) plus the methane dissociation
reaction to assist the initiation. '

DISCUSSION

Before proceeding to a discussion of the experimental data it is of interest
to consider some of the results of the analytical stﬁdy (Figs. 9 and 10). Figure 9
shows the calculated temperature and pressure profiles for an initial temperature
of 2000 deg K, an initial pressure of 3.4 atm and 0.5 fraction stoichiometric. The
temperature and pressure increase slowly during the induction period and then in-
crease rapidly. Calculated concentration profiles for several important species
for the above conditions are presented in Fig. 10. The concentrations of the inter-
mediates increase very rapidly during the early stages of the reaction and then
maintain a nearly constant value through most of the induction period. The product
species have different concentration profiles. CO and Ho0 show a rapid increase
early in the induction period and then increase almost linearly to their equilibrium
concentrations. COpon the other hand, increases almost linearly from the start and
only at the very end of the induction period does it increase rapidly.

Calculations similar to those discussed above also have been made for initial
temperatures of 1900 deg K and 1800 deg K (stoichiometry and initial pressure were
identical with the 2000 deg K calculation). Qualitatively the temperature, pres-
sure and concentration profiles are the same as for the 2000 deg K calculation ex-
cept on a longer time scale. Since the calculated and observed pressure profiles
are qualitatively the same,it is possible to compare calculated and observed induc-
tion times (based on rapid increase in pressure ). The calculated induction times,
presented in Fig. 8, exceed the experimental values by a factor of ten at 1800 deg K
and by a factor of five at 2000 deg K. Considering the uncertainty in some of the
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specific rate constants used in the reaction mechanism the difference between exper-
iment and analysis is not unexpected. As an example, if the rate constant for
reaction 10 is varied by a factor of ten there is a 30-40 percent variation in the
calculated induction time at 2000 deg K. At lower temperatures variations in -the
rate constants of chain-branching reactions could have an even greater effect on
the calculated induction times. In addition the neglect of certain chemical species
in the analysis (e.g. H02 and H202) may contribute to the discrepancy especially

at the lower temperatures.

At the present time the calculated concentration profiles only can be compared
qualitatively with the experimental data. In particular it is noted that after the
first few microseconds the calculated OH concentration increases approximately expo-
nentially in time. Experimental results indicate that OH absorption (which is a
measure of ground state OH concentration) also increases approximately exponentially
in time.

It is of interest to compare the time variation of CH and OH emission and OH
absorption in methane oxidation with similar observations in acetylene oxidation.
Stubbeman and Gardiner (Ref. 10) have studied the oxidation of acetylene in a shock
tube and observed OH emission and absorption (3067 A) and visible chemiluminescence
(4320 A). Tt is probable that the 4320 A emission is due to the 2A-2l transition
in CH. During the reaction a peaking of the 14320 A emission (similar to that shown
in Fig. 3) was observed. Coincident with the 4320 A peak a pulse of OH emission at
3067 A was observed. Following the tail-off of emission an increase in OH absorption
was observed. In methane oxidation a peaking of CH emission is observed {Fig. 3);
however OH emission and OH absorption are found to increase simultaneously during
the reaction. If the lag between CH emission and OH absorptidh in acetylene oxida-
tion is real then there must be different mechanisms for chemiluminescence in methane
and acetylene oxidation. Indeed, Deckers (Ref. 11) has suggested that in acetylene
oxidation there are two possible reactions for producing CH (2A ) but that only one
of the reactions is important in methane oxidation.
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KINETICS OF THE NITROUS OXIDE - HYDROGEN RE ACTION
Hans Henrici, Margaret Hunt, and S. H Bauer
Department of Chemistry, Cornell University

lthaca, New York 14850

The reaction between nitrous oxide and hydrogen was investigated over the temperature
range 1700°-3000°K in shock heated mixtures, diluted 1%-3% (for each reagent) in argon.
Incident shock densities were (1-7) 10 6 moles cm™>. Most of the rate data were obtained

by recording the absorption of characterigfic OH radiation at 3094A; additional spectrophoto-

metric measurements were made at 2259A (for NO) and at 2300 A (for N,O). The first
obhjective was to determine whether the literature values for the rate constants of the

elemeéntary steps adequately account for the observed OH profiles, and the second, to deduce
more reliable values for those constants the magnitudes of which are in doubt. Preliminary

analysis of the data indicated that the OH concentration exceeded its cquilibrium level
particularly at the lower temperatures; this was also the case for NQ. Detailed analyses
using a shock kinetics program for 14 reactions (and their inverses) show that the "best"
values generally accepted for the various rate constants lead to much faster rise times
but lower maximum concentrations of OH than were cbserved. In view of the consensus
currently being reached regarding the constants for the O/H reactions, our data place
lower limits on the magnitudes for the (NZO + O) steps and an upper limit for the

(N20 + H) step.

STATEMENT OF THE PROBLEM

The reaction between nitrous oxide and hydrogen at high temperatures is very rapid.
While the main outlines of the mechanism may be formulated with reasonable certainty,
the magnitudes of the kinetics parameters are not well established. In particular, several
of the critical rate constants have been measured at lower temperatures only, and infor-
mation which permits extrapolation to the higher temperature regime (up to 3000°K) is
not available. The entire sequence of steps may be divided into three groups.

1.  The following involve oxygen and nitrogen only; » -

the initiation reaction

1. N20+M - N. +0 + M

the depletion reactions

2. N0 + 0 -~ N, +0
3. N,0+0 % 2NO

scrambling and recombination steps

7. O + NO by OZJ-N
8‘O+N2 = NO + N

4. 0O+0+M = O, +M

s PN

—
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II. This group involves oxygen ans hydrogen only; all but the termolecular reactions are

very rapid.
the p_rimarz step
4. 0 + H, b O + H
secondarz steps )
9. O + OH = 02 + H
10. OH + H2 = HZO + H
11. OH + OH = H20 + 0
13. OH + OH ‘ = Hz + O2

5, H+H+ M. <% n, + M

12. H + OH + M = 'riz() -~ M

NI Reactions which coupie the N/O 1o the H/0 system;
the primary step
5. H + N,0 2 OH
secondary steps (of litlle consequence under shock conditions)

16. NO + H2 = HNO + H
17. NO + H20 b HNO + OH
15. HNO + M = H + NO + M
18. NZO + OH by HNO + NO

The reactions for which the raie¢ constants are best established are the initiation step and
some of L}ZT reactions in group (I}. The rate constant for reaction (1) has been

measured ) over four powers of ten between 15000 and 2500°K. These experiments were
conducted at & total density starting at 5 x 1076 moles/cm3 and into the high pressure
saturation region. The rate of N_O decomposition was found to be proportional to the density
up to 6 x 107° moles/cm?, a leved which is much higher than the highest densities in our
experiments. In group (II}, the best known rate constants are those for reaction (9), which
was determined to within 10% over the temperature range 13000 to 1700°K, and for
reaction (4) which was determined in the same study combined with literature values
available at lower temperatures. Reaction {5), the primary coupling step between groups
(1) and (1) is the least well estallished of the controlling steps in the overall process. The
thermochemical parameters for the above reactions are known with considerable precision,
except possibly those involving HNO. The relevant data used in the following calculations
were taken from the JANAF Tables.
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The reaction rates between nitrous oxide and hydrogen were measured in shock
heated mixtures (incident regime) over the temperature range 1700°-3000°K. The first
objective was to determine whether the literature values for the rate constants of the
elementary steps do adequately account for such data; the second, to deduce more
reliable values for those constants the magnitudes of which are in doubt. The
(NZO + Hpg) reaction is typicadl of complex oxidation systems and is particularly well
suited for a shock tube study. Several spectroscopic probes are available as '"handles"
on the course of the reaction. Most of the data collected during this investigation were
obtained by recording the absorption of characteristic OH radiation; additional spectro-
photometric measurements were made in absorption for NO and for N,O. When both of

‘these gases were present, the net absorption at 2259A was corrected ?or that due to N, O.

Other probes which are available for following this reaction are the intensities of 2

emission in the infrared due to OH, H, O and NO; these were not used in the present
study. The mixtures of N,O/H, used were, 1/1, 1/2, 1/3, 3/1, 3/3% in argon, with
total -densities from (1-7) 108 holes em=3. The levels of OH generated ranged

1.2 x 10-8 t0 2.3 x 107 moles cm-3.

EXPERIMENTAL PROGRAM

All our data were obtained in the incident shock reginie, using a 6" I.D. stainless
steel shock tube. It has an 8' driver section and a 30' test section. The observation
windows are 26' downstream from the diaphragm. Prior to {illing, the experimental
section was pumped down to 107> torr; the apparent leak rate was 2.5 x 10-6 torr/min.
Mpylar diaphragms of 0. 008" thickness were cross-cut to 0, 005" and pressure broken.
The speed of the incident shock wave was measured with a raster system, upon which
calibrated markers were superposed at 10gsec. intervals. The raster was triggered
by a piezoelectric pressure transducer. Further downstream were three platinum
heat gauges with known separation. The error in the shock speed was estimated to
be about 0.1%. The peizoelectric gauge also triggered the other electronic devices,
including the discharge through the HZO vapor lamp. We estimated the time constant
of the recording system to be about 5[tsec.

The N,_O used in these studies was doubly distilled in vacuum, mixed with hydrogen
and argon 1n large glass vessels or in glass lined metal tanks and kept at least 10 hours
before using, to insure complete mixing. Mass spectrometric checks revealed no
oxygen impurity above the background level of the spectrometer: o -

The source of characteristic OH radiation was described previously(ls). The
lamp emission was made parallel before entering the shock tube, and the exit light was
focused onto the entrance slit,of a Jarrell-Ash 500 mm focal length monochromator
(JACO 8200), which has a 16A/mm dispersion. In order to discriminate against the
emission from the shock heated gas, the focusing lens was placed 70 cm from the exit
window of the shock jube. Forty micron entrance_and exit 2slits pfrmitted selection of
a portion (AX = 0. 644) of the Q branch head (3094X) of the ™t - “II. transgition. The
time rate of change in the concertration of N, O and the final concentration of NO were
measured using a deuterium arc , as a source of continuum radiation.

o
For the NO absorption measurements, a wavgélengthzregion around 2259A (£2. 73.)
was selected, this belongs to the ¥ band (0,0 of “r* 2 1 ) transition. The
average of 8 runs with 1% NO in argon, the absorption coef}{cfen{%etween 1800° and
2100°K was determined to be 8.55 (£ 0.3) x 10¥4 cm2/mole. For these measurements
the NO was obtained from a commercial cylinder, and doubly distilled to remove N2

WHS 200 lamp, Dr. Kern, Gbttingen.




i

S

P

s

99.

and the higher oxides of nitrogen. Since N, O absorbs only at shock temperatures, a
reliable determination of the NO concentragion in the reaciing mixture was possible

only after the N_,O had decomposed. The absorption of the generated NO remained

constant for at [éast 1 msec, laboratory time, when the gas consisted initially of a

mixture of pyure N20 in Ar, and also when hydrogen was added. The ab_sorlition coefficient of
N,O at 2300A as a function of temperature, has been determined by Troe(16). The

few preliminary measurements made in our laboratory do not disagree with that
determination.

Test times ranged up to 500 sec; however, most of the runs were taken up to
350psec only. Particle times were therefore of the order of 1500 usec.

TYPICAL RESULTS AND PRE LIMINARY ANALYSIS

Within the limits of the time constants of these measurements the OH concentration
rises linearly with a finite slope for a period of 50 to 100usec, then slowly bends over
and appears to approach.a level value. In some cases there were clear indications that
this passed through a maximum. The preliminary assumption that the maximum level

‘of OH corresponded to the equilibrium concentration proved misleading. An equilibrium

shock program not only gave vatues for the final reaction temperature (which ranged from
100-250° above shock temperatures calculated for no reaction) but also gave the
equilibriumn concentration of all the species. Comparison of the calculated with the
observed values, based on the approximate absorption coefficient (for OH) of 2.2 x 10
cem”/mole is shown in Table I. It is clear that the overshoot is higher at the lower
temperature. The cause for the overshoot is the same as in the H/O system, in that
three body processes which reduce the atom and free radical concentrations are slow
compared to the steps which produce OH, or bring it into local equilibrium with the
other radicals. These preliminary studies also showed that the simplifying assumption
regarding the OH production [i.e. that it is primarily controlled by reactions (1), (2),
(3). and (4)l does not account for the data. Under the steady-state assumption for the
oxygen atoms,

6

k, +k, [N,O] 4-1
(M--— 842" ; see Fig. 1
ol 1\1 [N2O] [M][1+ kz [Hzl g .

A test of this equation can be made by assuming literature values for k (lA), k (2), and
k (3). This reduction is not acceptable in view of the fact that runs V.’it%l differént con-
centrations of N.,O and H, do not lie on the same line, nor does the dissociation rate
constant for N d agree “?1th the currently accepted value ). However, the various

curves are close to one another and fall below the previous data on the N_O decomposition(lA).
2

Not only does the OH concentration overshoot but the NO appears to behave likewise;
this has been observed previously in studies of the N_O decomposition . The proof
requires measurement of the limiting value of the N(? concentration, referred to the initial
concentration of N,O, which disappears completely by the time the test period is over.

The ratio (in the absence of H2),
_ (NO)*® 1
B = = = ~ 0.47;, (a+b) ~ 1.1
(N20)1 1+ (al+ b}

where a measures the fraction of oxygen atoms used in reaction (2), and b is the fraction
of oxygen atom which follow reaction (14), compared with reaction (3) as a reference.
Table II is a summary of magnitudes of g for several typical runs. The sum

(a + b) = 1.1 indicates approximately comparable depletion of oxygen atoms by reactions
(2), (3), and (4). In contrast, when hydrogen is present the observed value for g is
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considerably less, also shown in Table II. The values for 3 1n absence of hydrogen
check with those obtained by Gutman(14), who reported B 0.56 at 2515°K, with no
detectable temperature dependence. Thus, in the presence of hydrogen a cousiderable
fraction of the oxygen atoms are removed by the primary reaction {4), and the secondary
step (9). The partition of oxygen atoms .
among the various reactions, in the presence of hydrogen, cannot be directly estimated
from the measured 8, but this does provide an additional boundary ccndition on the
correct assignment of reaction rate constants. One may now list the available
experimental parameters: :

(a) . the initial slope of the OH curve (absence of an inductiou period)

(0) the time required for the OH concentration to reach 63% of its final value

(c) the magnitude of the OH at the maximum

(d) the valie of g :

(e) the time required for the disappearance of N O to 1/Z of its initial value.

The matching of the OH concentration-time profile, and the parameters listed above
were used to test combinations of rate constants, as described in the next section.

EXTENDED CALCULATIONS AND CURRENT STATUS OF THE PROBLEM

Because of the coupling of a large number of reactions and their approximately
comparable contributions, no simplifying assumptions permit an analytic solution of the
coupied set of differential equations. Therefore a general kinetics program was
introduced to obtain calculated values for the concentration profiles of all species.

The program which was obtained from Cornell Aeronautical Laboratory(ls), permits

the inzertion of the enthalpy and free energy for each specie as a function of temperature.
The thermodynamic functions are expressed as polynomials in the temperature. For

the rate constants specific values must be inserted for the pre-exponential factor, the
pre-exponential temperature dependence and the activation energy. This incident shock
program computes the equilibrium constant for each reaction, obtains the rate constant
for its reverse and gives the net rate of formation (Q..) for each species (j) from every
reaction (i). It also gives the concentration of each slﬂecies as a function of time and
computes the temperature profile behind the shock. The printout of the Q..'s as a
function of time is probably the most useful part of the output. It provides’a measure

of how dependent the net concentration profile for any species is on the contribution from
each reaction. 1t helps to gauge how effectively coupled the system is, and whether some
reactions which were introduced can be discarded because of their minor contributions.
For example, this was found to be the case for OH derived from reactions (15, 16, 17
and 18).

1n the tests which will be described below no change was made in the value for the
dissociation rate constant for step (1). The study from which we took the rate constant(l)
¢overed a wide range of total pressures and of temperatures for low concentrations of
N,O in Ar. The reported values show very little scatter from an Arrhenius line. In
addition the same results were obtained behind incident ard refiected shock waves, and
trey were crosschecked by experiments with an adiabatic pi;ston(lg). Nevertheless,
ir: our system, there still may be some uncertainty about the rate constant for this

yoantion di
: L

reaction due to ihe unknown collision efficiencies for activation by the species produced
i the NZO_/'H reaction. These may be much larger than that for argon. The other
rate constanis were obtained from a survey of the literature and from discussions with
several workers in the field; they are listed in Table III.

Ina first group of tests the rate constants for reactiors (2) and (3) were accepted, and
only those of the H, /O, system and that of reaction (5) were varied in an attempt to

obtain a fit to the éxperimental OH profile at 2000°K. These tests showed that the computed

rate of Of-formation, which was much faster than the observed, could be fitted only by

~

™




i

TN

T~

. e

e

B aa)

o

W

Lo

‘ faster than that determined by Bulewicz and Sugden

101.

reducing the rate constants of reactions (5) and (10) by a factor of 30 to 40. In order to

achieve & better fit for experiments at different concentrations, it was also necessary

to reduce the rate constants for (9) by a factor of 10, and for (4) by 1/2. This is

clearly an unacceptable combination. Figure 2a shows the contribitions of the five
critical reactions to the OH concentration profile (Q ;) for.a typical run with 1% of

N,0 and 1% H,, in Argon; Fig. 2b shows the net OH p‘roﬁles, calculated and observed

as well a3 the“calculated adiabatic temperature.

In view of the consensus now being reached as to the magnitudes of the rate constants
for group T, the second exploration involved the rate constants for the depletion

-reaction {2) and (3), and the primary coupling reaction (5). At this stage it was

demonsteated that reactions (15) to (18) have no discernable effect on the OH profile.
Table [V is a summary of the various combinations tested, and Figures 3a and 3b
show the.Q.. and the net OH profile for one of the more successful combinations
founad to dd.{

‘As ir the first series of tests for specified k and k,,, the OH profile depends most
seasitively on the rates of reactions (5) and (10). A dlffsculty in all these attempts to
fii the experimental data was that the canputed OH profiles yielded maximum values

" for the OH concentrations which were at most half as large as those observed. Whether

tiis is due to an uncertainty in the absorption coefficient ¢f OH or to an incorrect
combivation of the rate constants will be tested in calibration measurements designed
to determine the absolute OH concentrations under these conditions.

If the present set of rate constants is a reasonable approximation, the effect of the
different reactions on each other and on the OH profile can be described as follows.
The reaction is initiated by (1) which is rapidly followed by either (2) and (3) or by
{4}. If NO plays no further role, the only way in which reactions (2) and (3) contribute
toward the building up of OH is through (9), the reaction of E e 0 generated in
reaction (2) with hydrogen atoms. Between 1100°and 1700°K 2is by now known to
within = 10%. If the extrapolation to 20009K is correct, reactlog (9) makes only a
minor coatribution to the OH generation, at least when there is no large excess of

1\420 over H2 .

Apart from the current experiments there is other evidence for the stability of
NO under conditions similar to those of the shock tube investigation. The decomposition
of NO is a slow process as is also its rate of reaction with moleculaxr hydrogen,
reaction (16). The rate of production of HNO would {?)ve to be at least a 100 times
in order to contribute
O in argon is at least 100 times faster

i

measurably. Further, the decay of pure N

than the loss of NZO through(22 2 ,
N,0 + NO -~ NO, + N2 (19)

The absorption by NO, at its band maximum (4200 A) was not detectable in the GOttingen
studies on the N O degomposmon

It tollows that apart from the contribution of reaction (9),oxygen atoms which
react with N,O via reactions (2) and (3) are lost for the production of OH. The net
rate of OH pfoduction is therefore sensitive to the ratio: k /(k +k ) The above

preliminary experiments of the magnitude for g indicate thﬁ‘t an lncrease m the rates
o k, and k,, is requ1red to account for the observed ratio of [NO]*/[N_,O}!. Once the
ratio k /(k + k_) is fixed, the concentration profile of OH depends st %ngly on the
cmpleé reactlox? (5) and (10). At the beginning, when little water is present, reaction
(10) is faster than reaction (5), resulting in a net consumption of OH. As reaction (10)
approaches local equilibrium, reaction (5) takes over until e N20 is consumed. By
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then, "the buildup of OH is completed, and OH decays slowly via three body processes.

This relatively simple picture is complicated by the fact that reactions (9) and (11)
also contribute to the OH profile but by an"amount which is smaller than the contributions
from reactions (4), (5), and (10). However, the significance of (9), (11) can be established
only after the rate constants for (2), (3), and (5) have been measured. In order to
achieve this, the experiments to determine gas a function of the H, concentration,
and the profile for N O disappearance w1ll be continued.
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TABLE 1
N20:H2:A'r/3?3:94
4 o obs. 9 cale. 8
Run po(total) Py X 10 Ushock 'I‘2 K (OH)x 10 (QH) x10 . (OH) obs:
No. torr. dynes/cm mm /s equilibrium plateau - equil. (OH)eq.
82 . 43.2 5.7595 1.332 2078 9. 965 0.194 5.12
83 37.7 5.0262 1,403 2235 12.224 0.398 3.08
79 16.5 2.2000 1.478 2386 10.292 0.438 2.35
85 13.2 1.7599 1.568 2551 9.179 0.695 1.32
NZO:HZ:Ar/3:1:96
. 64 27.0 3.5997 1.397 2110 . 8.-{24 0.244 3.45
54 21.0 2.7998 . 1.445 2222 9.900 0.317 3.12
92 12.5 1.6665 1.521 . 2394 7.642 0.384 1.99
93 . 10.3 1.3732 | 1.610 : 2586 7.620 0.540 1.41
N20:H2:Ar/1:1:98
31 27.0 3.3331 1.385 2064 5.558 0.0674 8.25
73 21.2 2.8261 1. 446 2209 5.167 0. 126 1. 09
17 14.7 1.9598 1.515 2372 6.036 0.1939 3.12
16 13.3 1.7732 1.568 2494 5.905 0.249 2.37
. (:H,:Ar/1:3:96
IO Pl
43 13.0 1.733 1.548 2405 2.848 L0744 3.83
47 13.1 1.747 1.610 2554 - ©2.310 1.29
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TABLE 11
Determination of g = M in mixwures of N20: Ar = 2:98 and NZO:HZ:Ar = 2:1:98
[Nzol1
Total density: (0.8-1.1x 1079 moles/cm3
No. T(°K) 8
1 2009 0. 42
3 2085 0. 48 N
4 2100 0.50 ~ NpO:Ar=2.98
5 2212 0.48
17 1910 0. 064
18 1590 0. 083 | - = 92.1.
19 1965 0.063 NZO.HZ.Ar = 2:1:97
20 1995 0.072
TABLE 1V

Factors by which rate constants of Table III were varied in the second group of tests.

Test Test Test Test Test Test Test
No Reaction 11 2 3 4 5 6 7
2 10+ NO % H, + 0O, 10 10 10 10 10 30 30
310+NO % 2NO 10 10 10 10 io 30 30
1 {O0O+H, = OH+H 1 1 1 1 /2 1 1
5| H+NO = N, + OH 1 1/3 /3 1/10 1/10 1/3 1/10
lv | OH + Hy % H,0 +H 1 1 2 1 1 1 1
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TABLE III: '"Best" literature values for __J

'

-~

v oy -

.‘\

b. . Units are Bo_o.wn

8H3000 853000 K 2000 . Hl_awula._rw
No. Reaction kcal/mole cal/mole deg.. (atm) f |cm" -sec, .| Ref.
1 N,0 + M TN, + 0+ M| 39.87 32.59  5.85x10% - | 10147 (S8/RT 1
2 O + N0 = N, + O, -82.18 0.65°  1.32x10® | 101398 o"28-O/RT 1A
'3 0+ WO %= 2NO -36.92 6.73  5.20x10° | 10'% ¢28-O/RT 2
4 0 4 H, ~ OH + H 2.09 1.66 136x10° | 10133 ¢710-O/RT 3
5 H + NO ‘s N, + OH -66.50 5.56  3.02x10% | 10'%48 16/RT e
6 Hy .M. = 2H.+ M 108.46  28.69 = 2.63x10° | 1.18x10"2 T8 I/RT | 5
"7 :0 +.NO .5 0, ¥ N 32.071  -3.0 6.77x10° | 10751 o39-1/RT 6.
s N NO T 75.32  ©-3.08 . 3.69x10" 101318 . 7
=) ﬁm..m.ﬂ_o_». H _OH + O 15. 67 491 2.28x10°0 | 1013-89 o14.45/RT 3
10 mm o+ H, ..,_ = - HO + H -14.80 -2.81 1.01 x101 | 1013-8 -5-7/RT 8
.11 20H % H0 + O ~16.89 441 n.38x10° | 101288 oU/RT 9
12 HO + M T H + OH + M| 12626 31.51 . 2.61x1077 | 10153 ¢ 109/RT 10.
13 H, .+ O ~ . 20H 17.76 a:s.> '3.16 x107t | 10124 o-,..*w\wa 11
4 0, + M = 20 + M - 122.04 3194 4.40x1077 | 101641  -118/RT 12
15 H +NO+ M % HNO + M 5271 -20.11 3,99 x 10° S;.wwe-p.@_ 13
i H, + NO % " HNO + H ' 85.75 041 6.60x107 | 101448 ;5T 9/RT 19®-
17 OH + HNO = @,muo “+ NO -70.55 -2.40 1.53 x 107 1013-95 13
18 NO + HNO % N0 + OH 1473 465 3.92x100 | 101%79 34 1RT 14
| a. o&o:_woom ?.8,5 reverse rate constants through mmn.
cm® sec™!.
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SHOCK TUBE-MASS FILTER EXPERIMENTS ON.LINEAR TRIATOMIC MOLECULES
R. Linn Belford

Department of Chemistry and Chemical Engineering _
Noyes Chemical Laboratory, Unlversity of Illinois, Urbana, Illlnois

Introduction -- Use of fast mass spectrometry to follow high-temper-
ature gas reactions in a shock tube was first introduced by Bradley
and Kistiakowsky(l) and Diesen and Felmlee(2) and has been exploited
by several groups, all of whom have used a time-of-flight mass spec-
trometer, We have developed a combinatlion of shock tube and Paul
quadrupole mass fllter and are usi it to study reactions of linear
triatomic molecules akin to COz2(3-T).

- . All the mass spectrometric shock sampling techniques have assoc-
jated with them a number of common problems, These include the un-
certainties in temperature caused by our partial ignorance of flow
conditions through the sampling orifice into the region of the elec-
tron beam and of the rate of gas cooling by thermal transport to the
end plate near the sampling leak.

In addition, there are special difficulties, but also special
advantages accompanying each particular mass analyzer, The time-of-
flight device operates on a cycle in which ionization occurs for’
only a small fraction of total reaction time (typically about .1/%00).
This feature limits sensitivity and interferes with noise recogni-
tion. However, one gets a full mass spectrum every cycle and can
easily survey the species produced in a complex reaction. While a
Paul mass filter could be built to operate essentially in the same
fashion, it would offer no obvious advantage. It 1s best suited to
the continuous ionization and study of the detailed time behavior of
a single mass, Accordingly, mass filter detection is a valuable
technique for the study of relatively uncomplicated systems, in which
only a few specles must be followed, It is also potentially useful
for investigating the establishment of flow from the sampling orifice
and the approach to steady state conditions in the ion source.

Here I shall outline the principal results of our studies of two
related pyrolyses ~- NNO and OCS -- and then consider together the
existing shock tube data on all molecules of the same family. Of
the several stable linear triatomic molecules having the same outer
electron structure as that of C0Oz2, only four -- COz, N20, CSz, and
OCS -~ are common and have been studied under high-temperature shock
conditions., Of these, only two -- COz and N20 -- have been studied
- extensively, and despite much progréss in the past 4 years, there is
still disagreement about some details of these decompositions, .

Each reactant mey be represented ABC(Z), where C.is a calcogen
atom and AB is isoelectronic wilth carbon monoxide. ?t low pressure,
high temperature, and high dilution in an inert gas (M), the first
kinetic step 1s collisional excitation of the. internal modes of ABC
followed by rapid dissociation of every sufficiently energized reac-
tant as foilows: o
M + ABC(%) - AB(Y + c(3P) + M. - (1)

Under some conditions of temperature and dilution, further steps can .

occur rapidly. The most important are (2) and (3):
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C + ABC - CA + BC, 2

ABC + C - AB + Ca, 3
With the mass spectral techniques it is easy to follow all of the
possible speciles -~ eg., ABC, C, M, CA, BC, AB, C2 =-- and so deter-
mine directly the role of steps such as (2) and (3).

Results -- In the nitrous oxide study(3-5) 4% and 2% mixtures of
Nz0 in Ar were shocked to temperatures between 1500 and 3500°K,
All species found were accounted for by Reactions (1)-(3). All O
signal could be ascribed to fragmentation. Formation of Nz, NO,
and Oz accompanied destruction of N20 in the proportion of about
3:2:1:4%. This suggests that Reaction (1) is immediately followed
by (2) or (3), with equal probability. The chains and other reac-
tions which we have looked into do not explain the observed dis-
tribution of species. That Reactions (2) and (3) keep up with (2)
over most of the temperature range indicates that of the various
reported expressions for kz, the most reasonable is that of Fenimore
and Jones(8§ with an Arrhenius frequency factor of 10%* ce/mole sec

+

. and an activation energy of about 28 kecal, Essentially the same

expression would hold for ka. The general magnitude of these rates
has been verified in a number of other shock experiments(9-ll).
They show an efficient atomic abstraction process with a high ac-
tivation barrier which implies strong repulsion between triplet-
state oxygen atom and N=0.

Step (1) is of fundamental interest, In order to investigate
it, one must know how Reactions (2) and (3) affect the rate. In
this case the Nz20 starting concentrations were sufficient to insure
that the initial rate of N20 destruction was 2k;(M)(N20) at least
up to 2500°K. At much higher dilutions, however, Steps (2) and (3)
would be sufficlently slow to be negligible at small reaction times,
and the initial rate would be kl(M)%Nzo). If the experimental acti-
vation energy for Step (1) remains much higher than for Steps (2)
and (3), at very high temperatures the near steady state concentra-
tion of O atom will not pertain, and the rate will drop from
2ky (M) (N20) to ki(M)(N20). It is not certain whether this situation
applies in our experiments; therefore6 we give the rate expression
established for_the points below 2500°K: ki = A/T (E/RT)Pexp(-E/RT)
with A ~ 1,2x107 cc/mole sec /9K, E = 60 kcal/mole, n =~ 5,1,

In the carbonyl sulfide study(6,7) 4%, 2%, and 0.5% mixtures
of 0CS in Ar were shocked to temperatures between 2000 and 3200°K.
Typical ion current curves are shown in Fig, 1, and results for
Step (1) are plotted in Fi§. 2. Here the ions ocs", cot, cst, st,
o+, sot, szt were seen. 0T is entirely accounted for by fragmenta-
tion, but the others are not, except that at low temperatures CSt
comes exclusively from fragmentation of OCS, ~Relative concentra-
tions of Sz and SO over a temperature range establish that the acti-
vation energy for (2) exceeds that for (3) by ca, 19 kcal/mole., In
the 0.5% mixtures, the rise of st signal indicates that a steady
state in S is not immediate and establishes the initial rate of OCS
disappearance as ki (M)(0CcS). From this, A —~ 1,1x10'! cc/mole sec /K,
and n = 1,87, if E is taken as Do® = 71,5 kcal/mole. From the
quantitative behavior of the S=7, s*, and 0CS* ion currents, we
estimate kz ~ 6x10%! cc/mole sec at 2600°K. If the steric factor
for this reaction is "normal” (0.1 or greater), the activation energy
is in the range 20-30 kcal/mole, and there is a barrier to reaction
of triplet sulfur atom with OCS that 1s comparable to the correspond-
ing 0 + N20 barrler,
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Given the magnitude of kaz so deduced, one can calculate that at
the higher (2% and 4%) percentages of 0CS, a near steady-state con-
centration of S atom would be established almost immediately, and the
measured rate would be 2k (0CS){(M). Although the 2% and 4% measure-
ments were less reliable because of troubles with solid sulfur, which
deposited in the sampling orifice, the data indicated a rate about
.twice that yielded by the 0,5% mixtures, except at the upper end of
the temperature range, where the values of ki from the 2% mixtures
scattered about those from the 0,5% mixtures, '

Theory -- The most interesting aspect of the high-temperature study
<) ecomposition of triatomic molecules is the opportunity which it
can afford to investigate some consequences of the details of col~-
lisional activation, The strong-collision assumption requires that:
in the steady state all bound quantum states of reactants are pop-
ulated in Boltzmann fashion, and that the probability of exciting
a molecule into an unbound state is proportional to the Boltzmann
factor for the final state but independent of initial (bound):state,
Thus, to get the reaction rate at low pressures, one need only
divide all states into bound and unbound, apply the Boltzmenn dis-
tribution to all, find the fraction of the Boltzmann population
curve which covers unbound states, and muitiply by collision rate,
Thus, one has an & priorli way of predicting reaction rate as a fune-
tion of temperature(12). The rate should increase somewhat less
rapldly with temperature than would be predicted by an Arrhenius ex-
trapolation from low temperature, It is only at very high tempera-
tures that one can expect the difference between the experimental
and critical (low-temperature) activation energy to become signifi- {
cant, Thus, accurate data on the temperature dependence of these
reaction rates under high-temperature shock conditions are potential-
ly of great fundamental interest. '

If the strong-collision assumption 1is seriously at fault, then
reaction may proceed largely by collisional activation of the high-
- energy bound molecules, This process, in turn, may deplete the
populations of the upper bound levels and act to limit the reaction
rate, The effect would be expected to increase with temperature and

: yield a negative contribution to the experimental activation energy.

Accordingly, let us examine pertinent data so far collected on
high-temperature activation energies for rupture of molecules of the
COz2 family, - :
' In the case of 0CS, the minimum possible critical activation
energy is about 71.5 kcal/mole, the over-all dissoclation energy Do
Our observed activation energy 7) over the range 1950-3150°K is
- 64,5 kcal/mole, Since at 2550°K the vibrational system of OCS is
already excited by 15.5 kcal/mole and as the collision frequency =
involves an effective activation energy of (1/2)RT = 2.5 kcal/mole, s
the minimum expected over-all activation energy would be 71,5-13 =
58.5 kcal/mole. On the basis of any strong-collision theory, which
states that active molecules are formed in a Boltzmann distribution, \
about 1.2RT = 6 kecal/mole is stored in vibrations of the average ‘
active molecule formed, putti the expected minimum experimental
activation emergy at 6l.5 keal/mole (=58.5+6), in agreement with
that observed. Therefore, according to our current knowledge of ' '
the parameters involved in the OCS dissociation, the strong-collision
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theory (such as the RRKM treatment) is:not in conflict with the
experiment, However, we lack independent information about the cri-
tical activation energy (which could be higher than the dissociation
energy, as 1s apparently the case in NaO (5)) or the activated com-
plex (bottleneckg‘configuration (which tells us. how to treat rota-
tions in the strong-collision approach (7,12)). Therefore, predic-
tions based on the strong-collision theory may not be shown to agree
with the facts, 1Indeed, our calculations based on the RRKM theory
(7) show that a low (~1%) collisional activation efficiency i, is
required to fit the observed rates, and this may be considereg rea-
sonable grounds for suspecting the strong-collision model, as cer-
tainly not 99 of every 100 collisions are elastic. To make )y lar-
ger, one has to assume a larger critical activation energy, which
in turn means that the experimental activation energy shows a nega-

tive term not provided by the strong-collision treatment.

In the case of SCS, the critical activation ener is sure to

be essential%x the dissociation energy, Do° = 96 kcal/mole for

SCS(1Z) - cs(*z) + S(3°P); the reaction proceeds through the bent
%Az state of CSz2, which 1s stable., The experimental activation
energy has been reported 13) as 80.3 kcal/mole over the range 1800
to 3T00°K. At 2850°K, 18.3 kcal/mole is stored in the vibrational
modes of OCS, and correction for the temperature dependence of col-
lision frequency brings the possible minimum expected activation
energy to about 96, + 2.8 - 18,3 = 80.5 kcal/mole. The strong-
collision approximation adds about 6.5 keal to this, bringing the
expected strong-ccllision activation energy to about 87 kecal/mole.
It is possible that a rotational corrsction is required(7,12),
which might reduce this by as much as 2 kcal/mole; regardless, there
1s a discrepancy indicatirg the effective activation energy to be a
bit too small to be explalned within the strong-collision framework,
The large number of shock tube studies on N20 rupture include
at least one employing an infrared detection technique (1), two in-
volving ultraviolet absorption measurements(ll,lk), three employing
time-of-flight mass spectrometry, and ours using the quadrupole mass
filter. The various-1nveat1gators_rtport experimental activation
energies rangl from 30 to %9 kcal/mole, execept for one study (11)
which ylelded kcal/mole, There appears to be an activation bar-
rier to recombination, giving a critical activation energy in the
vicinity of 60 kcal/mole for N20(Z) - N2(2Z) + 0(®P). At the mean
temperature of most of the experiments (~2250°K), ‘there is roughly
12.5 kcel vibrational excitation; 60-12.5+2.2 ~ 50 kcal/mole, With
active molecules being formed with about 5 kcal average excess ener-
gY, in the strong-collision model we might éxpect an activation

- energy of about 55 kcal/mole; rotation would decrease it by 1-2

kcal(7). Fig. 3 shows data from various studies fitted to a least-
squares Arrhenius line, It would be hard to reconclle the experi-
ments with the strong-collision result., The discrepancy in activa-
tion energy is about 4RT, The apparent collisional activation ef-
ficiency alsc is very small, :

Several shock studies of 0CO decomposition are on record; all
have been done by spectroscopic techniques, The experimental activa-
tion energles from several of the studies are as follows:
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o
Do®-E, (s.c.)

Reference T EoupD RT B, (s.c.) ——phs——
15 2500-3000°K 86 kcal 95 5.5
16 2850-4200 93.5 110 2,2
17 3000-5000 84,5 99 3.2
18 3500-6000 T4.5 92 3.7
19 6000-11000 62 93 2.1

Here, E,, . denotes experimental activation energy (-dfnk/a(1/RT))
and Ea(s.g.) denotes the critical activation energy which, on a
strong-collision model, would be computible with the given E ..

Notice that the highest experimental activation energy obtained 1s
sti11l 30 kcal beTow the minimum dissociation energy, 126 kcal/mole,

In general, the preponderance of kinetic information so far
obtained with shock experiments on low-pressure dissociations of
linear triatomic molecules at high temperatures indicates a smaller
- temperature coefficient of rate than is predicted by the strong-
collision theory of vibrational activation, However, more precise
experimentation should be done., The effect 1is evidence of either
some fairly widespread systematic error in shock measurements (such
as a temperature error) or some serious breakdown of the (strong
collision) theory.

Recently, Tardy and Rabinovitch(20) have reported a series of
calculations on various stochastic weak-collision models for excita-
“tion., They found that the strong-collision rate expression requires
a correction factor, 8, which proved to be fairly insensitive to the
details of the particular model chosen and principally dependent on
<ABE>/<E">, where <AE> denotes the average energy transferred per
down collision and <E*> denotes the mean energy of the active mole-
cules in the strong-collision model, Ignoring any dependence of
<AE> on temperature, we find that for 8 between 0.2 and 0.01,
-dfnB/d(1/RT) < -2 RT. There is thus some theoretical justifica-
tion for blaming an abnormally large high-temperature falloff of
experimental activation energy on a weak-collisional energy transfer.
process.

Conclusion -- Measurements of temperature dependence in the rates of
unimolecular reactions of small molecules in the second-order (low.
pressure ) region offer exciting and heretofore unexploited opportuni-
ties to investigate certain aspects of the collisional activation
process. However, precise data and particularly reliable tempera-
ture measurements are necessary, The considerable disagreement among
various laboratories in the case of the reactions discussed here is
rima facie evidence that accuracy. sufficient to the purpose has not
Eeen routinely attained by most shock tube groups, Nevertheless,
there is a general pattern of anomalously low activation energies
at very high temperatures which suggests a weak-collision process
with reactive depletion of the upper bound levels.
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Figures

Sample, experimental oscllloscope traces of lon currents
from shocks, 0CS o.;% in Ar,. ~2800°K. A:0CSt. B:CO*. *
C:s*t. D:S2F, E:CS%, F:SOt. The smooth 1line is & signal
from a thin-f1im reslstor in the shock tube end wall, -—
Fine marks appear on the bottom lirne, 200 usec, apart.

Typical adjustment of S*, €St, and CO* dynamic in current
curves to correct for OCS fragmentation,

.Second-order rate constants (ki) for the disappearance of

0CS, 0.5% in Ar. Open circles correspond to initial pres-

"sure of 6 ton; shaded ones, 8 ton. The line is the result

of a quantum RREKM calculation for an assumed critical activa-
tion energy of 71.5 kecal/mole, and ip =~ 0.01.

Arrhenius plot of second-order rate constants (2k;) dis-
appearance of N20, 1-4% in Ar. +:0ur data. Other symbols
denote other laboratories, Solid line: k = 10'2°** exp(-35.4

-keal/RT mole), from least-squares fit with half-weighting

of our data, Dotted line: with equal weighting of all
data. . .
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Fig. la Sample, experi-
mental oscilloscope traces
of lon currents from
shocks, 0CS 0.5% in Ar,
~2800°K. A:0CS*t. B:cot.
c:st, D:S2¥. E:Cst,
P:S0*, The smooth 1line

is a signal from a thin-
film resistor in the shock
tube end wall. Fine marks
appear on the bottom line,
200 pusec, apart.

Fig. 1b Typical adjust-
ment of st, cst, and cot
dynamic in current curves
to correct for OCS frag-
mentation.
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Fig., 2. Second-order rate 1
constants (ki) for -the dis- )
appearance of 0CS, 0.5% in
Ar., Open circles correspond
to initial pressure of 6 torr;
shaded ones, 8 torr. The line
is the result of a quantum
RRKM calculations for an as-
sumed critical activation
energy of T1.5 kcal/mole, and
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Fig. 3. Arrhenius plot of
second-order rate constants for
(2ka1 ) disappearance of N=0,

1-4% in Ar, +:0ur data,

Other symbols denote other
laboratories, Solld line:

k = 10*2*%exp(-35.4 kcal/RT

‘mole), from least-squares . -
fit with half-welghtlng of

our data, Dotted line: with )
equal welghting of all data. N
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F A SHOCK TUBE STUDY OF THE RADIATIVE COMBINATION OF OXYGEN ATOMS .
3 BY INVERSE PREDISSOCIATION
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; ABSTRACT

I

h Absolute emission intensity measurements of the radiative combination of

) oxygen atoms, O(3P), in the temperature range between 2500°K and 3800°K are pre-

K sented. The emission intensity was recorded simultaneously in six spectral

; intervals in the wavelength range between 23OOA and hSllA The absolute emission
A intensity was found to be proportional to the square of the oxygen atom concen-

|
i tration and to be characterized by an activation energy of 28.942.2 kcal mole~l.

P These results are interpretated in terms of an inverse predissociation mechanism

N in which the oxygen atoms combine along & repulsive potential energy surface with
I a transition to the B L state of molecular oxygen and a subsequent radiative

transition to the ground electronic state of oxygen. The rate constgnt for the
overall radlagive combination of oxygen atoms was found to be k., 3X10 exp(- 28900
+ 2200/RT) cm” mole™ T se for the wavelength range 23OOA to SOOOA

I. INTRODUCTION

]

'\

f* Measurements on the radiative combination of oxygen atoms, of P), in the
temperature range between 2500 K and 3800°K are presented. This radiative process
was first observed. during an investigation- on the radiative combination of atomic
oxygen and carbon monoxide. In the latter case, it was found that a contribution
to the total emission intensity occurred at wavelengths below 4500A in the

! presence of oxygen atoms only.

In the present experiments, absolute emission intensity measurements of the
\ radiation resulting from the combination of oxygen atoms were made by shock heat-
N ing O; + Ar gas mixtures to temperstures in the range clted above and to pressures
between 0.5 and 2.0 atm. The emission intensity was recorded simultaneously in
six spectral intervals in the wavelength range between 23OOA and hSllA The
emission intensity behind the shock front at the time of essentially complete ozone
decomposition was correlated with the oxygen atom concentrations as determined by
numerical calculations.

II. EXPERIMENTAL

) The experiments were conducted with the 3 inch, internal diameter shock tube
) facility and the associated optical system and gas handling system previously
employed.l For the measurement of the emission intensity of the radiative combi-
nation of oxygen atoms, the six slits in the image plane of the spectrograph had
the center wavelengths and bandpasses given in Teble I. The wavelength values
listed have an error of less than 3A For detection of incident radiation in the
spectral interval between 2300A and 2500A, two Dumont T66k4 photomultipliers with
5-13 spectral response and fused silica windows were employed, and in the spectral
interval between 3000A and h511ﬁ, four RCA type 1P28, photomultipliers with S-5
spectral response, two of which had quartz windows, were employed., The response
of the detector system was linearly related to incident radistionl and output
signal for each spectral channel was not affected by radiation transmitted in the
other channels.l The output signals were calibrated in terms of  the steradiancy
of a calibrated tungsten ribbon filement lamp. The entire optical system was
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120. .
enclosed in a light tight box vhich could be flushed with Ar to av’oid absorption
- of the emitted ra.diation by air.

The gas mixtures of a.nd ‘Ar were prepared from Matheson Co. supplies of Ar
(ultra high purity grade) containing less than 12 ppm of contaminants and from -~
Liquid Carbonic O, (electrolytic laboratory grede)- containing less than 10 ppm of
contaminante. The ozone wae synthesized from the oxygen in a static ozone gener-

v ator.2 The gas mixtures prepared contained from 1% to LB‘ﬁ of Oq. The q_uantitativer

"analysis of the ozone in the prepared gas mixtures was mede by & standard ti="

" tration procedure.3 For each experiment the test gas mixture was shock heated
within three mimutes following addition to the shock tube, and a sample of the
mixture was withdrawn from the shock tube for ozone analyeis one minute before
‘shock heating the mixture.

The 03 + Ar mixtures were shock heated to temperatures between 2500 K and
3800°K and”pressures between 0.5 and 2.0 atm. At these temperatures and pressures,
at least 99% of the ozone hsd decamposed within O.l psec (particle time) behind

“the ineident shock wave to form atomic and molecular oxygen. The concentrations
of oxygen atoms and molecules were determined for each experiment by a muerical
calculation based on an assumed decomposition mechanism and corresponding elememt-
ary reaction rate constants as discussed below. The mumerical calculations were L5
made using the Cornell Aeronsutical Lebhoratory normal shock wave computer program’
The calculations were performed on an IBM TO90-TOS4 computer.

IIX. RESULTS

An oscillogrem of the recorded emission intensities is shown in Figure -l.
For this experiment, a mixture of 6% 0; + 944 Ar was shock heated to- an initial
temperature of 3048°K and a pressure of 1.4l atm; this temperature snd pressure
correspond to translational, rotational and vibrationel equilibrium of the mixture
with frozen chemical reasctions. Opposite the beginning of each channel trace in
Figure 1, the center wavelength and spectral intervel are given in Angstrom units.
The shock front arrival is indicated by the sudden rise in the upper trace of
Figure 1lb which shows the response of a heat resistor gauge mounted in the shock
tube wall at the cross section of the radiastion measurement. The response time of
the detector system is < 15 psec (1abora§ory time) for all channels except that
channel with a center wavelength of 3002A for which the response time is 20 psec
(laboratory time). To obtain the emission intensity immedlately after essentially
complete ozone decomposition which occurs within 0.l psec (particle time) of shock
front arrival at the observation station, the emlission-time profiles are extrapo-
lated practically to zero time. Rumerical calculations demonstrate that after the
ozone decomposes, the concentrations of atomic and molecular oxygen and the temper-
ature change slowly under the present experimental conditions toward an equilibrium
state. For that portion of the emission imtensity-time profile following the
initial rise in signal, the signal was either constant or linearly increasing or
decreasing slowly for 50 to 150 usec (laboratory time) allowing for the noise in
the signel; the extrapolation was based on this portion of the trace.

The extrapoleted values of the signals near zero time were converted to in-
tensity values for each spectral channel (1) by using the following relation:

SC

tts
1 [lmi }d str -}x-cma

where 5, is the extrapolated oscillogram signal in volts, C,, the calibration
factor In watts str-l X-1 cm=2 v-1, determined from the meaBured oscilloscope

signal corresponding to the known steradiamncy of the standardized, tungsten ribbon.

filement lamp in each wevelength interval of the spectral channels, a(= 7.70 em)
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the diemeter of the shock tube and Ry, the reflectivity at the center wavelength of
channel i of the shock tube wall opposite the observation station window which
serves &s a bounding plane to the optical field. The dependence of the reflec-
tivity on the wavelength which was determined in two independent experiments® and
the normalization of the intensity with respect to the diasmeter of the shock tube,
4, have been discussed previously.

The values of computed as described above, are shown in Table II; also
given are the initiai conditions, the shock velocity and the calibration factors
for each spectral channel. :

Contributions to the observed emission intensity from molecular oxygen, argon
or impurities in the test gases were examined by shock heating argon and -oxygen-
argon mixtures to temperatures up to 3600°K No signal was observed with shock-
heated oxygen-argon mixtures until significant decomposition of the molecular
oxygen to form oxygen atoms occurred; with shock-heated argon, a signal was observ-
ed only in the spectral channel with a center wavelength of 4511A. -This signal
was a transient lasting about 50 psec (laboratory time) and was apparently caused
by an impurity in the argon or by residual gases in the shock tube. In applying
the extrapolation procedure to the data for this channel, the oscillogram trace for
t(laboratory time) < 50 psec was disregarded. However, when the extrapolation was
mede using that portion of the trace for which t(laboratory time) 2150usec, a lower,
but not significantly different. value of the signal was obtained. The intensities
corresponding to the latter signal values are only considered below in connection
with Figure 7. This difference could indicate a contribution to the oscillogram
trace by the transient signal for t(laboratory time)> 50 psec, although this is
difficult to establish because of the signal noise.

For each experiment, the oxygen atom concentration immediatelyvbehind the
shock front was determined by a numerical calculation based on' the following
reaction mechanism: r :

(R1)

O +M=0, +0+M M =0, O, 4r |
0 +0,%0,+0, - ' (R2)
O, +M=20 +M M= Ar : (Rr3)

The forward rate constants for these reactions were part of the input data for the
computer programh while the reverse reaction rate constants were calculated from
thermodynamic data and the forward reaction rate constants as part of the computer
program. The rate constants for reactions Rl and R2 have been deduced from experi-
ments on the thermal decomposition of ozone at temperatures between 343°K and
383%K in static experimentsi+O and at temperatures between 689°K and 910°PK in shock
tube experiments.9 The relative efficiencies of Ar, Oy and O3 in reaction Rl were
determined in the low temperature experiments. 7, The use of these rate constants
at temgeratures above 2500°K involves a large extrapolation and recent experi-
mentslV indicate that the ratio kl/k2 is as much as five times smaller than the
extrapolated value in the approximate range of temperatures between 1500°K and
2800°K. This conglusion is based on rate constant expressions given in the
Arrhenius_form.7r »9 It will be shown below, however, that this discrepancy is
practically resolved for the present experiments by using the rate constant for
reaction Rl in the form corresponding to the Hinshelwood-Rice-Ramsperger-Kassel
theory of uni-molecular reactions as given by Jones and Davidson? and the rate
constant for reaction R2 in the collision theory form, i.e., k = ATL 2 e‘E/RT
based on the data-of Benson and Axworthy.71 The values of the parameters in these
rate constant expressions for reactions R1 and R2 are given in Table III in the
group labelled set II; in the group labelled set I, the values of the parameters
for the rate constants expressed in the Arrhenius form are given'for reactions Rl
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and R2. The rate constant parameters for the forward direction of R3 are also
given in Table IXI; however, exclusion of the data for R3 from the mmmerical cal-
culstions did not significantly. alter the calculated oxygen atom concentration at-
the time of essentially camplete ozone decomposition. To'reduce the mechine com-
puting time, the calculations were stopped after greater than 99% ozone decompo-
gition ani the final oxygen atom concentration was determined by a linear extrapo-
lation based on the concentration of_ the ozone remaining end on the rate of oxygen
atom production per unit ozone concentration in the lest machine integration step.
Also in meking the numerical calculations, the assumption was adopted that the
vibrationally excited oxygen, formed in reaction R2,11 had no effect on the de-
composition of ozone. (The chemicel relaxation time for ozone decomposition was
_about 0.1 usec while the vibrational relexation time for oxygen in the present-]_0
-experiments was between 0 1l and 1.0 psec as estimated from the-available data 12

In Table IV, the computed oxygen atom concent‘rations and the temperatures
after ozone decamposition are given. From data in Tables II and IV, i1t was found
that: , ' 2’ :

1, =T,{0) , - (2)
where I, is the emission intensity in watts str™t 7L cm™3 obtained by extrapolat-
"ing the emission-time profiles on the oscillograms of shock heated 0, + Ar mixtures
to the time immediestely following shock front arrival at the observation stationm,
T,, a constagt for each spectral channel and (0), the atamic oxygen concentration
10 moles ¢m~3. Three examples of data plotted according to equation 2 are shown:
in Figure 2. The concentration-normalized, absolute emlssion intensities, I‘i'a.re'
functions of the temperature only and the logarithms of I‘:L are found to be linearly
related to the reciprocal of the absolute temperature. This 1s i1llustrated in
Figures-3 and b for the six spectral channels employed (see Teble I). -The lines
drawn through the data points are the least squares fits to the data and the verti-
cal bars indicate the standard deviation at the 90% confidence level. The values of
I‘i plotted in these flgures were calculated according to equation 2 with axygen
atom concentrations determined from numerical calculations using the rate constants
for Rl, R2 and R3 given in set II of Table III. When the oxygen atom concentrations
were calcula ed using the rate constants in the Arrhenius form as given in the
literaturel>8,9 and in Table III as set I, the values of I‘i were found to depend on
the initial ozone concentration as shown in Filgure 5. In this flgure, the lines
drawn through the data points are the least squares fits for each initial ozone
concentration, (0 )o' In Figure 5, equation 2 1s valid for each set of data corres-
ponding to & partIcular initial ozone concentration. However, as shown in Figures
3 and L4, the dependence of Ty on (0 )0 cen be made insignificant by introducing a
reasongble pre-exponential temperatiire dependence into the rate constant ex-
Pressions for reactlions Rl and R2. For each initlal ozone concentration, the data
for each spectral channel as shown in Figures 3 and 4 are found hot to be sign_ifi- )
cantly different at the 90% confidence level based on the stendard deviations
determined for the least squares fits to the data at constant (03)0 and A,

From the temperature dependence of 1"1, as shown in Figures 3 and 4, vaiues of

the activation energy E;, 1n the relation ‘
' -E,/RT ‘ :

_ i
‘ T, =4 e (3)
were determined for each spectral interval employed; the results are shown in
Table V. There is no significant dependence at the 90% confidence level of the
activation energy on the wavelength. The average of these activation energles and
the corresponding standard deviation are 28.6 and 2.2 keel mole'l, respectively.

Rate constants corresponding to the overall radiative combination of - ox'ygen :
atoms, i.e., for the process
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0+0-0, +hv (R4)

were calculated at five temperatures and then combined in an Arrhenius expression -
to obtain the value k = 4.3X10° exp(- 28900 + 2200/RT) cm3 mole-1 sec-l for the
wavelength range 2300A to 5000A.

Iv. SUMMARY AND DISCUSSION

Absolute intensity measurements were made of the emitted radiation in the
wavelength region between 2300A and 4511A; this radiation was observed by shock
heating mixtures of ozone and argon to temperatures between 2500°K and 3800°K.

The presence of oxygen atoms was necessary to observe this radiation and the
absolute emisslon intensity was found to be proportional only to the square of the
oxygen atom concentration at a given temperature. Furthermore, the temperature’
dependence of the sbsolute emission intensity normelized with respect to the square
of the oxygen atom concentration could be characterized by an activation energy of
28.9 + 2.2 keal mole~l.

These observations can be rationalized in terms of the potential energy curves
for oxygen as shown in Figure 6; the curves presented here were selected from the
diagrams of Gilmore.l3' The thermal decomposition of ozone produces ground state
oxygen atoms, O(SP), which may then combine along several potential energy surfaces.
Such & process would be proportional to the square of the oxygen atom concentration
at least. The fact that the radiative process observed has an activation energy of
28.9 + 2.2 keal mole "l leads to the following suggested mechanism. The ground
state oxygen atoms combine along a repulsive potential surface with a subsequent
transition to the B3Z§ state of molecular oxygen; the radiative transition from
the latter state to the ground state, X3ZZ, then occurs. The vibrational levels
of the B3ZE state from which the transitigns orlginate lie at v’ < L. This con-
clusion is based on the fact that the energy difference between the vi= Lk, g=0

level of the B3 state and the ground state of the oxygen atoms is 30.68 kcal mdle
while the upper limit to the experimental activation energy is 31.1 kcal mole-l at
the 67% confidence level. :

1

L The mechanism described 1s the reverse of a predissoclation mechanism suggest-
edl to account for observations made during the photolysis of O2 at 1849A. In
this case, molecular oxygen is excited to the B Zh state and predissociates along

a repulsive potential curve tg yleld two oxygen atoms, O(3P). Additional photo-
chemical®> and spectroscopicl evidence has been obtained to support this pre-
dissociation mechanism.

There are two other mechanisms for the radiative combination of oxygen atoms
which are not significant for the shock tube experiments. In one of these, ground
electronic state oxygen atoms combine along the potential surfaces leading to the
A3E#, chE or C3Au state of 0, with subsequent radlative transitions to the
sta%es, X3§— or to b}2+. One transition (A3 - x3 -, in the wavelength range
between 25634 and ASBOA)gand also perhaps several of the other possible transitions
have been observedlTsl >19 in flow systems contalning atomlc oxygen at low
pressures and near room tempersture. However, thls mechanism is inconsistent with
the present experimental observations since (&) a near zero activation energy 1s
predicted in contrast to the observed activation energy of 28.9 kcal mole-l, and
(b) the contribution of the O, Herzberg bands to the measured emission intensity
1s estimated to be less than 3% of the total intensity. The latter conclusion ma
be demonstrated in two ways. If the value of the room temperature rate constantt
for the radlative cambinatlion of oxygen atoms to give the O, Herzherg bands 1s
extrapolated to témperatures greater than 2700°K by assuming a T-1/2 dependence,
thls rate constant becomes at least 30 times smaller than the rate constant derived
from the present experimental data. Alternastively, the ratio of the emission in-
tensity, I(Schumenn-Runge)/I(Herzberg), may be estimated to be greater than 130 on




124,

the basis of a simplified mechanism as shown in Appendix A. In the second mecha-

nism, the oxygen atoms combine along the potential surface of the 13'3'2:\1 state of 02

after collisional excitation of one of the atams, O(3P) — 0(1D); the radiative

transition B32‘: - X3%C subsequently occurs. This mechanism is also inconsistent
with the present expeFimental observatlons since (a) an activation energy of about
4s xcal méle':L is predicted and this is significantly greater than the observed
activation energy, and (b) the spectral intensity distribution resultix;g from this
mgchanism 1s unlikely to result in transitions originating only from v < 4 of the

B T{l state of O,. : ' )

On the assumption that the observed transition is B32;; - X3Eé, a comparison
of the experimental and theoretical relative spectral distribution curves indicates

-that the observed radiative transitions originste primarily from the v = O and
1 levels of the B32‘\: stafe. The comparison is shown in Figure 7 for temperatures
of 263201(, 3030°K and 3571°K; the experimental daeta are represented by discrete
symbols and the theoretical data are represented, for the sake of clarity, by
curves which pass through the data calculated for the experimental spectral inter-
vals which the horizontal bers spen. The vertical bars through the symbols re-
present the standard deviation at the 90% confidence level. In making this graphi-
cal comparlson, the theoretical relatlve spectral distribution curves were vertl-

" cally adjusted so as to coincide with the experimental sbsolute spectral distri-
bution curve at )sc’= 3002A. The three curves are calculated for transitions
originating fromv =0 and 1, O, 1 and 2 and O, 1, 2 and 3 and in this order
demonstrate an increasing deviation of the theoretical calculatlons from the
experimental data at wavelengths below 3000A. (The double points at A= 45114
are calculated as described above; the error in these deta are too large to permit
a comparison with the various theoretical relative spectral distribution curves.
However, the comparison 1s impreclse and is only employed here to introduce the
possibility that the observed radiative transitions may originate primarily from
the v/ = 0 and 1 levels of the BSL; state. In making the calculations,2l the
assumgiéigns of thermodynamic equilibrium,2°:22:23 of the smeared roﬁational line
model <<’ 3 and of AJ = O for all vibration-rotation tra.usitionszol2 were employed.
These assumptions are not strictly valid for use in a comparison with the present
experimental data. At the least, the inverse predlssoclation mechanism predicts a
truncation of the population distributlons in the vibrational and rotationsl levels
near the crossing level (l.e., near an intersection of the potentlal curves in a
certain low approximation, see ref. 25) which would .introduce a perturbation in

~these distributions. In the copverse case of 8 predissociation mechanism, such a

' perturbation has been observed2® ana corresponds to that predicted27 in dissocl-
ation processes.

Qualitatively, the statement may be made that calculations which include
s:ll.gnificant contributions by transitions orlginating in vibrational levels with
v 2 2 will regult in a predicted intensity greater than observed at wavelengths
-less than 3000A. This is corroborated by noting that, at T = 3030°K, for example,
94% of the observed radiation occurs in the wavelength range between 2640A and
L4OOA; thie is expected for transitions solely from v' = O and 1 to the approxi-
mation that the .transitio;}s_occur only at the classical turning points of the
potential curve for the B-’i‘u state. Also, for transitions from the various
vibrational levels which contribute to the emission intensity observed in a given
spectral imterval, the strong influence of transitions from v’ 2 2 on the intensity
is indicated, for example, in the wavelength interval between 2269% and 2331A
(Channel 1 in Teble I) by the relative increase in the Franck-Condon factors; for
the levels v =0, 1, 2, 3 and L4, the relative magnitudes of the Franck-Condon
factors are roughly in the ratios20 1:10:102:103:5X103, respectively.

From the experimental absolute spectral distribution curves and the comparison
with theoretical reletive spectral distribution curves, the tentative cohnclusion was
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rgached that radiative transitions originate primarily from the vibrational levels
v =0 and 1. On the_other hand, from the experimental activation energy of
28-9Ii 2.2 keal mole'l, the conclusion 1s reached that vibrational levels as_high
as v = U4 may possibly be occupied by newly formed oxygen molecules in the B3ih
state. The relation between these conclusions can be qualitatively understood on
the basis of two factors. According to the first factor, there is a preferentlal

‘transition from one to another potential surface into states with large values of

J (or N) and small values of v(< h), i.e., molecules of O, are formed with con-
slderable angular momentum.2d The second factor accounts for the temperature
dependence associated with the vibretional deactivation of the newly formed oxygen
molecules; inclusion of this factor in the analysis would result in a value of the
energy required to reach the crossing point smaller than the experimental acti-.
vactlon energy. These factors will be discussed briefly.

The preferential formetion of O, 1n states of large J and small v may be under-
stood in terms of the effective potential curves30 as shown schematically in
Figure 8 rather than in terms of the potential curves for & non-rotating molecule
such &s those shown in Figure 6. The effective potential curves illustrate that
for given v values (v = O in Figure 8) the potential curves cross at higher energy
values for larger values of J when the selection rule AJ = O 1s taken into con-
sideration.30 Therefore it 1s possible to observe an activation energy for
molecule formation which is greater than the energy corresponding to the vibration-
al level occupied (v = v', J =.0) as was implied in the conclusions stated ebove.

The contribution to the temperafure dependence of the absolute emission in-
tensity by the vibrational deactivation of newly formed 02 molecules can be shown
with the ald of the followlng mechanismg

0+0= o;(v’_ =1) (r5)

o;(v’ =1) + M= 0x(v/ =1) + M (r6)

0,(v’ = 1) +M=0,(v' =0) +M (r7)
Oz(vl =0,1) +M=0, + M (r8,R9)
oz(v’ =0,1) =0, + bv (RLO,R11)

* -
where O (v’ = 1) 1s a newly formed molecule in the v’ =1 level of tge Bsih state
with the rotatlonal energy corresponding to,the crossing level, 02(v =0Oor lL a
molecule with less rotational energy than 02(v4=1); and O,, a molecule in the ground

electronic state, X3Z$. For this mechanism, the followlng expression for the emission
intensity can be deriVed

k. k
=56 2 1
I= k. .(0)° 41 + - )
k ok g 10 { ko +kg+k) M J

when k_c represents an allowed transition (k_g ~ 1011 sec'l),35 and other rate
constants have the values as estimated (see Abpendix B). When account 1s teken of
the temperature variation of the bracketed term, the activation energy assigned to
ke becomes ~ 1.5 kcal mole~l smaller than otherwise in accordance with the esti;
mated values of the rate constents. Thus the energy level of the crossing 1s
found on this basis also to be lower then that corresponding to the experimentel
activation energy. It may be noted that the varilation of the bracketed term of
Eq. (4) 15 primerily a result of the temperature coefficlent of the vibrational
deactivation process represented by . If, however, the oxygen may be formed

in several vibrational levels directly, the effect of vibrationel deactivation
becomes negligible in the approximetions used here. For example, if the follow-
ing two reactions are added to the sbove mechanism

0 +0=0yv' =0) . (R12)
O} (v/ =0) +M=0,(v/ =0) +X ' . (R13)
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"then the emission intensity expression becomes

k. k k., k 4
e wve v LY CANNR O

‘ -5 ~-6 -12 ©-13 . . .
and the dependence of I on can be mglected.3l The reverse of thls case occurs
in gaedissociation when a b aking-off in successive vibrational levels is observ-
ed In potential curves of the form of those in Figure 8 but including the
several vibrational levels of interest, the ‘energy difference of the breaking-off
points is found to be large in predissociation. If the reverse of this process
were Observed in the inverse predissocistion mechanism, considered above, it would
imply that the cbserved activation energy is an average over the energy levels -
-corresponding to the severael crossing points.

”~

If the radiative transitions observed in the present experiments originate
primarily from vibrational levels y' = O and 1 of the B3L; state, then predissoci-’
ation ought: {0 be observed at least in the v' =2 level. Several spectroscopic
experimentsl®s32 neve led to the observation of predissocistion in the B3L stat
of oxygen. While, interpretation of these experiments does not include predissoci-

~ation from ’the v = 2 level, there is not general agreement33 that predissociation
from the v = 2 level is excluded. The spectroscopic studies were conducted in
absorption and demonstrated predissociation in levels from v/ = 3 to v/ = 12 with
mexima at v’ = 4 and 11 and & minimm at v’ = 9 in the probability for predissoci-
ation. Furthermore, from the 1nvestigation1'6 of the predissociation at v/ = 3, U
and .5, the transition was found to-be allowed end thereforel*»16,32 could be
represented as B3);; - 3IIu. On the basis of calculations, Van%ers].ice, Mason and
Maisch33 believe the 3N, curve crosses at the bottom of the B3%, curve and then
rises along the left hand branch of the latter curve; the interpretation of the
present experiments is in best agreement with this, In postulating this potential
curve shape, these authors reject the explanation'® that the abnormal wildths found
in absorption for the rotational lines in the 2-0 and 1-0 bands of the Schumann-
Runge bands rest}lt from a blending of fine structure and imply that predissociation
occurs in the v. =0, 1 and 2 levels. Other potential curve shapes that have been
suggested,l)*:lsﬁa require a predissociation at vz 3; the above experimental
results could only be strictly in agreement with this requirement if a systematic
error exists in the relative spectral intensity measurements for A < 3000A. At
the present, no such error has been identified. Furthermore, this dlsagreement
~would be reduced where the potential curve shape is such that tunneling is
" important .32 .

The spectral resolution in the present experiments was too small to permit
spectroscopic identification .of the radiating species. In the oxygen system of
gotential_ %Eves (Figure 6) there are two allowed transitions B.3§J - X3Z'813 and

Ty —~ X35, The latter transition would result in ar emission contimium which
would shift to lower wavelengths at higher temperatures. Since this is not

observed (see Figure T), the tranmsition B3Z‘.‘l - }(3):8 was assumed to be that one
detected in the present experiments. ’ -

APPENDIX A
To estimate the ratio of the emission intensity, I (Schmann-Runge)/I (Berz-

berg),, the following simplified mechanism is assumed to apply to both radiative
processes} - :

* . .
0+0=0, (a)
0+

O, +M=0f + M (a2)
054-5-' 0, + M : (83) .
03 = Op 4 hv (a4)

o
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where 02 1s a newly formed molecule in either the 332,; or the A3§§ 1‘2;1 or C3Au
states, OE a stabilized molecule in one of these states and 0,, a molecule in the

2
X3fg state. If ks, K_p, and k3 are assumed to be ldentical ang larger than k M~ -1
for each of the four electronic states, then the ratio of the emission intensities

will be:
I _ (kh,SR)(kl,SR\(k—l,H ’> 130 : (45)
T k K k
H L,H 1,11/ -1, .
5 18, 20, 13/1012, 34,35
where k), SR/kh g > 107, (1:_l H/1: ) ~ 10°°/10

reggese t an allowed radiationless decomposition:';5 and (k ) ~ 3 Z 10-2

O/RT /77, with Z1, the collision number, 3/7 the r,at%é of %I’le statistical
welghts for formation of Op in the respective electronic states from which the
Schumann-Runge or Herzberg O, band transitions originate, and 10‘2, the probability
of the radiationless transition from the respulsive to the bound state assumed to
be equal to the transition probability for the reverse process.3?

assuming k_, to

APPENDIX B

Estimates of the rate constants for reactions R6 to Rll were made as follows.
For kg and k_g, rotational deactivation and activation were assumed to occur at
lease once ﬂ} every four ﬁollisions 50 that at 2500°K and 3500°K, the rate constants
were = 1X10*~" and 1. 3)(10 em3 mole L sec” , respectively. The rate constant for
vibrational deactivation was estimated using the empirical relation of Millikan
and Whitel® in the following form

Log(pr)* = (6%/6)"/3 10g pr +8[@%/0)*/3 - 1] (1)

where the starred quantities refer to the excited state, B3Z‘£ and the unstarred
quantities to the ground state, X3Zé,' 8 is the characteristic oscillator temper-
ature and pT, the pressure-relexation time product. _The values of T were esti-
mated from data on T-V process for 02—02 and 02-Ar12 and from the vibrational
relaxation of 02 by 0l0 with the following expressionz

T =Xg ol o * Ko Tol ot Xy Torar

2 Y272 2 2"

where X; is the mole fraction of i and T, _,, the relaxatlon time of x in the
presence of y. For the mixtures employed,” the average of the estimated values of
ky(= =1 ML) were 3%1012 and 6x10%2 cm3 mole~l sec~l at 2500°K and 3500°K, re-
spectively. The actlvation rate constant, k_; was estimated from k7 exp(- 1970 cal
mole~1/RT). _The rate constants_for electronic deactiva.tion, , were found
to be 4.3X10'2 and 5.1X1012, cm3 mole™l sec~l at 2500°Kk and 3580 K, réspectively
on the assumptlon that one in one hundred collisions was effective for this
process. Flnally, the radistive rate constants, klO and k4, were estimated using
the relation -1 £ 3 .

k=177 =101%10" I alv’, v") v (v ") (B3)

(B2)

where g 1s the Franck-Condon factor for the transition v’ — v” and v is the wave
number, evaluated a% the Ra.nd head in the approximation employed. For both k1o and
kll’ 'r;l was 2.7X10' sec”™; the data of reference 20 were used in this evaluation.
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A TABLE I: SPECTRAL CHANNEL CENTER WAVELENGTHS AND BANDPASSES
l, Channel 1 2 -3 g ) 6
Y Ae, A 2300 2500 3002 3506 010 - k511
¢ AN, A 62 102 200 206 208 202
! ° TABLE IIT: FORWARD RATE CONSTANTS, k(2)
Set I Set II
)
N . Reaction A n By A n By
| la 0340; = 0,#0+03  1.kx1010 0 23.15 10.91X10¥% -1.25  2k.35
: b 0340, ~ 20,40 - 5.8%10% 0 2315  s. 19(1018 1,25 2h.35
N le Og+Ar — O,404ar  3.76x10%% 0 23.15  3.aaxae¥® 125 aki3s
/ 2 010, - 20 3.0x10%3 0 5.60  1.04x1012  0.50 5.288
\ 3 2 1 1
\ 3 Ot - 204M “1.19%10°1 -1.5  118.0 1.1%10°1  -1.5  18.0
’ (a) x = Apn e'Ea/RT; units for A, cm3mole'_lsec'l or c:msmole'asec'l for Eg,kcal
\\ _ mole~l,
' TABLE IV: OXYGEN ATOM CONCENTRATIONS AND TEMPERATURES
. (o)x107 (o)X1o7 (0)x107
Run mole em™ T,OK Run mole cm” T, K Run mole cm” T, %K
101k 1.620 2976 1026 0.9073 3130 1041 1.08k 3390
1015 1.640 2976 1027 2.218 3097 10k2 2.101 3835
i 1016 2.192 2969 1028 3.360 3164 1043 - 1.067 3767
: 1017 o 2.4k .2990 1029 1.500 3259 104k 2.776 3335
1018 0.8171 2939 1030 0.7501 3232 1045 1l.h22 3728
1019 1.626 2691 1031 2,238 3266 1046 1.365 3530
L 1020 2.482 2738 1034 1.415 3709 - 1081 0.3471 3309
1021 0.8370 2718 1035 0.7102 3719 1082  0.5163 3205
4 1022 1.131 2824 1036 2.119 3698 1083 0.7712 2755
. 1023 2.18 2841 1039 2.197 3519 1085 0.7963 2494
1024 3.349 2883 1040 1.086 3413 1086 0.6354 2965
|
i TABLE V: THE TEMPERATURE DEPENDENCE OF I
. A, oA A1X10-6,watt ste L AL emd mole™® Ei,kcal,‘mole_l
\ 2300 1.14 29.8
2500 T.k2 27.4
- 3002 119.2 27.8
/ 3506 89.1 30.4
/ %010 h7.1 31l.1
ks1y 7.38 25.1
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POTENTIAL DESTRUCTIVENESS OF GAS DETONATIONS

J. N. Murphy, N. E. Hanna, D. S. Burgess, and R. W. Van Dolah

Explosives Research Center
Bureau of Mines
U. S. Department of the Interior
Pittsburgh, Pennsylvania 15213

Background

The potential destructiveness of gas detonations was evaluated in terms of the
depth of earth that could be heaved when various gas mixtures were detonated in
long underground excavations. A number of years ago, a spectacular destruction of
26.8 miles of underground pipeline in Texas was ascribed to the occurrence of a
detonation. The pipeline had carried crude oil and was being cleaned by forcing
a scraper plug along its length with compressed air., It 1s not known whether the
event was a gas detonation or a heterogeneous detonation of a film on the wall.l/
The intermittent cratering that occurred seemed curious but now may be explained
in terms of the impulse needed to heave the earth cover. No explanation can be
offered for the apparent low velocity of propagation indicated by the total elapsed
time. An average velocity of only 296 feet per second was reported.

This investigation primarily covered propane-air, acetylene-air and MAPPzZair
mixtures. In some cases a partial pressure of oxygen greater than in air was
employed. Limits of detonability were obtained from plots of propagation velocity
versus fuel concentration in a 7-inch diameter by 12~foot long pipe which was closed
at both ends. Impulse, which determines the momentum that can be imparted to a
load, was measured from pressure versus time transients in a 24-inch diameter by
163-foot long steel pipe that could be closed at one end. The soil mechanical
problems related to earth movement were studied in hand-dug tunnels of 3 foot x
5 foot cross-section and 150 feet length incorporating right angle turns and side
entries.

Detonation Velocities and Limits of Detonability

Fuel/air mixtures were admitted to the 7-inch apparatus. of figure 1 by the
partial pressure method, recirculated via the sideline for 10 minutes, and sampled

. for gas chromatographic analysis. A solid explosive initiator ranging from 1.1

grams PETN to 100 grams tetryl was detonated and the velocity of the resulting
ionization wave was measured between velocity stations with electronic time-interval
meters.

A plot of this wave velocity versus fuel concentration is given in figure 2 for
MAPP/air mixtures. Velocities in excess of 1400 meters/sec indicate detonation while
velocities of about 1000 meters/sec or less are obtained from shocks accompanying
deflagration. The difference is clearly shown by the pressure traces of figure 3,
wherein trace A indicates deflagration with pressure rising over a period of about
25 milliseconds while in trace B the first pressure pulse is the strongest.

Limits of detonability as defined by this method are somewhat gsensitive to the
strength of the initiator. Thus, the detonable range for MAPP/air widens appreciably
as the initiator is increased from 1 to 10 grams PETN (table 1). Both propane/air
and acetylene/air detonate over the full reported range of flammability when  initi-
ated with 10 grams PETN. .
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Pressure—-time Transients and Impulses

‘The major part of the experimental program was carried out using the 24-inch
steel tube shown in figure 4. Fuel was metered through calibrated .spray nozzles
into the 260 cfm output stream of a gasoline-powered blower, which stream was passed
through the tube to give three changes of atmosphere. Gas sampling and detonation
pressure measurements were accomplished at five stations spaced evenly along the
length of the pipe. Initiation was typically effected with 100 grams tetryl usually
at the upstream end of the pipe near the end closure,

Pressure transients at the five stations were compared with predictions de-
rived from standard references-1-’ dealing with one-dimensional gas detonations.
‘Figure 5 shows the predicted transient for stoichiometric acetylene/air at a point
60 feet from an initiation source at the closed end of a 150-foot long pipe. The
peak (C-J) pressure was assumed to be twice the constant volume explosion pressure
and this proved to be a fairly accurate assumption for measurements within 2 stations
(53 feet) of the initiation. For example, with 7.2 percent MAPP in air, the pre-

- dicted peak was 281 psig while nine measurements averaged 278 +6 psig. At greater
distance from the initiator, peak pressures became progressively more erratic as
though the detonation were departing from its one-dimensional character.

The gas expansion behind the C-J plane was calculated by Taylor's equations
using an equilibrium gamma which was typically about 1.17. This gave excellent
agreement with experimental pressures in the static gas zone, however, the duration
of the gas expansion (from D to E in figure 5) was typically underestimated by about
20 percent., Neither this deviation from prediction nor the erratic peak pressures
were of any practical consequence to the impulse of the explosion.

The duration of the pressure plateau, EH in figure 5, was about 20 percent
overestimated because no account had been taken of the three-dimensional expansion
of the wave as it emerged from the open end of the pipe; that is, the interval FG
in the figure should actually be shorter than indicated and the rarefaction starts
back through the pipe at an earlier time than G. Since the dominant factor in the
time interval EH is the velocity of sound in the burned gases, off-stoichiometric
mixtures with lower burned gas temperatures had relatively long pressure histories
and high impulses. This trend is shown in table 2; note that 4.9 percent MAPP in

air is close to stoichiometric while 3.4 percent MAPP is the reported lean limit of
flammability.

For the same reason, propane/air and gasoline/air mixtures had impulses com—
parable to.those of acetylene/air and MAPP/air even though their pressure peaks
were lower. Thus, the average of impulses at the 5 pressure stations in 6 MAPP/air
detonations was 7.7 psi sec, in 6 propane/air detonations 7.4 psi sec and in 3
gasoline/air detonations 7.5 psi sec.

When both ends of the pipe were open, the pressure plateau was nearly eliminated.

This 1is shown by the transients of figure 6 (compare curves C and D with curves A and
B). In 7 MAPP/air detonations the average impulse was only 3.2 psi sec and in 5
acetylene/air detonations 3.1 psi sec. Even a partial temporary closure, as exempli-
fied by loose~fitting sandbags in the ends of the pipe, brought the average impulse
(for 7.2 percent MAPP/air) back to about 6.3 psi sec.

No particular difference in average impulse could be detected as a result of

initiating the detonation at the longitudinal midpoint of the tube or sinultaneously
at the two ends.
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In the dry-walled steel tube, suspended aluminum powder (even tﬁough much of it
was deposited on the walls) could participate in the post-detonative reactions to
give about 50 percent greater impulse. Comparative values are given in table 3.

But in dirt tumnnels, the powder was collected on the damp walls and played no
apparent part in the explosion.

Destructiveness of Gas Detonations to Earthen Structures

s —

f

In field tests, a surprising fraction, usually 50-100 percent, of the .impulse
of the explosion was converted into momentum of the overburden. This means that
soll mechanical factors such as plasticity and shear strength were unimportant so
that the overburden was behaving essentially as a frictionless piston. When the
earth velocity was made to exceed 20 ft/sec, as measured at ground level by Fastax
photography, the tunnel usually failed. Because of the weakness of end closures, as
compared with an end plate on a steel pipe, the largest impulse attained in the field
A was about 6 psi sec and the greatest depth of burden defeated by a single gas detona-
> tion was 8 feet. )

N — e
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TABLE 1. - Limits of Flammability. and of Detonability

138.

Mixture Initiator 'Flammable Range Detonable Range
Propane/air -8park 2.1 - 9.5%. -
10 g PETN - 2.2 - 9.2%
Acetylene/air Spark 2.5 - 100% . -
; 10 g PETN - : 2.0 - 100%
MAPP/air Spark 3.4 - 10.8%* -
1 g PETN - 4.1 - 7.6%
10 g PETN - 2.4 - 13.7%

*Hembree, 'J. 0., et al,

Welding Journal, May 1963.

TABLE 2. - Plateau Durations, Plateau Pressures, and Impulses

of MAPP/Air Detonations in 24 Diameter by 163°

Long Steel Tube with Initiation End Closed

Plateau Duration (milliseconds)

MAPP Averaged
Concentration at Instrument Stations Plateau Impul se
(%) #1 #2 #3 #4 #5 Pressure (psig)  (psi sec)
3.4 71 54 35 12 2 85 6.8
4.9 58 46 32 15 -— 103 8.9
6.1 ‘64 49 35 14 - 98 8.3
8.7 64 52 - 33 14 - 29 7.8
TABLE 3. - Impuises Obtained in Detonations in the Steel
Tunnel with and without Added Aluminum Powder
Gaseous Closure of Aluminum Impulse
Fuel Initiation End (#422) (psi sec)*
Acetylene Open None ) 3.0, 3.9
Acetylene Open 2 1bs on floor 4.5
Acetylene Closed None - 3.9
Acetylene Closed 2 1bs on floor 6.5
MAPP Open None 3.4
MAPP Open 2 1bs suspended 5.6
MAPP Closed None 4.3
MAPP Closed 2 1bs on floor 6.6

*As measured at a station close to the open downstream

end of the tunnel.
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AL
INITIATION OF CONDENSED EXPLOSIVES BY GAS DETONATION'

M. L. Weiss, T. J. Schellinger, and E. L. Litchfield

Explosives Research Center
Bureau of Mines
U. S. Department of the Interior
Pittsburgh, Pennsylvania 15213

Introduction

There are two ways in which stimuli may induce detonation in secondary explo-
sives. A strong shock may cause detonation with an induction time of a few micro-
seconds, i.e., time intervals of a few microseconds between application of the
stimulus and the appearance of detonation. A weaker shock or a purely thermal stim-
ulus may initiate reactions that begin as a deflagration and accelerate to detonation.
The acceleration of the reaction occurs as a consequence of increasing pressure, or
self-pressurization, produced by the hot, gaseous decomposition products. Mainte-
nance of . pressure for periods of 10's to 100's of microseconds, as may be required
to obtain detonation from weak initiation stimuli, is achieved by confinement: of
the explosive sample, :

Although such confinement is usually provided by high-strength metallic con-
tainers, for short periods of time it can also be a consequence of inertial effects.
If low-strength confinement surrounds the explosive sample the acceleration of the
confinement material is directly proportional to the pressure seen by the explosive
sample and inversely proportional to the confinement mass per unit area of explo-
sive sample. At early times,. the expansion and escape of product gases are limited
by the low velocity of expansion of the container and self-pressurization of an
explosive sample may be maintained for considerable periods. Inertial confinement,
or self-confinement might be provided by a large pile of explosive to a reaction
initiated within the interior of the pile.’

Examples of the first type of stimulus are initiation by other condensed phase
explosives and by projectile impact. Initiation of detonation in condensed explo-
sives has been studied using strong shocks across air gaps1 or through inert
barriers?:3 and by determining projectile impact initiation parameters. 4,5,6
Threshold initiation shock pressures for condensed explosives range from 1 to 100
kbar. An example of the second type of stimulus is that of thermal ignition
transforming to detonation in the confined explosive. 7,8

This paper describes results obtained with an initiation source producing a
stimulus that is continuously variable from less than that required to ignite explo-
sive flours to more than that required to detonate pressed pellets. The initiation
source is the detonation wave produced in gaseous mixtures of stoichiometric ethylene-
oxygen (CZH4 + 3 02).

Until recently, gas detonation waves free from incandescent solid debris had
to be obtained by run-up in 2 detonation tube.?:10:11:12  5ych (ubes were economicaliy
unattractive, 1nconvenient in use, or restricted in use by the run-up characteristics
of the gaseous mixture. In Bureau of Mines' studies, gas detonations have been
obtained without run-up in a detonation tube and without explosive detonators.

One possible difference between the shoék from a projectile -and the gas detonation
shock is the difference between a "cold" and a "hot" shock. In the firat case, tem -
perature increase in the condensed explosive sample is entirely a consequence of
mechanical interactions and conversion of translational energy into heat. In the
second case, there is additional thermal energy in the hot ethylené—oxygep combustion
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products. Phenomenological analysis and experimental results indicate that the
transport from the hot gases is negligible when the explosive is initiated within
1 sec.

Experimental Procedures

The test container was a 17.8 cm length of l-inch schedule 80 pipe, reamed
to an inside diameter of 2.54 cm. Explosive samples were positioned at one end of
the tube and the wires to initiate the gas detonation were positioned near the
other end.

The detonable gas mixture was 25 percent ethylene and 75 percent oXygen as
determined by partial pressures. Gases were injected into the evacuated chamber
through 1/16-inch orifice fittings for mechanical mixing and 20 minutes was allowed
for additional diffusional mixing. Gases were from commercial cylinders and were
used without further treatment. Initial pressures of the prepared gas mixture were
from 3 to 85 atm gage. Initial pressures less than 3 atm were obtained by reducing
a 3—atm mixture to the desired pressure,

To initiate the gas, a 0.15 mm .(No. 35 B&S) copper wire, 2 cm long, was exploded

) with the discharge from a 1.5 pHf condenser charged to 5.5 -kv or more (25 joules

energy, or more) using a hydrogen thyratron switch. Control trials in which the
wire was exploded with inert gas plus condensed explosive gave no evidence of debris
impingement or reaction of the explosive.

Representative particle size analyses of the floured or granulated materials
are given in table 1. Particle sizes and distributions under the test conditions
may have been slightly different. Gas was injected through orifices to produce
turbulent, circulatory gas mixing. This injection must have disturbed the surfaces
of the unpressed samples with some increase of 'fines' occurring at the top of the
sample.

The unpressed flour or granulated samples were prepared by pouring a standard
weight of material into the test vessel and tapping lightly to level the sample
surface, Standard weights were: 10 gm PETN,* 10 gm RDX,** 13.2 gm tetryl,*** or
14 gm Composition A5.**** Direct determinations of possible densities in the tested
charges of floured or granulated explosive have given: for PETN - 0.40 to 0.69 gm/cc;
for neat RDX - 0.67 to 0.91 gm/cc; for Composition A5 — 0.93 to 1.02 gm/cc; and for
tetryl - 0.93 to 1.14 gm/cc. As initially prepared in the test vessel, densities
were near the larger figure in all cases and these are the numbers quoted in the
tables. The particle size distributions of table 1 imply adequate porosity to permit
pressure equilibration within the floured or granulated sample by gas flow during
loading of the detonable gas mixture. Thus, the gas charging pressure would not
affect, per se, the density of the charges. As was the case with particle size
data, the effect of the gas jet mixing action upon the charge density is not known.

Pellets of Composition A5 and of tetryl were prepar~d and tested at pellet
densities of 1.6 gm/cc and 1.4 gm/cc. Pellets of PEIN + 1 percent graphite were
tested at densities of 1.6 gm/cc. All pellets were 1 inch long. Comparative
tests of PETN and PETN + 1 percent graphite, both in flour form, did not reveal
any noticeable difference in sensitivity resulting from the graphite addition.

* Pentaerythritol tetranitrate.

*x Cyciotrimzthylenetrinitramine (hexahydro-1,3,5 trinitro-s-triazine).
**% 2,4 6-trinitrophenylmethylnitramine.

*x#x RDX + 1% stearic acid coating material.
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Measurements were made of the pressure-time history at the initial explosive
surface until detonation, location of first appearance of significant reaction, and
the propagation velocity on the axis. These data were .obtained from resistive
pressure transduceral4 and continuous wire probes.15

The resistive transducer was a composition resistor of 0.1 watt rating. The
variation of resistance with loading pressure has been established in Bureau of Mines
investigations. 14 e approximate comnstancy of the calibration over periods of about
100 psec after application of the gas detonation shock stimulus has been established
in one instance by direct comparison with strain gage measurements, This result
provides justification for reading a 'pressure at detonation” at the time that
detonation 1s shown by the velocity probe. /:

4

The wire probe consisted of a fine, nichrome axial wire helically wound with a
nylon filament for insulation from the surrounding, collapsible aluminum tube. .
Collapse of the aluminum tube altered the probe resistance and gave a direct indi- I4
cation of the physical location of the shorting point. Rates of change of the probe
resistance were proportional to the velocities of the pressure front. For trials
‘at charging pressures greater than 14 atm gage, the probe record displayed the time-
position loci in both the gaseous and the solid phases. ’ ) ’

Results

The explosive flours or granules were observed to react in three different ways
depending upon the explosive and the gas charging pressure. At higher gas charging
pressures, supersonic reaction was induced with a time delay <1 microsecond. At
lower pressures, significant chemical reaction was evident only after a delay of
several microseconds and detonation commenced at some distance below the original
surface of the explosive sample. At still lower pressures, granular tetryl or
Composition A5 was not initiated to self-sustaining chemical reactions even though
a portion of the sample might have been consumed in the test.

Test results are summarized in table 2 where charging pressures are given for
the reaction modes of the several samples. PETN flour samples at a density of 0.7
g0/cc required:detonable gas mixture charging pressures of 20 atm, gage, to initiate
detonation with induction times <1 psec. At charging pressures of 0 atm gage the
flour was initiated to lower order reaction and transited to detonation after con-
siderable delay ( >200 psec). When pressed to a density of 1.6 gm/cc, PETN required
charging pressures of 85 atm gage to produce detonation within 1 usec of the impact
of the detonation wave. At charging pressures less than about 9 atm gage, the 1.6
gm/cc PETN pellet was not initlated to self-sustaining reaction,

The initiation sensitivity for RDX and tetryl also reduced with increasing
density as would be expected. In the unpressed, flour or granule form the ordering
of the sensitivities, S, is

SpETN [p= 0.7 gm/cc] >8. .. [p: 0.9 gn/cc] >8, etryl [o= 1.0 gm/ec];

this ordering appears applicable to both the production of detonation with < 1 Usec

delay and to the failure toc produce a2 self-sustained reaction., The same ordering of e
sensitivities appears to apply when pressed pellets of nearly equal density are '
compared; and is the same ordering as found by drop-weight impact16 and by projectile \
impact.

The detonation velocities observed in the present tests were similar to those,
reported g Hampdon and Stresaul7 with the qualifications noted by Jones and
Mitchell.l With a gas charging pressure of 2 atm gage, PETN flour was initiated
to a velocity of 3.5 mm/ psec after a delay of 4 usec; 8 usec later this velocity
accelerated to the stable value, 4.8 mm/ psec. When RDX flour was initiated to
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detonation with 12 atm gage gas charging pressure, the initial velocity was about
2.6 mm/ psec; after 4 psec, acceleration to the stable velocity, 5.4 mm/ U sec,
occurred. With 2 atm gage charging pressure, a subsonic reaction rate of 0.3
mm/ psec in the RDX accelerated to the stable value, 5.4 mm/ Ksec, after 30 Hsec.
With 16 atm gage, tetryl flour was initiated at a velocity of 2.8 mm/ usec, and
with 6 atm gage, 1.55 mm/ psec was observed. Acceleration to the stable, high
rate of 5.3 mm/ psec did not occur, This result is presumed to be a consequence
of the dimensions of the explosive sample. : ' ’

When detonation occurs after induction times of several microseconds, it is
to be expected that details of the hot gas-solid explosive-confinement interactions
are important in determination of the course of the reaction. It was observed that
after the initial pressure pulse impingement, the pressure remained nearly constant
for several microseconds and then increased at a high rate. The high rate of
pressure increase is seen first as a series of spikes probably due to individual
pressure wave interactions followed by an approximately exponential rise to quite
high values of pressure. The high values of pressure in the container following
the exponential rise are of the same order as detonation wave pressures to be
expected in the condensed sample.

Associated with incidence of the approximately exponential rate of increase
in pressure, was an increased rate of propagation as shown by the velocity-probe.
Comparison of records obtained with various initial gas charging pressures showed

‘that the pressure at appearance of the high rate could be correlated with the explo-

sive density and with the explosive type. As an example, with PETN flour and a
charging pressure of 0.7 atm gage, the induction time was 24 psec and the vessel
pressure at appearance of detonation was about 2 kbar. With the same type of explo-
sive sample but a charging pressure of 20 atm gage, the induction time was about

lu sec and the pressure in the vessel at appearance of detonation was again about

2 kbar, This type of observation of a critical pressure for the occurrence of
detonation i1s supported by the results of Price, Wehner, and Roberson.7

Table 3 compares pressures for the appearance of detonation as determined in
this study, to the shock pressure required to initiate unconfined charges as given
by, or derived from, the results of otherminvestigations.z' [ Ad e The reasonable
conformity of measured values from such diverse techniques strongly suggests that
the tabulated pressures are indeed critical pressures for the occurrence of deto-
nation. The individual values of table 3 and of table 4 are offered as represent-
ative data. Additional experience with the sensors and additional experimental

‘ data are required before the results are considered to be more than semiquantita-

tive.

Application of Results to a Large Pile of Explosives
Under Conflagration Conditions )

A. Assumed Stimulus is a Gas Detonation External to the Pile

The stoichiometric mixture of ethylene and oxygen must be charged to pressures
of 20, 26, or 26 atmospheres respectively in order that the gas détonation be able
to induce detonation in PETN, RDX, or tetryl flours with delay times of about 1

pwsec. Buildings, bins, or containers capable of withstanding more than 275 psig
are economically and architecturally incompatible with the storage of tons of
explosives. )

Concern, then, is entirely with pressures of approximately zero psig for such
a detonable gas mixture. Table 4 summarizes induction times as functions of
detonable mixture charging pressure for PETN and RDX. (According to table 1, tetryl
was not initiated to detonation at charging pressures below 3 atm- gage.) Induction
times of PETN and RDX, at 1 atm charging pressure, are 2>200 and 250 pusec respec-
tively. Detonations produced in sufficiently large external volumes of gas could
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maintain the gas stimulus at the explosive surface for these, or longer, periods of
timeZ9 put such "gas detonation confinement" would not support the relatively slow
buildup of pressure to values 1n excess of the critical pressure for appearance of
detonation (more than 28,000 psi). One test with 1.1 gm/cc, Composition A5 explo—
sive showed transition directly from a level of about 2000 psig in the container
without observable pressure run-up in the gas phase close to the explosive surface.’
However, 2000 psig is beyond the range of sustained pressures available from an
unconfined gas detonation.

1t 1s thus improbable that an external, unconfined, gas detonation would cause

direct initiation of a large pile of flour explosives of the types tested. If the -

gas detonation were to produce fragments having velocities of 300 m/sec or more®
such fragments might produce detonation in the large pile. Existing data on
projectile initiation are not sufficiently complete to permit numerical prediction
of gas volume versus projectile size and velocity relationships.

B. Assumed Stimulus is Internal to the Large Pile of Explosives

Peak pressure in the reflected gas detonation wave, of these studies, at 0 psig
is believed to be less than 0.2 kbar; the Chapmen-Jouguet pressure is even lower,
of course. In view of the appreciable difference between these pressures and the
critical pressure required for appearance of detonation in the condensed phase, 1t
is probable that the initiation sequence 1s that of ignition of the explosive
particles and then self-pressurization of the test vessel by the decomposition pro-
ducts. The exact mechanism by which deflagration of the explosive particles is
initiated, whether by an enthalpy wave, by an internal autoignition of "cook off”
geses, or by an external flame, is not of particular importance. The important
question is whether or not adequate confinement is provided to permit the pres-
surization to occur. 7Two circumstances can be postulated to provide the necessary
confinement by an explosive pile--collapse of a cavity formed by erosion, or
enfoldment of burning particles by a sliding pile. Because of lack of knowledge
about ullage space-—induction time relationships and because of the complicated
dynamics of the mechanical collapse or enfoldment, it is not presently possible
to discuss these circumstances in detail. It may be of academic interest to note
that rigid collapse of a 5-meter-high pile of material having a sonic velocity of
2000 m/sec would provide nearly rigid confinement for a time of 200 Hsec.

Summary and Conclusions

Gas detonations generated in stoichiometric ethylene-oxygen mixtures have been
used to produce detonations in PETN, RDX, and tetryl explosive. The explosive has
been tested both as a flour and as pressed pellets. The experimental results
suggest the existence of a critical pressure for the appearance of detonation in
the condensed explosive. Induction time does not have a strong effect upon the
induction pressure--the pressure to which the explosive is subject at the time of
appearance of detonation. These induction pressures were sensitive to explosive
type, density, and particle size.. From these results, it has been deduced that a
gas detonation cannot produce detonation of a large pile of these materials without
the interposition- of some action producing confinement of the ignited explosive

grains. The requisite confinement camnot be provided Dy an unconfined gas detonation.

Induction pressures for the tested flours or granules of PETN, RDX, and tetryl were.
2, 3, and 3 kbar respectively. 1In pressed pellets, pressures for appearance of
detonation were: 13 kbar for 1.6 gm/cc PETN; 12 kbar for 1.4 gm/cc Composition A5;
16 kbar for 1.6 gm/cc COIposition A5; 16 kbar for 1.4 gm/cc tetryl; and 20 kbar for
1.6 gm/cc tetryl.

“
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TABLE 1. - Particle size distributions of
explosive flours or granules

Particle
size range

Percent of sample in range

]
; R, microns PETN RDxl/ RDXg/ Tetryl
AN
; 710<R 7 2 1 14
)\ 350 <R < 710 81 20 85 79
) 105 <R < 350 7 63 13 ]
-\ 74 <R <105 0 2 1 0
R<74 0 15 0 2
Y
\ 1/Neat RDX.
| 2/RDX + 1% stearic acid (Compositjon A5).
TABLE 2. - Threshold charging pressures of stolichiometric
\ ethylene-oxygen mixtures to produce gas detona-
\ tion initiation of detomation in PETN, RDX, and
) tetryl
? Detonation with
Density, <1 U sec delay, No detonation
Explosive gm/cc atm gage atm gage
N PETN 0.7 20 <0
N PETRY 1.60 85 3/ 9
RDX .9 26 <0
RDX2/ 1.1 80 8
RDX2/ 1.40 84 3/ 15
. . RDX2/ 1.64 > 84 3/ 39
' Tetryl 1.0 26 3/ 3
> Tetryl 1.39 > 85 3/ 39
Tetryl 1.57 > 85 3/ 67
1/ 1% graphite added.
2/ 1% stearic acid added.
3/ Average from lowest value for detonation and highest value for no
detonation.
)
}
/
/
1
|
o

e
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TABLE 3. - Comparison of minimum shock px;essures for initiation of
explosive compounds by gas detonation or for initiation
with the indicated stimulus

N

‘ |
,J

!

/

Density, : : Shock Pressure, j{,
Source gm/cc Type of Stimulus _ kbar R
, PETN |
This work 0.7 Gas detonation 1/ 2.1 +0.3 £
LeRoux 0.7 Projectile impact 2/ 2.0 -
S8eay and Seely 1.0 Plane shock wave 2.5 .
Weiss and Litchfield 1.48 Projectile impact © 11.0 J
Eldh and covworkers 1.53 Projectile impact 2/11.0
This work 1.60 Gas detonation 1/13.3 + 0.5 “
: RDX !
Weiss and Litchfield 0.8 Projectile impact 3.0:
This work ' .9 Gas detonation -1/ 3.1 +0.4
LeRoux 1.0 Projectile impact 2/ 3.0 |
This work 1.1 Gas detonation 3.4 +0.5 {]
This work 1.40 Gas detonation 12,
This work 1.64 Gas detonation 1/716. +1 )
Weiss and Litchfield 1.62 Projectile impact 21.0
Eldh and coworkers 1.65 Projectile impact 2/22.0
Tetryl :
This work 1.0 Gas detonation - 3/ 3.
Weiss and Litchfield 1.00 Projectile impact 3.5 {
LeRoux 1.00 Projectile impact 2/ 3.5
This work 1.39 Gas detonation 3/11. ,
Weiss and Litchfield 1.57 Projectile impact 19.0 ’
This work 1.57 Gas detonation 13.
Eldh and coworkers 1.65 Projectile impact 2/22.0
1/ Mean and estimated standard deviation per observation.
g/ These values calculated by the authors from projectile velocity
data of other investigators. )
3/ For low-velocity detonation. : ‘
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TABLE 4., - Summary of parameters for initiation of flour and

pelletized explosive compounds by gas detonation

1/ RDX + 1% stearic acid (Composition A5).

Container -
Charging pressure Induction

Density pressure, at detonation, time,

Explosive gm/cc atm gage kbar L sec -
PETN 0.7 0.0 -- >200
PETN .7 0.7 2.2 28
PETN .7 1.0 - 8
PETN. .7 1.7 -— ]
- PETN 7 2.1 - 4
PETN 7 3.1 1.9 6
PETN 7. 20.0 -- 1
PETN 1.60 54.0 13.0 4
PETN 1.60 85.0 13.5 1
RDX 0.9 0.0 -- >270
RDX .9 1.0 - 50
RDX .9 1.4 - 56
RDX .9 1.7 - 28
RDX .9 3.1 - 12

RDX .9 5.9 - 5.
RDX .9 20.0 3.3 4
RDX .9 26.0 2.9 1
RDX1/ 1.1 11.2 6.0 70
RDX1/ 1.1 11.2 4.0 72
RDX1/ 1.1 27.2 3.1 36
RDX1/ 1.1 40.4 3.0 16
RDX1/ 1.1 58.0 3.4 7
RDX1/ 1.1 80.0 - 1
RDX1/ 1.40 50.0 - 7
RDX1/ 1.40 84.0 12.5 1
RDX1/ 1.64 57.0 17.0 14
RDX1/ 1.64 82.0 15.0 4
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EXPLOSIVE BEHAVIOR OF AMMONIUM PERCHLORATE -

Donna Price, A. R, Clairmont, Jr., and I. Jaffe

U. S. NAVAL ORDNANCE LABORATORY
White Oak, Silver Spring, Maryland

The inorganic oxidizer, ammonium perchlorate (AP), is widely used
as a major propellant ingredient., It 1s, in addition, a very interest-
ing high explosive because its behavior differs markedly from that of
conventional explosives such as TNT. AP is a member of a group of
explosives lh}ch exhibilt more ideal detonation behavior at high than at
low porosity, No member of this group has been studled very systemati-
cally; only a careful investigation of typical members will enable us to
understand these materials at least as well as we understand more con-.
ventional explosives., Because AP seems a representative group member,
because 1t is frequently used as a propellant component, and because it
has been extensively studied in the related fields of thermal decomposi-
"tion and combustion; we have started a systematic study of its explosive
behavior. The purpose of this paper is to report the results obtained
from our recent work.

The detonation of AP has been studied before, chiefly by Andersen
and Pesante,® But their data had too much scatter, and did not extend
sufficiently far into the high charge density region to demonstrate the
distinctive explosive behavior defined by the present results, That
behavior is typified by a detonability limit curve along which critical
density increases with critical diameter, and a finite diameter detona-
tion velocity which is not uniquely defined by loading density, 1i.e.,
which exhibits a non-linear curve with a maximum in the detonation
velocity.

EXPERIMENTAL

- All ammonium perchlorate used was propellant grade; it contained
0.2 to 1% tricalcium phosphate., The three lots of perchlorate had
welght-median particle sizes of 10, 25, and 200 p, respectively, For
charge preparation, the material was dried at 50°C for four hours or
longer and packed 1n cellulose acetate envelopes to form 20.32 cm-long
cylinders of 1.90 to 7.62 cm diameter, Compacting was by hand, by hy-
draulic press, or by isostatic press (followed by machining to size),
according to the charge density desired and the grain size of the per-
chlorate. All low density charges were fired almost immedlately after
preparation to avoid the formation of small cracks and column separation,
phenomena which occur with aging. '

The best quality charges were, of course, those prepared in the
isostatic press from the 10 u material, As the grain size of the per-
chlorate increased or as the charge density (po) decreased, charge
quality became poorer. At po < 1 g/cc, the charges were of such poor
quality that only a few small diameter charges prepared from the 10 p
material were accepted for firing.

The charges were fired 1n the experimental setup of Fig. 1 with
elther tetryl or pentolite boosters, A 70 mm smear camera was used to
record the flasher enhanced luminosity of the reaction front., The cam-
era was used at a writing speed of between 1 and 3 mm/usec to obtain a




)
{
¥

R P

- e

~ T

\,&'

153.
smear trace of the disturbance at 45° to the base of the £11m.

The smear camera photographs were of excellent quality, and deto-
nation velocity was determined from the slope of the trace, 1l.e., by a
least square fit of the linear distance - time data. For the lowest
resolution, the maximum error estimated from error in reading these
records 1s 1.5%. In over a dozen replications the maximum deviation
was also 1,5%; the mean precision was 0.7%.

RESULTS AND DISCUSSION

Falling Reactions

The first interesting result of this work is that charges of ammo-
nium perchlorate (of any grain size) when subcritical are nevertheless
capable of showing fading but vigorous reaction. Such charges of the
10 4 and 25 p materials, under shock from the booster, produced curved
luminous traces persisting to distances as large as 8 - 9 diameters
down the charge., As the charge diameter was increased toward its crit-

1cal value, the curvature of the trace decreased, It was, therefore,

almost impossible to determine the exact critical limits for the per-
chlorate; instead, they were bracketted by two densities at which
failure and detonation occurred at a given dliameter, )

The coarsest material (200 p) failed to detonate at 1ts pour-den-
sity of 1.29 g/cc 1in a 7.62 cm dilameter charge. (Larger charges cannot
be used in the available firing facilities.,) However, it too showed
vigorous reaction persisting for two diameters down the charge.

Detonability Limits

The limit or failure curve for the 10 u perchlorate in the charge
diameter (d) vs Po plane is approximated in Flg. 2. The critical values
are d., the diameter at and above which detonation propagates, and p,,
the density above which detonation camnot occur. The trend of increas-
ing critical density with increasing critical diameter and the conse-
quent definition of p. are both opposite to those for TNT-like
explosives,’ Figure 2 also shows measurements made by two other
investigators on fine AP's. The agreement is very good in view of
approximating the particle size distribution by the median size and of
the difficulty of determining that median,

The limit curve for the 25 p AP was not as well defined as that for
the finer material. The relevant data are:

po (g/cc)
d(cem) Deton. Failure
3,81 1.02 1.1
5.08 1.36 1.41
7.62 _1.b7 1,56

This limit curve will therefore lie above and to the left of that for
the finer perchlorate. The limit curve for the 200 p material 1is beyond
the experimental range of the present work. The trend .of particle size
effect 18 the expected one for all explosives, that of increasing d, -
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with increasing particle-size.. The shift in p, 1s,vhowever; toward
lower values for ammonium perchlorate, toward higher for TNT-like explo-
sives, . '

Detonation Behavior Pattern

The detonation velocity (D) vs po curves at various dilameters of
the finest perchlorate are shown in Fig., 3. Typically the D vs p, curve
at fixed 4 shows detonation velocity increasing with increasing density
to a maximum value., Beyond this maximum, D decreases as po increases
until it reaches its critical value at the failure limit,

o The curve for each diameter has been terminated at the critical
density given by the smoothed curve of Fig, 2, The limit line of Fig.
3, which divides the detonation from the failure area, is shown as the
dashed line through these terminal points. . The curve seems slightly
concave upward and gives the critical detonation velocity (D, ) as
function of po at different diameters, but at fixed particle size.

. Fig. 4 shows the analogous pattern, analogously derived, for the

- 25 ¢ material, This pattern is very like that of Fig. 3; it 1s, how-
ever, compressed into the smaller diameter range which results from the
particle size shift of the limit curve, d vs ps. At any given values

of d and po, the,detonation velocity of the finer perchlorate is greater
than that of the coarser. This point is further illustrated in Fig. 5
where the particle size effect on the D vs py curves at d = 5,08 cm 1s
shown, The terminal points of the two curves are on a limit curve
(indicated by the dashed 1line) which gives D. vs po at constant diameter
but at different particle sizes. )

Infinite Diameter Values

Since most of our D vs py curves are non-linear, our experimental
range 1s one in which diameter effect on D is large. At po = 1.0 g/cc
all data are on the low density side of the maximum D or, 1n_9ne case,
at the maximum, Under these circumstances, the usual D vs d ° curve 1s
linear (Filg. 6) and gives the ideal value D; of 3.78 mm/usec at po =
1,01 g/cc in good agreement with the comparable value of 3,75 determined
by Evans et al.,® _ .

For an analogous selection of data at po = 1.26 g/cc the solid
symbols of Fig, 6 are from the high density side of the maximum D and
must be neglected; they would lead to values of D, which are too high.
The remaining data give D; = 4,79 mm/itsec at po = 1.25 g/cc in very
poor agreement with the Ref. (2) value., However, if the Ref. (2) data
are extrapolated as 1n the present work, the analogous D, 1s 4,85 )
instead of the reported 4.37 mm/usec.

Even so, 1t is quite likely that the D, value obtained in this
manner at the higher density (where detonation behavior is less ideal)
is too high. Measurements at larger dlameters are necessary to decide
this, Meanwhile the present values have been used in Figs. 3 and 4 to
indicate a portion of the D; vs po curve., The data for the 25 p .
material also extrapolate to the same curve.

Reaction Zone lengths, Reaction Times

Of the available diameter effect theories, the curved f'ront:_1.:he6mr”a
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seems to fit our data best. Ref. (7) gives the detonation'réaction
zone length by : . .

a=4d4 (1-D0/D) (1)
The modified theory® gives a zone length v '
~z = (8/3.5) (1 - D/D,) : (@)
where s 1is the radius of curvature of the reaction front. For the
reasonable assumption that s is directly proportional to d, Eqgs. (1)
and (2) are identical except for a constant factor and will lead to.the
same relative reaction zone lengths, ’

The reaction time (T) 1s defined and related to the reaction zone
length by :

a=(D~u)r (3)

where U 1s the average particle velocity between the leading von Neumann

.shock and the C-J plane of the detonatlion front. Moreover, according

to the grain burning theory’,

where R is the aVerage pérticle fadius, A the molecular dlameter, and k
the specific reactlion rate of a single molecule.

For each ideal value D;(po), there is a corresponding detonatilon
temperature Ti(pc). Moreover, these infinite diameter values are inde-
pendent of the grain size, Hence Eqs. (1) or (2) and (3) can be used
to obtain the ratio of the reaction times of the 10 4 and 25 u perchlo-
rate at T,. If 1n addition we assume that this materilal detonates by a
grain burning mechanism, we can incorporate Eq. (4) into the relations
to obtain '

(a1/23) = (z1/22) = (T1:/72,) = (Ri/Rz2) (5)

where the subscripts 1 and 2 denote 10 p and 25 yu ammonium perchlorate,
respectively. Calculation of the ratio of the reaction times by Eq.
(5) gives (T1:/7T3:) = 0.40 ® 0,04 over the range of 0,90 < p, < 1,20
g/cc. This 18 in good agreement with the ratio (R;/Ra) = 10/25 = 0.40,
a result consistent with the grain burning mechanism for the detonation
of this material; such a mechanism is also consistent with its more
ideal behavior at greater porositiles.




(1)
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ACCELERATING DETONATIONS IN COMPOSITION B-3 EXPLOSIVE -

Robert Sewell, Lawrence Cosner, James Sinclair

U. S. Naval Ordnance Test Station, China Lé.ke,' Caelifornia 93555
INTRODUCTION

The problem of predicting what will happen when' a fragment or projectile strikes
cased high explosive munitions is complicated not only by the complexity of the

projectile-munition geometry but also by the number of different reactions which can
and do occur. .

Recourse to the literature on the subject exposes one to such terms as no re-
action, burning, deflagration, low order, mild low order, large low order, partial
detonation, high order and deflagration to detonation transition.

Examining the literature on explosive sensitivity is about as helpful and intro-
duces a series of tests which regularly produce confused ranking of the "sensitivity"'

of high explosive systems. (The theory or theories of detonation are not a great
deal of help either.) ‘ .

-The major problem is actually one of continual attempts to link all the various
modes of chemical reaction and all the means of physical excitation into one simple
model which would be useful in explosive applicatione. The probability of success
in such a venture is small at best, but an attempt must be made since studies are
going to be made with or without adequate models.

In any attempt to tackle this problem the explosive system should first be exam-
ined from a chemical as well as a physical viewpoint, the adiabatic auto ignition
temperature and its connotations, the shock sensitivity spectrum, experimental

results,—effects-of-geometry, and an attempt to create a limited analytic model.

THE EXPLOSIVE

GENERAL CQMMENTS

Explbéives in general use vary over a wide range of chemical compositions, but
do have several similar characteristics.

They consist of chemical compositions which contain both the fuel and the oxi-
dizer in an "unstable" molecular configuration which when broken allows the various

atoms to combine into such products as Hp0, CO, COp, N2, etc., with a rapid net
production of energy.

The stability of the explosive molecule should and apparently does play an
important part in the sensitivity of the explosive.

Analysis of the statistical nature of chemical kinetics shows that some of the
molecules are decomposing at any temperature above absolute zero but that the number
of molecules decomposing or reacting per second remains "insignificant"” up to some
critical temperature dependent on the ability of the explosive to dissipate the
energy generated by the reacting molecules. Above this temperature the number of
molecules involved increases exponentially leading to significant evolution of
energy. The dissipative factors involve the heat capacity, the thermal conductivity,
the geametry of the explosive, the nature of the confining media, and the
temperature of the environment.
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- (Tn*the presence of air, surface rea.ct" ons involving the oxygen 1n the air a.re,
of course, poss:lble ) ’

In an investigation of the problem of explosive storage and handling,
Longwell (ref. 1) measured the adiabatic auto-ignition temperatures of various
explosives and developed relations for safe stora.ge times and temperature for
various charge geometries.

SHOCK MOLECULAR EFFECTS

When & shock wave strikes a molecule, the molecule absorbs energy and if the
energy is high enough, bond rupture occurs. As long as the energy is absorbed .into
the molecule with no effect from other molecules or their decomposition fragments,

" the weakest part of the molecule will undergo rupture first. This will be regard-

less of other factors and certainly is the first effect of the shock wave.

. However, once the molecule 1s disrupted, reactive fragments such as ions and free
radicals can collide with the unreacted molecule to cause further bond rupture.
Since this latter effect will depend on the spatial features of the molecule, steric
factors are important and the bonds disrupted may not necessarily be the weakest in
the molecule. In fact they may well be the strongest if the atoms involved are
easier to reach by being on the ocutside of the molecule.

This being the case 1t 1is easy to select the bonds that are broken first, i.e.,
the N-NO» and the C-NO, (Table I). However, after the initial phase it 1is probable
that the C-H bonds are next ruptured since they occur in both molecules and the
hydrogen atoms are on the outside of the molecule.

SHOCK SENSITIVITY SPECTRUM

Energy levels calculated as associated with shock waves in explosives show that
for shocks of the order of a few kilobars some chemical reaction is quite probable,
but the ‘extent and rate of propagation of the reaction would be strongly dependent
on the duration of the pressure pulse as well as its amplitude and thus strongly
dependent on the nature of the confinement. Studies by Liddiard et al, (ref. 2)
have shown that with proper confinement sustained chemical reaction can be produced

. in Comp B at pressure amplitudes of the order of 5 to 7 kbars.

This sustained chemical reaction is not to be confused with detonatiom, which is
a chemically supported shock wave, but it can produce burning or deflagration which
has often, improperly, been called low order detonation.

Low order detonation--a nonideal detonation--is generally unstable (it is either
accelerating or decaying) and is produced when a shock wave with intensity above a
given level (dependent on the curvature of the shock front) enters the explosive and
either accelerates to full high order detonation or decays to no reaction. The
curvature of the wave front during acceleration is strongly dependent on the con-

" finement, the size and shape of the shock producing system, and the physical

properties of the explosive.

It has been shown {ref. 3) that for pressures greater than 21 kbars the growth
to detonation is- dependent upon peak pressure and is relatively independent of
impulse. It 1s interesting to note that the factor of 3 between the wvalues of
critical pressures obtained by Liddiard et al. (ref. l) and Cosner and Burford
(ref. 4) correspond to the factor of 3 between the average bond strengths -of the
N-NO» and the C-H bonds.
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The initiation of explosive by shock impact is characterized by géveral zones or
thresholds. At very low shock levels no significant chemical reaction occurs, as
the shock level is increased surface reactions will be triggered, and as the shock
level is increased still further other effects will begin.to predominate.

If the input shock level is above 202 kbars (ref. 3), an almost instantaneous
Jump to stable detonation 1s observed with a CJ pressure of 272 kbars. Studies have
shown that in the region from 21 to 202 kbars the growth of pressure with distance
can be represented by

% = k(P - P_) (ref.3) (1)

vhere P, = 21 kbars and k = 0.132 mm'l with P in kilobars and x in millimeters.

Using an assumption based on Adams' (ref 5) investigation of nonideal detona-
tion, the pressure is directly propertional to the square of the propagation
velocity

P =yl (ref.5) (@)

The constant Yy in this expression is found to be 3.38 with P in kilobars and Uin
millimeters/microseconds.

Integration of eq. (l) yields solutions for pressure as a function of distance
and these combined with eq. (2) yield shock velocity as a function of distance and
input pressure. A table of parameters of interest associated with these solutions
is shown in Table II.

Wedge experiments of the type performed by Boyle, Jameson, and Allison (ref. 6)
measure directly the shock velocity as a function of distance. Their determination
of the pressure is dependent on the assumption that the explosive will return to its
initial-density-upon-release—of the pressure. This assumption seems highly un-
Justified in view of the accelerating reaction which is observed. Their veloécity-
position data are free of these assumptions and could be used for direct comparison.
Unfortunately, "for ease of plotting," Boyle, Jameson, and Allison divided their
actual distance by the initiation distance to "normalize” the measurements and
failed to publish the actual distances. Working from what they have published, the
initiation distance 1s found to be 15 mm with a variation of about 1 mm. A plot of
their data compared to our calculated values is shown in Fig. 1.

If a spherically divergent system is presumed, eq. (1) 1s modified by substitut-
ing r for x and introducing a spherical loss term

dp

L-xr-p)-% | (3a)
or

[s13 1 .

E;=P(k-;)-kpc (Sb)

If eq. (3b) 1is correct and if the constant k is correct a minimm radius of
curvature for any stable detonation becomes

r =

(4)

Lol L

For Comp B-3 this would be r = = 7.52 mm.

T
0.133

™~
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This value is not the limiting radius of a cylinder which would propagate deto-
nation but would be the radius of curvature of the central portion of the detonation
wave in the limiting cylinder. Actually since the pressure would not be much above
202 kbar at the limit situation the limiting radius of curvature would be sbout
8.4 mm. If a hemispherical front is postulated the limiting diameter for full
detonation velocity would be 16.8 mm which is equivalent to the df of ref. 7.

A graph of the pressure required to produce an accelerating detonation as a
function of the radius of curvature of the front is shown in Fig. 2. Converging
wave fronts (negative radius of curvature) require less pressure than the critical
pressure to produce an accelerating front which tends to invert rapidly to a diver-
gent wave front. If during the period of convergence the pressure increases enough
over a large enocugh zone, continued acceleration should occur.

Below and to the left of the positive radius of curvature curve the reaction
produced is a decaying detonation. Near the curve, & slight change in radius of

curvature through a density change or a void in the explosive could have a large
eff,ec't on the occurrence of growth to detonation.
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Table I

Average Bond Dissociation Energies

C= " 146 keal/mole ref. 8)

C-H ) 98.7 kcal/mole ref. 8) . ,

c-C 86.6 kcal/mole ref. 8

C-N 72.8 kcal/mole ref. 8) |
C-NO» 48 kcal/mole (calcd. from ref. 9; ;
N-NO, 32 kcal/mole (calcd. from ref. 9 '
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The Heat and Products of Det%ga’aon of Cyclotetramethylene-
tetranitramine (HMX)," 2, 4, 6-trinitrotoluene (TNT), Nitromethane. (NM)
and Bis [2, 2- dinitro-2-fluoro- -ethyl] -formal (FEFO)“

Donald L. Ornellas

~Lawrence Radiation Laboratory, University of Callforma
Livermore, California

1. INTRODUCTION

Calorimetric measurements combmed with product analy51s offer a precise
method for obtaining fundamental information about the detonation process. This
information can then be used to provide normalization and boundary conditions for
thermodynamic-hydrodynamic codes that predict explosive performance.

Three pure CHNO explosives and one fluorine containing explosive were
investigated, This work is an extension of the work reported* for PETN. Jointly,
these studies span the range of oxygen balance in explosives that is of greatest
interest,

Previous detonation calorimetric work with TNT2-5 and HMX'3 is not .
amendable to theoretical interpretation because of the geometries used or the lack
‘of reliable product information. No information concerning the experimental
determination of the heat and products of detonation of NM and FEFO has been found
in the literature. ‘

2. EXPERIMENTAL

2.1 Apparatus and Operation

The apparatus and its operation have been described; however, some changes
have been made,

The thermometric system is a quartz thermometer which has a sensitivity of
1 X 10-4 °C for differential measurements is easily calibrated, and has direct
digital readout.

The heat equivalent of the standard instrument, taken as the average of six
calibration runs, was 15, 193 £ 2 cal/°C. The error is the standard deviation of the
mean.

Charges are now completely confined by a 1.27-cm thickness of gold. Formerly
the ends of the confining cylinder were left open. Since the bottom of the interior of
the bomb was most damaged by flying fragments, it was protected by a 0.64-cm-
thick, 6.4-cm-diameter stainless steel disc which we replaced after each experiment.

In order to contain NM under vacuum conditions, we sealed the gold cylinder
1.27 c¢cm from each end with a translucent film which is a laminate of 0.025-mm
polyethylene and 0.013-mm Mylar. A vacuum-tight seal was obtained by compressing
the film between appropriately machined gold surfaces The weight of film averaged
0.017 g per experiment.

NM was initiated through this film with a 0.75-g PETN booster at a density of
1.71 g/cc., HMX and FEFO were initiated with a 0,.3-g booster. No booster was
required for the TNT experiments since initiation was effected by means of the
detonator alone.

2.2 Explosive Materials

M111tary specification, grade II HMX was used, Analyses by thin layer

*Work performed under the auspices of the U,S. Atomic Energy Commission.
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chromatography showed about 0.5% cyclotmmethylene-tr1n1tram1ne (RDX) and less
than 1% each of an incompletely characterized linear nitramine (compound C) and
1(N) acetal - 3, 5, 7 trinitrocyclotetranitramine (SEX). The melting point was
278-282°C, Charges were machined from billets which had been prepared with a
special solvent-pressing technique,

Granular TNT, military specification, grade IIl was used. Analysis by
thin~layer chromatography showed less than 2% impurities. These were identified
as 2,4,5 TNT, 2,4 dinitrotoluene and trinitrobenzoic acid. Elemental analyses for
carbon, hydrogen, and nitrogen were in agreement with theory for pure TNT within
the limits of the analyses. The melting point was 82.0°C. Charges were pressed
in increments to a density at which TNT detonates reliably in small diameters,

Commercial grade NM was used. Chromatographic analysis showed a purity
of 96.7%. Impurities were nitroethane 0.94%, 2-nitropropane 2,5%, 1-nitropropane
0.03%, and water 0.1% maximum. The empirical formula on which results are °
based was calculated from the above analyses and adjusted to carbon equals 1.00.

. We de-aerated NM to avoid the formation of an air bubble between the booster
and liquid when the bomb was evacuated. This was accomplished by subjecting
frozen NM to vacuum, sealing the container, and then thawing the NM, This
procedure was repeated several times, .

FEFO, bis[2, 2-dinitro-2-fluoro-ethyl] -formal was available only in research
quantities, It is a liquid with a vapor pressure of about 40 u at 90°C., The sample
was determined to be 94.4% pure by chromatographic analyses. The principle
impurity is bis[ 2, 2-dinitro-2-fluoro-ethyl] -diformal and it contains 0.1% water as
received,

Water was removed by vacuum distillation in order to avoid loss of FEFO from
the confining cylinder when the calorimeter was evacuated. The expirical formula
on which results are based was calculated from elemental analyses and adjusted to
carbon equals 5.00,

3. RESULTS and DISCUSSION

3.1 Products from Heavily Confined Charges

Studiesl'z’7 indicate that the products from heavily confined charges represent
those found on the Chapman-Jouguet (C-J) isentrope at temperatures in the range of
1500 to 1800°K, Table 1 lists these products and the heats of detonation for HMX,
TNT, NM and FEFO,

As one proceeds down the scale of oxygen balance — FEFO, HMX, TNT - the
proportion of carbon which appears as solid carbon increases, and which appears as
carbon dioxidedecreases. Also, the proportion of hydrogen appearing as hydrogen gas
increases, and which appears as water decreases. NM, a low-density explosive with
a high hydrogen-to-carbon ratio, is the exception to these trends. It has the same oxy-
gen balance as TNT yet proportionally more carbon _appears as carbon monoxide and
Tess as solid carbon than one m ight expect froimn the TNT resulis. In addiiion, greaier
amounts of methane are present in the NM products than for any of the other explosives.

It is noteworthy that all of the fluorine in FEFO appears as hydrofluoric acid.
Carbon tetrafluoride or other compounds containg the C-F structure were not
observed.

The products from heavily confined charges attain equibirium under non-ideal
gas conditions since the pressure at 1500 to 1800°K is of the order of 5, 000 to 50,000
atm. In order to calculate the product composition along the C-J isentrope,- one
must therefore use complex thermodynamic~hydrodynamic calculations. Calculations

P, LIV Ty,
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were néade by using the two best equanons of state availa P&e the Beéker—Kistiakowsky-
Wilson® (BKW) equation in the RUBYY code, and the LJD equation. ‘'The comparisons
of observed products with calculated products for the four explosives studied (Tables

2,3,4, and 5) are fair. Data of this type will be used to improve equations of state
for detonation products. ’

The ideal experiment to allow isentropic expansion of detonation products is an
infinitely long, heavily confined, open-ended charge. For such a configuration end
effects would be negligible. However, charge length is limited by the calorimeter
dimensions, and end effects are such that some of the detonation products are
sufficiently shock heated on colliding with the calorimeter wall to cause re- equilibration.
Because of this the ends of the charges were also confined in gold. For oxygen-
deficient explosives such as TNT, doing this increases the observed heat of detonation
by almost 6%. The change is less for higher oxygen-balanced explosives.

3.2 Products from Unconfined Charges

It has been shown that the temperature at which equilibrium becomes frozen
can be found by comparing observed detonation products from unconfined charges
with products calculated with ideal gas laws.. Work with PETN! and the calculations
of Jones and Miller” indicated a freeze-out'temperature of 1500 to 1800°C. Unconfined

‘charges of HMX and TNT were fired and products were compared (Tables 6 and 7) to

those calculated. The agreement is good, confirming the earlier work.

The TNT data indicate that solid carbon equilibrates rapidly during the reshocking
of products that occurs with unconfined charges. The value for solid carbon, frozen
out in the initial isentropic expansion, is 3.65 moles/mole TNT (from Table 1). If
it were not equilibrating, the amount found in the products from unconfined charges"
(1.01 moles/mole TNT, Table 8) should be at least as large as that found in the -
products from heavily confined charges.
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Table 1
The Heat and Products of Detonation of Heavily Confined Charges of Explosivesa’b

Explosive HMX TNT NMC FEFOd
Density (g/ cc) 1.89 1.53 1.13 1.60
" Charge weight (g) 25 22 15 25
AH detonation, 298°K, Hzo(ﬂ), (cal/g) 1479+ 5 1093 x5 1227 £ 5 1227+ 5
Products (moles/ mole explosive) )
C02 1.92 1.25 0.261 3.16
CcO 1.06 1.98 0.550 1.88
C(s)® 0.97 3.65 0.095  not detected
N2 3.68 1.32 0.394 1.99
H20 3.18 1.60 0.882 2.14
H2 0.30 0.46 0.294 0.048
HE 0 0 0 1.87f
NH3 0.40 0.16 0.118 0.023
CH; 0.039 0.099 0.083 0.009
HC& 0.0081 0.020 0.0081 not detected
C2H6 0.001 0.004 0.001 not detected

aCylindrical charges, 1.27 c¢m diameter, confined in 1.27 cm gold.

bCorrected for PETN in the initiation system.

°XM =Cp 00 H

N
2.96 1\'0.96

01.92

of acetylene were observed.

drEFO = C

on the ends.
e

f

.
5.00 9574 N4.09 ©10.06
Results are corrected for reaction of HF with stainless steel,

by analysis and adjusted to C = 1.00,

From total fluorine contained in FEFO,

Determined-by-differences---———— - — - --

Table 2

Trace amounts

F1 87 by analysis and adjusted to C = 5.00.
| Charge not confined

Comparison of Calculated C-J Isentrope Products with Observed
Products from Heavily Confined Charges of HMX

Moles/ mole HMX

Calculated
Observed, BKW LJD
Heavily C-J Isentrope C-J Isentrope
Products Confined 1520°K 1800°K 1490°K 1760°K

N, 3.68 3.97 3.97 3.98 3.97-
HZO 3.18 3.11 3.67 2.90 3.06
COy 1.92 2.39 2.13 2.16 2.01
CO 1.06 0.10 0.071 0.77 0.93
C(s) 0.97 1.13 1.68 0.73 0.81
NH3 0.40 0.076 0.073 0.047 0.063
H2‘ .0.30 0.005 0.001 0.36 0.34
CH 0.039 0.38 0.11 0.34 0.26
HC% 0.0081 0 0 not allowed

b | S -

\.
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Table 3

Comparison of Calculated C-J Isentrope Products with Observed
Products from Heavily Confined Charges of TNT

Moles/ mole TNT

{
)
|
!
)
{ ] .___Calculated :
) Observed, - BKW . LID
! Heavily C-J Isentrope C-J Isentrope
) Products Confined 1505°K 1835°K 1500°K 1870°K
] C(s) 3.65 3.57 4.50 3.52 3.80
) . CO 1.98 0.56 0.32 1.60 1.58
; "H20 1.60 1.06 1.87 1.33 1.64
N No 1.32 1.49 1.48 1.50 1.50
COy 1.25 2.19 1.91 1.53 1.39
Ho 0.46 .043 0.017 0.48 0.40
) - " NHj 0.16 0.026 0.047 not allowed
\ ) ) CHy 0.099 0.68 0.27 0.34 0.23
HCN 0.020 3.6X1076 1 3x1076 not allowed
X ' - C2'H6 - 0,004 not allowed - not allowed
/
\
\ Table 4
] : Comparison of Calculated C-J Isentrope Products with Observed
Y Products from Heavily Confined Charges of NM
- Moles/mole NM
Calculated
3 - Observed, _ BRW LD
\ Heavily C-J Isentrope . C-J Isentrope
Products. Confined 1520°K 1835°K . 1500°K 1800°K
3
Ho0 0.88 0.75 0.77 0.81 0.85
CO 0.55 0.18 0.21 0.43 0.48
\ Ny 0.39 0.47 0.47 0.5 0.5
A Hog 0.29 0.049 0.027 0.32 0.29
. CQ2 0.26 0.49 0.47 0.38 0.33
NHj3 0.12 - 0.017 0.027 not included
\ C(s) 0.095 0 0 0 0
CHy 0.083 0.33 0.32. 0.19 0.18
‘ HCN 0.0081 0 0 not included




Table 5

Comparison of Calculated C-J Isentrope
Products with Observed Products from
Heavily Confined Charges of FEFO
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Table 6

Comparison of Calculated Equilibrium

Products at Constant Volume with Observed
Products from Unconfined Charges of HMX2

Moles/ mole FEFO

Observed, Calculated BKW

Moles/ mole HMX

Calculated for

Heavily C-=J Isentrope Observed Ideal Gas

Products Confined T520°K 1820°K Products Unconfined 1500°K  1800°K

CO2 3.16 3.92 3.82 Ny 4.01 4.00 4.00

Ho0 2.14 1.38 1.57 CO 2.65 2.36 2.52

Ny 1.99 204 2.03 H2O _ 2.50 2.36 2.52

co 1.88 0.83 0.85 Hy 1.53 164 1.48

HF 1.87 1.87 1.85 COy 1.45 1.65 1.49

H 0.046 0.045 0.025 HCN 0.0006 0.00002 0.00002

2 : NIig not detected 0.0006 0,0002

NHj 0.023 0,018 0.026 Cliy not detected 0.0004 0

CH, 0.0009 0.24 0.16

CF, 0 0 0.005 #25-g charges at density 1.89 g/cc and

C(s) 0 0 0.17 2.54 cm diameter.

Table 7

—— —Comparison of Calé&ulated Equilibrium

Products at Constant Volume with Observed
Products from Unconfined Charges of TNT?

Moles/ mole TNT

Calculated for

Observed I1deal Gas
Products Unconfined® “T500°K  1800°K
CcO 5.89 5,97 6.00
Ho 2.31 2.10 2.36
No 1.36 1.49 1.47
C(s) 1.01 0.81 0.90
H20 0.17 0,007 0.003
CO9 0.063 0.009 0.003
HCN 0.024 0.018 0.056
NIl3 0.022 0.0005 0.,0003
CH, 0.0092 0.192 0.053

a

25-g charges at density 1.53 g/cc and
1.27 and 2.54 cm diameter.
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