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Simultaneous Temperature and Species Measurements

During Self-Oscillating Burning of HMX

Ching-Jen Tang,* YoungJoo Lee,T and Thomas A. Litzinger}
Pennsylvania State University, University Park, Pennsylvania 16802

The near-surface species and surface temperature were simultaneously measured during self-oscillatory
burning of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). A CO, laser was used to heat the pro-
pellant surface at atmospheric pressure in argon. A microprobe/triple quadrupole mass spectrometer
system was used to measure species profiles, and fine-wire thermocouples were used to measure surface
temperature. Oscillations of species, temperature, and burning rate were observed with an average sur-
face temperature of ~633 K and frequency of 4 = 0.2 Hz. The mole fraction of NO,, HCN, and triazine
oscillated in phase with temperature, whereas the mole fractions of N,O, CH,O, and the species at mass
28 were 180 deg out of phase with temperature. NO, and CH,O were the most abundant species followed
by HCN, N;O, H,O, the species at mass 28, and other species. The production of NO, and HCN was
favored with an increase in temperature and burning rate, whereas the production of N;O and CH,O
became more important with a decrease in temperature and burning rate. This was qualitatively in line
with the accepted global reaction branches in the condensed phase of HMX. From these data, variations
of the mole fractions of NO,, N,0, CH,0, and HCN could be directly related to surface temperature.
Analysis of the data indicates that the observed oscillatory burning might be related to multiple-step

reactions in the condensed phase.

Introduction

HOUGH steady burning of solid propellants is desirable
for the design engineers of rocket motors, the nature of
unsteady burning appears to be unavoidable in many cases.
The most common unsteady behavior for rocket motors is os-
cillatory burning at specific frequencies. The oscillatory burn-
ing normally can be divided into low-frequency nonacoustic
instability and acoustic instability. Low-frequency nonacoustic
instability is related to intrinsic properties of propellant com-
bustion, not to the natural acoustic modes of the system. The
phenomenon of chuffing observed during the operation of
rocket motors is an example of nonacoustic instability. Chuff-
ing is a momentary burning followed by a quench period near
atmospheric pressure, and these events might repeat for several
cycles. During chuffing, the combustion chamber will experi-
ence intermittent pressure spikes. Huggett et al.' mentioned
that the pressure spikes of chuffing may propel the rocket
around in an unpredictable manner during the beginning of
launch; thus, low-frequency nonacoustic instability could be
very dangerous. Acoustic instability is caused by combustion
interaction with acoustic waves in the chamber of a rocket
motor. The interaction can cause oscillations of pressure inside
the combustion chamber and oscillatory burning of the pro-
pellant. Because thrust is a function of pressure inside the com-
bustion chamber of a rocket motor, oscillations of pressure will
result in oscillations of thrust and vibration of the rocket motor.
Consequently, the rocket motor may deviate from design per-
formance. In extreme cases, the motor may explode. Therefore,
understanding the mechanism of unsteady burning is crucial
for the design of rocket motors.
Huffington™ observed chuffing during burning of a cordite
charge in a small vented vessel, and found that chuffing would
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transform into continuous, but oscillatory, burning when the
nozzle size was reduced. References 2—-4 describe the chuffing
behavior using a model in which a liquid layer was first de-
veloped on the surface and was then explosively burned out;
the process was repeated for several cycles. The oscillatory-
burning processes were governed by a highly exothermic re-
action in the condensed phase. However, they did not show
how the exothermic reaction and propellant properties affected
the oscillatory frequency and amplitude. After the explosion
mechanism was published, Librovich and Makhviladze,’ as
well as Yount and Angelus,® reported similar oscillatory mech-
anisms. Kooker and Nelson,” Bruno et al.,* and De Luca’ cal-
culated instantaneous surface temperature profiles during self-
oscillatory burning by assuming a one-dimensional unsteady
condensed phase and a quasisteady gas phase. Kooker and
Nelson” and De Luca’ found that self-oscillatory burning was
induced by a large exothermic heat release in the condensed
phase. De Luca’® and Galfetti et al.'® explicitly concluded that
the frequency of oscillation was solely controlled by the con-
densed-phase thermal wave relaxation time at the prevailing
operating conditions. This conclusion is currently adopted by
most of the researchers in the area of propellant instability.

Few experimental data are available during self-oscillatory
burning. Recently, Bruno et al.® and Zanotti and Carretta'' have
been the most active researchers in this area. In their studies,
light emission from the burning surface and the gas phase, gas-
phase temperature oscillations, and ion current density in the
flame were measured during self-oscillatory burning. They
conclude that self-oscillatory burning does exist for most solid
propellants, and their experimental results are qualitatively
consistent with the theoretical analysis of the thermal wave
relaxation time in the condensed phase.

The present study was started as a result of an unexpected
observation during simultaneous species and temperature mea-
surements for octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX). The results showed that oscillatory burning of HMX
consistently appeared at a heat flux of 30 = 5 W/cm®. Sub-
sequently, the heat flux of 30 = 5 W/cm® was used to generate
oscillatory burning of HMX for a more detailed study of the
oscillations. During oscillatory burning of HMX, instantaneous
surface species and temperature were simultaneously measured
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by a microprobe/mass spectrometer system and Pt—Pt 13% Rh
thermocouples. The resulting data have several unique merits
for the investigation of oscillatory burning of solid propellants.
First, compared with flame luminosity traces, the oscillatory
surface temperature profile, which was not reported previously
by the other researchers, is important for the validation of un-
steady models of the HMX propellants. Bruno et al.® and
Kooker and Nelson’ have calculated the surface temperature
profile in their modeling efforts, but neither of them has cal-
culated luminosity of combustion. Therefore, the current tem-
perature profile can be directly used to validate the results of
unsteady numerical models. Second, the oscillatory surface
species profiles, which have not been obtained previously by
the other researchers, can reveal the unsteady chemical pro-
cesses during self-oscillatory burning. These species measure-
ments also can be used for validation of models with detailed
chemical reactions, which recently have drawn much atten-
tion.'” Third, the observed self-oscillatory burning is a typical
example of nonacoustic instability, but the current oscillatory
data may be applicable to the study of practical acoustic insta-
bility of a solid rocket motor. Oberg" and Culick' have found
that the low-frequency nonacoustic instability can be consid-
ered as a special case of the acoustic instability. Yount and
Angelus® mentioned that the intrinsic combustion disturbances
might couple with the acoustic properties of the motor with a
large cavity. Therefore, the current nonacoustic data may be
relevant for understanding acoustic instability. In the present
study, much effort was devoted to examine the existing un-
steady mechanisms and whether or not the chemical reactions
in the condensed phase could affect the amplitude and fre-
quency of self-oscillatory burning.

Experimental Procedures

Simultaneous surface species and temperature measurements
were performed in the current study. These measurements en-
abled observation of the relationship between surface temper-
ature and transient species products in the condensed phase.
Although the simultaneous species and temperature measure-
ments have not been conducted previously in our laboratory,
all of the required equipment was available from previous
studies.'”” A schematic diagram representing the experimental
setup is given in Fig. 1. The experimental setup has been de-
scribed in detail,'* and only a brief overview will be given in

this section. A CO, laser was used as an external energy source
to induce the decomposition of HMX. The laser was capable
of producing 800 W in a continuous wave mode with precise
control of the power output and lasing time. Because the CO,
laser beam passed through a mask and an expanding lens be-
fore entering the test chamber, the beam was relatively uni-
form. A Pulnix charge-coupled device (CCD) camera with a
microlens was used to obtain images of the surface structure.
The video system could provide a magnification of 30-40
times, corresponding to a spatial resolution of about 20 wm
on the videos. A triple quadrupole mass spectrometer (TQMS)
and a thermocouple system were used to perform the simul-
taneous species and temperature measurements.

The test chamber was 25.4 cm tall and 16.5 cm on a side
to give an internal volume of 4460 cm®. Because the volume
of the test chamber was adequate, significant pressure oscil-
lation was not expected to occur at a burning rate of 0.4 mm/s
for a 0.64-cm-diam propellant. Although the chamber has been
used to test up to 5 atm, all of the current tests were conducted
at atmospheric in argon.

Samples

The HMX samples were 0.64-cm-diam pellets pressed from
HMX powder that contains 0.2% hexahydro-1,3,5-trinitro-s-
triazine (RDX) as an impurity. The sample pellets had a den-
sity of 1.7 g/cm?, which is 89% of the maximum theoretical
density. To avoid hydration of the samples, they were stored
with desiccants prior to use.

Species Measurements

The HMX pellet was attached on a spring-loaded sample
holder that was mounted on a programmable linear positioner
inserted through the bottom of the test chamber. Prior to a test,
the sample was arranged so that the distance between the cen-
ter of the sample surface and the probe tip was approximately
1 mm. The distance of 1 mm was a compromise between two
constraints. First, the probe tip should be as close to the sample
surface as possible to avoid possible reactions in the gas phase.
Second, the probe tip must be placed a certain distance away
from the surface to avoid possible contact between the tip and
the dynamic liquid layer on the surface.

The analysis of gaseous species was performed using the
TQMS. The species were sampled by quartz microprobes with
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Fig. 1 Overall experimental setup with diagnostic systems.
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Fig. 2 Configuration of surface
temperature measurements.

Thermocouple

an orifice diameter of 20—30 wm, which produced a spatial
resolution of 100-150 wm. The sample gases were drawn
through the probe into the mass spectrometer by a two-stage
pumping system and ionized by electron impact. An ionization
energy of 22 eV was used for all of the calibrations and actual
tests to minimize fragmentation of molecules and to obtain
acceptable intensities. The sample gases can be analyzed in the
daughter and parent modes to identify and quantify almost
every stable species. In the parent mode of the operation, the
species with different molecular weights were readily identi-
fied by their unique m/z. In the daughter mode of the operation,
the first quadrupole mass filter electromagnetically filtered out
the parent ions of the desired m/z and allowed them to pass
into the second quadrupole as well as collide with argon gas.
Thereby, the ions were fragmented into several pieces, the
daughters, because of collision induced dissociation. However,
only the parent mode was used in the current study.

Several methods of calibration were used to determine the
quantitative species profiles. Because the pressure of the test
chamber was very close to 1 atm throughout a test, all of the
species were calibrated at atmospheric pressure. Most stable
species were calibrated with gas mixtures of known concen-
tration. Species such as water, formaldehyde, and triazine,
which are liquid or solid powders at atmospheric pressure and
room temperature, were calibrated through another procedure.
For example, water vapor was obtained by heating a small cup
of liquid water, under the probe with the CO, laser in an argon
environment. As a result, the gas mixture entering the probe
only contained water and argon. Because the calibration factor
for argon was obtained in advance by calibrating the known
concentration of argon, the calibration factor for water could
be readily obtained. The formaldehyde and triazine powder
were purchased from Aldrich. The calibrations of species for
which standards were not readily available, e.g., hydrogen cy-
anide (HCN) were estimated by correlating the signal intensity
of that species with that of a calibrated species with a similar
appearance potential through the ratio of their ionization cross
sections.'® The gas composition as a function of height above
the surface was reported as a normalized mole fraction by
adding the concentrations of the measured species together and
dividing each concentration by this total.

Temperature Measurements

Surface temperature was measured by Pt—Pt 13% Rh fine
thermocouples with a diameter of 25 um. These thermocouple
wires were carefully welded together under a microscope. Fig-
ure 2 illustrates the configuration for measurement of the sur-
face temperature. The thermocouple was placed across the pro-
pellant surface, and the thermocouple wires hung about 1 cm
down over the edge of the propellant surface with small nuts
fastened to the wires to keep the thermocouple bead on the
propellant surface. Therefore, the thermocouple was always on
the surface throughout the test. During the test, signals gen-
erated from thermocouples were recorded on a Nicolet oscil-
loscope through an amplifier. Then the signals were transferred
to a personal computer for further analysis. To estimate the
thermal inertia effect, an energy balance was performed. The
calculated result for an oscillatory temperature of 4 Hz did not
show significant effects on either the amplitude or phase of
oscillation.

Mole Fraction

Results and Discussion

Simultaneous near-surface species and surface temperature
measurements were made during the laser-induced decompo-
sition of HMX at a constant heat flux of approximately 30 =
5 W/cm.? All of the tests were performed at atmospheric pres-
sure in argon. After the laser was turned on, a melt layer de-
veloped on the propellant surface with no luminous flame. The
melt layer showed random dynamic motion without large bub-
bles during laser-induced decomposition. Several large bubbles
were formed on the surface after laser heating was terminated.
The bubbling phenomenon lasted approximately 500 ms.

Figure 3 shows the surface species and temperature profiles
during the initial stage of the test. In the figure, the x axis
represents the time after the laser was turned on. From O to
2000 ms, the NO, and triazine profiles display intermittent
spikes at a frequency of approximately 5 Hz, and the intensi-
ties between these spikes were almost zero. The behavior was
very similar to chuffing.*> However, the spikes of pressure
observed during the previous tests of chuffing were not found
because of the large volume of the combustion chamber. The
intermittent production of species was transferred into contin-
uous, but oscillatory, gas evolution at approximately 2000 ms.
The temperature profile quickly rose to 500 K after the laser
was turned on. Then the temperature remained at about 500 K
for approximately 1.6 s until continuous, but oscillatory, gas
evolution began. It is interesting to note that the temperature
profile did not oscillate with the NO, and triazine profiles be-
fore continuous, but oscillatory, gas evolution occurred.

Figure 4 displays the temporal species and temperature pro-
files during the period of continuous, but oscillatory, gas ev-
olution. The average burning rate was ~0.4 mm/s during this
period. In the figure, the species profiles are displayed in nor-
malized mole fraction. The temperature trace was adjusted by
20 ms because of species traveling time between the probe tip
and the ion detector. It is interesting that most of the species
profiles displayed an oscillation of 4 *= 0.2 Hz during the
period. The oscillatory frequency during the period was lower
than that of NO, and triazine during chuffing, and the average
burning rate during the period was higher than that during
chuffing. The species profiles in Fig. 4 show that NO, and
CH,O were the most abundant gas followed by HCN, N.O,
H,O0, and species at mass 28. Only a small amount of NO was
observed. NO, displayed the largest amplitude followed by
CH,0, N,O, HCN, NO, triazine, and the species at mass 28.
The amplitude for the NO, profile was a mole fraction of
0.025, whereas the amplitude for the CH,O profile was a mole
fraction of 0.02. Based on the phase relationship of the species
profiles, the measured species could be divided into two
groups. NO,, HCN, and triazine represent the first group,
whereas CH,O, N,O, and the species at mass 28 represent the
second group. There was a phase difference of 180 deg be-
tween these two groups. The phase relationship may indicate
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Fig. 3 Simultaneous species and temperature measurements be-
fore continuous gas evolution.
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Fig. 4 Simultaneous species and temperature measurements dur-
ing self-oscillatory burning of HMX with a heat flux of 30 W/cm’.
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Fig. 5 Comparison of the oscillations of the ambient gas (argon)
and NO,.

that the production of these two species groups competed in
the condensed phase; thus, two competing reaction channels
were expected to take place under the test conditions. NO, and
HCN were the major products for the first reaction channel,
whereas CH,0 and N,0O were the major products for the sec-
ond reaction channel. Because the production of H,O is nor-
mally associated with the major heat-releasing reaction of NO,
and CH,0, its production is an indicator of the thermal pro-
cesses in the condensed phase. The H,O profile is almost con-
stant from 2.5-2.9 s, and the small peaks of the H,O profile
appear to occur between the peaks of NO, and CH,O. The
temperature profile in Fig. 4 also oscillates at a frequency of
4 = 0.2 Hz. The average temperature and amplitude of the
oscillation profile were ~633 and 25 K, respectively. The re-
lationship between the temperature and species profiles shows
that the temperature profile moves in phase with the first spe-
cies group. Thus, the first reaction channel became more im-
portant as the temperature increased. The bottom of Fig. 4
shows the element balances for those species profiles in the
top of Fig. 4. The element fractions of HMX are 0.286 for H,
N, and O, as well as 0.143 for C. The N, O, and H balances
for the experimental species profiles showed only slight oscil-
lation, and the C balance was 20% higher than the theoretical
value. Compared with the element balances obtained for other

materials studied with TQMS, these element balances are quite
good.

It is observed in Fig. 5 that the profile of argon, the ambient
gas, oscillates 180-deg out of phase with NO,, one of the spe-
cies in the first group. Because a higher mass flux for a freejet
can reduce the concentration of the ambient gas in the center-
line of the jet,"” the relative concentration of the ambient gas
could indicate the relative burning rate of the propellant. Thus,
an increase in the concentration of argon would indicate a
decrease in the burning rate. This result suggests that the first
species group became dominant as the burning rate increased.

Several researchers have proposed reaction mechanisms for
the decomposition of HMX in the condensed phase through
experimental observation or theoretical derivation. Behrens
and Bulusu'® published a multipathway mechanism for the de-
composition of HMX. Reactions (1) and (2) were the first-
order pathways for this mechanism, and reaction (2) was fa-
vored at high temperature:

HMX — OST + H,O + NO + NO, 1)
HMX — NO, + H,CN + 2N,0 + 2CH,0 3}

These reaction pathways were derived based on the experi-
ments of thermal decomposition at a low heating rate and low
temperature (<282°C). Reactions (3) and (4) for the decom-
position of HMX were originally proposed by Melius':

HMX — 4(HONO + HCN) 3)
HMX — 4(CH,O + N,O) @)

After Brill*® conducted a series of experiments at a high heat-
ing rate and temperature, he suggested that these two reactions
were the global competing reaction branches during the ther-
mal decomposition of condensed-phase HMX. Reaction (3)
could be written as reaction (5) or (6):

HMX — 4(H + NO, + HCN) )
HMX — 4(NO, + H,CN) 6)

The competing reaction branches have been adopted in several
nitramine models.”"** and these models have made fairly rea-
sonable predictions for the steady-state combustion of nitra-
mine propellants. In related steady-state studies of HMX dur-
ing laser-assisted combustion, large amounts of HCN, NO,,
CH,O, and N,O existed at the burning surface.” In general,
these results supported the two global reactions because the
two reactions.would produce significant amounts of these four
species. In an attempt to more accurately verify the two global
reactions, a higher heat flux was used to understand how the
surface temperature affected the surface species under steady-
state conditions. Unfortunately, the surface temperature was
found to be very insensitive to the heat flux level. Therefore,
the surface species as a function of temperature could not be
obtained during the steady-state combustion studies of HMX.
Brill showed the N,O/NO, ratio as a function of reaction tem-
perature for HMX, and reported that the ratio increased with
a decrease in temperature. This indicates that an increase in
temperature favored reaction (3), which is qualitatively in line
with the relationship between the current measured species and
temperature. However, Brill did not report any quantitative ef-
fects of temperature on CH,O and HCN. The two competing
reactions other than Behrens and Bulusu’s multipathway mech-
anism were the focus of the current study mainly because these
two reactions can qualitatively explain the current results and
because the reaction temperature and heating rate for Behrens
and Bulusu’s experiment are very different from those in the
current study.

The top of Fig. 6 displays several species as a function of
surface temperature for the oscillatory burning of HMX. These
data were taken from the portion of Fig. 4 between 2.5 and
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Fig. 6 Temperature dependence as measured by the major spe-
cies and N,O/NO, ratio.

2.9 s. Apparently, an increase in surface temperature increased
the mole fractions of HCN and NO,, but decreased the mole
fractions of N,O and CH,O. The current results further verified
temperature effects on HCN and CH,O, which are the products
of the two reaction branches of HMX. However, the rate of
increasing HCN was not exactly equal to that of NO,, and the
rate of decreasing N,O was not exactly equal to that of CH,O.
Thus, the experimental results qualitatively supported the re-
lationship between temperature and the products of these two
equations, but could not quantitatively verify the stoichiomet-
ric coefficients of these two equations. These two global re-
actions also cannot explain the fact that triazine and the species
at masses 28 and 43 existed in significant amounts. The results
indicate that the two global reactions are too simple to describe
the condensed phase chemistry, even though the results qual-
itatively confirm the two reactions.

The species profiles in Fig. 4 show that triazine still existed
at a detectable level, even at a surface temperature as high as
630 K. The average surface temperature was close to the sur-
face temperature (633 K) observed under self-sustained com-
bustion at 1 atm.** Thus, the reactions associated with the pro-
duction of triazine in the current condensed phase study may
be applicable to steady-state combustion at atmospheric pres-
sure. Previous work under steady-state conditions® also
showed that the reactions related to triazine could be important
in the gas phase during laser-assisted combustion. Fifer*® pro-
posed that one molecule of triazine may decompose to form
three molecules of HCN. If one molecule of triazine was
counted as three molecules of HCN, the total mole fraction of
HCN was very close to the mole fraction of NO, in the current
study. This implies that NO, did not quantitatively match HCN
simply because triazine did not decompose into HCN. The
presence of triazine may result in different gas-phase chemistry
from HCN.

The bottom of Fig. 6 shows the comparison of the N,O/NO,
ratios between the current study and Brill’s study. The mea-
surement technique used in the current study was entirely
different from that in Brill’s study. In addition, Brill’s data
were obtained under transient conditions, whereas the current
data were measured for a steady-state oscillatory condition.
Nevertheless, the comparison shows that the N,O/NO, ratio in

the current study is only slightly smaller than that in Brill’s
work.

Oscillations of the width of the reaction zones in the gas
phase could cause oscillatory species profiles. Previous
TQMS,? uv-visible absorption,*” and planar laser-induced flu-
orescence”® measurements showed the primary and secondary
reaction zones in the gas phase during laser-assisted combus-
tion of HMX. In the primary reaction zone, reaction (7) was
dominant, whereas in the secondary reaction zone, reaction (8)
was prevailing:

SCH;O + 7NO, = 7NO + 3CO + 2CO, + SH,0 (7)
HCN + NO — 2CO + 2N, + H, (8)

Time-of-flight mass spectrometry measurements® also showed
two similar reaction zones during the self-sustained combus-
tion of HMX. Oscillation of the width of the secondary reac-
tion zone has been observed with an external sinusoidal heat
flux.* During this oscillation, a phase difference of 180 deg
was found between the profiles of products (CO and N,) and
reactants (HCN and NO) of reaction (8). In the same fashion,
oscillation of the width of the primary reaction zone was ex-
pected to show a phase difference of 180 deg between the
CH,O and NO profiles. The phase relationship among species
could be used as a tool to examine whether or not oscillations
of the width of reaction zones existed. Korobeinichev et al.’
showed species profiles with an ~180-deg phase diference
between the profiles of m/z = 30 and 28; thus, oscillation of
the width of the secondary reaction zone was expected to cause
these oscillatory species profiles. However, the current results
did not show such a phase relationship among species profiles.
On the other hand, the current oscillatory species profiles could
be quantitatively explained by the two competing reactions in
the condensed phase. Thus, it is believed that the observed
oscillations were a result of the condensed-phase reactions
rather than oscillations of the width of the gas-phase reaction
zones.

Kooker and Nelson’ showed that the large exothermic heat
release in the condensed phase induced self-oscillatory burning
without the assistance of external radiation. Their calculation
was based on the assumption that the surface reaction zone is
infinitesimally thin and that the gasification process is one-step.
They also found that the oscillatory amplitude decreased with
a decrease in the surface heat release, and that when the sur-
face heat release was below a specific value, self-oscillatory
burning could not occur. Based on the same assumption, De
Luca et al.*' introduced two variables, defined, respectively, in
terms of burning surface and gas-phase properties:

a= [(71- - T) ®

oT,

TI

9G,« d€nm c, — C
b = 8 + A s _ b c 10
[(E)ms Q) aT, ]f, C. (10

where T is the surface temperature, 7, is the initial tempera-
ture, c, is the specific heat for the gas phase, c. is the specific
heat for the condensed phase, m, is the burning rate, Q, is the
surface heat release, and g, is the heat feedback from the gas
phase. ¢,= 0.35 cal/g K and c¢. = 0.35 cal/g K can be found in
Ref. 32. Then, the intrinsic stability boundary can be described
as:

d €n ms]

a=DbR2)yb - 1) (48))

Equation (11) can be used to determine the stability bound-
ary during self-sustained or laser-assisted combustion. If a <
b(b — 1)/2, burning is not stable. Although the term of the
external heat flux is not in the a or b, these two parameters
implicitly depend on the radiant flux intensity. As in Kooker
and Nelson’s model,” the surface heat release included in a
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Table 1 Burning rate, surface temperature, and surface heat release
as a function of heat flux

Heat Burning Surface Surface heat Surface heat

flux, rate, temperature, release rate,” release,’

W/cm® mm/s K W/em? Jig a b
30 0.4 633 7.7 112 19.8 1.7

100 0.9 647 —-2.5 —-15 19.7 —-0.2

300 1.2 652 —143.4 —664 19.7 —8.8

“Surface heat release is positive if exothermic.

30
25 +
20+ m "

300 100
® 15 T Wem? Wiem?

-10 5 0
b

Fig. 7 Intrinsic stability of HMX with an external heat flux.

10

and b was a dominant factor for stability. a and b for the
current study could be derived from the measured surface tem-
perature and burning rate equation along with an estimate of
the surface heat release. The burning rate equation is described
in the following form:

m, = A exp(—E,/RT) (12)

E, = 47 kcal/mole was readily obtained, based on the measured
temperatures and burning rates from the current study. The
surface heat release can be obtained through the one-dimen-
sional energy equation using the measured surface temperature
and external heat flux as known values. With g and b as a
function of the external heat flux, stability at a given heat flux
can be determined through Eq. (11)

Table 1 shows these two parameters and the surface heat
release as a function of heat flux. The values of a and b suggest
that burning is stable at the heat fluxes from 30 to 300 W/cm’,
Figure 7 shows the stability boundary and an effect of radiation
on intrinsic stability for HMX. The data point moves toward
the unstable region as heat flux decreases. The trend was in-
deed in line with the experimental observation. However, these
two parameters predict stable burning at a heat flux of 30 W/
cm?, which did not agree with the observed oscillatory burning
at a heat flux of 30 W/cm®. It appears that the previous mech-
anism cannot exactly predict the experimental results. In an
effort to explain the current results, additional effects were
considered in the condensed phase.

Brill and Brush® found that multiple-step reactions were
involved in the condensed phase decomposition of HMX, even
though their results were consistent with the two global com-
peting reactions in the condensed phase. They also mentioned
that as the concentration of residue increased in the condensed
phase, the HMX decomposition accelerated. Behrens* re-
ported that the residue and CH,O were autocatalytic. Thynell
et al.”* used a numerical model to simulate the experimental
results of Brill and Brush, using multiple-step condensed phase
reactions. They assumed that the products from the two com-
peting reactions were dissolved in the liquid layer. Therefore,
NO, and CH,O could build up in the liquid layer before an
exothermic runaway occurred. These previous studies sug-
gested that the reactions in the HMX condensed phase were
multiple steps, and some species could build up in the con-
densed phase. The species buildup could induce certain con-

d;nsed phase reactions or accelerate condensed phase reac-
tions.

To illustrate how multiple-step reactions in the condensed
phase might affect oscillatory burning, consider that the con-
densed phase of HMX is controlled by a two-step reaction:
(A) HMX — HMX;,y and (B) HMX,,,, — gas-phase products,
where HMX ., represents intermediate species. Reaction (A)
is endothermic, whereas reaction (B) is exothermic. With this
model, the total heat release from HMX to gas-phase products
still can be consistent with the experimental data at a surface
of ~633 K, which indicates a very small exothermicity or even
endothermicity in the condensed phase. Initially, reaction (A)
can build up the concentration of HMX,,,, in the condensed
phase before a large amount of reaction (B) occurs. When the
concentration of HMX,, and temperature in the condensed
phase reach a critical value, a large amount of reaction (B)
will momentarily occur; thus, a large amount of heat associated
with reaction (B) will be released in the condensed phase. The
heat can easily drive the temperature of the reaction zone to a
higher level. After the amount of HMX,, is almost completely
consumed, reaction (B) will slow and the temperature will drop
to a lower level. Thus, based on a two-step condensed phase
reaction, self-oscillatory burning may occur even when the
global surface heat release is not highly exothermic. In other
words, self-oscillatory burning is induced by the transient con-
densed phase heat release instead of the global condensed
phase heat release. Because the concentration of HMX,, in
the condensed phase is crucial to self-oscillatory burning, the
time scale of the species buildup can possibly affect the fre-
quency of oscillation. Therefore, both thermal relaxation time
and chemical processes in the condensed phase could control
the frequency of oscillatory burning; a different model from
that of previous researchers. In fact, a numerical calculation
based on the previous mechanism could not predict the fre-
quency of oscillatory burning well.® Though the other models
such as incomplete combustion are available in literature,**
these models also cannot explain these data. The chemical pro-
cesses in the condensed phase may be the reason why the
purely thermal model could not predict the frequency of os-
cillation.

Self-oscillatory burning for HMX was observed at a heat
flux of 30 = 5 W/cm?, but not at heat fluxes above 100 + 10
W/cm®. To explain this behavior, an analysis of global heat
release was performed. Table 1 shows that the surface heat
release becomes more endothermic with an increase in external
heat flux and surface temperature. Comparison of the external
heat flux and surface heat release shows that the external heat
flux dominates in the surface reaction zone at heat fluxes rang-
ing from 30 to 300 W/cm®. Table 2 shows the analyses of
chemical kinetics for the surface heat release. The rate con-
stants as a function surface temperature were derived based on
Egs. (13) and (14), which are the rate constants for reactions
(3) and (4):

k = 10" exp(—44,100/RT) (13)
k = 10"° exp(—34,400/RT) 14)
The activation energy and pre-exponential factor can be found
in Ref. 20. It is evident that the surface heat release decreases

with an increase in temperature. The surface heat release is
based on the global reactions (3) and (4), which are endother-
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Table 2 Rate constants and heat release as a function
of the surface temperature

Surface Rate constant Rate constant

temperature, for reaction (3), for reaction (4), Heat release,”
K 1/s 1/s J/g

600 2.73 2.95 —-114.6
630 1591 11.66 11.8
650 47.04 27.16 86.5

a, . . . .
Heat release is negative if exothermic.

mic (38 kcal/mole) and exothermic (-50 kcal/mole), respec-
tively. Although several reactions other than these two reac-
tions certainly took place in the condensed phase, the mole
fractions of species produced by these reactions were relatively
constant. Thus, even if all of the reactions in the condensed
phase were considered for the surface heat release, the surface
release still would decrease with an increase in heat flux. In
addition to the surface heat release, Table 2 shows information
regarding which reaction causes the endothermic surface heat
release. Because the increasing heat flux increases the surface
temperature, reaction (3) is more dominant at a higher heat
flux. Thus, the analysis of global heat release can be used to
explain the relationship between the external heat flux and os-
cillatory burning, but further analysis was needed to predict
the exact boundary of stability. As long as the increasing rate
of the external heat flux is higher than that of the surface heat
release, it is most likely that oscillatory burning will diminish
as external heat flux increases.

Conclusions and Summary

Self-oscillatory burning of HMX was observed at atmos-
pheric pressure with a constant heat flux of 30 = 5 W/cm®.
The surface species and temperature with an average temper-
ature of ~633 K oscillated at frequencies of 4 = 0.2 Hz. The
mole fractions of NO,, HCN, and triazine oscillated in phase
with temperature, whereas the mole fractions of N,O and
CH,O were 180-deg out of phase with temperature. In other
words, the mole fractions of NO,, HCN, and triazine increased
with an increase in temperature, whereas the mole fractions of
N,O and CH,0 decreased with an increase in temperature. This
was qualitatively in line with the accepted global reaction
branches in the condensed phase of HMX. Thus, the observed
oscillation should be related to the condensed phase processes,
not to the gas phase reactions. As the heat flux was increased
to 100 W/cm?, oscillatory burning was not observed. It is very
difficult to explain the current experimental results using the
purely thermal model, based on the assumption that the surface
reaction zone is infinitesimally thin and that the gasification
process is one-step. Multiple-step reactions in the condensed
phase may be the reason for the discrepancy between experi-
mental data and the theory of thermal wave relaxation time.
However, only detailed modeling can confirm this explanation.

The current results demonstrated that oscillatory burning
could exist even with a constant external heat flux. Because
the coupling between the condensed phase and gas phase was
very complicated and had many unknowns, the current data
represent a simple case that still includes the coupling of ther-
mal and chemical processes in the condensed phase during
oscillatory burning. Understanding of this coupling could be a
good start to understand the more complete interaction be-
tween the condensed phase and gas phase.
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