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The flame structure of 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) propellants under laser-assisted combus-
tion was studied to better understand related chemical and physical processes in the gas phase. Experiments
were conducted from 0.1 to 3 ATM in pressure with heat fluxes of 50 to 600 W/cm?. Gaseous products were
extracted through the use of quartz microprobes and analyzed by a triple quadrupole mass spectrometer
(TQMS). Temperature profiles were measured using micro-thermocouple techniques to investigate reaction
zones in RDX flames. Flame behavior was observed using a high-magnification video system. Major species in
RDX flames were identified as H,, H,O, HCN, H,CO, NO, HNCO, N,O, and NO, at low masses (m/z = 47).
In addition to these species, H,CNH with m/z = 29 was found to exist in the near-surface reaction zone as an
important minor species. Higher molecular weight species were found at m/z values of 47, 54, 56, 70, 81, and
97; with the daughter mode operation of TQMS, they were identified as HONO, C,H,N,, C,H,N,, C,H,N,0O,
C;H;N;, and C3H;3N;0, respectively. Increasing heat flux and decreasing pressure stretched out the reaction
zones and were useful for investigating reactions near the deflagrating surface. However, the conditions
appeared to have no effect on major reaction pathways. Two-stage chemical reaction pathways in the gas phase
were explicitly identified from the major species profiles at all experimental conditions. Also, the reactions of
minor high-mass species occurred in the primary reaction zone. The decomposition of RDX at the surface
showed evidence of the two competing branch reactions into H,CO + N,O and HCN + HONO, as well as two
subsequent reactions: H,CO + N,O — H,0 + CO + N, and 2HONO — H,0 + NO + NO,. With the
consideration of the previous four reactions, the branching ratio for the two decomposition pathways of RDX
was estimated to be about 2:1. For all experimental conditions, temperature profiles had a near-surface region
where temperature increased very slowly; the extent of this zone increased as the near-surface reaction zones
expanded. After this region, the temperature profiles increased to final flame temperatures without any dark
zone temperature plateau. Based on comparisons of species and temperature profiles, this near-surface region
is believed to be related to the consumption of NO,, production of NO and H,O, and production and

consumption of high-mass species.

INTRODUCTION

RDX (Fig. 1) is a highly energetic material
widely used as a major ingredient of solid
propellants in such applications as guns and
rocket motors. Therefore, over the past several
decades, many studies have been devoted to its
ignition, decomposition and combustion behav-
ior. In terms of decomposition and combustion
behavior, research has generally been per-
formed on two main decomposition regions:
condensed (solid and liquid)-phase [1-12] or
gas-phase regions [6, 8, 9, 11, 13-26]—while
some studies focused on both regions [7-9, 27].
Two excellent reviews describe the major re-
search accomplishments to date in these areas
[28, 29].

Significant efforts have been devoted to iden-
tifying an initial stage of the thermal decompo-
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sition pathways in the condensed phase.
Through RDX studies with gas chromatogra-
phy/mass spectrometry (GC/MS) [2], mass spec-
trometry (MS) [3-5, 7-9], and spectroscopic
diagnostics [6], it was found that RDX starts to
decompose in the liquid phase, with little de-
composition in the solid phase. Therefore,
within reasonable accuracy, we could assume
that the major decomposition occurred in the
liquid phase [3]. The decomposition products
identified in the solid phase were 1-nitroso-3,5-
dinitrohexahydro-s-triazine (ONDNTA: m/z =
206) within the RDX lattice [3, 4], H, [9],
H,CO, and N,O [3, 4, 9]. Major products
evolved in the liquid phase, most of which were
identified in MS studies [3, 4, 7-9], included
H,O, HCN, CO, N,, H,CO, NO, N,O,
NH,CHO, NO,, HONO, (CH;)NHCHO, oxy-
s-triazine (OST: m/z = 97), ONDNTA, and
RDX vapors. However, among the studies, de-
composition species and related reaction path-
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Fig. 1. Chemical structure of RDX.
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ways in the condensed phase varied widely
according to experimental conditions such as
heating rate and diagnostics applied on the
measurements.

In studies of the gas-phase decomposition of
RDX, primary efforts were devoted to identify-
ing gaseous products, investigating initial and
subsequent decomposition pathways, and ki-
netic modeling and its comparison with experi-
mental data. Literature dealing with initial de-
composition products and subsequent chemical
reaction pathways in the gas phase include
studies using GC [6], MS [7-9, 15-20], photo-
electron spectrometry [16], Fourier transform
infrared (FTIR) spectroscopy [14, 17, 18, 21,
30], UV-VIS absorption spectroscopy [6, 17, 25,
31-33], and laser-induced fluorescence (LIF)
[25, 31-33].

Initial decomposition products in the gas
phase were reported to be H,CNNO, from a
symmetric triple concerted dissociation [13] or
an RDX ring fragmentation [6, 9], NO, from
the scission of N-N side chains [6, 8, 16—17, 19],
or both H,CNNO, and NO, [13]. There seems
to be no consensus on initial gaseous products
according to measurement methods or experi-
mental conditions; therefore, this topic remains
controversial. Major gaseous products evolved
in the gas phase were identified as H,, H,O,
HCN, CO, N,, H,CO, NO, N,0O, CO,, and NO,.
However, some species that might have impor-
tant roles in subsequent reaction zones in the
gas phase, but were not commonly measured,
have also been reported. They include H,CNH
[34, 35], HNCO [7, 15, 35, 36], HONO [13, 17,
30, 35], and N,O, [21]. Experimental results
become more diverse when the identification of
gaseous products moves into high molecular
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weight species and intermediates of m/z > 46,
such as C,H,N, (m/z = 54) [35]; C,H,4N, (56)
[9, 35]; C:HLNL0 (70) [35]; CHoNLO, (74) [9,
13]; GHN, (81) [13, 35); N,O, (92) [21];
C;H;N;0  (97) [35]; CHLN;0, (120) [13];
C,H,N,O; (132) [9, 13]; C,H;N,O, (148) [13];
and C;HNsO, (176) [13].

Although there are some discrepancies
among initial and subsequent products evolved
in the gas phase, two dominant reactions have
been recognized as initial decomposition path-
ways in the gas phase of RDX pyrolysis that
produce NO, + HCN and H,CO + N,O [14,
18, 37]. Reasonable agreement of quantities and
trends for the major stable species have been
obtained by comparing experimental and ki-
netic modeling studies [22, 23, 36, 38-41], but
profound discrepancies still exist in the compar-
ison of major radicals [42]. Therefore, we can
state that the detailed mechanism of the decom-
position is not clear since 1) various decompo-
sition products depend on even slight changes
of experimental conditions and setups, 2) many
intermediates exist at the initial decomposition
stage, and 3) several new species have been
found by newly developed experimental sys-
tems.

RDX decomposition and subsequent reac-
tions in the condensed phase are believed to be
intimately connected to those in the gas phase.
Therefore, the gas-phase chemistry and its rela-
tion to the physical behavior of RDX are im-
portant topics to be understood and modeled.
RDX used in actual applications is a pellet-type
propellant; however, a significant number of
experimental results were obtained from its
powder forms [6, 8-9, 13, 16-21, 25]. The data
from this condition should be valuable for in-
vestigating fundamental chemistry of RDX, but
they may be quite different from those from
actual propellants, such as pellet-type propel-
lants. Two research groups [Korobeinichev and
his co-workers in Russia, and Hanson-Parr and
Parr in Naval Air Warfare Center (NAWC)]
have made significant contributions to the stud-
ies of decomposition and reaction pathways for
the combustion of pellet-type RDX propellants.
Korobeinichev and his co-workers studied com-
bustion of RDX propellants under self-sustain-
ing conditions using a time-of-flight mass spec-
trometer [7, 15, 36, 43]. Throughout the
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measurements of gas-phase species and temper-
atures, they reported major species evolved
from the deflagrating surface and thereafter
suggested decomposition reaction of RDX and
reaction pathways in primary and secondary
reaction zones of the gas phase. Parr and Han-
son-Parr employed a CO, laser for extensive
studies of the laser-assisted combustion of nit-
ramine propellants including RDX [24, 25, 31—
33, 44]. The CO, laser was useful in identifying
possible reaction zones near the surface, by
expanding the flame zone through a radiative
heat flux on the surface of propellant that
simulated actual conditions. They made mea-
surements of gas-phase species and tempera-
ture profiles to investigate chemical and thermal
wave structures under laser-assisted combus-
tion. Both groups succeeded in providing im-
portant chemical and physical data on RDX
combustion; however, the first group could not
identify the RDX flame structures under ballis-
tic conditions, while the second group, despite
their measurements of some important radicals
and stable species, could only provide limited
data of species measurements because of the
inherent limitation of the measurement diag-
nostics applied.

Even though RDX flame structure under
combustion is known qualitatively, a quantita-
tive description of the chemistry in the flame
has not been completely identified up to now.
Mass spectrometry has been successfully ap-
plied to the study of flame combustion chemis-
try [7, 15-17, 19, 20, 43-47], thermal decompo-
sition [8, 9], and dissociation mechanism and
dynamics of RDX [13]. It has two advantages: 1)
most radicals/species can be measured, which is
very important for complicated flame chemis-
tries, and 2) the measurement can be made with
reasonably good spatial resolution. However,
several species are frequently included at one
mass to charge (m/z) value in the study of
flames with mass spectrometry and cannot be
differentiated with a single resolving sector MS.
To differentiate species with the same mass,
tandem mass spectrometry (MS/MS) has been
used [48]. The TQMS system, which is based on
the MS/MS approach and will be used in the
present study, is capable of resolving several
species with the same mass-to-charge value, the
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detailed features of which will be described in
the “Experimental Approach” section.

The present study investigated the chemical
and physical processes of RDX propellants un-
der laser-induced pyrolysis and laser-assisted
combustion, using a CO, laser to simulate the
heat feedback of actual ballistic conditions. Ma-
jor efforts were devoted to identifying and
quantifying stable species and differentiation of
species at a same m/z value, determining ther-
mal wave structure, and comparing chemical
and physical structures of RDX flames. The
TQMS was applied to identify possible species
at key masses and differentiate species at the
same mass. Micro-thermocouple techniques
were applied to examine the thermal wave
structure in RDX flames by measuring temper-
ature profiles. Flame behavior was examined
with a high-magnification CCD camera and a
video system.

EXPERIMENTAL APPROACH
Experimental Setup

The experimental apparatus is composed basi-
cally of a high-power CO, laser (used as the
radiant heat source of RDX propellants), visual
diagnostics for examining flame behavior and
species sampling height, a TQMS and related
electronics for gaseous-product analysis, and a
data acquisition and analysis system. The sche-
matic diagram of the experimental setup is
shown in Figure 2.

The energy source for ignition and sustained
combustion of RDX propellant samples was a
Coherent Super 48 high-power CO, laser with a
maximum of 700 W of continuous wave power.
A series of silicon mirrors directed the beam
from the laser to the test chamber through
aluminum tubes that safely confine the high-
power CO, laser beam. Before entering the test
chamber, the beam passed through a drilled
copper plate and then an expanding lens, both
of which were mounted on sliding mounts mov-
able on a vertical aluminum track directly above
the test chamber. A 7 mm aperture in the center
of the copper plate allowed only the more
uniform center section of the beam to be passed
on to the sample surface. A zinc selenide ex-
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Fig. 2. Overall diagram of the experimental setup for the study of RDX propellants in the gas phase using a microprobe/triple

quadrupole mass spectrometer (TQMS).

panding lens with a focal length of 24 cm could
be moved on a track (not shown in the figure) to
expand the beam to the desired area and thus
obtain various levels of incident heat flux. The
laser beam entered the test chamber through a
KCI window and was applied to the propellant
sample surface. The test chamber shown in
Figure 2 was made from 1.3 cm-thick aluminum
and was 25.4 cm tall and 16.5 cm wide, giving an
internal volume of 4,460 cm>. Four pipe-thread
fittings were installed in the chamber to control
the pressure and gaseous environment in the
test chamber and data transmission. Two fittings
allowed for gas flow from pressurized bottles
containing the environmental gas (Ar or N,)
and provided outward gas flow induced by a
vacuum pump. The other two fittings (not
shown in the figure) were used to transport the
photodiode and thermocouple signals out of the
chamber. These fittings, purchased from
CONAX Buffalo Co., were specially designed
for sealing signal-transmitting wires.

The propellant samples were 0.64 cm (0.25")
diameter pellets pressed from RDX powder by
an in-house pellet presser. For a test, the pro-

pellant sample was glued to a small sample
holder, angled at 45° to the incident laser beam
so that the sampling microprobe could ap-
proach the sample perpendicular to its surface’s
center. This sample holder was attached to a
linear positioner from Industrial Devices Corp.,
which permitted precise vertical positioning and
movement of the test sample with respect to the
position of the sampling probe orifice. During a
test, the sample is pushed toward the sampling
probe by the linear positioner to obtain species
profiles versus height from the sample surface.
A high-quality Plexiglas window was installed
on one side of the chamber for direct-image
photography of the RDX flame during combus-
tion. The direct image was acquired using a
Pulnix video camera with a Nikon macro lens
and recorded with a professional VCR model
BV-1000 from Mitsubishi Inc. Magnification of
30 to 40 times was normally employed to record
images of flame structure and obtain the sam-
pling height with the spatial resolution of about
20 pm. The recorded images were examined
frame by frame to identify the sampling height
with the help of separately recorded photodiode
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signals. An infrared photodiode, installed in a
corner of the test chamber, was used to identify
the onset of the sample flame and observe the
luminosity of the burning propellants.

Sampling of gaseous species was performed
using a microprobe/mass spectrometer (MPMS)
system. With this system, the time for the gas
samples to pass through the microprobe and
arrive at the MS ionizer is estimated to be about
10 ms (Mach number ~0.1). Therefore, com-
pared with molecular-beam sampling, this mi-
croprobe sampling technique has a serious dis-
advantage of possible decomposition of the
sampled species in the gas-phase and on the
probe walls. To estimate the significance of the
effects, the sampled gases in the probe were
modeled as a one-dimensional, laminar, steady,
reacting flow of a premixed gas mixture at a
constant pressure. The calculation was per-
formed at severe conditions within the probe: 1
torr in pressure and 1600 K in temperature.
From the analysis, NO, was found to be the
most reactive species; however, its maximum
change was about 5% of its initial value in the
calculation. The possibility of the reaction of the
sampled species on the probe wall was also
considered. From the literature, it was found
that the main effects likely to influence the
accuracy of the measurements are rapid
quenching and catalytic effects [49]. Major plau-
sible reactions were found to be NO, dissocia-
tion, NO oxidation to NO,, and the oxidation of
CO to CO,, due to radical recombination reac-
tions on the wall. However, the possibility of
reactions seems to be low due to the canceling
effects in the relevant reactions, for NO, and
NO [49a-d], and the low pressure in the micro-
probe, for CO to CO, [49a, e]. Therefore, it
could be reasonably assumed that there was
little gas-phase reaction of the sampled species
in the microprobe and on the probe walls. The
same conclusion can be easily drawn for the
high-mass species measured in this study since
they appear near the sample surface where
temperature was much lower than the value
chosen in the modeling.

The species were sampled with a quartz mi-
croprobe with an orifice diameter of 20-30 wm,
an outside diameter of 75-100 wm, and a nozzle
half angle of 15-20°. The microprobe was con-
structed with quartz tubing of 2.0 (I.D.) X 3.2
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(0.D.) mm from Quartz Scientific Inc., which
was placed in a lathe and spun at low rpm while
being heated with a small torch and pulled to
create a narrower neck. The tubing was then cut
at the narrowest point, and the tip was carefully
ground back until an orifice of the desired size
was obtained. The sample gases were drawn
into the MS by a set of turbomolecular and
vacuum pumps and ionized by electron impact
in the MS. The mass spectrometer unit, a C-50
TOMS from Extrel, is capable of analyzing
gaseous species in the mass range of 1-500 amu
(atomic mass unit) with optional high-mass
analysis power. It has a variable scan speed
between 0.2 and 1,000 amu/s. A resolution of
8,000 is obtainable at a mass of 500 amu and
4,000 at 28 amu, and the sensitivity is 4 ma/torr
at mass 28 amu before electronic amplification.

A two-stage pumping system was employed to
obtain the required low pressures for the
MPMS system. The vacuum conditions for the
primary and secondary probe chambers of the
TQMS system were achieved with a mechanical
backing pump from Leybold and two turbomo-
lecular pump units from Balzers. The mechan-
ical pump evacuates the primary chamber from
atmospheric pressure in the test chamber to
about 0.1 torr with a 25 wm diameter micro-
probe. The secondary probe chamber contain-
ing the TQMS unit was pumped down to a
pressure of about 10~ ° torr for normal sampling
conditions. A Pirani gauge and a cold cathode
gauge were used to measure the pressures in the
primary and probe chambers, respectively. The
vacuum housings and flanges that house the
TQMS and seal the MPMS system were pur-
chased from MDC Vacuum Products Co. The
ionized gas samples were directed to the detec-
tion system of the TQMS, where they were
detected and the signals were amplified. The
data were collected and analyzed using a 486-
based personal computer and custom analysis
software.

Species Measurement and Analysis

Identification of species and differentiation of
several possible species with the same mass-to-
charge ratio (m/z) value were performed using
the TQMS. Two modes could be selected for
the mass filtering operation of a C-50 TQMS:
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parent mode and daughter mode. In parent
mode operation, which is the same as single
quadrupole mass spectrometer (QMS) opera-
tion, the existence of a gaseous species was
identified by peaks at various mass values which
were detected using only the first (Q1) or third
(Q3) quadrupole mass filters of the TQMS.
However, if multiple species exist at a given
mass, differentiating these species is very diffi-
cult using only the parent mode; it requires
multiple runs at different ionization energies or
the application of a matrix approach for obtain-
ing quantitative data. Therefore, daughter
mode operation with the use of all functions of
the TQMS is especially useful for differentiating
and identifying several species with the same
mass.

In daughter mode operation, the first quad-
rupole mass filter (Q1) is operated in a “single
ion” mode, in which only the ions of interest are
allowed to pass on as parent ions. The selected
parent ions undergo dissociation through the
process of collision-induced dissociation (CID)
in the second mass filter (Q2). Argon was used
as the collision gas in this study to minimize its
contribution to fragmented masses. Several pos-
sible fragmented mass ions, called daughter
ions, are produced and delivered into the third
mass filter (Q3). Here, all possible daughter
ions for each parent ion were scanned and
directed into the detection system as in the
parent mode. Two different types of daughter
mode experiments were performed with differ-
ent levels of collision energy; they will be re-
ferred to as the high and low collision-energy
modes [48].

In the high collision-energy mode, the colli-
sion energy is sufficient to break double or even
triple bonds of the parent ion. In the low
collision-energy mode, the energy is only
enough to break the weakest bonds of the
parent ion, so that daughter ions deprived of
small numbers of atoms are produced. The low
collision-energy mode operation was especially
useful when more than three species were pos-
sible and/or several hydrocarbon compounds
could exist at the same mass. Based on the two
sets of daughter mass ions for each parent mass,
the most appropriate chemical formula of the
parent mass was then deduced from the com-
parison of daughter ion patterns between the
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measured parent mass and a presumed chemi-
cal species, literature published on the propel-
lants, and a library of mass spectra [50]. Based
on the previously established procedures for
identifying and differentiating species [34, 35,
51], the differentiation of species with the same
mass was performed for mass 28: N,, CO and
C,H,; mass 29: H,CO and H,CNH; mass 30:
NO, H,CO, and C,H; and mass 44: N,O, CO,
and CH;CHO.

In the present study, experiments for RDX
were conducted at pressures of 0.1 to 3 ATM
and heat fluxes of 50 to 600 W/cm? during
laser-assisted combustion. In reducing the spe-
cies data, the measured concentrations were
added together and each concentration was
divided by the total to get the mole fractions of
the sampled gases. (This method of calculating
normalized mole fractions eliminates the effect
of sample temperature on the observed signal
intensities, since the temperature dependence
cancels out. This method also cancels out the
effect on signal intensity of probe orifice block-
age during a test.) The measured mole fractions
were then used to perform element balances
through the reaction zones to check data qual-

ity.
Sensitivity Coefficients

Sensitivity coefficients of the measured species
in the parent mode were acquired by several
calibration methods. Most stable species were
calibrated directly with the certified gas mix-
tures of known concentration. Water (H,O) and
acetaldehyde (CH;CHO), which are liquid at
ambient conditions, were heated and vaporized
with the CO, laser to obtain sensitivity coeffi-
cients for their vapor states. This calibration test
was conducted in 100% argon environment;
therefore, any vapors evolved from either H,O
or CH;CHO could be quantified with the com-
parison to argon depletion during the test.
Paraformaldehyde, a polymeric solid of formal-
dehyde (H,CO), was used to calibrate H,CO.
The calibrations of species for which standards
were not readily available were estimated by
correlating the signal intensity to that of cali-
brated species with a similar appearance poten-
tial through the ratio of their cross sections [52,
53]. However, when high-molecular-weight spe-
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cies with a m/z value above 47 were measured,
this cross-section method seemed to overpredict
their sensitivity coefficients up to one order of
magnitude and, accordingly, produced much
smaller mole fractions. This was primarily due
to the abundant fragmentation of an original
species in the ionizer of MS; most of the original
species was fragmented into lower-mass species,
and only a small peak of signal intensity could
be observed at the m/z value of the original
species. Moreover, a species with the same
number of atoms but slightly different structure
from the real measured species gave very differ-
ent sensitivity coefficients. Therefore, the use of
the cross-section method in estimating sensitiv-
ity coefficients of measured high-mass species
seems to misrepresent the actual quantities of
the species.

Of chemicals with a structure the same as or
similar to each high-mass species measured in
present experiments, the only one available
commercially was C;N;H; (triazine: m/z = 81).
Therefore, C;N;H,; was chosen as a standard for
the prediction of sensitivity coefficients of other
high-mass species. C;N;H;, which is a liquid at
the ambient condition, was vaporized under
CO, laser heat flux for calibration. The sensi-
tivity coefficients of other high-mass species
were predicted by comparing their chemical
structures with that of C;N;H;, along with its
distribution and pattern of fragmentation. How-
ever, since most of the high-mass species ob-
served in this study were not measured in other
experimental studies, they were not included
when calculating mole fractions and element
atom balance for measured species (see Fig.
13-16).

The calibration in the daughter mode was
conducted with basically the same method de-
scribed previously (parent mode using the
daughter mode operation). For each parent gas
species inserted in the calibration chamber, at
least one distinctive daughter species was ac-
quired. However, for parent species that
showed common daughter species, each par-
ent’s calibration coefficient was derived from
the proportionality of parents’ contribution to
the daughter species intensity. The calibration
procedure was conducted under the same
TQMS settings used in real experiments so that
possible errors could be eliminated.
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For all of the calibrations and actual tests, an
ionization energy of 22 eV was used to minimize
molecule fragmentation and get acceptable in-
tensities. However, this setting was still high
compared to the ionization energies of 9-15 eV
for most organic compounds [54]; thus, some
fragments were formed and contributed to the
signals at masses other than the parent mass. In
such instances, these fragment signals were sub-
tracted from the mass signal of interest.

Temperature Measurements

Fine-wire thermocouples were used to obtain
complete temperature profiles from subsurface
to the final flame in the gas phase and investi-
gate the structure of thermal wave in the reac-
tion zones, as well as its relationship to the
decomposition reactions. All temperature mea-
surements were performed separately from spe-
cies measurements. Various types of thermo-
couples were used to measure temperature
profiles in different reaction zones. Although
the maximum final temperature in the RDX
flame could be close to 3000 K, the maximum
temperature at the end of the primary flame
zone was expected to be near 2000 K [25, 31, 51,
55-58]. Therefore, platinum/rhodium (Pt/Rh)
and chromel/alumel thermocouples of small di-
mensions were used primarily for the con-
densed-phase and primary-flame temperature
measurements. Because of their resistance to
high temperatures, tungsten/rhenium (W/Re)
thermocouples were used to measure the com-
plete temperature profile of RDX flames.
Thermocouples were constructed using 25
pm-diameter platinum, platinum/rhodium, al-
umel, and chromel wires and 25 to 75 um-
diameter tungsten/rhenium wires. The wires
were precisely welded together under a micro-
scope with the electric spark method [59] to
obtain the smallest bead possible. With a little
practice, it was possible to obtain junction sizes
the same size as the wire diameter or slightly
smaller. W/Re thermocouples were fabricated
using the same method, although the bead
diameters were the same size as or somewhat
larger than the wires. In the electric spark
method, proper voltage and current levels were
identified for each thermocouple type: 5-6 V
and ~150 mA for 25 um Pt/Rh and alumel/
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Fig. 3. Schematics of the temperature measurement setup for the near-surface region: (a) top-and-bottom-divided (TBD)

type and (c) side-by-side-divided (SSD) type.

chromel thermocouples; 15-20 V and ~500 mA
for 75 um W/Re thermocouples. Thermocouple
wires and prefabricated thermocouples were
purchased from Goodfellow Corp. and Omega
Engineering, Inc. Both Pt/Rh and chromel/al-
umel thermocouples were originally purchased
from the Omega Company; however, the pre-
fabricated thermocouples had bead diameters
as much as three times the diameters of the
wires and were large enough to decrease both
spatial and temporal resolution of the measure-
ment.

Two different configurations of the tempera-
ture measurement setup were constructed ac-
cording to the temperature regions to be mea-
sured in flames. The first setup was a
configuration with an embedded thermocouple
(as shown in Fig. 3) to measure temperatures
from the subsurface to the near-surface reaction
zones in the gas phase. Two different types of
configurations were considered in the measure-
ment setup: top-and-bottom-divided type (TBD
type) and side-by-side-divided type (SSD type).
Originally, the TBD type was used to measure
the near-surface temperatures; however, the
recorded temperatures fluctuated widely. This
was due to a void near the thermocouple junc-

tion point (see Fig. 3) produced by the incom-
plete joining of two pieces owing to dimensions
of the imbedded thermocouple and the glue
applied at the rim. Therefore, the SSD type was
generally used for the near-surface temperature
measurements and showed stable and repeat-
able values. Another configuration (II in Fig.
3b) for the SSD type was also used to identify
measured profiles very near the surface. In this
configuration, the junction point was originally
placed at 100-200 wm above the surface before
measuring to avoid contamination by the liquid
from the surface. This configuration was found
to be very effective in identifying the very
slow-growing temperature region of RDX very
near the surface.

Thin rolled thermocouples were primarily
used in the temperature measurements near the
surface. All three types of thermocouples were
applied to compare the measured values.
Rolled thermocouples were fabricated with a
custom set of rollers. After rolling, the thickness
of the junction region for the thermocouples
was about 5 um for Pt/Rh and chromel/alumel
types and 5-10 um for W/Re types. The SSD-
type thermocouples were previously con-
structed by Russian researchers with 5 um-thick
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Fig. 4. Schematics of the temperature measurement setup for complete gas-phase profiles: (a) a process for making
thermocouples with 7-shape junction; (b) an application of the constructed thermocouples; and (c) temperature measure-

ment in a real experiment.

rolled thermocouples using a spark welding
method [56] and applied to the RDX gas-phase
temperature measurements.

For measuring complete gas-phase tempera-
ture profiles of RDX, W/Re thermocouples
with a 75 pm diameter were used to reduce the
possibility of burnout during measurements. A
special setup was designed for the measure-
ments as shown in Fig. 4. The thermocouple was
bent with a II shape near the junction as shown
in Figure 4a and inserted into two holes of the
ceramic shield to protect the wires from the
high temperature edge of RDX flames. The
thermocouple wires were glued at the other end
of shield holes as shown in Figure 4a to prevent
the thermocouple junction from moving, and
the whole setup was attached to a specially
designed fixture (not shown in the figure).
Therefore, only the junction point and part of
the ceramic shield were inserted in the flame so
that most of the wire was not heated. The
dimension of the setup was small enough not to
disturb the flame during measurements. During
a measurement, the RDX propellant sample

was moved downward and the thermocouple
setup was fixed in space (as in Fig. 4) so that the
thermocouple could pass through the flame.
Moving the sample was also effective in stabi-
lizing the flame and preventing it from attaching
to the thermocouple junction point (which hap-
pens because W/Re thermocouples are very
susceptible to burning in air).

A thermocouple immersed in a gas stream
will record a temperature different from the
true stream temperature due to several error
sources [59]: thermocouple size and aerody-
namic, thermal, and chemical effects. The effect
of thermocouple size, reflected in the response
time, was considered by converting all measured
temperatures to be equivalent to those for 5 um
thermocouples. The aerodynamic effect, result-
ing from the velocity of the combustion gas
stream, was not considered in this study, since
the velocity was of the order of 5 m/s and
therefore not high enough to affect measured
values. The thermal effects due to radiative and
convective heat transfer on the temperature
measurement were calculated through the en-
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ergy balance at the thermocouple junction using
reasonable thermal properties similar to the
actual gas environment [60, 61]. From the cal-
culation, the magnitude of radiative heating
term in the equation was found to be negligible
compared with that of convective term; there-
fore, it was not included in the calculation.
Conduction losses were also ignored since the
thermocouple wires in these measurements
were aligned with the surfaces of constant tem-
perature. The most serious effects seem to come
from the potential catalytic reactions on the
thermocouple surfaces, since these effects result
in spuriously high temperature and hysteresis in
the temperature profiles [59]. Even though the
considerations related to the reactions are very
complicated, the catalytic effect can be made
negligible by coating with noncatalytic materi-
als. In an experimental investigation by Zenin,
the temperature difference between uncoated
and coated W/Re thermocouples was known to
be small [62]. Therefore, this study gave no
consideration to the catalytic effect.

The measured thermocouple signals were
amplified by a six-channel wideband preampli-
fier before being recorded on the oscilloscope,
with a gain of 50 dB that amplified the original
signals about 316 times. A Nicolet NIC-310
digital oscilloscope was used to record the ther-
mocouple signals. The scope operates at a max-
imum recording speed of 1 MHz and has two
input channels—one for thermocouple signals
and the other for photodiode signals. The pho-
todiode signals were recorded simultaneously
with the temperature signals to synchronize the
video images of the flame to the temperature
measurement; they were precise enough to pin-
point the exact time the visible RDX flame
appeared. By cross-checking the signals and the
RDX flame recorded in video, it was possible to
identify the height changes of the junction point
above the deflagrating sample surface during
the measurement. The oscilloscope was trig-
gered by a signal output from the CO, laser at
the point of laser trigger, signaling the zero-time
for the test. Two 3.5" DOS-compatible disk
drives are included in the oscilloscope for signal
recording, and two recorded signals were stored
on disks right after the experiments for future
analyses. The recorded temperature data were
processed using VU-POINT software. Temper-
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atures for Pt/Rh and chromel/alumel thermo-
couples were derived from voltage signals con-
verted into temperatures by conversion
programs, based upon manufacturer’s specifica-
tions. Temperatures measured with W/Re ther-
mocouples were interpreted with an equation
derived from values in a conversion table from
OMEGA [60].

RESULTS AND DISCUSSION

Differentiation of Species in Low Masses
(m/z < 46)

From the results of previous research on RDX
[63], some masses were found to include more
than one species: N, and CO at mass 28; NO
and H,CO at mass 30; N,O and CO, at mass 44.
However, mass 29 was another challenge be-
cause it was possible that CHO, an ionization
fragment from H,CO, was not the only species
at this mass. Therefore, using the TQMS, the
possible species were differentiated and identi-
fied in the daughter mode. Details of the pro-
cedure to differentiate species in each mass are
described elsewhere [34, 51]; therefore, only the
results are summarized here.

The profiles of N, and CO in mass 28 vs
height from the surface are shown in Fig. 5 [34],
which also shows the effect of pressure and heat
flux. The zero point of the figures in this study
represents the liquid-gas interface. The liquid
phase in the present study actually represents a
thin layer of the mixture of vapor bubbles and
liquid from RDX and its decomposed species
on the propellant surface; therefore, it is de-
fined as “two-phase region” and this term is
used thereafter. In the figure, the expansion of
reaction zones was clearly evident with decreas-
ing pressure and increasing heat flux. The pro-
portion of N, increased while that of CO de-
creased through reaction zones and became
stable at the end. The trends of N,O and CO, vs
height from the surface are shown in Fig. 6 at
three test conditions. N,O constituted all of
mass 44 at the surface without the existence of
CO,, but decreased gradually as the height
increased. At the end of the reaction zones, all
of mass 44 was composed of CO,, one of the
final products of combustion. The expansion of
reaction zones as heat flux increased and pres-
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sure decreased is clearly visible from both spe-
cies profiles.

Species with mass 29 and 30 were found to be
highly correlated in the actual experiments as
well as in the calibration of expected species
[51]. In previous experiments with a single
quadrupole MS [19, 20] in this laboratory, mass
29 was selected to identify H,CO with the
assumption that mass 29 is composed exclu-
sively of CHO, based on the result of H,CO
parent calibration [34, 51]. However, some
questions have been raised regarding the mole
fraction of H,CO near the surface of deflagrat-
ing RDX obtained from mass 29 because, in
another study, the mole fraction of H,CO was
reported to be almost zero near the surface [25].
The fact that the H,CO at the surface was not
zero in this study supplied the motivation to
perform experiments in the daughter mode for
the parents at mass 29 and 30.

Figure 7 shows daughter mass results from an
actual experiment for mass 29. From the cali-
bration of CHO in Figure 8, mass 13 (CH) and
12 (C) were identified as the only possible
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daughters with a small amount of mass 16 if only
CHO existed at mass 29. In the actual test at 1
ATM and 100 W/cm?, however, a large signal at
mass 14 was detected near the surface. Possible
chemical species should be just CH, or N for
mass 14, and other possible parent masses could
be H,CNH or C,Hs, a radical which would have
to come from fragmentation of C,Hg, mass 30,
in the ionizer. However, C,Hs was eliminated as
a possible species because it would form from
C,H,, which was not found in mass 30 in RDX
experiments. Therefore, it could be deduced

3000
2500
2000

1500 %
1000

Arbitrary intensity

Height above surface (mm)

Fig. 7. Intensities of daughter-ion signals in the condition of
1 ATM and 100 W/cm? for mass 29.
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Fig. 8. Intensities of daughter-ion signals for the calibration
of parent NO, CHO, and H,CO in the high collision-energy
mode. All tests were performed at 1 ATM and in N,
environment.

that the mass 15 is more plausibly NH than
CH;. From this fact, it was concluded that the
most likely species which satisfied the previous
reasoning and contained N (mass 14) was
H,CNH with the following chemical structure:

The fragments of mass 14 and 15 are highly
likely from H,CNH, because the energy pro-
duced in CID process in the high collision-
energy mode is strong enough to break double
or triple bonds and, although abundant frag-
mentation usually happens in the CID process,
there are some preferences in the fragmenta-
tion patterns of a parent ion (see Table 1 and
related literature in [48]). The radical H,CN has
already been suggested as an important inter-

TABLE 1

Daughter-Mass Ion Spectra for Parent Masses Measured
Using the CID Process*

High-energy mode Low-energy mode

Major Minor Major Minor

masses masses masses ~ masses
54 28 29, 30, 40 53
56 28,29,30 40, 42, 43, 44 50
70 30, 44 56, 43, 40, 42 44,56, 43,40 39
81 27,28,29,55 54 80 69
97 26 56, 29, 70, 44, 46 79, 86

* Masses are in descending order.

611

ot 4 A aAMA Askhh A AL
2 E
E 08 %
8 06—
£
S o4
°
2
£ o
2 Noote ¢ o o e sece o oo
0 1 2 3 4 5 6
(2) )
Height above the propellant surface (mm)
e 1z U L a— A A —A A M
& * a 4 a
s 08
]
g 06
§
S04
°
=1
£ 0% .
2 ,re ® e e @ o .0 o o o 0.0 =
0 1 2 3 4 5 6
b .
® Height above the propellant surface (mm)
I
5 A A A a a7 oo
08 A
E
8 06
g
° 04
°
1
g 02 .y
© L. L]
2 e ¢ 0% o % o ee
0 1 2 3 4 5 6
(© Height above the propellant surface (mm)
A NO ® H,CO

Fig. 9. Mass 30 for RDX in the conditions of (a) 1 ATM
and 100 W/cm?, (b) 1 ATM and 400 W/cm?, (c) 0.5 ATM
and 400 W/cm?.

mediate species to form HCN [22, 23, 41], and
H,CNH has been also referred to as a possible
intermediate species [40, 64]. However, both
species were suggested only by modeling stud-
ies, and no measurement of the species has been
reported. If H,CNH is an RDX fragment,
signal(s) from the counterpart fragment(s)
from RDX decomposition should also be de-
tected in species measurements. Considering
the structure of RDX as in Fig. 1, possible
candidates for the counterparts are C,H,N,
(m/z = 54), C,H4N, (56), or C,H,N,O (70), as
in Fig. 1. However, the distance of the total
consumption for any of these species (see Fig.
12) does not coincide with that of H,CNH
(see Figure 10) at either of the two different
pressure conditions. Although the distance of
C;H;3N;0 (m/z = 97) in Fig. 12 seems to be
similar to that of H,CNH at the two pressures,
C;H;N;0 is not a structure that can be pro-
duced simultaneously with H,CNH since
C;H;N;0 retains the ring structure of RDX
and H,CNH is from ring fragmentation.
Therefore, the H,CNH measured in this study
can be considered an actual product.
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Trends of the NO and H,CO contributions to
mass 30 are shown in Fig. 9 at three different
conditions of heat flux and pressure. NO con-
stitutes most of mass 30 in the primary flame
zone and all of it after this zone. The existence
of H,CO in the primary flame was clear at every
experimental condition from the figure. Figure
10 shows the trends of CHO and H,CNH in
mass 29; H,CNH was found to constitute a
considerable portion of mass 29. However, its
existence was identified only near the surface.
By use of a calculated sensitivity coefficient, the
maximum mole fraction of H,CNH was esti-
mated to be about 1% at the surface for the
condition of 0.5 ATM and 400 W/cm® The
quantity of H,CNH was estimated by the cross-
section method (see “Sensitivity Coefficients”).
Although it was an ionization fragment, the
mole fraction of CHO was presented in Fig. 10
for comparison of its magnitude with H,CNH in
mass 29. The mole fraction of CHO was esti-
mated from the intensity of its daughter mass 13
(CH) rather than from the measured amount of
CHO after the deduction of H,CNH in mass 29.

Y. LEE ET AL.

Identification of Species in High Masses
(m/z > 46)

Initial decomposition products of RDX have
been recognized as important for determining
the initial gas-phase decomposition pathways [6,
8, 9, 13, 16, 17, 21, 35]. Therefore, identifying
the high-molecular-weight products is impor-
tant to elucidate the initial decomposition of
RDX. A major portion of the initial products in
the gas phase are composed of high-mass spe-
cies of m/z > 46, which are not well studied.
Regarding this topic in the present study, two
main questions exist: 1) how many real decom-
position products exist, as opposed to ionization
fragments, among the measured masses, and 2)
what are their chemical structures? These two
questions are the main themes to be investi-
gated in this section.

Intensities of masses at m/z values are mea-
sured for each experimental condition. The
parent masses were identical for all conditions:
47, 54, 56, 70, 81, and 97. No species over 100
were measured. Masses 56 and 81 measured
here were reported previously in a gas-phase
decomposition study of RDX to identify its
decomposition pathways through infrared mul-
tiphoton dissociation (IRMPD) [13]. However,
while masses 47 and 97 were found in this study
for masses lower than 100, masses 74 (methyl-
enenitramine), 82, and 83 were measured in the
IRMPD study [13]. Therefore, although both
studies were conducted for investigating RDX
gas-phase decomposition at high heating rates,
significantly different high masses were mea-
sured in the two experiments. Since most of the
high masses measured in this study showed their
maximum intensities at the surface, it may also
be appropriate to compare the masses with
condensed-phase decomposition products in
other studies [3-5, 9]. However, many of the
higher masses in the present study were also
different from the masses measured in the
liquid-phase decomposition studies; the only
coincident masses were 70 and 97 [3-5] or 56
[9]. This difference seems to result from the
substantial difference in experimental condi-
tions. For all of the high-mass species evolved
from the surface, attempts were made to differ-
entiate the actual products of RDX decompo-
sition from fragments formed by ionization [34,
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51]. By varying the ionization energy from 22 to
14 eV, it was found that the species at masses
47, 54, 70, 81, and 97 are considered true
decomposition products of RDX from relatively
small changes of their profile trends and peak-
point intensities [51]. However, the contribution
of fragmentation to the signal at mass 56 was
found to be significant, and no higher masses
such as 70, 81, and 97 could be contributing this
signal. Therefore, most of the signal intensity
for mass 56 seems to be produced by the
fragmentation in the ionizer from a higher
gaseous product above the m/z of 97. It may be
RDX because RDX was measured at similar
experimental conditions [31], or may not be
RDX based upon the fact that no RDX frag-
ments commonly measured in MS studies, such
as masses 75, 120, 128, and 148, were observed
in this study [3, 13]. Thus, the mass 56 signal
implies, but does not show any decisive evidence
for, the existence of RDX in the gas phase.

For the high masses observed in this study,
there exists a high probability of multiple spe-
cies for a given m/z value, based on the available
mass spectra library [50]. However, since the
RDX molecule has a rather unique chemical
structure made up of only C, H, O, and N,
possible combinations for the observed m/z
value are limited. For all high masses, daughter
ions were examined to determine which chem-
ical structures of the measured high masses
could be deduced from the measured daughter
ions and whether they were consistent with the
expected chemical structures given in the liter-
ature [3, 9, 13, 65-67].

Daughter-ion spectra for parent masses mea-
sured using the CID process are shown in Table
1. Several major and minor daughter ions were
identified for each parent mass and classified
based on the relative intensities. In the CID
process, according to the structure of a parent-
mass ion, the fragmentation patterns and the
abundance of daughter ion species show some
typical tendencies [48]. Using these patterns
and the daughter ions, chemical structures re-
lated to the measured masses were suggested in
Fig. 11 for each parent mass (except that of
mass 97, where the intensities of measured
daughter ions were too small to provide detect-
able daughter-mass signals). The structure of
mass 81 was obvious since C;N;H; (triazine)
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Fig. 11. Suggested chemical formula for each parent mass
from the measured data in Table 1. The numbers in
parentheses show related reference.

was commercially available; the daughter-mass
ion spectra of C;N;H; was found to closely
match that of the mass 81 from RDX. However,
this kind of matching method could not be
applied to other masses; the structures of other
high molecular masses were obtained primarily
from the measured daughter-ion spectra in Ta-
ble 1, a database of daughter-ion spectra from
parent species, and literature that previously
reported related structures [13, 29, 63, 68]. The
chemical structure II shown in Fig. 11 for mass
54 and 70 represents a less preferred structure
based on the information of daughter ions pro-
duced in experiments. For example, at mass 54,
the major daughter ions were measured at mass
28 and 29. In the CID process, most abundant
daughter ions generally correspond to single-
bond breaking. For structure I in Fig. 11, the
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Fig. 12. Mole fraction of high-mass species identified in the gas phase of the deflagrating RDX at the conditions of (a) 1, (b)
0.5, and (c) 0.2 ATM and 400 W/cm? in argon environment. The height above the surface of RDX in each condition is the

same as the species profiles in Figs. 14, 15, and 16, respectively.

production of daughter ions at mass 28 and 29
only requires a single-bond breaking of an N-N
bond and a reattachment of H to the bond,
respectively, whereas more complex breakings
and reattachments are required for structure II.
The same analysis can be applied to the struc-
tures of mass 70. It is interesting that all of the
high masses measured in this study were also
observed in HMX studies, but the daughter-
mass ion spectra for each mass were not the
same for the two materials at the same condi-
tions [Table 1 and reference 69]. Although
RDX and HMX are cyclic structures with the
same basic chemical unit, H,CNNO,, it is pos-
sible that the decomposition products from the
materials may not be identical.

With the sensitivity coefficients of C;N;H;
measured and those of other high mass species
estimated from C;N;H; as described in the
“Sensitivity Coefficients” section, it was possible
to quantify all high-mass species measured in
this study. The mole fraction profiles of the
high-mass species are shown in Fig. 12; the
height above the surface for each condition was
adjusted to the same as that in the lower mass
species measurement of Figs. 14, 15, and 16,
respectively. The structure of mass 97 could not
be identified in this study, but was assumed to
be C;N3H;0 from other work [3]. From Fig. 12
for conditions of 1 to 0.2 ATM, some valuable
facts could be deduced. Most of the high-mass
species exist up to the CN flame and are con-

sumed in the primary reaction zone (except
C;N3;H;0 and C,N,H,). Therefore, the con-
sumption of these high-mass species constitute
sources of the production of some major final
products such as H,, CO, N,, and CO, in the
dark zone. At every condition, C;N;H;0O and
C,N,H, always started to be consumed from the
surface and before the dark zone; the consump-
tion of these two species may explain the appar-
ent production of other high-mass species near
the surface. No significant improvement of ele-
ment mole fraction was obtained after including
the quantities of these high-mass species into
related species profile at each condition; there-
fore, these species were not included in Figures
14-16.

Chemical Structure

Chemical processes in flames can be divided
into two parts: what chemical changes occur
under a given set of conditions, and how fast
they occur [59]. The former question is related
to the problem of specifying the mechanism or
path of reactions during which the changes are
taking place in flames. Therefore, it requires not
only an understanding of related thermodynam-
ics and chemical reactions, but also calculation
of equilibrium flame properties (temperatures
and species compositions). The question of how
fast the reactions occur comprises the subject of
chemical kinetics. In this study, interest is fo-
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Fig. 13. Species profiles and element fraction profiles for

deflagration of RDX at heat flux of 100 W/cm? in argon at
one atmosphere.

cused on what chemical changes in flames are
taking place; therefore, in the study of RDX
decomposition, chemical species were mea-
sured to trace out the relationships between
measured species and chemical reactions.

The results for major species at the condition
of 1 ATM and 100 W/cm? are shown in Fig. 13.
This condition was selected as a baseline for
RDX species measurements since all the typical
phenomena of RDX combustion were ob-
served: stable regression, separated flame
zones, and a relatively stable CN flame. Several
experiments were actually conducted at this
condition to acquire reliable data because it was
found that the quartz microprobes could not
withstand more than 400 ms above the final
flame without melting. For protecting the mi-
croprobe from melting during experiments, the
propellant sample was moved toward the micro-
probe so that the probe penetrated the final
flame within 100 msec from the start of the test.
The results shown in Figure 13 are representa-
tive species data in the gas phase at this condi-
tion.
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Chemical reactions in the gas phase start with
the consumption of H,CO and NO, in the
primary reaction zone very near the surface.
Primary products of the consumption were
H,0, NO, CO, and CO,. The following reaction
has been generally accepted as the major heat
release reaction in the primary flame zone [14,
27]:

5H,CO + 7NO, — 7NO

+3CO + 2CO, + 5H,0 (R1)

Reaction (R1) is considered a dominant path-
way in producing heat at pressures up to 100
ATM and temperatures up to 700—800 K [27,
37]. However, due to the relatively high heating
rates and low temperatures near the surface in
this study compared to those in the FTIR
studies, the consumption of N,O was also no-
ticeable at this condition (see Figs. 14-16). The
temperature range in this primary reaction zone
was estimated to be 600-850 K based on tem-
perature measurements at other conditions (see
Figs. 17 and 18). HCN and H, were relatively
inert in this zone. While it is not included in
(R1), the existence of N, at the surface should
not be overlooked; N, has been reported to be
produced directly from the condensed phase in
several RDX experiments [9, 10]. The amount
of N, produced at the surface was unaffected by
the change of pressure and heat flux. This
species was relatively inert in the primary reac-
tion zone and became one of the primary prod-
ucts in the secondary flame zone.

Before continuing to the secondary reaction
zone, the primary reaction zone was followed by
a transition zone, or “inert zone.” The inert
zone in the species measurements is defined as
the region in which most major species are
relatively constant in mole fraction. Due to the
relative inertness of two major reactants, NO
and HCN, in the reaction zone, there is a
distinctive profile discontinuity for the reactants
at ~700 wm, the start of the secondary reaction
zone, in Fig. 13. The length coincided with the
violet CN flame distance in the video, which was
also the standoff distance of the secondary
(luminous) flame. It is noteworthy that the
consumption of N,O and H,CO, which were not
considered active in the secondary reaction
zone in other studies [41, 70], is still present in
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the secondary and inert zones at higher heat flux
conditions (see Figs. 14-16).

The secondary flame zone has been charac-
terized by the consumption of NO and HCN,
and by the production of CO,, N,, CO, H,0,
and H, [2, 71]. In this experiment, the consump-
tion of N,O also produces N, in this zone [18,
20]:

N,O, NO, HCN — CO,, N,, CO, H,0, H,
(R2)
The post-flame region appeared approximately
3 mm from the surface at this experimental
condition. In this region, major products were
identified as CO,, N,, CO, H,0, and H,, with a
small amount of NO (~2%). Small signal inten-
sities of N,O, NO,, and H,CO were noticed in
this region, but were within the range of noise
fluctuation. The profile of each species in this
zone fluctuated due to the fluctuation of the CN
flame, which caused the tip of the sampling
microprobe to move in and out of the flame.
At this experimental condition, the quantities
of H,CO and H,CNH within mass 29 were
distinguished (see section “Differentiation of
Species in Low Masses”); however, no substan-
tial improvement of the element fractions re-
sulted in Fig. 13, compared to a previous result
where mass 29 was not fully differentiated [34].
The relatively poor element fractions at this
condition, high H and O, and low N suggest the
need to consider the source of the discrepancy.
Based on the small gradients in concentration
of all species measured at the surface, it was
suggested that balancing the species composi-
tion in the gas phase using the element balance
equation is a valid approach [19, 20, 63]. The
poor element balance suggests that some major
species might have been missed. However, this
seems not to be the case because most major
species reported for the RDX flame were mea-
sured, and some major radicals such as NH,
OH, H, and CN, which were not measured,
were reported to have low concentrations in the
gas phase [17, 25, 36]. Even the high-mass
species do not appear to be the reason for poor
balance because 1) the imbalance increased
away from the surface, 2) all high masses existed
in the near-surface region, and 3) most identi-
fied high-mass species contained equal numbers
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of C, H, and N atoms, so that no improvement
in the C, H, and N balances could be expected
even after their inclusion in the element balance
calculation. Moreover, although a more accu-
rate species differentiation was accomplished to
identify species in mass 28, 30, and 44, the
element fraction did not improve for H and N
(Fig. 13-16). Thus, the only other plausible
source of the poor element balance is a calibra-
tion coefficient error. All calibration coefficients
of major species used in this study were ob-
tained at a standard condition of 1 ATM and
300 K; therefore, the coefficients away from the
surface where the maximum temperature could
reach up to ~3000 K are likely to be different
from those at the standard condition. Since no
data were available for the effect of tempera-
ture changes on calibration coefficients of major
species up to the final temperature, no further
attempt was made to correct the mole fraction
of the measured species. It is noteworthy that,
with the calibration coefficients obtained by the
same calibration method as for RDX, species
measurement results for other propellants, e.g.
RDX composites [72, 73], showed better ele-
ment balance results.

Other investigators have reported the gas
temperature very near the surface of RDX to be
in the range of 900-1100 K, and the surface
temperature to be about 600-700 K [44]. Due to
the high temperature gradient very near the
surface, Russian investigators had suggested
that a very thin reaction zone exists very near
the surface of RDX, within 200 um [15, 36].
This was not obvious at the test conditions
shown in Fig. 13 because of the limited resolu-
tion near the surface. Thus, searching for this
region was another reason to raise heat flux and
lower pressure in order to get higher resolution
in the region very near the surface and thus to
identify this possible reaction zone.

Figure 14 shows the species profiles as the
heat flux was increased to 400 W/cm? with the
same pressure, 1 ATM. The sampling resolution
was increased by keeping the sampling probe
inside the CN flame longer and increasing heat
flux. The chemical structure of the flame at this
condition was similar to that at 100 W/cm?.
However, total reaction zone length did expand
more than 5 mm from the surface based on the
profile of NO from 3 mm at 100 W/cm?. Based
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on the point where NO stops increasing, the
expansion of the primary reaction zone thick-
ness was substantial: from ~200 to ~500 wm.
At the surface, the mole fraction of NO, was
higher and that of N,O was lower relative to the
lower heat flux case, because N-N bond scission
was preferred at the high heat flux condition.
However, the trends of NO, NO,, and N,O
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profiles were practically unchanged as heat flux
increased. This result showed that the change in
heat flux might change mole fractions of major
stable species at the surface, but did not have
much effect on the chemical mechanisms near
the surface. Two competing decomposition
pathways have been suggested for the surface
reaction zone [37]:

. 3 (H,CO + N,O) at the low heating rate and low temperature

RDX

(R3)

N3 (H,CN + NO,), or 3 (HCN + HONO), or 3 (H- + HCN + NO,)

at the high heating rate.

(R4)

This narrow zone might be connected to the
consumption of RDX because some production
of high mass species was also found in this zone
(see Fig. 12). From the profiles of major species
(especially NO, N,O, and HCN), the secondary
flame zone was also identified to be stretched
substantially compared with that at 100 W/cm?.
Even at 5 mm from the surface, NO and HCN
were still being consumed. The abrupt change
of species profiles at about 2.5 mm in Fig. 14
shows that the tip of the microprobe moved
outside of the primary flame due to the unstable
nature of the flame at this point during the
experiment, which is not a typical or intrinsic
phenomenon of RDX combustion. The element
fraction at this condition also shows relatively
poor agreement with the original formulation,
the same as that of the lower heat flux in Figure
13. However, the value improved as it ap-
proached the surface. This will be discussed in
more detail for the lower pressure results (Fig-
ures 15 and 16).

The species profiles in the gas phase at the
condition of 0.5 ATM and 400 W/cm? are
presented in Fig. 15. Because the combined
effects of lower pressure and higher heat flux
were employed in the experiment, the reaction
zone near the surface was highly stretched.
Therefore, the primary reaction zone was ex-
panded to ~3.5 mm, and the secondary flame
zone did not begin until about 4.5 mm from the
surface, as indicated by the consumption of NO
and HCN. The existence of another reaction
zone very near the surface, which was suggested
at 1 ATM and 400 W/cm? and expected from

previous results [7, 15, 20], is still not evident at
this condition in the species profiles of NO,,
N,O, H,, and H,CO. The stretching ratio of the
primary reaction zone between this condition
and the case of 100 W/cm® at 1 ATM (Fig. 13)
is estimated to be over 10, based on the profile
of NO,. However, when compared to the results
at 1 ATM and the same heat flux (Fig. 13), more

Mole fraction

Mole fraction

Element fraction

Height above surface (mm)

Fig. 14. Species profiles and element fraction profiles for
deflagration of RDX at heat flux of 400 W/cm? in argon at
one atmosphere.
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Fig. 15. Species profiles and element fraction profiles for
deflagration of RDX at heat flux of 400 W/cm? in argon at
0.5 atmosphere.

NO, and H,CO exist at the surface with little
change in N,O, which suggests that these two
species have not yet reacted to form NO, and
H,O and CO, respectively. The mole fractions
of most of species at 0.5 ATM changed very
little compared to those at 0.2 ATM (Figure
16).

Of note in Fig. 15 are the species profiles and
element fraction within about 1 mm from the
surface. Considering the previous calculation of
the stretching ratio, which is identified by the
NO and HCN profiles, the distance of 1 mm
corresponds to less than 100 wm for the result in
Fig. 13. At the condition in Fig. 13, 100 wm was
just above the resolution limit (~50 um maxi-
mum) in the present TQMS system. The species
profiles very near the surface in Figure 15 show
some fluctuations, although the concentrations
near the surface seemed to be similar to the
results in Fig. 14. In Fig. 15, however, improved
element balances in this region are obvious
compared with the two previous results (Figs. 13
and 14), especially for H and O, due to the
expansion of the primary reaction zone.
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Fig. 16. Species profiles and element fraction profiles for
deflagration of RDX at heat flux of 400 W/cm? and 0.2
atmosphere in argon environment.

As a final result of the expansion of RDX
chemical structure by lowering pressure, Fig. 16
shows species and element fraction profiles at
0.2 ATM and 400 W/cm?. The length of the
primary reaction zone was similar to that mea-
sured for 0.5 ATM; however, a more elongated
reaction zone very near the surface was clearly
found up to ~0.8 mm from the surface. This
region could be the reaction zone previously
postulated by the Russian researchers; it is
composed basically of the production/consump-
tion of high-mass species (see Fig. 12), without
any distinct changes of major species. More-
over, the result suggested that the region in Fig.
14, which was within ~200 wm. It is noteworthy
that the same kind of production of high-mass
species was measured at the same condition in
Fig. 12, with a more stretched production zone.
The surface mole fraction of H,CO increased
from 7% to 11 and 12% as pressure decreased
from 1 ATM to 0.5 and 0.2 ATM at 400 W/cm?,
showing that less of the H,CO reacted to pro-
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TABLE 2
Mole Fractions of Major Species Measured at the Surface
Test conditions NO, HCN N,O NO N, H,CO CcO H,O
1 ATM, 100 W/cm? 0.04 0.23 0.09 0.21 0.06 0.03 0.08 0.22
1 ATM, 400 W/cm? 0.16 0.23 0.08 0.14 0.04 0.03 0.07 0.22
.5 ATM, 400 W/cm? 0.19 0.23 0.05 0.11 0.05 0.11 0.05 0.16
2 ATM, 400 W/cm? 0.20 0.23 0.06 0.08 0.06 0.12 0.06 0.18

duce H,O and CO at the surface as pressure
decreased.

Effects of the change of pressure and heat
flux on RDX chemical structure should be
reflected on all reaction regions in the flame;
however, the most significant influence seems to
be reflected near the deflagrating surface.
Therefore, useful information could be ob-
tained by comparing mole fractions of major
species at the surface and analyzing the quanti-
ties relative to the change of pressure and heat
flux. Mole fractions of major species measured
on the surface are shown in Table 2 at various
conditions. With the increase of heat flux from
100 to 400 W/cm? at a constant pressure of 1
ATM, no significant changes in the surface mole
fractions were observed for the major species
(except NO,, which is favored at high heating
rates, and NO, which is directly connected to
NO,). Two competing decomposition pathways
of RDX have been suggested at the surface
reaction zone as in (R3) and (R4) [37]. How-
ever, considering the high concentrations of
H,0, NO, CO, and N, at the surface in Table 2,
it can be established that further decomposition
of RDX beyond (R3) and (R4) already oc-
curred at the surface. Therefore, at the present
experimental conditions, reaction (R5) and
(R6) should be included at the surface to ex-
plain all of the surface products and their
quantities:

H,CO + N,0 — H,0 + CO + N, (R5)

2HONO — H,0 + NO + NO, (R6)

Although (R5) is known to be prevalent at low
heating rates and temperatures [74] and there-
fore is dominated by HCN and NO, under
combustion-like conditions [37], it is clear that
(RS) is occurring in this study due to the high
mole fractions of CO and N, measured at the

surface (see Table 2). The reaction (R6) had
been previously suggested as the source of NO
in the condensed phase [3, 75]. Another source
of NO is NO, from a shift reaction between the
two product species in (R6): NO, < NO +
15 0, [14]. The inverse relationship of NO, and
NO, which was measured in this study, due to
their chemical coupling was also reported from
an experimental study at high heating rates [14].
It is noteworthy that HCN does not participate
in reaction (R5) and (R6) after its production
from RDX at the present test conditions.

The effect of pressure change on major spe-
cies at the surface is also shown in Table 2 at the
fixed heat flux of 400 W/cm®. From previous
FTIR studies, it was reported that the initial
concentrations of products and the decomposi-
tion mechanism of RDX essentially changed
little with pressure over the range of 0.07-1
ATM [14, 18]. That finding may be partially
supported by the present study since most of the
major species in Table 2 show similar concen-
trations as pressure changes. However, from
detailed comparison of the species data at var-
ious pressures, further information on RDX
decomposition could be obtained at the surface.
First, a significant increase of H,CO is shown as
pressure decreases; H,CO may increase due to
increased production from RDX decomposition
or reduced conversion to CO via (R5). From the
previous FTIR study of RDX thermolysis, it was
reported that, as pressure decreases, a shift of
gas products occurs from those resulting from
C-N bond fission (condensed-phase decomposi-
tion) to products of N-N bond fission (gas-phase
decomposition) [14]. However, this seems not to
be applicable to the H,CO trend in this study.
Although it is not clear what the primary rea-
sons might be for the different tendency of
H,CO, some explanations can be suggested.
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Experiments in both the FTIR [14, 18] and
present studies were conducted under an inert
gas environment, at atmospheric pressure, with
high heating rates; therefore, similar mole frac-
tions are expected for the species evolved at the
surface. However, in the FTIR studies at lower
pressures, CO, existed as a major species with
mole fraction comparable to that of NO, and
the amount of N,O was larger than that of
HCN. Such results were not observed in the
present measurements at any conditions (see
Figures 13-16). Moreover, in this study, the
major effect of the pressure decrease was also
reflected in the expansion of the near-surface
reaction zone. Since the surface position in this
study was defined as the interface between the
two-phase region on the surface and the gas
phase, the mole fractions at the surface in Table
2 may better reflect species evolved in the
two-phase region. The previous FTIR studies
were performed under pyrolysis conditions for a
small amount of RDX powder, while the
present study was conducted under laser-as-
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sisted combustion for pellet-type RDX propel-
lants. Therefore, the different experimental
conditions may be contributing to the different
H,CO trends. There have been previous studies
on various reaction pathways for producing
H,CO in the condensed phase at low pressures
[3, 4, 7,9, 18, 22]. However, those seem to be
inadequate to directly explain the increase of
H,CO in this study, since most of the low-
pressure studies were devoted to the RDX
decomposition at selected pressures, not the
changes with pressure decrease. Therefore, it is
not clear why the pressure changes affect the
mole fractions of H,CO differently in the FTIR
and the present study.

From RDX decomposition reactions (R3)
and (R4), along with further reaction (R5) and
(R6), NO, CO, and N, at the surface are
expected to come from NO,, H,CO, and N,O,
respectively. Therefore, in terms of mole frac-
tions, the decomposition of RDX at the surface
can be reformulated as follows:

H,CO + N,0
7
/s RDX
N
HCN + HONO —[HCN]

—[H,CO + COJ + [N,O + N,]

(R7)

+ [NO, + NO]J

where the parentheses were used to present the
mole fraction of a species group with the same
source. Table 2 can be reformulated regarding
the species group in (R7):

except for [H,CO + CO]. The values of
[H,CO + CO] at 1 and 0.5 ATM would appear
to constant if the values of the alternative
[H,CO + 2H,0] are considered. Therefore,

Test conditions NO, + NO HCN N,O + N, H,CO + CO H,CO + 15 H,0
1 ATM, 400 W/cm? 0.30 0.23 0.12 0.10 0.14
0.5 ATM, 400 W/cm? 0.30 0.23 0.10 0.16 0.17
0.2 ATM, 400 W/cm? 0.28 0.23 0.12 0.18 0.21

where the last column of [H,CO + 2H,0] was
added as an alternative expression for the same
source of production as [H,CO + CO]. The
production of H,O comes through (R5) and
(R6), and the coefficient is an approximate
value calculated by considering all pathways for
the production. From this table, the mole frac-
tions of each species group was found to be
relatively constant at three different pressures

RDX decomposition in the two-phase region
seems to occur through the two competing
branch reactions of (R3) and (R4), along with
the subsequent reaction (RS5) and (R6). It is
noteworthy that the branching ratio between
(R3) and (R4) in the two-phase region of RDX
is about 2:1 at the present experimental condi-
tions. Discrepancy of the mole fractions be-
tween the two components in each branch,
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Fig. 17. Temperature profiles of deflagrating RDX at 1 atmosphere and 400 W/cm? in argon environment with various
thermocouples. Parr and Hanson-Parr’s temperature profile is from reference 33. Two profiles were scaled to the same CN

flame distance in height.

[NO, + NOJ and [HCN] for (R3), and [N,O +
N,] vs. [H,CO + CO] for (R4), may be ex-
plained either by other possible reactions that
produced minor and high molecular weight
products or by experimental errors.

Thermal Wave Structure

The investigation of the thermal wave structure
of RDX flames constitutes an important part of
broader investigations of the mechanism of
RDX combustion. This study consists, quantita-
tively, of temperature profiles in combustion
waves and at the burning surface and, qualita-
tively, of analysis of physical/chemical relation-
ships of temperature and species profiles in the
combustion wave. Therefore, temperatures in
the gas and condensed phases of deflagrating
RDX were measured to investigate the struc-
ture of thermal waves in RDX reaction zones
and to study the relationship between thermal
decomposition species and combustion waves.
Temperature profiles at 1 atmosphere and
400 W/cm? are shown in Fig. 17, along with Parr
and Hanson-Parr’s profile at a similar condition
[24, 25, 33]. The profiles from the present study
were composed of two different measurements
with two different types of thermocouples: Pt/

Rh- and W/Re-type thermocouples. In the mea-
surements, regardless of diameters, Pt/Rh ther-
mocouples could not survive whenever they
passed through the CN flame where the tem-
perature was ~2300 K. Therefore, W/Re ther-
mocouples with diameters of 75 um were used
to obtain complete gas-phase temperature pro-
files up to the final flame. The two measure-
ments were scaled to the same CN flame height.

In Fig. 17, the temperature at the surface was
measured at 608 * 15 K; however, the position
was not clearly identifiable in this study, proba-
bly due to a relatively thick two-phase region at
the surface (about 400 wm at this condition).
The thermal wave thickness in the condensed
phase was measured to be ~0.2 mm, while the
thickness at 100 W/cm? was 1-1.5 mm. Although
only two representative profiles are shown for
the temperature near the surface and in the
condensed phase, it should be mentioned that
numerous measurements showed no distinct
gradient change at the surface. A gradient
change was observed in other studies at similar
measurement conditions [24, 25, 33, 58], and the
thick two-phase region in the present study
seems to be the main reason for the lack of a
clear gradient change. Connecting the two pro-
files required an adjustment due to a difference
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in near-surface temperatures; under similar test
conditions, the temperature difference between
5 and 75 wm thermocouples was measured to be
~100 K. After the adjustment, from the en-
larged figure of the near-surface region in Fig.
17, it was found that the gradient change in the
temperature profile occurred in the gas phase.
However, based on other measurement at-
tempts at the same condition, the connection
may not be as steep as in the figure. The profile
shows a relatively long region where the tem-
perature increases very slowly from 750-850 K;
this region had a height of up to 350-400 wm.
Given the similar location of the high-mass
species at the same condition (Fig. 12a), despite
no direct evidence of its measurement in this
study, this region is believed to be related to the
decomposition reactions of RDX in the gas
phase. The slowly increasing temperature re-
gion was followed by a steeper increase in
temperature. Compared to the species profile at
this condition (Fig. 14), the beginning of the
region of temperature rise corresponds approx-
imately to the end of major portion of NO,
consumption and the start of NO and N,O
consumption. The CN flame was located at the
end of the primary flame zone as shown in the
figure (with a thin violet flame region in the
video) and identified in the profile near the
region where temperature increased more grad-
ually beginning at ~2300 K. The temperature
gradually increased to the final temperature
(~2850 K) without any plateau zone. It is not
clear if the final flame temperature measured
here accurately represents the actual tempera-
ture, because the W/Re thermocouple began to
glow just before passing through the CN flame
due to heating and perhaps catalytic reactions.
However, even considering these sources of
error, the measured temperature seems reason-
able since the calculated final temperature using
an equilibrium code was ~3000 K.

Although the temperature profile from Parr
and Hanson-Parr was measured using a combi-
nation of thermocouples and spectroscopic
methods [24, 25, 33], the two profiles in Fig. 17
show extensive similarities: nearly the same
surface temperatures, similar trends in the gas
phase, and equivalent final reaction zone thick-
ness. However, despite the similarities, the fig-
ure explicitly shows one major difference be-
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tween the profiles, which results from the
existence of the plateau zone or dark zone at the
temperature of ~1750 K in Parr and Hanson-
Parr’s temperature profile. The species profiles
measured in the same experiment [25] do not
suggest the existence of the dark zone, since
NO, and NO do not show regions of slow
reaction at the same spatial location. However,
for the profile in the present study where no
plateau region was observed and temperature
monotonically increases, the trend is consistent
with the species measurement at the same con-
dition (see Fig. 14). In the figure, where NO
sustains its relatively constant concentration,
some other major species are still involved in
reactions through the consumption of HCN,
N,0O, and H,CO and the production of CO, N,,
CO,, and H,. Therefore, the reactions related
to these species seem to produce enough energy
to increase temperature with the constant NO
mole fraction. The heat flux used in Parr and
Hanson-Parr’s experiment was ~600 W/cm?
with the Gaussian beam shape of the CO, laser
[25], thus yielding a maximum heat flux of
~1400 W/cm? at the center of propellant sam-
ples. From a modeling study, it was found that
this high heat flux at the center of the sample
was probably the major reason for the existence
of the plateau zone in temperature profiles [76].
The difference of the final temperature between
the two profiles is probably a result of different
measurement methods: Parr and Hanson-Parr’s
profile was obtained using laser spectroscopic
techniques [25]. Beyond the CN flame, some
difficulties are normally experienced in temper-
ature measurements with the thermocouple
method, due primarily to the catalytic effects at
high temperatures and radiative losses.

To investigate the effect of the pressure de-
crease on the thermal wave structure, other
temperature measurements were conducted at
0.5 ATM and 400 W/cm? These were per-
formed to study the thermal wave structure in
the expanded near-surface reaction zones and
confirm the method of interpreting the species
profile based on the change of the CN flame
distance, which was used by Parr and Hanson-
Parr [25, 55]. The results are shown in Fig. 18,
and some important and unexpected observa-
tions were made. Although the thermal wave
structure was the same as that at 1 ATM and
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Fig. 18. Temperature profiles of deflagrating RDX at 0.5
atmosphere and 400 W/cm? in argon environment with two
different thermocouples. Two profiles were scaled to the
same CN flame distance in height.

400 W/cm?, an unexpectedly long, slow growing
temperature region was found near the surface
up to ~1.8 mm. Although the CN flame stand-
off distance increased only from ~2.2 to ~3.2
mm with the change of pressure from 1 to 0.5
ATM at 400 W/cm?, the slow growing region
increased from ~0.4 to 1.8 mm. This long
region of low temperatures was not measured in
any previous studies and might be related to the
expanded region of the production/decomposi-
tion of high mass species. However, the lower
pressure did not lead to a plateau region before
the CN flame. By comparison with the species
profile at the same condition (Fig. 15), the slow
growing zone represents the elongated portion
of the primary flame zone.

In comparing Figs. 17 and 18, the tempera-
ture gradient in the secondary flame zone was
increased from ~950 K/mm to ~1280 K/mm by
lowering the pressure from 1 to 0.5 ATM. At
the respective conditions, the distance for
reaching a final temperature increased from ~3
to ~4 mm. Considering the distances of primary
and CN standoff flames at both conditions, it is
clear that, at lower pressures, the expansion
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ratio of a reaction zone was found to decrease
as the distance from the propellant surface
increased. This is probably due to a significant
heat loss to the environment gas in the test
chamber when the flame cross-sectional area
expanded at a distance away from the burning
surface at the low pressures. Therefore, the
primary effect of lowering pressure at a constant
heat flux was reflected in the expansion of
primary flame zone thickness. These results
suggest that the temperature profile scaling
method of Parr and Hanson-Parr, which scales a
temperature profile measured at one condition
to a profile at another condition based only on
the CN flame distance, should be applied with
caution.

One important point should be made con-
cerning the temperature profiles in the region
from the surface to the starting point of the
slow-growing temperature region. In Figures 17
and 18, the thickness of this region was ~100
pm at 1 ATM and increased to ~300 wm at 0.5
ATM, at the heat flux of 400 W/cm> Even
though RDX vapor was not measured in this
study, this region seems to be related to RDX
decomposition since most of the high mass
species tend to increase, or at least maintain
their mole fractions, in this region for each
condition (Fig. 12). The increase in high mass
products was most obvious when pressure was
lowered to 0.2 ATM (Fig. 12c), although no
temperature data is available at this condition.
From the present species data in which no direct
measurements of RDX or its known fragments
were made, it is not clear where the consump-
tion of RDX ended in the gas phase. However,
with the help of temperature measurements in
Figs. 17 and 18, it might be postulated that
RDX exists at least up to ~0.4 and ~1.6 mm
from the surface at 1 ATM and 0.5 ATM and
400 W/cm?, respectively. This analysis may be
partially confirmed from the high mass species
measurements at the same conditions in Fig. 12,
where the consumption of most high mass spe-
cies did not start until these distances, and
related temperatures were slowly rising to these
distances at these conditions.

Figure 19 shows surface temperature trends
with the change of several parameters at the
same experimental conditions of the species
measurements in this study. In temperature
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Fig. 19. The change of surface temperatures of deflagrating
RDX at the condition of (a) heat flux of 400 W/cm?, (b)
pressure of 1 ATM, and (c) (d) 1 ATM and 400 W/cm? in
argon environment.

measurements, the surface position has been
identified by the point of curvature change of
temperature profiles from the two-phase region
to the gas phase, and by the first appearance of
the thermocouple junction point on the defla-
grating surface using a video camera. However,
the first method was found to be inadequate for
present measurements since the thickness of the
two-phase region was too large for all pressure
conditions to produce a distinct slope change at
the surface. Therefore, all surface-temperature
measurements in this study were obtained by
the second method: comparing simultaneous
traces of temperature and the photodiode signal
recorded on a storage oscilloscope with the
video images. The video system used recorded
30 images per second (therefore, sampling
rate = 33 ms), and the sampling rate of tem-
perature measurements using the oscilloscope
could be obtained up to a single usec. Due to
the difference of sampling rates, there normally
existed an uncertainty in accurately identifying
the surface position during the temperature
measurement through the oscilloscope record-
ing. However, multiple measurements at a spe-
cific condition significantly increased reliability
of the measured values. In Fig. 19a, surface
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temperatures at 400 W/cm? do not show any
strong dependence on pressure change at these
low pressure conditions, even though other high
pressure experiments [56, 58] showed surface
temperatures had a tendency to increase with
pressures. The pressure insensitivity may be due
to the high heat flux; 400 W/cm? is so high that
RDX evaporation may be the dominant process
in the two-phase region at the surface, thus the
surface temperature is close to the (pseudo)
boiling temperature of RDX [58, 77]. There-
fore, the surface temperature seems to be rela-
tively insensitive to pressure and other factors.
The relatively thick two-phase region (350-500
pm at all experimental conditions) also reflects
the active evaporation process of RDX at the
surface. It may be noteworthy that surface tem-
peratures in Figure 19b show a slight depen-
dence on the change of heat flux at 1 ATM. In
Fig. 19¢, d, no change of surface temperatures
was found as a result of a change in thermocou-
ple materials and diameters. It is noteworthy to
know that burning rates increased significantly
with heat flux at a constant pressure, ~2.0 at
100 W/em? to ~4.5 mm/sec at 400 W/cm?* and 1
ATM, and increased with pressure at a constant
heat flux, ~1 at 0.5 ATM to 2 mm/sec at 1 ATM
and 400 W/cm? [51].

The constant surface temperature measured
in this study was explained previously by the
dominance of the RDX evaporation process at
the surface. In the previous section of “Chemi-
cal Structure” in this study, it was noted that two
global decomposition reactions of RDX, (R3)
and (R4), occurred along with subsequent reac-
tions such as (R5) and (R6) in the two-phase
region. Therefore, if the chemical interaction
exists at the surface, the species measured there
should also be able to explain the temperature
tendency. In an experimental study of species
and temperature in the liquid phase, Brill and
Brush found an intimate dependency of the
N,O/NO, ratio on temperature [78]. Regarding
this result, Thynell et al. suggested reasonable
modeling predictions of the N,O/NO, ratio
variation with temperature using available ki-
netic data [79]. In this study, the best modeling
prediction of the N,O/NO, ratio change with
temperature (set 3 in Fig. 9, [78]) was used to
understand the tendency toward constant sur-
face temperatures using the species measured at
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TABLE 3

Surface Temperatures (Ts) Calculated From the Species in Table 2 and the Prediction
in [74]

Test conditions [H,CO + COJ/[HCN] Ts

[H,CO + 1A H,O/[HCN]  Ts

[N, + N,OJ[NO + NO,] Ts

1 ATM, 100 W/cm? 0.4571 639.22
1 ATM, 400 W/cm? 0.4348 643.61
.5 ATM, 400 W/cm? 0.6915 604.08
2 ATM, 400 W/cm? 0.8146 590.71

0.6057 615.10 0.5664 620.77
0.6087 614.70 0.4000 650.99
0.8271 589.47 0.3156 672.41
0.9430 579.01 0.4032 650.29

the surface in Table 2 within reasonable error
bounds.

Surface temperatures that were calculated
from the species in Table 2 are shown in Table
3; the calculations were performed with four
species groups from the reformulated table for
(R3) and (R4). Using the reformulated table
seems to be more reasonable than using Table
2, because the species in Table 2 represent only
one chemical snapshot in the two-phase region
of the present study, compared with the tempo-
ral measurement from Brill and Brush [78], and
the subsequent major reaction (R5) and (R6)
are already occurring in the two-phase region.
Thus, the reformulated table should be consid-
ered for more accurate predictions. In Table 3,
where the calculation at 1 ATM and 100 W/cm?
is also included for comparison, surface temper-
atures are reasonably constant at all conditions.
The difference of the average surface tempera-
ture between measurement and calculation may
be explained by the use of only global reactions
in kinetic calculations. The “scatter” in the
temperatures is acceptable, considering the un-
certainty in the measured mole fractions.
Therefore, the measurement of constant surface
temperature in this study is consistent with the
species at the surface.

SUMMARY AND CONCLUSIONS

The chemical and physical processes in the gas
phase of RDX monopropellants were studied
during laser-assisted combustion using a triple
quadrupole mass spectrometer (TQMS), fine-
wire thermocouple techniques, and a high-mag-
nification video system. Using the full capability
(parent and daughter modes) of the TQMS and
careful calibration, it was possible to differentiate
and quantify all species at the same mass to charge

(m/z) value at 28 (N, and CO), 29 (CHO and
H,CNH), 30 (H,CO and NO), and 44 (N,O and
CO,). At m/z = 29, H,CNH was found to exist as
an actual decomposition product in the gas phase
for the first time. Higher-molecular-weight species
were found at m/z values of 47, 54, 56, 70, 81, and
97. By inspecting daughter ions from daughter
mode experiments with the TQMS, the high mass
species were estimated to be HONO, C,H,N,,
GC,H,N,, C,H,N,0, C;H;N;, and C3H;3N50, and
their chemical structures were suggested. By
varying the ionization energy, it was found that
the species at mass 47, 54, 70, 81, and 97 consist
primarily of true decomposition products.

The measurement data on the species (which
showed a reasonable closure in atom balances)
and temperature profiles represent one of the
most complete sets available for the chemical
processes of RDX. These data show that in-
creasing heat flux and decreasing pressure
stretched out near-surface reaction zones; how-
ever, the conditions appeared to have no effect
on the major reaction pathways in the gas
phase. Also, the effects of pressure and heat flux
changes were directly reflected in the surface
chemistry. From the analysis of the surface mole
fractions of major species, the RDX was found
to experience both competing decomposition
reactions into H,CO + N,0, (R3), and HCN +
HONO, (R4), and subsequent reactions,
H,CO + N,O — H,0 + CO + N,, (R5), and
2HONO — H,0 + NO + NO,, (R6). With the
consideration of all four reactions, a reasonable
branching ratio of approximately 2:1 between
(R3) and (R4) in the two-phase region of RDX
was obtained at all experimental conditions.
Due to the high temperature gradient very near
the surface, Russian investigators [15, 45] had
suggested that a very thin reaction zone might
exist very near the surface of RDX, within 200
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pum at 1 ATM. In the present work, the exis-
tence of this reaction zone, preceding the pri-
mary reaction zone, was observed in the species
measurements at the lowest pressure of 0.2
ATM, and it seemed to be related to the
production of NO, and production/consump-
tion of high-mass species.

For all experimental conditions, the temper-
ature profiles had a region where temperature
increased very slowly near the surface. The
thickness of this region was ~0.4 and ~1.8 mm
at 1 and 0.5 ATM, respectively, under a heat
flux of 400 W/cm? and increased as the near-
surface reaction zone expanded. This region is
believed to coincide with the production of NO
and H,O, consumption of NO, and H,CO, and
production/decomposition of high-mass species.
After this region, the temperature increased to
final flame temperatures without any tempera-
ture plateau corresponding to a dark zone. The
surface temperature was measured to 608 =
15 K and did not show any explicit dependence
on the changes of thermocouple material or
diameter, laser heat flux, or pressure. The inter-
action between chemical and thermal wave
structures was explicitly identified by analyzing
species and temperature profiles measured at
the surface as well as in the gas phase. Constant
surface temperature measured in this study was
confirmed using a prediction based on the two
global decomposition reactions of RDX in the
liquid phase.
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