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The objectives of this work were to identify the species produced during the CO2 laser-induced decomposition
of 1,3,5-trinitrohexahydro-s-triazine (RDX) and to obtain species profiles in the gas-phase during laser-assisted
combustion for comparison to a one-dimensional model of the flame. In the experiments, a microprobe/mass
spectrometer system was used to measure quantitative gas-phase species profiles and a high-magnification video
system was used to observe surface behavior and flame structure. Gas-phase species evolved from the surface
and also inside a bubble were measured. The species identified at the surface were HCN, NO2, H2O, NO, CO,
N2O, N2, and H2; no CO2 was found at the surface. Formaldehyde may have been present, but it could not be
unambiguously identified. Species mole fractions measured at 1.0 atm and a heat flux of 400 W/cm2 were used
as input to a one-dimensional model along with a temperature profile obtained from the literature for similar
experimental conditions. In order to obtain reasonable agreement between the model and the experiments for
stable species, RDX vapor had to be added to the initial species for the model calculations. However, even with
this addition, the profiles for OH and NH did not match data available in the literature.

Introduction

R DX (1,3,5-trinitrohexahydro-s-triazine) is a highly en-
ergetic material that is used in solid propellants in artil-

lery guns and rocket motors. It has been the subject of nu-
merous studies, most of which focus on its decomposition into
gas-phase species. This literature was reviewed by Boggs1 and
Schroeder2 in the mid-1980s, and significant work has been
performed since then.3"7

While a substantial amount of work has been performed
on RDX decomposition, very few experimental results are
available in which gas-phase species profiles above the surface
of a deflagrating RDX propellant were measured. The only
work that has produced profiles of most of the major stable
species is that of Korobeinichev et al.,8-9 who performed stud-
ies at 0.5, 1, and 2 atm, although only the results at 0.5 atm
pressure were published as quantitative data. Recently, Parr
and Hanson-Parr10 have produced quantitative species pro-
files of NO, NO2, OH, CN, and NH for RDX during laser-
assisted combustion of RDX, using absorption spectroscopy
and planar laser-induced fluorescence (PLIF). They also
measured the temperature profile in the condensed phase and
gas-phase by combining thermocouple, absorption, and PLIF
data. In addition, they developed an absorption technique for
formaldehyde and applied it to the RDX flame; the maximum
mole fraction detected was 0.005 near the sample surface.

In the present work, the decomposition species at low pres-
sures and low heat fluxes during laser-induced decomposition
were measured and compared to the decomposition results
of other researchers. For conditions similar to those of Parr
and Hanson-Parr,10 the composition of stable species as a
function height above the surface were measured to provide
a more complete data set for model validation. Finally, the
species mole fractions at the sample surface from the present
work and the measured temperature profile of Parr and Han-
son-Parr were used to model the gas-phase processes using
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the kinetics model of Yetter and Dryer11 and the CHEMKIN
II code.12-15

Experimental Approach
A schematic diagram of the experimental setup is given in

Fig. 1. The energy source of ignition was a high-power CO2
laser with a maximum continuous wave power of 700 W. The
laser beam passed through a mask and an expanding lens
before entering the test chamber through a KC1 window. The
size of the beam was selected to be about twice that of the
sample so that a nearly uniform beam profile could be applied
to the surface. The RDX samples were 0.64-cm-diam pellets
pressed from RDX powder.

The propellant samples were glued to a small block angled
at 45 deg to the incident laser beam so that the sampling
microprobe approached the sample perpendicular to the cen-
ter of the sample surface. During a test, the sample was pushed
toward the sampling probe by a linear positioner to obtain
species profiles. A high-quality Plexiglas® window was in-
stalled on one side of the chamber for video photography of
the flame and the RDX pellet. The video was acquired using
a charged-coupled device (CCD) video camera with a micro-
lens; after each test it was used to identify the sampling height,
i.e., the distance between the RDX surface and the sampling
probe tip. Typically, a magnification of 30-40 times was used

r /)_ _ _ _ _ _ _ _ _ _ _ f
//\ Laser Beam
VTT-——-————-

Environmental
Gas (Ar or Nz)

Fig. 1 Experimental setup for microprobe mass spectrometer studies.
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that produced a spatial resolution of about 20 /xm for the
videos.

The analysis of gaseous species was performed using a mi-
croprobe/mass spectrometer (MPMS) system. The species were
sampled by quartz microprobes with an orifice diameter of
20-30 ^m, which produced a spatial resolution of 100-150
jiun. The sample gases were drawn through the probe and
into the mass spectrometer by a set of turbomolecular pumps
and vacuum pumps and ionized at the ionizer in the mass
spectrometer. In early experiments, to determine the decom-
position species, a single quadrupole mass spectrometer was
used. In later tests for species profiles the mass spectrometer
unit was upgraded to a triple quadrupole mass spectrometer
(TQMS) from Extrel. The TQMS was required for these tests
to overcome difficulties in differentiating species with the same
mass using the single quadrupole mass spectrometer. Differ-
entiating multiple species with the same mass is very difficult
with a single quadrupole and requires multiple runs at dif-
ferent ionization energies or the application of a matrix ap-
proach to obtaining quantitative data. Using the so-called
"daughters" mode of operation of the TQMS, it was possible
to identify and differentiate N2, CO, C2H4 at 28 amu, NO,
CH2O at 30 amu, and N2O, CO2 at 44 amu, as well as possible
species at 29 amu.

In the daughter mode of operation, the mass of interest,
often referred to as the "parent," is selected in the first quad-
rupole. The parent ions then enter the second quadrupole
(Q2) and are fragmented into smaller species, the daughters,
by the process of collision-induced dissociation (CID) with
an inert gas separately supplied into Q2. Argon was used as
the collision gas in this study to minimize its contribution to
fragmented masses. The daughters, at masses less than their
parent, are detected in the third quadrupole. For complex
parent ions, some of the daughters might overlap if the parents
contain common structures. In the present study, however,
at least one unique daughter could be acquired for each par-
ent. Details of the application of the TQMS to RDX can be
found elsewhere.16

Several methods of calibration were used to obtain the
sensitivity coefficients (intensity/concentration) of each spe-
cies. The most stable species were calibrated directly with the
gas mixtures of known concentration. To calibrate water, water
vapor was acquired from liquid water that was vaporized by
the CO2 laser. Paraformaldehyde and trioxane, polymeric forms
of CH2O, were used for its calibration. They were also va-
porized with the CO2 laser to obtain gas-phase formaldehyde.
Typically, the sensitivity factors were repeatable within 10%.
The calibration of species for which standards were not readily
available, e.g., HCN, were estimated by correlating the signal
intensity to that of calibrated species with a similar appearance
potential through the ratio of their cross sections.17

For all of the calibrations and in the actual tests, an ioni-
zation energy of 22 eV was used to minimize fragmentation
of molecules and to get acceptable intensities. However, this
setting was still high compared to the ionization energies of
9-15 eV for most organic compounds, thus, some fragments
were formed and contributed to the signals at masses other
than the parent mass. In such instances, these signals were
subtracted from the mass signal of interest.

In reducing the experimental data the measured concen-
trations were totaled 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 in-
tensities since the temperature dependence cancels out. This
calculation method also cancels out the effect on signal in-
tensity of probe orifice blockage during a test. The measured
mole fractions were then used to perform element balances
through the reaction zones as a check on the quality of the
data.

In the present set of experiments, measurements of species
were obtained at 0.1-1 atm pressure of argon and heat fluxes

of 25-400 W/cm2. Low pressure and low heat flux experiments
were used in the decomposition studies. For species profiles
during laser-assisted combustion at atmospheric pressure, the
high heat flux was used to expand the reaction zones and
decrease the spatial gradients of various species.16

Kinetic Modeling
The objective of the kinetic modeling was to validate the

detailed model of the gas-phase chemistry for RDX that is
being developed by Yetter and Dryer.11 The model was used
to generate gaseous species profiles as a function of the height
above the material surface that could be compared directly
to the experimentally determined species profiles. The gas-
phase was modeled as a one-dimensional, laminar, steady flow
of a premixed gas mixture at constant pressure. The model
was solved with the CHEMKIN II software package12"14 and
the PREMIX subroutine.15 Melius18 has used the same general
approach of assuming a premixed flame for his model of RDX
combustion and also used the CHEMKIN software to solve
the model. Melius considered the condensed phase in the
model by treating it as a "pseudogas" with the physical prop-
erties of the solid and by adding a single-step condensed-phase
decomposition mechanism. Ermolin et al.19 have also used
the one-dimensional, premixed flame approach to model RDX
combustion, but modeled only the gas-phase by using the gas
composition right at the gas-solid interface, which was mea-
sured experimentally,8-9 as part of the initial conditions. The
latter approach was used in the modeling work presented in
this article.

In the current study, the energy equation was not solved,
and so the PREMIX subroutine required as input the mass
flux from the surface and the temperature profile. The mass
flux was calculated by a mass flux balance at the surface using
burning rates determined by analysis of the video recordings
for each experiment. The experimental temperature profile
of Parr and Hanson-Parr10 was used. Use of this profile should
remove much of the uncertainty associated with the presence
of the incident heat flux because its effects should be included
in the measured temperatures. The remaining input was the
final composition expected; this was obtained by determining
the equilibrium composition of the input species for the final
temperature in the measured temperature profile of Parr and
Hanson-Parr.

The kinetic mechanism of Yetter and Dryer11 was employed
as the elementary reaction scheme for the model. Their mech-
anism includes decomposition reactions for the parent RDX
molecule and reactions for the larger RDX fragments such as
methylene nitramine. The mechanism used for the modeling
efforts consisted of 38 species and 178 reactions.

Results and Discussion
The experimental results will be presented and discussed

in two different sections, each section representing a distinctly
different category of laser-induced behavior. In the first cat-
egory, denoted "laser-induced decomposition," the sample
simply melted and decomposed; it did not exhibit any quasi-
steady regression. In the second category of tests, "laser-
assisted combustion," the sample regressed in a stable manner
with a luminous flame observed above the surface. The results
for kinetic modeling of RDX laser-assisted combustion will
be presented in a third section.

The results that will be presented here are graphs of species
profiles as a function of time for laser-induced decomposition
conditions and as a function of the height above the surface
for laser-assisted combustion conditions. For the species pro-
file measurements, element conservation was checked as a
function of the sampling height, assuming negligible effects
of species diffusion.

Laser-Induced Decomposition
Laser-induced decomposition of RDX was observed for

tests at pressures of 0.1 or 0.5 atm of argon with an incident
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heat flux of 25 W/cm2. This work was performed using a single
quadruple mass spectrometer, prior to the acquisition of the
triple quadrupole; therefore, identification of species struc-
tures was not possible. The first distinct and continuous sign
of the onset of pyrolysis was the appearance of a glossy liquid
layer on the surface followed by motion of the layer. The
motion was seen as both a slight upward expansion of the
surface and random boiling motion. The expansion was due
to a slight change in density as the material melted and may
also be due in part to the evolution of subsurface gases by
decomposition of the RDX. Behrens and Bulusu3-4 stated that
they observed significant quantities of gaseous decomposition
products as soon as RDX started to liquefy at 198°C.

Figure 2 displays temporal species profiles for gas sampling
about 2.0 mm above an RDX sample surface with an incident
heat flux of 25 W/cm2 and a pressure of 0.5 atm. In this test,
the mass spectrometer was scanning from 15 to 100 amu, and
laser heating was terminated at 3 s. Figure 2 displays profiles
for the calibrated species in absolute mole percent, i.e., with-
out normalizing the concentrations to obtain mole fractions.
The 29-amu signal was converted to a mole fraction using the
calibration results for formaldehyde to obtain an approximate
value. At 28 amu, the contributions of CO and N2 could not
be separated, and so an average sensitivity factor was used.
Finally, the 44-amu signal was converted assuming that no
CO2 existed at the surface of the sample, an assumption that
was later verified by TQMS studies.

The video images for the test displayed in Fig. 2 showed
that the surface liquid layer boiled vigorously with no lumi-
nous emission. The boiling phenomenon lessened after the
laser heating was terminated, but still continued to some ex-
tent for several more seconds. Liquid material and bubbles
growing from the surface layer reached a height of roughly 1
mm during laser heating. However, after laser heating was
terminated, a very large bubble formed at the surface and
expanded to encompass several millimeters of the probe tip.
As a result, gases within the bubble were sampled between
3300-3700 ms. The 29-amu signal, possibly indicating for-
maldehyde, was the most abundant gas within the bubble,
followed by N2 and CO, H2O, NO2, and N2O. Only a small
amount of HCN was observed either above the boiling surface
or within the bubble. NO was not observed above the py-
rolyzing surface except for a small amount at 2500 ms and
late in the formation of the bubble. It is interesting to note
the very small amount of HCN and NO both in the bubble
and above the surface under these conditions, because both
of these species were observed in significant quantities for
laser-assisted combustion.

2300 2800

Time (msec)

3800

Fig. 2 Temporal variation of species for CO2 laser-induced decom-
position of RDX, including sampling within a bubble on the surface
starting at 2500 ms.

Several species at significantly lower signal intensity were
also detected including 42, 43, 70, 81, and 97 amu. The pro-
duction of the species at 42 amu appeared to be driven by the
external energy input. Both Schroeder2 and Farber and
Srivastava20 list the structure of the species at 42 amu as
CH2NCH2

+, a radical that would not be detected by the MPMS
system. However, Behrens and Bulusu3'4 found in their stud-
ies that the signal at 42 amu originated from l-nitroso-3,5-
dinitro-hexahydro-s-triazine (ONDNTA) at 206 amu and also
observed the abundance of ONDNTA to rise gradually as the
sample temperature increased between 195-215°C. It was
likely that the melt-layer temperature for the test in Fig. 2
also rose gradually after the onset of gas evolution, during
which time the abundance of the species, at 42 amu, was
observed to increase until laser heating was terminated.

The species at 43 amu could be HNCO. This species has a
stable structure (H—N=C=O) from a simple electron struc-
ture balance and should thus be detectable by the MPMS
system. Interestingly, Behrens and Bulusu,3 4 Farber and Sri-
vastava,20 and Zhao et al.5 make no mention of this species,
even as a fragment of other larger species. Goshgarian21 listed
two structures for a species at 43 amu, but gave no profiles
for this species. Korobeinichev et al.8'9 observed HNCO as a
rapidly decaying profile near the surface. Oyumi and Brill6

have also observed HNCO in their thermolysis studies of
RDX. Goshgarian21 observed lower molecular weight species
to be dominant for his atmospheric pressures tests while higher
molecular weight products became more important under high
vacuum (10~7 torr). The studies of Behrens and Bulusu, Far-
ber and Srivastava, and Zhao et al. were all conducted at
pressures several orders of magnitude lower than the pressure
of 0.5 atm employed by Oyumi and Brill, Korobeinichev et
al., and the present study. Thus, the different pressures of
the various studies may account for the presence or absence
of 43 mol wt.

Behrens and Bulusu3-4 stated that the species they observed
at 70 amu originated from the species at 97 amu. Two mo-
lecular structures for the species at 70 amu were given in the
reviews by Boggs1 and Schroeder.2 Goshgarian21 observed the
amount of a species at 70 amu to increase during melting for
RDX, in agreement with the trends depicted in Fig. 2. The
species at a molecular weight of 81 amu has also been observed
by Zhao et al.5 and Goshgarian,21 who both proposed a struc-
ture for this molecule where the original ring structure for
RDX remained intact, but all the NO2 groups and three of
the H atoms were removed from the ring structure. Fifer22

offered a scheme whereby the structure of this species was
arrived at by successive elimination of three HONO mole-
cules. Fifer then proposed that the 81-amu species may de-
compose to form three HCN molecules.

The only other studies identifying a species at 97 amu are
those by Behrens and Bulusu3'4 and Snyder et al.,23 which
was referenced by Behrens and Bulusu. Behrens and Bulusu
list three possible structures for this molecule and label it as
oxy-s-triazine (OST). Farber and Srivastava20 did not observe
OST under conditions similar to those of Behrens and Bulusu.
The fact that Zhao et al.5 did not observe OST in their infrared
multiphoton dissociation (IRMPD) study of individual RDX
molecules may imply that OST is produced by reactions within
the heated bulk material.

In the present study, no species were observed with a mo-
lecular weight above 97 amu, even though the mass spec-
trometer was ramped up to 224 amu for the test at the lower
eV and pressure setting. Behrens and Bulusu3'4 and Farber
and Srivastava20 have detected several species with molecular
weights greater than 100 in slow heating rate tests, and Zhao
et al.5 also detected species of this size in their IRMPD ex-
periments. It is possible that the lack of observation of any
species with molecular weights above 100 in the present study
may be due to a difference in the decomposition mechanisms
between the high heating rate and near atmospheric pressure
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studies of the present work and the slow heating tests and
very low pressures of these other studies.

Laser-Assisted Combustion
At 1 atm pressure and a heat flux of 400 W/cm2, the onset

of the luminous flame was very abrupt, with the flame ap-
pearing almost instantaneously at roughly a steady-state height
above the sample surface and remaining until the laser heating
was removed. A thin violet flame zone separated from the
surface by a nonluminous zone was observed. The flame ex-
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Fig. 3 Species profiles and element fractions above the surface of
RDX during laser-assisted combustion at a heat flux of 400 W/cm2

and a pressure of 1 atm.

hibited a slight dome shape due to both the nonuniformity of
the laser beam profile and edge effects commonly observed
for combustion of small propellant samples. At the condition
of this test, the distance of the violet reaction zone from the
surface was about 5 mm, although it did fluctuate approxi-
mately 1 mm during a test. At this heat flux, the surface layer
did not exhibit the pronounced bubbling observed at the lower
heat fluxes; the largest bubbles observed were less than 100
jLtm in diameter.

Figure 3 displays species profiles and element balances for
this test. In this figure the zero distance position corresponds
to the point where the sample probe contacted the surface in
the video of the test; no corrections were made for a sampling
offset. The species commonly reported for RDX decompo-
sition were observed including NO2, NO, N2O, HCN, H2O,
N2, CO, CO2, H2. A signal at 29 amu was also observed that
could be due to H2CO, and it was used to measure H2CO in
past studies by the authors.24 However, recent work using the
triple quadrupole mass spectrometer has shown that the signal
at 29 amu contains at least one other species in addition to
HCO.16 Also, Parr and Hanson-Parr10 have reported a max-
imum concentration of H2CO of 0.005 under very similar
experimental conditions. Thus, in the present results, the sig-
nal at 29 amu was not attributed to H2CO, and was not in-
cluded in the data.

Within approximately 0.5 mm of the sample surface, the
most rapidly changing species are NO2, NO, and H2O. Very
little CO2 is observed suggesting that the near surface tem-
perature rise measured by Parr and Hanson-Parr10 is due to
the production of water, not CO2. The high levels of CO2
reported near the sample surface by Korobeinichev et al.8-9

may be due to the lower spatial resolution of that study com-
pared to the present study. The results for NO and NO2 near
the surface show very similar shape and magnitudes to the
results of Parr and Hanson-Parr, lending support for the mod-
eling approach that combines their temperature profile with
the species measurements of the present study. The species
profiles for deflagration of RDX at 0.5 atm measured by
Korobeinichev et al. indicate that N2 and CO are of roughly
the same concentration near the propellant surface. Thus, the
present data are in reasonable agreement with these results.

Beyond 0.5 mm, NO and HCN are consumed, and CO,
N2, and CO2 all rise. N2O, which remained relatively inert
through the primary flame, is also consumed beyond 0.5 mm
from the surface. The fluctuations in mole fractions, especially
the rather large change at 4.5 mm, are a result of unsteadiness
in the position of the final flame. The mole fractions between
4.5-5 mm represent species measured above the final flame
and should be used to compare to the model results.

The bottom graph in Fig. 3 displays the element fractions
for the species profiles. The element fractions in RDX are
0.286 for H, N, and O, and 0.143 for C. Variations near the
sample surface may be due to diffusion effects or they may
indicate that some species are not being detected. The un-
resolved species at 29 amu that has not been included in the
data could have a significant impact on the near surface ele-
ment balance.16 At larger distances, the high temperatures
present in the flame may cause the room temperature cali-
bration data to become inaccurate. The variations in the ele-
ment balance means that the comparison to the model results
must be made with care; precise agreement should not be
expected.

Modeling of RDX Combustion
Using the measured mole fractions at the sample surface

resulted in poor agreement between the model and the ex-
perimental data. The rate of consumption of NO2 and pro-
duction of NO were much too slow. In order to try to accel-
erate the NO2 consumption, several variations in the initial
species mole fractions were investigated. Initial mole fractions
of H2CO of 0.05, 0.10, and 0.15 were added to the measured
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Fig. 4 Comparison of experimental data (lines with symbols) and
model results (lines only) for initial conditions which include an RDX
mole fraction of 0.50 at the sample surface.

species. This addition resulted in an increased consumption
rate of NO2, but still did not consume it fast enough to match
the data. A second change was to add RDX vapor into the
initial species; this addition is physically reasonable because
RDX vapor is known to exist at the surface. Because RDX
vapor was not a measured quantity, a somewhat arbitrary
choice of 0.50 mole fraction was made. To adjust for the
addition of this RDX, the mole fractions of measured species
were reduced to force the sum of the mole fractions to 1 at
the sample surface.

I

0 1 2 3 4 5

Height above surface (mm)
Fig. 5 Model predictions of the profiles of OH, NH, and CN.

Species profiles predicted by the model with the added
RDX at the surface are presented in Fig. 4 along with the
experimental results. To permit a direct comparison to the
experimental data, only the predictions for measured species
were used, and they normalized to give a mole fraction of 1
after the removal of RDX and all other species in the model
that were not measured. In Fig. 4, the overall trends are in
reasonable agreement with the measured results. However,
the model does show unexpected decreases in N2, CO, and
H2 near the surface, as well as a rapid decrease in N2O fol-
lowed by a more gradual decrease, which is more in agreement
with the experimental data. The rapid consumption of these
species between 0.2-0.5 mm may be a result of the mole
fraction of RDX that was chosen. The model results for NO
show a gradual decrease consistent with the present data, but
inconsistent with the results of Parr and Hanson-Parr,10 which
show a very rapid decrease in NO mole fraction at approxi-
mately 2.5 mm from the sample surface.

Figure 5 presents the model predictions for three radical
species measured by Parr and Hanson-Parr.10 The large OH
peak near the surface is not reported in the data of Parr and
Hanson-Parr, in this same region the CO2 is much larger than
the measured value. These two discrepancies could be due to
the presence of too much H2 at the surface, which is consumed
and produces the large OH concentration. The OH then ox-
idizes CO to CO2 more rapidly than occurs in the actual flame.
Also, the NH and CN profiles do not show the rapid rise and
fall observed by Parr and Hanson-Parr. Although the model
shows reasonable trends for measured stable species, it does
not reproduce the radical species data that is available. The
reasons for the disagreement are not clear; they could be in
the mechanism, in the experimental data, or in the modeling
assumptions, in particular the one-dimensional assumption.

Summary
Both laser-induced decomposition and laser-assisted com-

bustion of RDX were investigated in this study. During laser-
induced decomposition, RDX displayed a liquid layer on the
surface with considerable bubbling within the layer. The spe-
cies detected above the surface included N2 and CO at 28
amu, H2O, NO2, N2O, H2, and a species at 29 amu, perhaps
formaldehyde, with only small amounts of HCN and NO.
Minor species were also detected at molecular weights of 42,
43, 70, 81, and 97 amu, which have been reported by other
researchers. The absence of higher molecular weight species
in the present study may be due to the pressures used, as
other studies reporting high molecular weight species were
performed at very low pressure.

During laser-assisted combustion, a luminous flame ap-
peared as a thin violet flame zone separated from the surface
by a nonluminous region. Species profiles were measured that



LITZINGER ET AL. 703

gave evidence of a primary reaction zone involving the con-
sumption of NO2. The reaction in the luminous flame zone
consumes HCN, NO, and N2O. Modeling of the results at 1
atm as a one-dimensional, premixed flame, using a mechanism
of Yetter and Dryer,11 produced reasonable agreement with
the experimental profiles for stable species, but poor agree-
ment for radical species indicating the need for further mod-
eling and experimental studies.
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