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Summary

The objective of this work is to determine the chemical mechanisms of solid propellant
ignition and deflagration with an emphasis on the decomposition of individual propellant
ingredients and on the gas phase reactions of the products of decomposition. A quadrupole
mass spectrometer system using quartz microprobes measures species profiles above the
surface of the sample during CO2 laser induced pyrolysis or during laser assisted deflagration
of the sample. In addition microthermocouples are used to measure the surface temperature
and gas phase temperatures during testing. To complement the experimental studies,
chemical kinetic models produced by other researchers are used to model some of the data
obtained.

During FY 94, after significant effort to construct the triple quadrupole mass
spectrometer (TQMS) and optimize its operational parameters for separation of species at
mass 28 (CO, N2 and C2H4) and mass 44 (CO2, N20 and CH3CHO) using laboratory
standards, it was successfully applied in RDX tests at different pressures and heat fluxes.
- Using the full capability of the TQMS, two separate tests to quantify the parent and daughter
species allow complete determination of the major species in RDX laser assisted deflagration.
In addition to the RDX studies, preliminary studies of oxetane polymers were also performed.

The first task for RDX was to determine the relative contributions of species at mass 28
and 44. Mass 28 was found to consist only of N2 and CO, with no C2H4 present.
Throughout the gas-phase, N2 was generally slightly larger than CO. Mass 44 was exclusively
composed of N20O and CO2. N2O constituted all of mass 44 at the surface, but decreased
gradually to zero at the end of reaction zones. The opposite was true for CO2. Some
unknown species above mass 40 were found, and they were identified as HNCO, NH2CHO and
HONO at mass 43,45 and 47, respectively. Their signal intensities were not negligible near
the surface, especially that of HNCO.

The RDX results at high heat flux and atmospheric pressure show NO and NO2 profiles
that are in good agreement with the recent measurements of Parr and Hanson-Parr obtained
by absorption. However, the TQMS data still show a substantial amount of formaldehyde,
based upon the 29 amu peak, while Parr and Hanson-Parr detected none in their study.
Therefore, additional RDX studies were performed to determine whether other species were
contributing to 29 amu. These studies showed that near the surface another species was
contributing to the signal at 29 amu. Further tests to determine the exact structure of the
unknown peak at mass 29 will be a priority in the near term.

The effects of heat flux and pressure were also studied for RDX laser-assisted
combustion. By increasing heat flux and decreasing pressure, reaction zones were stretched
out, but the major reaction pathways of decomposition were found to be unaffected. The
primary flame zone was marked by the disappearance of mass 29 and NO2, and the
production of NO, CO, CO2 and H20. In the secondary flame zone, HCN, NO and to a
lesser extent N20 were consumed, and CO2, N2, CO, H20 and H2 were produced. No
evidence of a near surface reaction zone, postulated by Russian researchers, was found very
near the surface and preceeding the primary flame zone even at the low pressure and high
heat flux condition.

In addition to the RDX tests, experiments were performed to study the parent ions
produced by oxetane polymers, BAMO and NMMO. These results show more than fourteen
major species over a rather narrow molecular weights from 15 to 45. The presence of so

many species at close molecular weights presents a substantial challenge to the TQMS. Asa

result significant effort will be required to determine the structure of these species using the

full capabilities of the TQMS. fw
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Objcctiv

The objective of this cffort is to determine the chemical mechanisms of solid propellant
ignition and deflagration with an emphasis on the decomposition of individual propellant
ingredients and on the gas phasc reactions of the products of decomposition. The
information gained will be coupled into cxisting modeling efforts supported by ONR. In this
program both solid oxidizers and energetic binders will be studied. A quadrupole mass
spectrometer system using quartz microprobes is used to measure species profiles above the
surface of the sample during CO2 lascr induced pyrolysis or during lascr assisted deflagration
of the sample. Gas phase temperature profiles are measured with micro-thermocouples no
larger than 50 micron.

During the past ycar a related objective of the program was to bring the (MPMS) systcm
with the triple quadrupole mass spectrometer (TQMS) to a fully operational state. The
TQMS can detect and quantify specics with similar molecular weights but different
compositions, and identify the structure of unknown species. This objective was-achieved
carly in FY 94,

Approach

A schematic diagram of the experimental setup is given in Fig. 1. The energy source of
ignition was a high-power CO7 laser with a maximum continuous wave power of 700W. The
laser beam passed through a mask and an expanding lens before entering the test chamber
through a KCl window. The size of beam was selected to be about twice that of the samplc so
that a nearly uniform beam profilc could be applied to the surface. The RDX samples werc
0.64 cm diameter pellets pressed from RDX powder.

The propellant samples werc glued to a small block angled at 45° to the incident laser
beam so that the sampling microprobe approached the sample perpendicular to the center 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 plexi-glass window was installed on
onc side of the chamber for video photography of the flame and the RDX pellet. The video
was acquired using a CCD video camcra with a micro lens; after each test it was used to
identify the sampling height, i.c., the distance between the RDX surface and the sampling
probe tip. Typically, a magnification of 30 to 40 times was used which produced a spatial
resolution of about 20mm for the videos.

The analysis of gascous specics was performed using the microprobe/mass-spectrometer
(MPMS) system. The species were sampled by quartz microprobe with an orifice diameter of
20 to 30mm which produced spatial resolution of 100 to 150 mm. The sample gases were

drawn through the probe and into the mass spectrometer by a set of turbomolecular pumps




and vacuum pumps and ionizcd at the ionizer in MS. In carly cxperiments to determine the
decomposition species a single quadrupole mass spectrometer was used. In later tests for
species profiles the mass spectrometer unit was upgraded to a triple quadrupolc mass-
spectrometer (TQMS) from Extrcl. The TQMS was required for these tests to overcome
difficulties in differentiating species with same mass using the single quadrupolc mass
spectrometer. Differentiating multiple species with the same mass is very difficult with a
single quadrupole and requires multiple runs at different ionization encrgics or the application
of a matrix approach to obtaining quantitative data. Using the so-called "daughters" mode of
operation of the TQMS, it was possible to identify and differentiate N2, CO, C2Hg4 at 28-
amu, NO, CH20 at 30-amu, and N20, CO2 at 44-amu as well as possible specics at 29-amu.

In the daughter mode of operation, the mass of interest, often referred to as the
"parent”, is sclected in the first quadrupole. The parent ions then enter the second
quadrupole (Q2) and arc fragmented into smaller species, the "daughters”, by the process of
collision-induced dissociation (CID) with an inert gas scparatcly supplied into Q2. Argon was
uscd 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 parent.

Several methods of calibration were used to obtain the sensitivity cocfficients
(intensity/concentration) of cach speciecs. Most stable species were calibrated directly with
the gas mixtures of known concentration. To calibrate water, water vapor was acquired from
liquid water which was vaporized by the CO2 laser. Paraformaldehyde and trioxanc,
polymeric forms of CH20, were used for its calibration. They were also vaporized with the
CO3 laser to obtain gas-phasc formaldehyde. Typically the sensitivity factors were
repcatable 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 appcarance potential through the ratio of their cross-sections. !

For all of the calibrations and in the actual tests, an ionization cnergy of 22 ¢V was used
to minimize fragmentation of molecules and to get acceptable intensities. However, this
sctting was still high compared to the ionization energies of 9 -15 ¢V 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 werc subtracted from the mass signal of
interest.

In reducing the experimental data the measured concentrations were totaled and cach
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 obscrved signal intensities since the temperature dependence cancels out. This
calculation method also cancels out the effect on signal intensity 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.

Summary of Results

This section of the report will provide more details on the three major areas of study for FY
94. They arc studies to determine the contributions of various specics at 28 and 44 amu as
well as 29 amu, cxperiments to determine the effects of heat flux and pressure on RDX gas-

phasc structure, and preliminary studies of the oxetane polymer, BAMO/NMMO.

RDX Experimental Studies
Specics at 28 and 44 amu
In RDX combustion, possible sources of mass 28 arc No, CO and CoHy4. Using the TQMS,

these three species could be differentiated and identified in the daughter mode. Q1 was fixed

at mass 28 and Q3 was scanned over possible masses of daughters in each species. By this
method, Ny was identified by mass 14 (N), CO was by 12 (C), and CoHy by 15 (CH3). For

C)Hy, the signal intensities of mass 27 (CoH3), 26 (CoHj), 25 (CoH) and 14 (CHp) should
be higher than that of mass 15 (CH3) because they are easier to creatc by fragmentation than
mass 15 . However, mass 25 to 27 were too near to the parent mass 28 to identify because

of the high signal level from the parent, and mass 14 overlapped with the daughter mass from
N7. In the actual experiment, the signal of mass 15 was just above the noisc range, thus

CoHy appears not to be a major product of RDX. Without CoHy4 present, Ny, CO were

casily distinguished in the daughter mode.

Three possiblc species could exist at mass 44: N20O, CO2 and CH3CHO. As in the casc
of mass 28, key daughters were identified during calibration for each of these specics: mass 28
(N2) and 30 (NOj for N20, mass 28 (CO) for CO2, and primarily mass 15 (CH3) and 29
(CHO) for CH3CHO. In the actual experiments, no daughter signals were found except mass
28 and 30 by scrcening from mass 10 to 40 in the daughter mode, thus CH3CHO was
climinated as a possible product. Actually this result was cxpected because formation of
CH3CHO in RDX combustion requircs complex interactions. It is intcresting to note that
CH3CHO is found, howcver, in RDX-based composite propellantsz. The daughter signal at
mass 28 can come from N20 and CO2, simultancously. Therefore. mass 30 was sclected
exclusively to identify N20, and CO2 could be easily identified by subtracting the intensity of

N20O from the total intensity of mass 44 signal in the parent mode.




The trends of N20 and CO2 versus height from the surface arc shown in Figurc 2 at three
test conditions. N2O constitutes all of mass 44 at the surface without the existence of CO2,
but N20O decreases exponentially as the height increased. At the end of reaction zones, all of
mass 44 was composed of CO2, one of the final products of combustion. From the profiles
of the N20 spccies, the expansion of reaction zones as heat flux increased and pressure

decreased is clearly visible.

Species at high masses 43,45 and 47

Species at masses 43, 45 and 47 were identified in several previous studies and were

recognized to have important roles in the gas-phasc chemistry of RDX.3:4.5,6,7 Mass 43
was identified as HNCO, mass 45 as NH7CHO and mass 47 as HONO. In the present study,
the intensities of thesc species became larger as pressurc decreased and heat flux increased, i.c.
as the reaction zones expanded. The mole fractions of HNCO at the surface, however, were
almost constant in the range of 3.5 % - 4.5 % for all experimental conditions. The
sensitivity of HNCO here was estimated by the theory of ionization cross section! referred in

the experimental section.

Species at 29 amu

Some questions have been raised regarding the mole fraction of CH,O near the surface of
deflagrating RDX obtained from mass 29. The mole fraction of CH>O has been reported to
be almost zero near the surface in other studies.S»9 In these studies, the ranges of
cxperimental conditions were not too different from those of the present study and therefore
experimental conditions cannot cxplain the differences. Based upon the signal at mass 29 in
previos work with the MPMS 10,1 1, the mole fraction was mcasured to be about 7 % in 1
atm and 100 W/cmz, and about 18 % in 0.5 atm and 400 W/cm?2 at the surface. The
discrepancy between these results and thosc of other rescarchers required careful
considcration of possible causes. ‘

Scveral possible reasons difference related to the probc sampling method were originally
considered as possible causes. One of possible reasons was the condensation of some CH»O in
the microprobe or vacuum chamber with subscquent evaporation. Another possible one was
that therc were other species at mass 29 besides CHO. The sccond possibility was morc
rcasonable becausce the microprobe sampling mcthod had problems only in detecting

CH,O/CHO, not zny other major product. This possibility supplied the motivation to

perform experiments in the daughter mode for the parent at mass 29 and 30.
The results of calibration in daughter mode for NO, CHO and CHO at 1 atmosphere arc

shown in Figure 3. Mass 14 (N) and 16 (O) were detected with the ratio of ~1.65 to 1 for




NO. For CHO, mass 13 (CH) and 12 (C) were identificd with the ratio of ~2.4 to 1, and for
CH20 mass 14 (CH2), 13 (CH) and 12 (C) with the ratio of ~20 : 2.5 :1. In experiments
with RDX at 1 atm and 100 W/cm2, several interesting results were acquired in terms of mass
29 and 30. In Figure 4-(a), daughter masses 14 and 16 were measured for the parent mass 30,
and the ratio of mass 14 and 16 was calculated. In the region where the mass 30 is large, the

ratio was within the bounds of 1.6 and 1.73. Comparing this ratio to the calibration of Figure
3 suggests that the amount of CHO is small or the ratio would deviate from the NO

calibration data due to the presence of a strong 14 signal from CH»O. Based upon these
results, the maximum possible mole fraction of CH,O ncar the surface was about 3 %.

Considering the inevitable fluctuation of signals in calibration and actual experiments in
daughter mode of TQMS, it is possible that CHyO does not exist near the surface at this test

condition. More experiments will be performed at other conditions to ascertain whether
CH»O is present.

Results from actual experiments at mass 29 and 30 are also given in Figure 4. From the
calibration of CHO, mass 13 and 12 were identified as the only possible daughters if only

CHO cxisted at mass 29. In the real test at 1atm and 100 W/cmz, however, a large signal at
mass 14 was detected near the surface. Possible chemical species should be just CHj or N for

mass 14, which could come from other parent masses such as HyCNH or CoHjg, a radical
which would have to come from fragmentation of a larger species in the ionizer. CoHjs was
climinated as a possible species because mass 15 (CH3) is formed in its fragmentation, and
mass 15 was not detected in daughter mode. Therefore, the most likely species appears to be
something containing N, such as H)CNH. The fragment of mass 14 is highly possible from
H>CNH, because CID is strong enough to break multiple bonds and thus no preference was
identified in the fragmentation of parent ions!. However, while the radical HyCN has
already been suggested as an important intermediate species to form HCN3, HoCNH has

never been reported in other experiments. Thus any firm conclusion about mass 29 must be
delayed until more decisive evidence can be found for the existence of HoCNH.

Effects of Heat Flux and Pressure on RDX Gas-phase Structure

Mecasurements of major species at the condition of 1 atm and 100 W/ecm2 are shown in
Figure 5. Scveral experiments were actually conducted at this condition to increase the
resolution of sampling. Increasing resolution was achicved by changing the starting height of
sampling probe, because the quartz microprobes were found not to withstand more than
400msec outside flamc zones without melting. Figure 6 is a combination of two results with
different starting heights; the results were cross-checked with other results at same condition

to validate measured mole fractions.




Deccomposition chemistry in the gas-phase starts by the disappearance of mass of 29 and
NO; in the primary flame zone very ncar the surface. Primary products of this consumption

were Hp0, NO, CO and COj. Hj was relatively inert in this zone. The existence of Np

from the surface should not be overlooked. Its production was almost unaffected by the
change of pressure and heat flux.

The secondary flame zone has been characterized by the consumption of NO and HCN,
and by the production of CO, Ny, CO, HO and Hy. The consumption of NyO produces N»
in this zone. At approximately 3mm from the surface, the reaction zone came to the post-
flame region at this condition. In the region, major products were identified as CO», N», CO,
H30, H and small amount of NO (~ 2 %). Small signal intensitics of NyO, NO,, HCN were

noticed in this region, but they arc in the range of noise fluctuation.

2 at latm.

In Figurc 6, the species profiles are shown for a heat flux of 400 W/cm
Chemical structures of flame were similar to those at 100 W/cmz. However, the end of the
secondary flame zone cxpanded to more than 5Smm from the surface based upon the profile
of NO. At the surface, mole fractions of NO2 and HCN increased and that of N20O decrecased
relative to the lower heat flux case, because the N-N bond scission was preferred at the high
heat flux condition. The thickness of primary reaction zone, indicated by the NO2 profile,
was not changed as heat flux increases. This trend was also observed for other species in
Figure 6 and shows that the change of heat flux does not have much effect on the chemical
mechanisms near the surface. From the profiles of major species, especially NO, N20 and
HCN, the secondary flame zone was also stretched substantially compared with that at 100
W/cmz. Even at Smm from the surface, NO and HCN were still being consumed.

The species profiles in the gas-phase at the condition of 0.5atm and 400 Wicm? are
presented in Figure 7. Because effects of lower pressure and higher heat flux were added in
the experiment, thc rcaction zone ncar the surface was highly stretched. Therefore, the
sccondary flame zonc did not begin until about at 4.5 mm from the surface, as indicated by
the consumption of NO and HCN. The existence of another reaction zonc very ncar the
surface, postulated by Korobeinichev at al.® is not evident in the species profiles of products
NOj7, HCN and CHO. Mole fractions of these species showed practically no change near
the surface, suggesting that the additional cffect of lowering pressure from 1 to 0.5 atm was
only strctching the rcaction zone near the surface. The mole fraction of mass 29 and NO»

increased and HCN decrcased with little change in NoO at the surface in the comparison to
results of 1 and 0.5 atm.

The primary flamc zone was stretched up to 3 - 3.5 mm and sccondary flame zonc
reactions started at 4 - 4.5 mm. HCN and NO were identified to be the only species produced

in the primary flamc zonc again. At this condition, the primary reaction thickness increased




to ~4 mm from ~0.5 mm of previous two conditions. This result shows that pressurc is the
primary means to expand reaction zones near the surface. Reaction mechanisms appear to
be quite the same as that of previous two conditions, thus stretching the reaction zoncs by
increasing heat flux and decreasing pressure appear to be a valid means to study the gas-phase.
Modeling of the high heat flux results is underway and the results are targeted for a

refereed journal publication.

Oxetane Polymer Studies

In addition to the RDX tests, experiments were performed to study the parent ions produced
by oxetane polymers, BAMO and NMMO. These results show more than fourteen major
specics over a rather narrow molecular weights from 15 to 45. The presence of so many
specics at close molecular weights presents a substantial challenge to the TQMS. As a result
significant cffort will be required to determine the structure of these species using the
daughters mode. Once these species have been identified, the polymer will be used in

sandwich studies.

Future Work

MPMS studies

During the next fiscal year efforts will concentrate on the identification of the unknown
species at 29 amu in RDX and the work on RDX will be prepared for submission to a refereed
journal. Following the completion of the RDX studies, experiments to identify the species
produced by the oxetane polymers will be carried out. Also preliminary "sandwich" studies

will be performed.

Microthermocouples

Recently Professor Zenin of Russian Institute of Chemical Physics visited Penn State and
presented a scries of scminars on his thermocouple methods. These methods will be adapted
to be used in the MPMS facility so that temperature profiles can be obtained for in the

condensed and gas-phases of RDX.

RDX Modeling Studies

In the very near future the RDX results at 400 W/cm?2 will be combined with the temperature
profile of Parr and Hanson-Parr and used to validate the kinetics model of Yetter and Dryer
with the CHEMKIN code.
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Figure 2. 44 amu split between CO2 and N20 for (a) 1 atm and 100 Wem2, (b) 1 atm and
400 Wem? and (c) 0.5 atm and 400 Wcm?2.
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Figure 4 Intensities of daughter ion signals in the conditions of latm and 100 W/em? for
(a) mass 30 and (b) mass 29.
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Figure 5. Species profiles and element fractions for RDX at 1 atm and 100 Wem?2
29 amu was reduced using the calibration factor for H2CO)
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Figure 6. Species profiles and element fractions for RDX at I atm and 400 Wem?2, (*here
29 amu was reduced using the calibration factor for H2CO)
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Figure 7. Species profiles and element fractions for RDX at 0.5 atm and 400 Wcm2. (*here
29 amu was reduced using the calibration factor for H2CO)




