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EXE_ SUbtMARY

The experimental work done on the destruction of the liquid gun
propellant XM-46 (or LGP-1846) using the Molten Salt Destruction
(MSD) Process at the Lawrence Livermore National Laboratory
(LLNL) for the U.S.Army is described in this report.

The current methods of disposal of large quantities of high
explosives (HE), propellants and wastes containing energetic
materials by open burning or open detonation (OB/OD), or by
incineration, are becoming undesirable. LLNL is developing MSD as
an alternative to OB/OD and incineration of energetic materials.

A series of 18 continuous experimental runs were made wherein a
solution of XM-46 and water was injected into a bed of molten salt
comprising the carbonates of sodium, potassium and lithium, along
with air. The results from these experiments, described in detail in
the main body of this report, show that:

- XM-46 can be safely and completely destroyed in a bed of molten
- salt at temperatures well below those needed for incineration.

. - Under optimum operating conditions, less than 1% of ,the chemically
bound nitrogen in the XM-46 is convened to NOx, and less than 1%
carbon is converted to CO.



There exist, however, a number of technical uncertainties"

- We need to understand better why nitrates build up in the salt
bath, and what we can do to reduce this amount.

- We need to understand the mechanism of XM-46 oxidation and
ways to minimize the formation of CO and NOx.

In addition, we would like to find out ways by which a more
concentrated solution of XM-46 can be introduced into the reactor, so
as to increase the throughputs.
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INTRODUCTION

The current methods of disposal of large quantities of high
explosives (HE), propellants and wastes containing energetic
materials by open burning or open detonation (OB/OD), or by
incineration, are becoming undesirable. OB/OD may result in
incomplete combustion and may lead to the formation of secondary
toxins. Incineration is facing increased opposition because of
the possibility of thermal NOx formation due to high operating
temperatures. Also, incineration costs are rising steadily,
perhaps due to more stringent controls and permitting delays.
Therefore, environmentally acceptable alternatives to incineration
and OB/OD will have to be devised to accomplish the task of
energetic material waste destruction when effective means of
recycling is not feasible.

The Molten Salt Destruction (MSD) Process has been demonstrated
for the destruction of HE and HE-containing wastes(I,2,3). MSD

• has been used by Anti-Pollution Systems (4), and by Rockwell
International (5), to destroy hazardous wastes. MSD converts the
organic constituents of the waste into non-hazardous substances
such as carbon dioxide, nitrogen and water. Any inorganic
constituents of the waste, such as binders and metallic particles,
are retained in the molten salt. The destruction of energetic
material waste is accomplished by introducing it, together with
oxidant gases, into a crucible containing a molten salt, such as
sodium carbonate, or a suitable mixture of the carbonates,
chlorides or sulfates of sodium, potassium, lithium and calcium.
(Fig. 1 shows the flowsheet of the process; the details of the
crucible, the experimental set-up and the injection nozzle are
given in Figs. 2, 3 and 4 respectively.) The temperature of the
molten salt can be varied between 4000 to 9000 C. The organic
components of the waste react with oxygen to produce carbon
dioxide, nitrogen and steam. The inorganic components, in the
form of "ash", are captured in the molten salt bed as a result of
wetting and dissolution of the ash. Halogenated hydrocarbons in
the waste (which may be present as a result of halogenated
solvents in the waste, or as a result of certain halogenated
binders for the HE) generate acidic gases such as hydrogen chloride

" during the pyrolysis and combustion processes occurring in the
melt. These are scrubbed by the alkaline carbonates, producing
steam and the corresponding salt, such as sodium chloride. The
off-gases from the process are sent through standard off-gas
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clean-up processing (such as bag filters or HEPA filters) before
being released to the atmosphere. At the end of the process runs,
the salt is separated into carbonates, non-carbonate salts, and
ash. The carbonates are recycled to the process, and the stable
salts are disposed of appropriately.

LLNL has built a small-scale (about 500g to 1000g throughput per
hr) unit to test the destruction of energetic materials using the MSD
process as described in detail later in this report. The initial unit
operated in a pulsed mode, wherein between 10-20 g of the feed was
injected into the crucible in a few minutes, followed by several
minutes of purging with air. This unit was later modified to accept
continuous feed. The experiments described in this report were done
in the continuous mode. In addition to XM-46, we have destroyed
the high explosive HMX (octahydro- 1,3,5,7-tetranitro- 1,3,5,7-
tetrazocine), RDX (hexahydro-l,3,5-trinitro- 1,3,5-triazine), PETN
(2,2-bis[{nitoxy}methyl]-l,3-propanediol dinitrate) and TATB ( 2,4,6-
trinitro-l,3,5-benzenetriamine) in this unit. Our experiments,
described in detail later, demonstrate that energetic materials can be
safely and effectively treated by MSD.

Technical Basis

The molten salts are typically mixtures of alkali or alkaline
earth carbonates and halides. The salts provide excellent heat
transfer and reaction media, catalyze oxidation of organics, and
neutralize acid gases such as hydrogen chloride by forming stable
salts such as sodium chloride (4,6). The relatively high thermal
inertia of the melt resists changes in temperature resulting from
sudden changes in the feed or heat transfer.

Safety is a major consideration in any process where high
explosives or wastes containing high explosives are destToyed. In
addition to XM-46, we have successfully and safely destroyed a
slurries of 35 weight percent HMX, RDX, PETN and TATB in mineral
oil, and 50 weight percent of the above in water. The liquid, in
addition to keeping the HE concentration to a safe dilution level,
provides a vehicle for handling the HE.

A typical HE, such as HMX, contains sufficient oxygen to propagate
a steady back burn without any additional oxygen. To reduce the
probability of this, we developed a special nozzle design, shown
in Fig. 4. The key features of the nozzle are side injection of
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the feed into the crucible, external cooling of the feed, and
introduction of a large volume of gas, such as nitrogen or air, as
a carrier for the feed. The side injection, coupled with external
cooling, keep the feed temperature well below 200°C to minimize
spontaneous combustion of the HE. The large volume of inert
carrier gas further dilutes the HE, provides a large heat
capacity, and keeps the velocity of the feed inside the nozzle
relatively high. As a result of all these conditions, the HE
decomposes only inside the crucible, and not in the feed nozzle.
The high injection velocity also helps maintain a high degree of
turbulence and mixing inside the crucible.

Propellants react differently from high explosives when subjected
to heat. Therefore, the problem of burn-back may be more severe
in some case for propellants than explosives. To avoid the
possibility of back-burn, we diluted the propellant with water in
the ratio of 2 parts by weight of water per one part by weight of
the propellant. This dilution essentially demilitarizes the
propellant, and removes it from the category of energetic
materials. This diluted mixture can be safely injected into the
molten salt bath without any back-propagation.

Experimental Program

We have built an experimental unit to investigate the
applicability of the molten salt destruction process to the
destruction of HE and HE-containing wastes. Figure 3 shows a
schematic of the current experimental setup.

I

The crucible (shown in Fig. 2) is made of stainless steel, which
is stable in the presence of alkali carbonates. For wastes of
high chlorine content, more corrosion resistant materials, such as
specialized Ni-Cr based alloys or ceramics may be necessary. The
crucible has the dimensions 5.76" inside diameter, 6.63" outside
diameter, and 24" length. It is fitted with a flange on the top and a
removable injection nozzle, described earlier, on the side.

. Thermocouples are placed at various locations, including the
crucible, the feed nozzle, and the exhaust gas outlet. The
coolant gas flow is controlled so as to maintain the feed nozzle

' temperature under 150°C. The exhaust line has a demister made
from stainless steel wool to trap entrained liquid droplets. Gas
sample bottles with manual and solenoid valves are attached to the
exhaust line. The whole assembly is placed inside an
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explosion-proof cell, designed to withstand an explosion of up to
500 g of TNT. Video monitors allow us to observe the experiment
without entering the cell during experiments with HEs. All the
solenoid valves controlling the sample and the feed sequences are
operated remotely. The experimental data are continuously logged
on a computer.

To start an experiment, a measured amount of salt is introduced
into the crucible from the top, and the top flange is secured.
The sample bottles are evacuated, and the vacuum valves are closed
off. The sample bottles are now ready to accept samples. A
solution of XM-46 and water is made and kept ready to be
pumped into the feed tube (see Fig. 3). The nozzle
coolant gas is turned on to keep the feed nozzle cool. The
heaters are switched on, and data logging is initiated. Once the
salt approaches its melting point, the carrier gas in the nozzle
is turned on to prevent molten salt from entering the feed nozzle.
When the temperature of the melt reaches a desired
value (between 500°C to 700°C in our runs), the system is ready
for accepting the energetic waste.

The waste to be treated is injected in to the crucible through the
side nozzle described earlier. The oxidant gases, if needed, are
introduced through the tube near the center of the crucible (No
additional oxygen is necessary for XM-46). The gaseous product of
the crucible is sent to the vent as shown in Fig. 3. Gas samples
were collected at various intervals after the attainment of a steady
state.

A salt sample is withdrawn from the crucible at the end of the
final run, and analyzed for traces of the energetic material,
such as the constituents of XM-46. The heaters are then
shut off, and the unit is allowed to cool. The entrained gas, the
coolant gas and the oxidant gas are continued until the salt
freezes, at which time the gas flows are shut off.

Results and Discussion

Gas samples were taken during the experiments, and analyzed using
a gas chromatograph and mass spectrometer (GC/MS), as well as an
on-line IR sensor for CO for runs 1-6. Table 1 shows
the details of the runs made with XM-46 under various operating
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conditions. An explanation of the terms used in the table is
given in Appendix 1.

The effect of throughput and temperature on NOx formation is shown
in Fig. 5, which shows that:

- The fraction of the chemically bound nitrogen convened to NOx
(referred to as the NOx fraction for the remainder of this report)
increases with throughput.

- The NOx fraction appears to go through a maximum. It initially
increases with temperature (500°C to 600°C), but decreases later on
(from 600°C to 700°C).

o Even under the worst conditions, namely, high throughput and
medium temperature, the NOx fraction is less than 1%.

Figure 6 shows the effect of throughput and temperature on CO
formation. The following observations can be made:

- The fraction of carbon in the feed that is convened to CO
(referred to as the CO fraction for the remainder of this report)
decreases with temperature. It is relatively high at low temperature
(about 0.9% at 500°C), decreasing to slightly above 0.1% at 700° C,
under high throughputs.

- The effect of throughput on the CO fraction is more pronounced
at low temperature than at high temperature. For example, the CO
fraction decreases from about 0.9% to 0.2% between low and high
throughput at 500 ° C, whereas a similar change in throughput at
600°C shows a change of 0.36% to 0.17%.

- In all cases, the CO fraction remains less than 1%.

The effect of throughput at low throughputs at 650°C on the NOx
fraction is shown in Fig. 7, which indicates that the NOx fraction

• remains under 1% at all throughputs.
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Table 1: Analysis of XM-46 data

Run Number 1 2 3 4 5 6

Temp, C 500 500 600 600 700 700
feed rate 18.5 37 18.5 37 18.5 37

in ml/min

density, g/ml 1.15 1.15 1.15 1.15 1.15 1.15

feed rate, g/min 21.275 42.55 21.275 42.55 21.275 42.55

g TEAN/g solution 0.07 0.07 0.07 0.07 0.07 0.07

g HAN /g solution 0.22 0.22 0.22 0.22 0.22 0.22

g H20 /g solution 0.71 0.71 0.71 0.71 0.71 0.71

TEAN g/min 1.50 3.01 1.50 3.01 1.50 3.01

HAN g/min 4.77 9.53 4.77 9.53 4.77 9.53

H20 g/min 15.01 30.01 15.01 30.01 15.01 30.01

LGP g/min 7.84 15.68 7.84 15.68 7.84 15.68

g mole/min TEAN 0.0071 0.0142 0.0071 0.0142 0.0071 0.0142
Driver air flow

SCFH 25 25 25 25 25 25

liter/rain 11.8 11.8 11.8 11.8 11.8 11.8

off gas, gmol/min
from LGP 0. 3000 0.6001 0.3000 0.6001 0. 3000 0. 6001

from water 0. 8336 1.6673 0. 8336 I. 6673 0. 8336 I. 6673

air 0. 5268 0.5268 0. 5268 0. 5268 0. 5268 0.5268

total 1.6605 2.7941 1.6605 2.7941 1.6605 2.7941

total, dry 0.6261 0.7254 0.6261 0.7254 0.6261 0.7254

salt inventory, kg 6.40 6.40 6.40 6.40 6.40 6.40

space velocity 0.07 0.15 0.07 0.15 0.07 0.15

g LGP/hr/g salt
% stoich 02 used >I00 >I00 >i00 >I00 >100 >I00

Gas Comp (dry basis)
in vol %

N2 79.00 80.65 79.31 76.66 77.94 76.28

02 15.27 12.20 14.49 I0.58 13.39 8.58

Ar 0.85 0.87 0.88 0.84 0.88 0.83

C02 0.93 2.39 3.52 7.71 7.17 12.32

CO 0.01 0.01 0.01 0.01 0.01 0.01
H2 0.20 0.71 0.15 0.47 0.00 0.05

CH4

C2 0.09 0.79 0.02 0.07 0.00 0.00

C3
C4

NO 0.03 0.08 0.07 0.19 0.08 0.19

NO/C
maximum 2.67 2.67 2.67 2.67 2.67 2.67

actual 0.02 0.02 0.02 0.02 0.01 0.02

%N to NO (Nfr_l) 0.88 0.75 0.69 0.90 0.42 0.58

%C to CO 0.89 0.33 0.36 0.17 0.19 0.11

g moles NOx/min

max possible 0.11 0.23 0. II 0.23 0.11 0.23
actual 0.00 0.00 0.00 0.00 0.00 0.00

%N to NO (Nfr_2) 0.14 0.26 0.36 0.60 0.45 0.61

Nfr_2/Nfr_l 0.16 0.34 0.53 0.67 1.06 1.05
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Table 1 (continued): Analysis of XM-46 data

Run Number 7 8 9 10 11 12

Temp, C 650 650 650 650 650 650
feed rate 5 5 5 5 5 5

in ml/min

density, g/ml 1.15 1.15 1.15 1.15 1.15 1.15

feed rate, g/min 5.75 5.75 5.75 5.75 5.75 5.75

g TEAN/g solution 0.07 0.07 0.07 0.07 0.07 0.07

g HAN /g solution 0.22 0.22 0.22 0.22 0.22 0.22

g H20 /g solution 0.71 0.71 0.71 0.71 0.71 0.71

TEAN g/min 0.41 0.41 0.41 0.41 0.41 0.41

RAN g/rain 1.29 1.29 1.29 1.29 1.29 1.29

H20 g/min 4.06 4.06 4.06 4.06 4.06 4.06

LGP g/min 2.12 2.12 2.12 2.12 2.12 2.12

g mole/min TEAN
Driver air flow

SCFH

liter/rain

off gas, gmol/min
from LGP

from water

air

total

total, dry

salt inventory,kg 6.40 6.40 6.40 6.40 6.40 6.40

space velocity 0.02 0.02 0.02 0.02 0.02 0.02

g LGP/hr/g salt
% stoich 02 used >100 >100 100 100 <100 <100

Gas Comp (dry basis)
in vol %

N2 3.78 72.64 85.71 85.73 84.35 84.35

02 2.20 12.11

Ar 0.83 0.82

CO2 3.01 14.37 8.05 '7.83 7.85 7.94

CO 1.34 i. 34 I. 89 I. 90

H2 0.63 0.63 1.32 1.24

CH4 0.12 0.12 0.80 0.75

C2 0.09 0.09 0.22 0.23

C3 0.02 0.02
C4 0.01
NO 0.18 0.I0 4.05 4.25 3.52 3.56

NOIC
maximum 2.67 2.67 2.67 2.67 2.67 2.67

actual 0.01 0.01 0.42 0.45 0.32 0.32

%N to NO (Nfr_l) 0..52 0.26 15.69 16.81 11.90 12.02

- %C to CO 0.00 0.00 13.83 14.15 17.05 17.11

g moles NOx/min

max possible
actual

%N to NO (Nfr_2)

Nfr 2/Nfr 1
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Table 1 (continued): Analysis of XM-46 data

Run Number 13 14 15 16 17 18

Temp, C 650 650 650 650 650 650
feed rate 5 5 10 10 10 10

in ml/rain

density, g/ml 1.15 1.15 1.15 1.15 1.15 1.15

feed rate, g/min 5.75 5.75 11.5 11.5 11.5 11.5

g TEAN/g solution 0.07 0.07 0.07 0.07 0.07 0.07

g HAN /g solution 0.22 0.22 0.22 0.22 0.22 0.22

g H20 /g solution 0.71 0.71 0.71 0.71 0.71 0.71
TEAN g/min 0.41 0.41 0.81 0.81 0.81 0.81 .

HAN g/rain I. 29 I. 29 2.58 2.58 2.58 2.58

H20 g/min 4.06 4.06 8.11 8.11 8.11 8.11

LGP g/rain 2.12 2.12 4.24 4.24 4.24 4.24

g mole/min TEAN
Driver air flow

SCFH

liter/rain

off gas, gmol/min
from LGP

from water
air

total

total, dry

salt inventory, kg 6.40 6.40 6.40 6.40 6.40 6.40

space velocity 0.02 0.02 0.04 0.04 0.04 0.04

g LGP/hr/g salt
% stoich 02 used >I00 >I00 >i00 >I00 >I00 >I00

Gas Comp (dry basis
in vol %

N2 75.23 74.09 72.27 72.68 76.57 77.68

02 13.10 13.68 7.68 8.01 17.75 18.35

Ar 0.87 0.86 0.81 0.83 0.90 0.92

C02 10.37 10.92 18.51 17.68 4.38 3.01

CO 0.28 0.37 0.45 0.47 0.35
H2

CH4 0.13 0.03

C2 0.03
C3
C4

NO 0.14 0.07 0.11 0.30 0.04 0.04

NO/C
maximum 2.67 2.67 2.67 2.67 2.67 2.67

actual 0.01 0.01 0.01 0.02 0.01 0.01

%N to NO (Nfr 1) 0.48 0.24 0.22 0.61 0.28 0.49

%C to CO 2.63 3.28 2.35 2.59 7.40 0.00 .

g moles NOx/min

max possible . .

actual

%N to NO (Nfr_2)

Nfr_2/Nfr_1



The effect of reducing, neutral and oxidizing conditions under low
throughputs at 650°C was examined in runs 7 through 18. Since
XM-46 does not need any external oxygen for complete combustion,
the addition of the driver air automatically creates oxidizing
conditions (runs 7-8, and 13-18). Replacement of the driver air with
nitrogen creates neutral conditions (runs 9 and 10). Reducing
conditions were obtained by the addition of a small amount of
isopropanol to the XM-46, and replacing the driver air with nitrogen
(runs 11-12). These data are summarized in Fig. 8, where we have
plotted the NOx fraction on the Y-axis, and the fraction of the
stoichiometric air used on the X-axis. Note that the numbers used for
the X-axis are qualitative, in that 0.5, 1.0 and 1.5 are used to
represent reducing, neutral and oxidizing conditions, respectively.
Figure 8 shows that the NOx fraction shows a slight increase

(12% to 16%) from reducing to neutral conditions, followed by a
large drop (16% to 1%) from neutral to oxidizing conditions. (The CO
analyses for runs 7 through 18 showed large amount of scatter, and
were not considered reliable.)

We examined the composition of the salt bath after 2.5 L of diluted
XM-46 had been processed. The concentration of nitrate in the bed
was 4.50% and of nitrite 0.42%. Thus, roughly 50% of the nitrate in
the XM-46 remained in the salt bath after the termination of the run.
It is not known why that much nitrate should remain in the salt
bath. Perhaps nitric displaces carbon dioxide from the bed faster
than the oxidation of hydrocarbons and hydroxylamine by nitrate.
This would be followed by slow decomposition of nitrate to 02, NO
and sodium hydroxide. Addition of carbon dioxide to the bed should
increase the rate of nitrate decomposition and maintain a low, steady
state of nitrate in the salt bath.

We also analyzed the water that condensed in the ice trap during
runs 1 to 6. These results are presented in Table 2. There was a
higher concentration of both sodium and potassium in runs with
higher feed rates (runs 2, 4, and 6) This is due to greater
entrainment of the molten salt by the higher space velocity in the
high feed runs.

At 500°C the ammonia concentration in the condensate varied
between 1200 and 1800 ppm, depending on feed rate. As the
temperature was increased to 600°C the ammonia dropped in half
and then to 30 to 70 ppm at 700°C. It appears that ammonia is
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Table 2

Condens values
ate in mg/L

Run 1 2 3 4 5 6
Number

Nitrite 1074 1516 1776 1789 2425 ND
Nitrate 699 1463 2324 3368 753 7961
Sodium 252 873 361 613 405 709
Potassiu 449 1855 702 1258 900 1413
m
Ammoni 1260 1820 540 800 32 66
a

pH 9.34 9.79 4.54 9.13 0.91 4.36

Nitrite/ 1.54 1.04 0.76 0.53 3.22
Nitrate
Na/K 0.56 0.47 0.51 0.49 0.45 0.50

incompletely combusted below 600°C, but is nearly completely
combusted by 700°C.

The pH of the condensate varied greatly from less than 1 to almost
10. The condensate was expected to be slightly acidic due to the
presence of dissolved carbon dioxide. This, of course, is moderated
by salt entrainment, and subsequent carry over into the condensate
vessel.

Conclusions and Future Work

The major conclusions from this work are:

- XM-46 can be safely and completely destroyed in the molten salt
bath.

- Under optimum operating conditions, less than 1% of the chemically
bound nitrogen in the XM-46 is convened to NOx, and less than 1%
carbon is convened to CO.

There exist, however, a number of technical uncertainties:

- We need to understand better why so much nitrate builds up in the
salt bath, and what we can do to reduce this amount.



- We need to understand the mechanism of XM-46 oxidation and
ways to minimize the formation of CO and NOx.

In addition, we would like to find out ways by which a more
concentrated solution of XM-46 can be introduced into the reactor, so
as to increase the throughputs.
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Appendix 1

Explanation of the terms used in Table 1

Run Number: ID number for the run
Temp, C: Salt temperature, in degrees Celsius
Feed rate: measured feed rate, ml/min
Density: calculated density of the feed solution
Feed rate, g/rain: product of volumetric feed rate and density

The next three rows represent calculated values of the
concentrations of TEAN, HAN and water in units of g per gram of
solution. These values are in turn used to calculate the absolute
flow rates of these three components in units of g/rain. The next
row represents the flow rate of LGP into the molten salt unit, in
units of g/rain.

Salt inventory: Weight of salt in the crucible, kg

Space velocity: Flow rate of LGP in units of g/hr divided by grams
of salt in the vessel

The next row indicates whether the experiments were conducted in
(nominal) reducing, neutral or oxidizing conditions. Most
experiments are under oxidizing conditions because the driver gas
used in the nozzle was air. Runs 9 and 10 are under neutral
conditions because the driver gas used was nitrogen. To obtain
reducing conditions, such as in runs 11 and 12, small amounts of
isopropanol were added to the feed, and nitrogen was used as the
driver gas.

The next 10 rows contain the results of gas analyses on the
off-gas. They are expressed in volume (or mole) percents. C2, C3
and C4 represent all hydrocarbon compounds with carbon chain
lengths of 2, 3 and 4 respectively.

The next two rows represent maximum possible and actual ratios of
, NO in the off-gas to the total carbon in the off-gas. If ALL the

N in the LGP is converted to NO, this ratio will be 2.67. Thus,
.. the ratio of actual to maximum represents the fraction of the

chemically bound nitrogen in the LGP that is converted to NO. This
ratio is referred to as Nfr_l.



The next row shows the percentage of the carbon in the LGP that is
convened to CO.

For run numbers 1 through 6, for which reliable air flow data are
available, we performed the NOx fraction calculations based on the
total product gas flow and the composition of the NO in the product
l_as. Once again, we calculated the NO fraction, referred to as Nfr_2.
Finally, the ratio of Nfr_2 to Nfr..l provides a comparison of the two
methods of calculating the NO fraction.
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Details of the crucible , LRii

< 16-11116inches >

r

Vessel
Demister

Combustion air

Thermocouples
Process thermocouple

Heater elements

Salt level

Injector 34-1/2 Inches

__ ,eI

i
I
i
I

5.0.0893.2944
10RSU/dsm

Figure 2



Molten salt destruction of energetic materials ,, LR
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Details of the injector nozzle
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Effectof throughputand
temperatureon NOxformation
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Effectof throughputand
temperatureon CO formation
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Effectof throughputon
NOxat 650C
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Effectof Oxygenon
NOxat 650 C
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Figure 8






