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Summary 

Chemical munitions probably contain the most toxic materials ever created by man and rep- 
resent a unique challenge for those involved in their destruction. Prototype testing of the thermal 
destruction processes for chemical munitions has been carried out at the Chemical Agent Muni- 
tions Disposal System (CAMDS) located at Tooele Army Depot, Utah. 

The munition metal parts containing up to 5% residual agent are thermally decontaminated in 
a roller hearth type furnace, the Metal Parts Furnace (MPF). The drained munitions are heated 
to a temperature of at least 1000°F for at least 15 minutes to insure complete destruction of any 
remaining agent residue. During this heating process the residual agent will vaporize. The vapor- 
ized agent burns within the MPF and the MPF afterburner prior to treatment of the combustion 
product gases in the pollution abatement system. Agent vaporization is a rapid unsteady process 
with peak Btu loadings on the MPF furnace as high as 10 million Btu/h. Furthermore there are 
14 different munition types containing 3 different types of chemical agents. These range from a 
load of 96 105-mm projectiles containing as little as 0.08 lbs of the nerve agent GB per projectile 
to a ton container with 80 lbs of the nerve agent VX. Clearly the control system of the MPF system 
must be flexible enough to handle such a wide variety of thermal loads. 

To evaluate and predict the performance of the MPF, tests have been performed at CAMDS by 
using a variety of munitions containing chemical agent simulants. The simulants were selected on 
the basis of comparable boiling points, heat of vaporization, and heat of combustion. A mathe- 
matical model of the MPF has been developed to predict the heating rate of the munition and the 
vaporization rate profiles of the agents and their simulants. The results of the model have been 
compared to simulant testing in ton containers at CAMDS. The results show good agreement with 
the mathematical model predictions. 

*Author to whom correspondence should be addressed. 
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l.Background 

The United States has a large quantity of chemical warfare (CW ) munitions 
stored at eight U.S. Army installations within the United States and on John- 
ston Island, located 717 nautical miles west southwest of Honolulu, Hawaii. 
Munition types that make up this country’s CW stockpile include bombs, rock- 
ets, land mines, spray tanks, cartridges, projectiles, and bulk containers. Table 
1 briefly describes the munitions in the CW stockpile. 

The munitions and bulk items that comprise the U.S. CW munition stock- 
pile are filled with one of the following lethal chemical agents: the nerve agents 
GB or VX, and the blister agent mustard [ 11. These chemical agents are liq- 
uids at room temperature. The nerve agents are organic esters of substituted 

TABLE 1 

U.S. Chemical Warfare Munitions 

Twe Description Fill Explosives Propellant Fuse 

M55” 115 mm Rocket 10.7 lb GB 
or 10.21 lb VX 
10.5 lb VX 
6.0 lb H/HD 

3.2 lb 19.31 lb 

Land mine 
4.2” 
Mortarb 
105 mm 
cartridgeb 
105 mm 
cartridgeb 
155 mm 
projectile 
155 mm 
projectile 
155 mm 
projectile 
155 mm 
projectile 
8” projectile 

0.90 lb 
0.14 lb 

M23” 
M2/M2Al 

yes 
yes 

none 
0.6 lb 

0.26 lb 2.8 lb 

1.1 lb 2.8 lb 

M60 3.0 lb H/HD yes 

M360 1.6 lb GB yes 

11.7 lb H/HD 0.83 lb Ml10 no 

Ml04 11.7 lb HD 0.83 lb none no 

M121Al 6.5 lb GB 
or VX 
6.5 lb GB 

2.45 lb none no 

M122Al 2.45 lb none no 

M426 14.5 lb GB 
or VX 
220 lb GB 
108 lb GB 
1600 lb GB, 
VX, or HD 
1356 lb VX 

7.0 lb none no 

MC-l 
MK-94 
TC 

750 lb bomb 
500 lb bomb 
ton container 

none 
none 
none 

none 
none 
none 

no 
no 
no 

TMU-28 spray tank none none no 

“Not processed in the MPF. 
bA projectile, burster, fuse, cartridge casing, propellant, and primer comprise a cartridge. 



3 

phosphoric acid. Nerve agents affect body functions by inhibiting cholinester- 
ase enzymes leading to accumulation of acetylcholine and subsequent paraly- 
sis. GB is more volatile than VX and is readily absorbed into the body by 
inhalation, ingestion, and through the skin and eyes. VX is absorbed into the 
body primarily through skin penetration. The toxicity of VX is 3-10 times that 
of GB. Exposure to either agent can result in death within minutes. 

Blister agents are local irritants and systemic poisons attacking the eyes, 
lungs, and blistering the skin with either liquid or vapor contact. Symptoms of 
exposure usually do not appear for several hours. Mustard blister agents in- 
clude Levinstein mustard (H) and distilled mustard (HD). Table 2 1 l] pro- 
vides a summary of the physical and chemical properties of the CW agents. 

The country’s stockpile of CW munitions is aging being 19-33 years old. In 
1986 the U.S. Congress mandated that the military stockpile (less 10% ) be 
destroyed as part of a modernization effort for the entire U.S. chemical warfare 
capability. The disposal of these CW munitions presents a unique challenge, 
since these items may contain both an extremely toxic fill (the chemical agent) 

TABLE 2 

Physical properties of CW agents 

Agent Name GB vx HD 

Common name 
Mol. Wt. 
Liquid density ( 25 a C ) 
Freezing Pt. ( “C) 
Boiling Pt. (“C) 
Vapor pressure at 25 o C (mmHg ) 
Heat of vaporization 
(Btu/lb) 
Flash point ( o F) 
Heat of combustion (Btu/lb-HHV) 
Liquid specific heat (Btu/lb”F) 
Vapor density (relative to air) 
Decomposition temp. ( o C ) 
LD,, (mg min/m3) 

Sarin - Distilled mustard 
140.1 267.4 159.1 

1.089 1.0983 1.27 
-56 -39 14 
158 298 217 

2.9 0.0007 0.072 
144.0 141.0 169.0 

- 318 221 
8710 13150 7340 

0.416 0.484 0.333 
4.86 9.2 5.5 

400-500 700-800 149- 177 
100 100 1500 

(respiratory) (skin) (respiratory ) 

Chemical Name and Formula 

GB isopropylmethyl phosphonofluoridate 

CH,P(O) WOCH(CH,), 
VX 0-ethyl-5- (2diisopropylaminoethyl)methyl phosphonothiolate 

CH,P(O) (OC,H,)SC2H4N (~so-C~H~)~ 
HD bis (2-chloroethyl) sulfide 

(CICH,CH,),S 
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as well as energetic materials such as explosives and propellants. The special 
hazards associated with chemical demilitarization operations require consid- 
erable safeguards in order to dispose of this material in a safe and environ- 
mentally acceptable manner. In response to these requirements, the U.S. Army 
has developed methods and procedures on the leading edge of technology for 
hazardous waste disposal. 

The first full-scale demilitarization facility, called the Johnston Atoll Chem- 
ical Agent Disposal System (JACADS ), is currently under construction on 
Johnston Island [ 21. To support the development of the process design for 
JACADS, the U.S. Army initiated, in 1982, a comprehensive testing program 
at the prototype facility, the Chemical Agent Munitions Disposal System 
(CAMDS ) located at Tooele Army Depot, Utah. This $67 million facility first 
became operational in September 1979 and serves as a test facility to evaluate 
various processing operations for possible incorporation into future large-scale 
demilitarization facilities such as JACADS. In addition to JACADS, 8 addi- 
tional plants similar to the JACADS facility are being planned to dispose of 
the CW munitions located within the Continental United States. 

Destruction of the chemical munitions is based on incineration of the mu- 
nition components. Generically, all munition types fall into one of three cate- 
gories: rockets and mines, projectiles and cartridges, and bulk items. For all 
three munition categories, the demilitarization process involves two distinct 
operations: preparation of the munition for thermal treatment, followed by 
thermal processing. Munition preparation is accomplished by using specially 
designed machines for removing explosive components by reversing the assem- 
bly process, for shearing rockets and explosives, and for draining the agent 
from the munitions. The thermal destruction operations which form the heart 
of the demilitarization process are based on four furnaces: the Liquid Incin- 
erator System (LIC ) , the Deactivation Furnace System (DFS ) , the Metal Parts 
Furnace System (MPF), and the Dunnage Incinerator System (DUN). The 
incinerators have been designed for compliance with applicable RCRA and 
Clean Air Act requirements. 

The LIC processes the bulk of the chemical agent drained from the muni- 
tions. The LIC is a two-chamber, air-atomized, liquid injection incinerator. 
M55 rockets and M23 land mines, as well as the other munitions’ explosive 
and propellant components are processed in the DFS rotary kiln. Metal parts 
which have been in contact with liquid agent are thermally decontaminated in 
the roller hearth metal parts furnace (MPF). In addition to the decontami- 
nation of the metal parts, this furnace is also designed to incinerate a residual 
agent “heel” of up to 5% by weight of the agent fill of each munition. The DUN 
is designed to process dunnage including agent contaminated wood, wooden 
pallets impregnated with preservatives, contaminated protective clothing, and 
other packaging materials. Each furnace system has an independent pollution 
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abatement system designed to scrub the products of combustion. The primary 
products of combustion are shown in Table 3. 

With this background on chemical munitions demilitarization, the focus of 
the effort described in this paper is on understanding the dynamic effects which 
occur when processing chemical munitions in the metal parts furnace. Figure 
1 illustrates the basic design of the MPF. The JACADS MPF is a three zone 
furnace. The first zone is the heat up zone, the second is the vaporization zone, 
and the final zone is the 5X zone. The 5X criterion insures complete decon- 
tamination of the metal parts. This criterion requires that the munition metal 
parts be maintained at a temperature of at least 1000 “F ( - 530 o C ) for at least 
15 minutes. For bulk items as an example, the munition spends 35 minutes in 
each zone with the zone temperatures respectively 1150,120O and 1400°F. 

Agent vaporization of the residual 5% heel of the chemical agent is a rapid 
unsteady process with peak Btu loadings on the MPF system as high as 10 
million Btu/h. Furthermore as shown earlier in Table 1, there are 14 different 
types of munitions containing 3 different types of chemical agents. The design 
and control of the MPF system will therefore require an understanding of the 
timing of the onset of agent vaporization, the duration of the agent vaporiza- 
tion process, as well as the peak vaporization rate for each agent-munition 
combination. 

A unique problem for chemical agents is the inability, because of their ex- 
treme toxicity, to do extensive prototype testing of the various agent-munition 
combinations. The approach described in this paper to understand the agent 
vaporization process was to identify and to use as agent simulants, common 
industrial compounds which match as closely as possible the pertinent thermal 
properties of the actual chemical agents. Proper selection of the agent simu- 
lants is based in part on the use of a mathematical model of the munition 
heating and vaporization processes which occur within the MPF. The MPF 
model allows for comparison of the vaporization rate of the actual agent with 
its simulant for various munition types under a variety of MPF operating scen- 
arios. Preoperational tests using the agent simulants along with calibration of 
the mathematical model will then minimize uncertainty and ensure safe fur- 
nace operation when the actual agent munitions are processed. 

TABLE 3 

Agent products of combustion 

Agent Products of combustion 

GB CC&, HzO, P,Os. HF, NO, 
VX NO,, P&a SOP, COz, H,O 
HD C02, SOz, HCl, H,O, NO, 
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2. Simulant selection 

A search was conducted to find common industrial compounds to use as 
simulants for the chemical agents. An ideal simulant would provide a close 
match of all of the physical properties of the agent. Unfortunately there is no 
ideal simulant. Certain properties must be compromised. Therefore, the phys- 
ical properties which should be matched are those which are important in mod- 
eling the agent vaporization process which occurs in the metal parts furnace. 
Generally the process of destroying agents thermally involves vaporizing the 
residual agent, then cornbusting the vapors either in the furnace or in the pri- 
mary fume burner. The process events which a simulant needs to reproduce 
are the time at which vaporization starts and the peak vaporization rate. The 
physical properties which control these events are the boiling point, the heat 
of vaporization, and the heat of combustion. The boiling point controls the 
timing of vaporization, and the heat of vaporization controls the vaporization 
rate. The heat of combustion provides the Btu loading to the furnace or fume 
burner. Additional criteria for suitable simulants are that they are safe to use, 
assuming reasonable care is taken to limit exposure of personnel, and that they 
are reasonably inexpensive. Table 4 lists a number of simulants and agents 
with their physical properties. 

To illustrate the selection of a simulant consider propylene glycol, which in 
the past has been used as a simulant for GB. Propylene glycol fits the safety 
and cost constraints, it is nontoxic and relatively inexpensive. Its heat of com- 
bustion is close to that of GB, but its boiling point is about 50 o F (28” C ) higher, 
and more importantly, its heat of vaporization is more than twice that of GB. 
Therefore, propylene glycol will start vaporizing later (higher boiling point), 

TABLE 4 

Agent and simulant physical properties 

Compound Heat of Heat of 
vaporization combustion 
(Btu/lb) (Btu/lb) 

Boiling point 
(“F) 

Simulants 
Dowanol DM ( HD ) 
Propylene Glycol (GB ) 
Diglyme (GB ) 
Tetraglyme (VX ) 

164 13,000 381 
346 10,310 368 
133 13,800 324 
I51 13,500 527 

Agents 
HD 
GB 
vx 

169 7,340 423 
144 8,710 316 
141 13,150 568 
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and will vaporize slower (lower heat of vaporization) than will GB. An exam- 
ple of a better simulant for GB would be diethylene glycol dimethyl ether (Dig- 
lyme). Its boiling point is only 8°F higher, and its heat of vaporization is only 
11 Btu/lb” lower. By using the above logic, the following simulants were also 
selected; for HD, diethylene glycol methyl ether (Dowanol DM) and for VX, 
tetraethylene glycol dimethyl ether (Tetraglyme). The above agent simulants 
are all simple compounds containing only C, H, and 0 and are readily available 
from commercial sources. 

The third physical property which is important to consider is the heat of 
combustion. Note that the heat of combustion of HD and GB and their rec- 
ommended simulants differ substantially. To ensure that the heat released into 
the furnace by the simulant is representative of the agent, the amount of si- 
mulant loaded into the furnace needs to be adjusted. For the HD and GB si- 
mulants the weight introduced into the furnace is much less than that of the 
agent. This is due to the lower heat of combustion of HD and GB in comparison 
to their simulants. The VX simulant weight is close to that of the agent VX, 
since the heats of combustion of the simulant and the agent are close. 

3. MPF mathematical model 

A mathematical model of the agent vaporization process from a munition 
was developed in order to compare the vaporization profiles for the agents and 
their respective simulants and to predict the performance of the MPF under 
various operating scenarios. Figures 2 and 3 illustrate the basic features of the 
munition vaporization model for projectiles and for bulk items, respectively. 

The munitions are loaded into the furnace on a tray which can contain as 
few as 27 &inch projectiles or as many as 96 105mm projectiles. Bulk items 
typically only have 1 or 2 items on a tray. Clearly each munition will have its 
own unique temperature history and vaporization rate depending on its loca- 
tion within the tray. To account for position on the tray the munitions were 
grouped into six categories as shown in Fig. 2 for the 8 inch projectiles. This 
was done since many of the munitions on the tray see the same heat transfer 
environment and would be expected to heat at similar rates. This greatly sim- 
plifies the problem and speeds up the calculation considerably. 

The basis of the MPF simulation is a model for the munition. Rather than 
solve Fourier’s heat conduction equation for the temperature distribution in 
the munition body, a simpler approach was taken. The lumped temperature 
approach described below is somewhat justified because of the thinness and 
the high thermal conductivity of the munition metal parts. It should be pointed 
out that the simpler munition model was compared to a more rigorous finite- 
difference solution of the heat conduction equation and the difference in the 

“1 Btu/lb r 2.32 kJ/kg. 
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QFDT -A, 

Q 
/- 

FDS Qnso 

TG 

QFWS 

=A QWSA 
Q ‘y\ WBA 

c 

?-=A= ‘I-RAN- 
QFDT _ Furnace to Dry Top 

QFDS = Furnace to Dry Sides 

QFWS p Furnace to Wet Sides 

Q FWB - Furnace to. Wet Bottom 

QDSA - Dry Sides to Agent 

QDSG = Dry Sides to Gas 

QCA - Gas to Agent 

QWBA - Wet Bottom to Agent 

I QWSA = Wet Side to Agent 

‘QFWB 

8 INCH PROJECTILE TRBX 

MUNITION CAJ-EGORY DEFINITI- 

1. Outside Corner 

2. Ends off of Outside Corners 

3. Sides off of Outside Corners 

4. Inside Corners 

5. Internal 

6. Inside Middle 

Total For 8” 

rxa 
4 

2 

6 

a 
3 

A 
27 

Fig. 2. Projectile vaporization model. 

vaporization rate profiles was negligible. As shown in Fig. 2 for the projectiles, 
the munition is treated as a cylinder and was divided into several time varying 
regions each with a uniform temperature. The regions of the munition are the 
dry sides, the wet sides, and the wet bottom. Because of agent vaporization the 
size of the wetted sides and dry sides changes with time. The gas space above 
the agent and the agent itself are also considered as separate regions. Consid- 
ering the various radiation and convective heat transfer processes the follow- 
ing equations can be written to describe the temperature in the various regions 
of the munitions within a given category (a list of symbols may be found in 
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TABLE 5 

List of symbols 

A 
c 
d 

F 

h 
H VAP 

K 

L 

mVAP 

R 
T 

Subscripts 

0 

1 
A 
DS 
DSA 
DSG 
DSI 
DT 
DTA 
DTG 
F 
FDS 
FDT 
FWB 
FWBS 
FWS 
G 
GA 
S 
WB 
WBA 
WBI 
ws 
WSA 
WSI 

surface area 
specific heat, cord length (see Fig. 3 1 
thickness of projectile base or bulk item shell 
radiation view factor 
heat transfer coefficient, agent depth 
heat of vaporization 
agent cross sectional area in bulk item 
munition length 
vaporization rate 
radius 
temperature 

inner 
outer 
agent 
dry side 
dry side to agent 
dry side to gas 
dry side interior 

drytoP 
dry top to agent 
drymptogas 
furnace 
furnace to dry side 
furnace to dry top 
furnace to wet bottom 
furnace to wet bottom side 
furnace to wet side 
gas space 
gas to agent 
munition body 
wet bottom 
wet bottom to agent 
wet bottom interior 
wet side 
wet side to agent 
wet side interior 

Greek symbols 

P density 
0 Stefan-Boltzmann constant of heat radiation 
8 angle defined in Fig. 3 
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Table 5): 
dry metal sides ( T,, ) 

PSADTCS $(h Tw,) =A,,hws(T, - Tw,) 

+Aws ~FFWS (To--Ts)--ws,hwsA(Tws -TA), 

wet metal bottom ( TwB) 

A,,dpSCs%Twa=AwahFwe(TF-TwB)+A~~ 

xFF-(T&T&&+2zR1doFFwss(T&T$,& 

-AwmhmA(Tm - TA), 

agent (TA) 

PACAAWBI $(hT,) =AwsIhwsA(Tws - TA) +AWBI 

(1) 

(2) 

(3) 

xh-A(T--TA)+AA~FDsA(T~s-T:)+AAhGA 

X(TG -TA) --AmvAPHvAk’, 

g= space ( TG 1 

T-(A h DSI DSGTDS +AA”‘%APCAGTA +AAhGATA) 
G- 

(ADsIhDsG +AAmWCAG +AAhGA) 

The agent mass balance is also given by 

(4) 

(5) 

(6) 

With the length of the munition represented by L, its inner radius by R,, its 
outer radius by RI, and the thickness of the base by d, the following equations 
then represent the various heat transfer areas 

area of wet bottom 

AA =AWBI =RR;, AmE = zR; , 
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area of wet sides 

A WSI =2&h(t) , AWSE =2&h(t), 

area of dry sides 

A m=2&(L--(t)), AmE=2&(L--(t)), 

area of dry top 

ADT =n(RT --R;). 

Figure 3 illustrates the basis of the model for bulk items such as the ton 
container. The bulk item is placed on the tray in a horizontal orientation. Be- 
cause of this placement, the agent surface area will depend on the angle (8) 
formed between the centerline of the bulk item and the ends of the exposed 
agent interface. The regions of the bulk item are the dry top, the dry sides, the 
wet bottom, and the wet sides. The gas space above the agent and the agent 

QFDT 

HEAT TRANSFER DEFINITIONS 

Q PDT = Furnace to Dry Top 

QFDS = Furnace to Dry Sides 

Q FWS = Furnace to Wet Sides 

Q FWB = Furnace to Wet Bottom 

Q DSA = Dry Sides to Agent 

Q DSG = Dry Sides to Gas 

Q rYr* = Dry Top to Agent 

Q DTC = Dry Top to Gas 

QGA = Gas to Agent 

Q WBA = Wet Bottom to Agent 

Q WSA = Wet S,ides to Agent 

Fig. 3. Bulk item vaporization model. 
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itself are also considered as separate regions. The following equations can be 
written to describe the temperature in each of these regions: 

dry metal top ( TDT ) 

PsdG &b&ml =&&mr(T~ - TDT) +ADT~F,DT 

X(T~-T~T)-ADT~DTG(TDT-TG)-AA~~DTA 

X (T~T-TT), 

dry metal sides ( TDs ) 

PsdG $W~s1 =ADS~DS(TF-TDS)+ADS~F,,S 

x(Ti$ -T&)-ADS~DSG(TDS-TG)-AA~FDSA 

x(%-%I, 

wet metal bottom ( TWB) 

ps dG. $ [A WB TWB 1 =&VB &wB ( TF - TWB I+ AWB ~FFWB 

x tT$ -T&d -Aw&wm(TwB - TA), 

wet metal sides ( Tws ) 

d 
PS dCs dt [Aws Tws I= Aws bws ( TF - Tws I+ Aws ~FFWS 

x (T; -T&s) --AwshwsA(Tws -TA), 

agent ( TA) 

~p,~~~~~~,I=~ws~ws,~~ws--T,~+~w~~w,,~~,,--T,~ 

(7) 

(8) 

(9) 

(10) 

+AA~FDSA(T~S-T~)+AA~FDTA(T~T-T~) 

+AAhGA(TG- TA)-AA~VAPHVAP, 

gasspace (TG) 

(11) 

DTGTDT+ADShDsGTDS+AAmVAPcAGTA+AAhGATA) 

(ADThDTG+ADshDsG+AA"%APCAG+AAhGA) - 
(12) 

The agent mass balance is written as 

d?c 
PA==-mVAP c. (13) 



14 

With the length of the bulk item given by L, its radius by R, and the thickness 
of its shell by d, the following equations provide the various heat transfer areas: 

cross sectional area of the agent 

K= 0.5 R2 (8- sin B) , for less than half full, 

area of the dry top 

ADT =RL(27r-@), 

area of the dry sides 

ADS =2(7zR2-K), 

area of wet bottom 

AW,=RL8, 

area of wet sides 

A ws=2K, 

exposed area of agent 

AA = 2 R L sin (0.5 @) , 

cord length 

C=2 R sin(0.5 e). 

The heat transfer coefficients represented by the subscripted h terms, and the 
radiation view factors represented by the subscripted F terms, were obtained 
from literature correlations. The terms hWsA and hWBA will change from con- 
vective heat transfer coefficients to boiling heat transfer coefficients once the 
agent reaches its boiling point. When the agent temperature is below its boiling 
point, the last term in the agent energy equation represents energy lost due to 
agent mass transfer. When the agent reaches its boiling temperature the left 
hand side of this equation is zero and the agent energy equation can be solved 
for the agent vaporization rate. 

The above equations were numerically integrated to obtain the vaporization 
rate as a function of time. The furnace temperature, TF, was assumed to be 
known as a function of time and was not obtained by a separate energy balance 
on the furnace. All required physical properties for the agents and their simu- 
lants were obtained from published data or estimated by using the methods 
outlined in Reid et al. [ 31. 

4. Results and discussion 

Figures 4-9 present actual test results from the CAMDS MPF when pro- 
cessing ton containers containing a 5% by weight heel of agent simulants. The 
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4. Ton container test; temperature data, 5% Heel of Dowanol DM. 
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Fig. 5. Ton container test; vaporization data, 5% Heel of Dowanol DM. 

simulant vaporization rate was calculated from data which included the total 
fuel oil flow to the furnace, and the analysis of the flue gas for carbon dioxide, 
carbon monoxide, hydrocarbons, and oxygen. As the vaporization rate in- 
creases, the furnace temperature controller reduces the fuel flow to maintain 
constant furnace temperature. When the fuel oil is turned down, the oxygen 
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80 

Fig. 7. Ton container test; vaporization data, 5% Heel of Diglyme. 

concentration drops, and the carbon dioxide rises due to continued combustion 
of the simulant. The rate of change of the fuel oil flow rate, and finally of the 
oxygen concentration can be correlated through the simulant combustion re- 
action stoichiometry to the rate of simulant vaporization. Also shown in the 
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figures are the predicted simulant vaporization rate and average munition tem- 
perature by using the model described above. Good agreement between the 
model and the actual data was obtained for the munition heating rate in all 

cases. Excellent agreement between the model and the actual data was ob- 
tained for the vaporization rate of Dowanol DM (HD simulant ) , and Diglyme 
( GB simulant ) . The starting time for vaporization, the peak vaporization rate, 
and the duration of vaporization were in excellent agreement. For Tetraglyme 
(VX simulant ) , the model did not agree with the furnace data (see Figs. 8 and 
9 ) . The furnace data shows the vaporization rate to slowly increase to the peak 
value starting much earlier than the predicted onset. This slow increase is 
atypical of simulant vaporization (compare the vaporization rate profiles to 
that of Dowanol DM and Diglyme). The profile for Tetraglyme suggests a 
slowly increasing decomposition rate to more volatile products as the temper- 
ature of the ton container bottom increases. The temperature of the ton con- 
tainer bottom also suggests non-uniform boiling or decomposition. Rather than 
moving rapidly to the boiling point of Tetraglyme and holding there, as it does 
for the other simulants, the temperature at the container bottom slowly climbs 
toward the boiling point of Tetraglyme (527 o F), then rapidly increases when 
the simulant has evaporated. The behavior of Tetraglyme in the furnace may 
actually fit that of VX. Data presented in Ref. [ 1 ] indicates that VX could be 
expected to decompose within the MPF. 

Figures lo-12 compare the predicted vaporization rates for three projectile 
munition types containing the agent and its simulant. The munitions were 
assumed to contain a 5% by weight of agent heel. For the projectile runs the 
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Fig. 8. Ton container test; temperature data, 5% Heel of Tetraglyme. 
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Fig. 9. Ton container test; vaporization data, 5% Heel of Tetraglyme. 
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Fig. 10. Metal parts simulation; 105-mm projectiles, 5% Heel of HD and Dowanol DM. 

furnace temperature was stepped from 1400 to 1600°F as the munition moves 
through the furnace’s three zones. As discussed earlier, the amount of simulant 
loaded was adjusted to provide the same total heat release as its respective 
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Fig. 11. Metal parts simulation; 155-mm projectiles, 5% Heel of GB and Diglyme. 
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Fig. 12. Metal parts simulation; 8-inch projectiles, 5% Heel of VX and Tetraglyme. 

agent. It is also interesting to note for the projectiles the peak and valley nature 
of the vaporization process. This results from the different heating rates of the 
munition categories as discussed earlier. 

The figures show excellent correlation of the predicted onset of the vapori- 
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zation process for each of the agents and their simulants. This is expected, 
since, as shown in Table 4, good agreement was obtained between the agent 
and simulant boiling points. The peak vaporization rates and duration of va- 
porization for the agents and their simulants are also in excellent agreement 
and this reflects the closeness between the heat of vaporization for these ma- 
terials. The duration of vaporization for the simulants is somewhat shorter, 
which results from the fact that less simulant was added to the munition in 
order to match the total heat release of the agent. For mustard and GB the 
peak energy release rates for their simulants are somewhat higher than for 
their corresponding agents. The higher peak energy release of the simulants is 
somewhat beneficial in that if the furnace can handle these rates for the si- 
mulants, it should easily process the lower peak rates of the agents themselves. 

5. Conclusions 

The results of this study show how simulants for a hazardous material, in 
this case chemical warfare agents, can be rationally selected on the basis of 
physical properties and mathematical modelling. Predictions of the vaporiza- 
tion rates by using the MPF model show that the agents and their simulants 
have nearly identical vaporization rate profiles and can be confidently used to 
test the furnace operating characteristics. Testing of simulants in ton con- 
tainers in the CAMDS MPF was successful and verified the MPF model for 
ton containers. The MPF model can now be used to confidently predict the 
operating characteristics of the MPF when processing ton containers with the 
actual chemical agents. As shown in this study simulants can be used to safely 
test and fine-tune the operating conditions of hazardous waste incineration 
systems without the risk associated with using the actual hazardous material. 
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