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The United States has been in the process of destroying
its chemical munitions for well over a decade. Initially, the
U.S. Army, with recommendations from the National
Research Council (NRC), decided to use incineration as its
destruction method at all sites. However, citizens in some
states with stockpile storage sites have opposed incineration
on the grounds that it is impossible to determine the exact
nature of the effluents escaping from the stacks. Although
the Army has continued to pursue incineration at four of the
eight storage sites in the continental United States, in
response to growing public opposition to incineration in
Maryland and Indiana and a 1996 report by the NRC, Review
and Evaluation of Alternative Chemical Disposal Technolo-
gies, the Army is developing alternative processes to neu-
tralize chemical agents using hydrolysis. These processes
will be used to destroy the VX nerve agent at Newport,
Indiana, and the mustard agent at Aberdeen, Maryland, both
of which are stored in bulk one-ton containers.

In 1996, persuaded by the public opposition in Lexington,
Kentucky, and Pueblo, Colorado, Congress enacted Public
Law 104-201, which instructed the Department of Defense
(DOD) to “conduct an assessment of the chemical demilita-
rization program for destruction of assembled chemical
munitions and of the alternative demilitarization technolo-
gies and processes (other than incineration) that could be
used for the destruction of the lethal chemical agents that are
associated with these munitions.” The Army established a
Program Manager for Assembled Chemical Weapons
Assessment (PMACWA) to respond to Congress. In Public
Law 104-208, the PMACWA was required to “identify and
demonstrate not less than two alternatives to the baseline
incineration process for the demilitarization of assembled
chemical munitions.” Following the demonstration of six
technologies, the PMACWA selected two as candidates for
destroying the weapons at Pueblo Chemical Depot. The two
packages have since progressed to the engineering design
phase of the Assembled Chemical Weapons Assessment
(ACWA) program.

In contrast with prior chemical weapons demilitarization
programs, the PMACWA has involved citizen stakeholders
in every aspect of the program, including the procurement
process. A nonprofit organization, the Keystone Center, was
hired to facilitate public involvement through a process
known as the Dialogue. The Dialogue group, whose 35 mem-
bers represent the Army and various community stake-
holders, developed the criteria for selecting the technologies
and were involved in all other aspects of the selection pro-
cess. The Dialogue process has become a model for public
involvement in matters of public concern. Indeed, the
Department of Energy and the National Aeronautics and
Space Administration have also adopted this approach.

Congress mandated that the Army coordinate with the
NRC during the ACWA program. In response, the NRC
established the Committee on Review and Evaluation of
Alternative Technologies for Demilitarization of Assembled
Chemical Weapons (ACW I Committee) in 1997 to oversee
this program. The issue before the committee was not
whether incineration is an adequate technology but whether,
given that some citizens are strongly opposed to that method,
other chemical methods, acceptable to the stakeholders,
could be used. The Committee on Review and Evaluation of
Alternative Technologies for Demilitarization of Assembled
Chemical Weapons: Phase II (ACW II Committee) was
established in the spring of 2000 for the engineering design
phase of the ACWA program.

One goal of this study is to provide an independent tech-
nical evaluation of the engineering-design packages of the
two candidate processes being considered for use at the
Pueblo Chemical Depot. This evaluation is expected to con-
tribute to DOD’s Record of Decision (ROD) for the selection
of a technology for the Pueblo site. The ROD was scheduled
to be released on August 30, 2001. Therefore, to be of value
in the selections,  this report had to be published by mid-July
2001. Unfortunately, not all of the tests associated with the
two packages, which address all aspects of demilitarization
from disassembly of the weapons to the disposal of waste
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streams, were completed at the time that data gathering for
this report had to be terminated to meet the mid-July
deadline.

I wish to express my gratitude to the members of the ACW
II Committee, all of whom served as volunteers and many of
whom served with me on the ACW I Committee. They have
all given unselfishly of their time and knowledge. Commit-
tee members’ areas of expertise include chemical process-
ing, biological remediation, environmental regulations and
permitting, energetic materials, and public acceptance. Each
member attended plenary meetings, visited the headquarters
of technology providers and test sites, observed design-
review sessions, and studied the extensive literature, includ-
ing engineering charts and diagrams, provided by the
technology providers.

The committee recognizes and appreciates the extensive
support of the Army ACWA team and its interactions with
stakeholders and the Dialogue group, particularly the four
members of the Dialogue known as the Citizens Advisory
Technical Team (CATT).  Members of the CATT attended
all open meetings of the committee and shared information
and their views with us.

 The committee also appreciates the openness and cordi-
ality of the representatives of the technology providers. They
and the Army provided us with early drafts of their test

reports and other documentation to facilitate the develop-
ment of this report.

A study like this always requires extensive logistic sup-
port, and we are all indebted to the NRC staff for their assis-
tance. I would like to acknowledge particularly the close
working relationship I had with the NRC study director for
this study, Dr. Patricia P. Paulette. Working as a team in
leading this study, she and I spoke on the phone daily and
e-mailed each other incessantly. Invaluable contributions
were also made by Harrison T. Pannella, who took extensive
notes at all of our meetings, edited draft text for the report,
and provided suggestions for organizing the report. In addi-
tion, Jacqueline Johnson and Gwen Roby provided the
logistic support that freed us to concentrate on our task.
Assistance was also provided by James C. Myska. The report
was edited by Carol R. Arenberg, Division on Engineering
and Physical Sciences.  I am also indebted to colleagues in
the Chemistry Department at the University of Southern
California, who willingly substituted for me in my teaching
duties while I traveled on behalf of this study.

Robert A. Beaudet, Chair
Committee on Review and Evaluation of
Alternative Technologies for Demilitarization of
Assembled Chemical Weapons: Phase II
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1

Executive Summary

The Program Manager for Assembled Chemical Weapons
Assessment (PMACWA) of the Department of Defense
(DOD) requested the National Research Council (NRC) to
assess the engineering design studies (EDSs) developed by
Parsons/Honeywell and General Atomics for a chemical
demilitarization facility to completely dispose of the assem-
bled chemical weapons at the Pueblo Chemical Depot in
Pueblo, Colorado. To accomplish the task, the NRC formed
the Committee on Review and Evaluation of Alternative
Technologies for Demilitarization of Assembled Chemical
Weapons: Phase II (ACW II Committee). This report pre-
sents the results of the committee’s scientific and technical
assessment, which will assist the Office of the Secretary of
Defense in selecting the technology package for destroying
the chemical munitions at Pueblo. The Record of Decision
(ROD) for selecting the technology package is expected in
the second half of 2001.

The committee evaluated the engineering design pack-
ages proposed by the technology providers and the associ-
ated experimental studies that were performed to validate
unproven unit operations. A significant part of the testing
program involved expanding the technology base for the
hydrolysis of energetic materials associated with assembled
weapons. This process was a concern expressed by the
Committee on Review and Evaluation of Alternative Tech-
nologies for Demilitarization of Assembled Chemical
Weapons (ACW I Committee) in its original report in 1999
(NRC, 1999). The present study took place as the experi-
mental studies were in progress. In some cases, tests for some
of the supporting unit operations were not completed in time
for the committee to incorporate results into its evaluation.
In those cases, the committee identified and discussed poten-
tial problem areas in these operations. Based on its expertise
and its aggressive data-gathering activities, the committee
was able to conduct a comprehensive review of the test data
that had been completed for the overall system design.

This executive summary is divided into four sections. The
first section provides historical background for the DOD’s

program for chemical demilitarization and the NRC’s
involvement. The next section gives the statement of task for
the ACW II Committee’s studies. The third section briefly
describes the technologies and test programs assessed in this
report, and the final section presents the committee’s gen-
eral findings. Detailed findings and recommendations found
in the chapters relating to the individual technologies are not
repeated here, but they may be found at the end of each
chapter.

HISTORICAL BACKGROUND

The U.S. Army is in the process of destroying the U.S.
stockpile of aging chemical weapons, which is stored at eight
locations in the continental United States and on Johnston
Atoll in the Pacific Ocean. The deadline for completing the
destruction of these weapons, as specified by the Chemical
Weapons Convention (CWC) international treaty, is April
29, 2007. Originally, the Army selected incineration as the
preferred baseline destruction technology, and it currently
operates two incineration facilities—one on Johnston Atoll
and one at the Deseret Chemical Depot near Tooele, Utah.
The Johnston Atoll Chemical Agent Disposal System com-
pleted destruction of the stockpile on Johnston Island in late
2000, and plans for closure of the facility are under way.1

Similar baseline incineration system facilities were planned
for all of the remaining storage sites. However, incineration
has met with public and political opposition. In response to
this opposition, neutralization processes (based on the
hydrolysis of chemical agent using either water or sodium
hydroxide solution) have been developed to destroy the
chemical agents stored in bulk containers at Aberdeen, Mary-
land, and Newport, Indiana. For the remaining sites, where

1The stockpile on Johnston Island comprised 2,031 tons, or 6.4 percent,
of the original 31,496 tons of chemical nerve and blister (mustard) agents in
the U.S. stockpile.
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munitions containing both chemical agent and energetic
materials (i.e., assembled chemical weapons) are stored,
incineration is still the planned approach for destruction. In
late 1996, however, Congress enacted Public Law 104-201,
which instructed DOD to “conduct an assessment of the
chemical demilitarization program for destruction of assem-
bled chemical munitions and of the alternative demilitariza-
tion technologies and processes (other than incineration) that
could be used for the destruction of the lethal chemical agents
that are associated with these munitions.”

Another law, Public Law 104-208, required a new pro-
gram manager (the Program Manager for Assembled Chemi-
cal Weapons Assessment) to “identify and demonstrate not
less than two alternatives to the baseline incineration pro-
cess for the demilitarization of assembled chemical muni-
tions.”  In addition, the law prohibited any obligation of
funds for the construction of incineration facilities at two
storage sites—Lexington/Blue Grass, Kentucky, and Pueblo,
Colorado—until the demonstrations were completed and an
assessment of the results had been submitted to Congress by
DOD.

As a result of Public Laws 104-201 and 104-208, DOD
created the Assembled Chemical Weapons Assessment
(ACWA) program. To ensure public involvement in the
program, the PMACWA enlisted the Keystone Center—a
nonprofit, neutral facilitation organization—to convene a
diverse group of interested stakeholders, called the Dialogue
on ACWA (or, simply, the Dialogue), who would be inti-
mately involved in all phases of the program. The 35 mem-
bers of the Dialogue include representatives of the affected
communities, national citizen groups such as the Sierra Club,
state regulatory agencies, affected Native American tribes,
the Environmental Protection Agency (EPA), and DOD.

The PMACWA established an elaborate program for
evaluating and selecting technologies that would be appro-
priate for destroying the stockpile at Pueblo Chemical Depot
and Blue Grass Chemical Depot. The selection process is
described in detail in the 1999 NRC report Review and
Evaluation of Alternative Technologies for the Demilitariza-
tion of Assembled Chemical Weapons. Six technology pack-
ages were originally considered for the demonstration tests.
Three of these technologies underwent demonstration test-
ing in the first round (Demonstration I) and two technology
packages survived as candidates for the destruction of chemi-
cal weapons at the Pueblo Chemical Depot: those of General
Atomics and Parsons/Honeywell. In Public Law 105-261
(1999), Congress mandated as follows:  “The program man-
ager for the Assembled Chemical Weapons Assessment shall
continue to manage the development and testing (including
demonstration and pilot-scale testing) of technologies for the
destruction of lethal chemical munitions that are potential or
demonstrated alternatives to the baseline incineration pro-
gram.” It also directed that the Army continue its coordina-
tion with the NRC. The PMACWA subsequently initiated
EDSs for the two technologies that successfully completed

demonstration testing. The purpose of this EDS phase is to
(1) support the development of a Request for Proposals
(RFP) for a pilot facility; (2) support the certification deci-
sion of the Under Secretary of Defense for Acquisition and
Technology, as directed by Public Law 105-261; and (3) sup-
port documentation required for the National Environmental
Policy Act (NEPA) and the data required for a permit under
the Resource Conservation and Recovery Act (RCRA). Each
EDS comprises two parts: an engineering design package
(EDP) and the results of experimental studies conducted to
generate required data that were not obtained during the dem-
onstration test phase.

In response to Public Law 104-201, which required that
DOD coordinate its efforts with the NRC in assessing alter-
natives to incineration, PMACWA asked the NRC to evalu-
ate each of the seven technologies that had passed DOD’s
initial screening. The ACW I Committee published its report
in August 1999. That report found that the primary treatment
processes could decompose the chemical agents with
destruction efficiencies of 99.9999. However, major con-
cerns for each technology package remained, including the
adequacy of secondary treatment of agent hydrolysates and
the primary and secondary treatment of energetic materials
contained in the chemical weapons. A supplemental report,
requested by the PMACWA to evaluate the actual demon-
stration tests for the three technologies that were considered
to warrant further investigation, was published in February
2000. Two of the technologies, those of General Atomics
and Parsons/Honeywell, were considered ready to proceed
to an engineering design phase. Upon completion of the
supplemental report, the ACW I Committee was dissolved.
Subsequently, under the continuing mandate from Congress,
the PMACWA requested that the NRC form a second com-
mittee (the ACW II Committee) to evaluate the EDPs and
related tests for the engineering design studies for the Pueblo
and Blue Grass Depots and to examine and evaluate the
Demonstration II tests of three additional technologies.

STATEMENT OF TASK

The statement of task for the NRC ACW II Committee is
shown below. The present report is the committee’s response
to Task 2 and will be produced in time to contribute to the
ROD by the Office of the Secretary of Defense on a tech-
nology selection for the Pueblo site. The latter will occur
following satisfaction of NEPA requirements.

At the request of the DoD’s Program Manager for Assem-
bled Chemical Weapons Assessment (PMACWA), the NRC
Committee on Review and Evaluation of Alternative Tech-
nologies for Demilitarization of Assembled Chemical
Weapons will provide independent scientific and technical
assessment of the Assembled Chemical Weapons Assess-
ment (ACWA) program. This effort will be divided into three
tasks. In each case, the NRC was asked to perform a techni-
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cal assessment that did not include programmatic (cost and
schedule) considerations.

Task 1

To accomplish the first task, the NRC will review and
evaluate the results of demonstrations for three alternative
technologies for destruction of assembled chemical weapons
located at U.S. chemical weapons storage sites. The alterna-
tive technologies to undergo demonstration testing are: the
AEA Technologies electrochemical oxidation technology,
the Teledyne Commodore solvated electron technology, and
the Foster Wheeler and Eco Logic transpiring wall super-
critical water oxidation and gas phase chemical reduction
technology. The demonstrations will be performed in the
June through September 2000 timeframe. Based on receipt
of the appropriate information, including: (a) the PMACWA-
approved Demonstration Study Plans, (b) the demonstration
test reports produced by the ACWA technology providers
and the associated required responses of the providers to
questions from the PMACWA, and (c) the PMACWA’s
demonstration testing results database, the committee will:

• perform an in-depth review of the data, analyses, and
results of the unit operation demonstration tests con-
tained in the above and update as necessary the 1999
NRC report, Review and Evaluation of Alternative
Technologies for Demilitarization of Assembled Chemi-
cal Weapons (the ACW report)

• determine if any of the AEA Technologies, Teledyne
Commodore, and Foster Wheeler/Eco Logic technolo-
gies have reached a technology readiness level suffi-
cient to proceed with implementation of a pilot-scale
program

• produce a report for delivery to the PMACWA by July
2001 provided the demonstration test reports are made
available by November 2000. (An NRC report delivered
in March 2000 covered the initial three technologies
selected for demonstration phase testing.)

Task 2

For the second task, the NRC will assess the ACWA
Engineering Design Study (EDS) phase in which General
Atomics and Parsons/Honeywell (formerly Parsons/Allied
Signal) will conduct test programs to gather the information
required for a final engineering design package representing
a chemical demilitarization facility at the Pueblo, Colorado
stockpile site. The testing will be completed by September 1,
2000. Based on receipt of the appropriate information,
including: (a) the PMACWA-approved EDS Plans, (b) the
EDS test reports produced by General Atomics and Parsons/
Honeywell, (c) PMACWA’s EDS testing database, and
(d) the vendor-supplied engineering design packages, the
committee will:

• perform an in-depth review of the data, analyses, and
results of the EDS tests

• assess process component designs, integration issues,

and overarching technical issues pertaining to the
General Atomics and the Parsons/Honeywell engineer-
ing design packages for a chemical demilitarization
facility design for disposing of mustard-only munitions

• produce a report for delivery to the PMACWA by
March 2001 provided the engineering design packages
are received by October 2000.

Task 3

For the third task, the NRC will assess the ACWA EDS
phase in which General Atomics will conduct test programs
to gather the information required for a final engineering
design package representing a chemical demilitarization
facility at the Lexington/Blue Grass, Kentucky stockpile site.
The testing will be completed by December 31, 2000. Based
on receipt of the appropriate information, including: (a) the
PMACWA-approved EDS Plans, (b) the EDS test reports
produced by General Atomics, (c) PMACWA’s EDS testing
database, and (d) the vendor-supplied engineering design
package, the committee will:

• perform an in-depth review of the data, analyses, and
results of the EDS tests

• assess process component designs, integration issues,
and overarching technical issues pertaining to the
General Atomics engineering design package for a
chemical demilitarization facility design for disposing
of both nerve and mustard munitions

• produce a report for delivery to the PMACWA by Sep-
tember 2001 provided the engineering design package
is received by January 2001.

DESCRIPTION OF THE TECHNOLOGY PACKAGES

The assembled chemical weapons at Pueblo contain only
mustard agent and energetic materials. The operations
required for their destruction include (1) unpacking and dis-
assembling the weapons, (2) separation of agents, energetics,
and metal parts, (3) destruction of agent and energetic
hydrolysates, (4) decontamination of the metal parts,
(5) destruction of the dunnage, and (6) treatment and disposal
of all associated solid, liquid, and gaseous by-products.

For both the General Atomics and the Parsons/Honeywell
design packages, the primary treatment to destroy the agent
and the energetic materials is hydrolysis. However, the
hydrolysis products (hydrolysates) must be further treated
before the final products can be properly disposed of. For
this secondary step, General Atomics proposes to use
supercritical water oxidation (SCWO) and Parsons/
Honeywell proposes to use biotreatment via immobilized cell
bioreactors (ICBs).

Both technology packages consist of multiple unit opera-
tions that work in sequence or concurrently to carry out all
aspects of chemical weapons destruction. Both processes are
designed to treat agent, energetic materials, metal parts



Copyright © National Academy of Sciences. All rights reserved.

Analysis of Engineering Design Studies for Demilitarization of Assembled Chemical Weapons at Pueblo Chemical Depot 
http://www.nap.edu/catalog/10182.html

4 ANALYSIS OF ENGINEERING DESIGN STUDIES FOR DEMILITARIZATION OF ASSEMBLED CHEMICAL WEAPONS AT PUEBLO

(including munitions bodies), dunnage (e.g., wooden pallets
and packing boxes used to store munitions), and nonprocess
waste (e.g., plastic demilitarization protective ensemble
(DPE) suits; the carbon from DPE suit filters and plant heat-
ing, ventilating, and air conditioning (HVAC) filters; and
miscellaneous plant wastes). Each EDP includes engineering
drawings and documentation, a preliminary hazards analysis,
and costs and schedule for the technology to be implemented
at the Pueblo Chemical Depot. Short descriptions are given
below. More detailed descriptions of the unit operations for
each technology are given in Chapters 3 and 4.

Figure ES-1 is a block diagram of the General Atomics
technology process, which uses the acronym GATS (General
Atomics total solution). The following major operations are
included:

• A modified baseline disassembly process is used; how-
ever, cryofracture is used to open the projectile bodies
to access the agent. The bodies are cooled to liquid
nitrogen temperature and fractured. Then the metal
parts are separated from the agent.

• Agents and energetics are hydrolyzed in batch reactors
to form hydrolysates.

• Fuzes are digested in an energetics rotary hydrolyzer
with caustic.

• Munition bodies are decontaminated to a 5X condition
by using an electrically heated discharge conveyor.

• The dunnage is shredded and slurried.

• All the resulting hydrolysates and the slurried dunnage
are further treated with SCWO to produce environ-
mentally benign products.

• System off-gases are processed through carbon filters.

The unit operations tested during the EDS phase are the
dunnage shredder hydrolysis system (DSHS), the energetic
rotary hydrolyzer (ERH), and the SCWO reactor. The test-
ing of the SCWO reactor had not been completed when this
report was prepared.

The Parsons/Honeywell technology team uses the acro-
nym WHEAT (water hydrolysis of explosives and agent
technology) to denote its technology package for the demili-
tarization of assembled chemical weapons. The process is
described in Figure ES-2. It consists of the following main
operations:

• The Army’s baseline disassembly process, with modi-
fications, is used to separate agent, energetics, and
metal parts.

• The solid heel or sludge that remains inside the
munitions casing is washed out in the projectile rotary
washout machine (RWM) using recirculated wash
water through high-pressure water jets.

• Bursters from the mortars and projectiles are fed into
the burster washout machine (BWM) by a pick-and-
place machine and processed in the BWMs to wash
out all explosives.

5X
Metal

Tramp
metal

Projectile/
mortar

disassembly

Projectile/Mortar

5X Metal

Cryofracture

Projectile
rotary

hydrolyzer

Heated
discharge
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FIGURE ES-1  Simplified block diagram of GATS process components. Source: Adapted from General Atomics, 2000a.
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• The energetics rotary deactivator (ERD) receives
fuzes, booster cups, and miscellaneous parts, and it
heats them until they are deflagrated.

• Agents and energetics are hydrolyzed in batch reactors
to form hydrolysates.

• Agent and energetics hydrolysates are diluted with
water, mixed with inorganic nutrients, and fed to the
ICBs, which contain aerobic microorganisms that will
consume most of the organic content of the hydrolysates.

• Biological processing, followed by evaporation/
crystallization, converts the hydrolysis products to
liquids or solids acceptable for discharge to the envi-
ronment or liquids acceptable for recycling. Biological
treatment is done in the ICBs.

• Metal parts are all treated either in the batch metal
parts treater (batch MPT) or the rotary metal parts
treater (rotary MPT) to decontaminate metal parts to
5X.

• Dunnage is heat treated in the continuous steam treater
(CST) to decontaminate it to 5X.

• Gas discharges from the plant are passed through cata-
lytic oxidation (CATOX) units. Some of the gas
streams are also passed through activated carbon
filters.

The ICB, the CST, the CATOX unit, and the projectile
washout system were tested during EDS. However, the CST
and the projectile washout operations were not finished at
the time this report was prepared.

The committee formed two working groups to perform
in-depth evaluations of each EDP. As part of their efforts,
the groups visited the EDS test sites at Aberdeen Proving
Ground, Maryland; Dugway Proving Ground, Utah; and
Deseret Chemical Depot, Utah. Committee members also
attended PMACWA status-review meetings, which were
held periodically, and a review meeting at Parsons/
Honeywell in Pasadena, California, where both Parsons/
Honeywell and General Atomics personnel described their
EDPs and the results of ongoing tests. The technology pro-
viders and PMACWA staff kindly provided draft copies of
reports as they were generated. The final EDPs were released
in October 2000.

In evaluating the general efficacy of the design plans for
a chemical demilitarization facility suited to the Pueblo
Chemical Depot and the readiness of each technology to go
forward to the next level of pilot plant testing, the committee
relied upon its knowledge of the proposed systems, available
test results, aggressive data collection activities, and
thorough review of the engineering design plans.

GENERAL FINDINGS

General findings on the EDS phase of the ACWA pro-
gram for the two technology packages evaluated in this

report appear below. The general findings must be consid-
ered with acknowledgment of the fact that some ACWA EDS
testing was not completed in time for the committee to obtain
final test results and that some process steps remain to be
demonstrated on a pilot scale. Specific findings and recom-
mendations for each technology package, as well as the
PMACWA-sponsored investigations on hydrolysis of ener-
getic materials, appear in the body of the report. The
energetics hydrolysis test program is progressing at a pace
satisfactory to meet the engineering requirements for con-
struction of a disposal facility at Pueblo Chemical Depot.
Issues surrounding the hydrolysis of neat tetryl, optimum
granulation sizes, more complete characterization of
hydrolysis products from aromatic nitro compounds, and
optimum process control strategies for full-scale operations
are yet to be investigated.

General Finding (Pueblo) 1. Based on the results of the
demonstration tests, the engineering design package, and
available data, the committee believes that the Parsons/
Honeywell WHEAT technology package can provide an
effective and safe means of destruction for the assembled
chemical weapons stored at the Pueblo Chemical Depot. How-
ever, some of the process steps remain to be demonstrated.

The Parsons/Honeywell technology process provides
effective means to:

• disassemble munitions by a modified baseline dis-
assembly process that removes the agent from the pro-
jectile bodies by washout

• destroy chemical agent HD to a 99.9999 percent de-
struction and removal efficiency (DRE) by hydrolysis

• destroy fuzes with the energetics rotary deactivator
• destroy energetic materials to a 99.999 percent DRE

by hydrolysis in 15 weight percent hot caustic solution,
provided that the following safeguards are observed:
— different energetic materials are not processed

together
— precautions are taken to ensure that all emulsified

TNT is completely destroyed
• control the very large volumes of off-gases emitted

from the biotreatment plant through a CATOX unit

However, the committee notes that the effectiveness of
some process steps, including removal of energetics from
munitions, has not been tested during the EDS. Treatment of
metal parts, dunnage, and DPE suit material remains to be
demonstrated. No tests are currently planned to demonstrate
the efficacy of the burster washout and energetic materials
size-reduction steps. The projectile washout system is cur-
rently being tested. Other remaining munition disassembly
operations are very similar to those used in the baseline sys-
tem and have therefore been proven. The energetics rotary
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deactivator concept appears workable but has not been dem-
onstrated at the pilot scale. Energetics hydrolysis is relatively
immature, but current testing at Holston AAP has the
capability to resolve many, but not all, of these issues (see
Chapter 2).

The testing of the continuous steam treater for dunnage
and the projectile washout system will not be complete until
October 2001. Dioxins and furans are present in the off-gas
from the CATOX units on the bioreactors but are below
levels of regulatory concern. The batch metal parts treater
for small metal parts is being tested, and preliminary data are
encouraging. The carousel fixture for the rotary metal parts
treater for large metal parts has not been demonstrated. The
use of catalytic oxidizers for various streams is currently
being tested, but sufficient test data have not been provided
to the committee. Because the honeycomb structure of the
CATOX unit is susceptible to plugging, proper design must
be employed to prevent particulates from entering the cata-
lyst structure.

General Finding (Pueblo) 2. Based on the results of the
demonstration tests, the engineering design package, and
available data, the committee believes that many aspects of
the General Atomics technology package can be effective
and safe for the destruction of assembled chemical weapons
at the Pueblo Chemical Depot. However, to achieve pro-
longed operability of the SCWO system as designed will
require extensive maintenance. In addition, the SCWO pro-
cessing of dunnage slurried in energetics hydrolysate, which
constitutes the vast majority of the feedstock to be processed,
remains unproven. The viability of the General Atomics
technology package will depend on acceptable operability
of the SCWO system.

The General Atomics technology process provides effec-
tive means to:

• disassemble munitions by using a modified baseline
disassembly process for munitions and removal of the
agent from the projectile bodies by cryofracture

• destroy chemical agent HD to a 99.9999 percent DRE
by hydrolysis

• destroy fuzes with the energetics rotary hydrolyzer
• destroy energetic materials to a 99.999 percent DRE

by hydrolysis in 15 weight percent hot caustic solution,
provided that the following safeguards are observed:
— different energetic materials are not processed

together
— precautions are taken to ensure that all emulsified

TNT is completely destroyed
• provide effective 5X-level decontamination for muni-

tion bodies through the use of an electrically heated
discharge conveyor

• readily control the very low volumes of off-gases pro-
duced through activated carbon adsorption systems

For dunnage, the materials are shredded and reduced in
size to 1.0 mm. The slurry is then fed into the SCWO reactors
to destroy all the dunnage.

However, the committee has serious concerns about the
SCWO system that is used to process the hydrolysates and
the slurried dunnage. At the time this report was prepared,
not all of the long-term processing tests had been completed.
On the basis of results to date, the committee has concerns
about the ability of the SCWO reactor to operate continu-
ously for adequate lengths of time. An additional concern is
the ability of the size reduction system to remove 100 per-
cent of the tramp metal that comes with the dunnage. If the
tramp metal is not removed from the dunnage, the committee
believes it will clog the injectors of the SCWO system and
further reduce the system’s online availability.

The SCWO tests that have been performed to date, espe-
cially those involving chlorinated organic compounds such
as HD hydrolysate, have consistently encountered severe
corrosion of the reactor material or plugging of the reactor
with salts. General Atomics proposes to solve the problem
of plugging by periodically (every 22 hours of operation)
reducing the pressure of the reactor to slightly below the
critical point of water and flushing with clean water for 2
hours to remove the accumulated salts. The technology pro-
vider proposes to deal with the corrosion problem by insert-
ing into the SCWO reactor a sacrificial titanium liner and
shutting down at approximately every 140 hours of opera-
tion to open the reactor and replace or reverse the liner.2   In
the committee’s opinion, the flushing step does not pose an
unreasonable operating requirement; however, it considers
the need for a liner replacement at six-day intervals to be
excessively disruptive and not in keeping with sound prin-
ciples of effective operation. In the full-scale system, liner
replacement will require the following steps:

1. Cooling down and depressurizing the reactor,
2. Unbolting and removing an approximately 16-inch-

diameter, several-inch-thick pressure head from the
top of the reactor,

3. Withdrawing the 12.5-inch-diameter, 19-foot-long
titanium liner from the tubular SCWO reactor,

4. Reinserting the same liner reversed end to end or a
new liner,

5. Setting the pressure gasket back into place and re-
attaching the gasket coolant lines,

6. Resetting and bolting the pressure head onto the
reactor,

7. Pressure testing the SCWO reactor to assure proper
head seating and sealing, and

8. Restarting the heat-up of the system and restarting the
waste feed.

2The corrosion is restricted to the top part of the liner so each liner can
be used twice by opening the reactor and reinstalling it in the reactor with
the uncorroded lower part up.
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This appears to the committee to be a very time-consuming
procedure. The experience of a number of committee mem-
bers has been that large pieces of high-pressure equipment
are very difficult and time consuming to seal. Tests have
only been conducted with reactors 2 inches to 4 inches in
diameter. The time required for this procedure at the far
larger size of the full-scale SCWO unit is highly uncertain.

General Atomics proposes to build duplicate SCWO
reactors so that one is operating while the second is being
serviced; however, the committee has reservations about
whether this level of redundancy is adequate to maintain the
proposed operating schedule.

General Finding (Pueblo) 3. As the ACW I Committee
observed, the unit operations in both the General Atomics
GATS and the Parsons/Honeywell WHEAT technology
packages have never been operated as total integrated
processes. As a consequence, a prolonged period of systemiza-
tion will be necessary for both to resolve integration issues as
they arise, even for apparently straightforward unit operations.

This finding continues to be valid following development
of and testing for the EDS design packages for the General
Atomics and Parsons/Honeywell technologies. Also, in both

cases, some of the routine unit operations have not yet been
designed or tested. Thus, although they appear straight-
forward, these unit operations could require some redesign
during systemization.

General Finding (Pueblo) 4. Several of the unit operations
in both the General Atomics and Parsons/Honeywell pro-
cesses are intended to treat process streams that are not
unique to the chemical weapons stockpile and that could
potentially be treated at existing off-site facilities. These
streams include agent-free energetics, dunnage, brines from
water recovery, and hydrolysates. Off-site treatment would
simplify the overall processes and facilitate process integra-
tion by eliminating the need for further development of these
unit operations. It might also simplify design requirements
to meet safety concerns.

All of the process streams that could potentially be treated
off-site have compositions similar to waste streams routinely
treated by commercial industrial waste treatment facilities
and do not exhibit any unique toxicity. Thus, they could be
transported by standard commercial conveyance to commer-
cial facilities that are appropriately permitted to receive the
waste.
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Introduction

BACKGROUND

The United States has maintained a stockpile of highly
toxic chemical warfare agents and munitions for more than
half a century. These chemical agents are designed to be
lethal upon exposure. Stored as components of aging
weapons systems, they present a growing risk to surround-
ing communities.

The need to destroy the aging U.S. chemical stockpile has
been a long-standing concern of government, citizens, and
the military. In 1985, Public Law 99-145 mandated an
“expedited” effort to dispose of one particular type of chemi-
cal munitions, the M55 rocket, which could self-ignite dur-
ing storage if the stabilizer in the propellant were depleted.
The mandate concerning rockets was soon expanded into the
U.S. Army’s Chemical Stockpile Disposal Program (CSDP),
whose mission is to eliminate the entire stockpile of unitary1

chemical weapons. The CSDP developed the current base-
line system, which uses incineration to destroy the agents,
energetic materials, and munition packing materials (known
as dunnage). The baseline system also uses a furnace to
decontaminate the residual metal parts. In 1997, after having
set several intermediate goals and dates for completing the
destruction of the U.S. chemical weapons stockpile, Con-
gress ratified the President’s signing of the Chemical
Weapons Convention (CWC), which mandates that destruc-
tion be completed by April 29, 2007.

The CSDP currently operates two baseline incineration
systems facilities—one on Johnston Atoll in the Pacific
Ocean and one at the Deseret Chemical Depot near Tooele,
Utah. Together, these two facilities are expected to destroy

approximately one-half of the total U.S. stockpile, the
remainder of which is dispersed among seven other storage
sites in the continental United States.2  Similar incineration
systems were initially planned for all of these sites. How-
ever, incineration has met with strong public and political
opposition. In response to this opposition, neutralization pro-
cesses (i.e., processes based on the hydrolysis3  of chemical
agent in water or sodium hydroxide solution) have been
developed to destroy the chemical agents stored in bulk con-
tainers at Aberdeen, Maryland, and Newport, Indiana. The
construction of these facilities is under way. For the remain-
ing sites, where explosively configured “assembled” chemi-
cal weapons are stored, incineration remains the technology
planned for disposal. Construction of baseline incineration
facilities is proceeding at storage sites in Anniston, Alabama;
Umatilla, Oregon; and Pine Bluff, Arkansas.

In 1996, Congress enacted two laws that created and appro-
priated funding for a new program, the Assembled Chemical
Weapons Assessment (ACWA) program. Public Law 104-201
(authorization) and Public Law 104-208 (appropriation)
mandated that the Department of Defense (DOD) conduct

1Unitary chemical weapons are single chemicals loaded in munitions or
stored as lethal materials. More recent binary munitions have two relatively
safe chemicals loaded into separate compartments and mixed to form a
lethal agent only after the munition is fired or released. The components of
binary munitions, which are stockpiled in separate states, are not included
in the present CSDP. However, under the Chemical Weapons Convention,
they are included in the munitions that will ultimately be destroyed.

2The Johnston Atoll Chemical Agent Disposal System (JACADS) com-
pleted destruction of the stockpile located on Johnston Island in late 2000,
and plans for closure of the facility are under way. The stockpile on Johnston
Island comprised 2,031 tons, or 6.4 percent, of the original 31,496 tons of
chemical nerve and blister (mustard) agents in the U.S. stockpile.

3Hydrolysis is a reaction of a target compound with water, an acid, or a
base in which some chemical bond is broken in the target and OH¯ or H+ is
inserted into the bond cleavage. The destruction of chemical agent via
hydrolysis is often referred to as chemical neutralization, based on the mili-
tary definition of neutralize: to render something unusable or destroyed and
nonfunctional. Technically, neutralization is a chemical reaction between
an acid and a base to form a salt and water. Chemical agents are neither
acids nor bases, however, and the use of the term neutralization for two very
different processes is somewhat confusing. Nevertheless, in the literature
on chemical demilitarization, the terms neutralization and hydrolysis have
been used interchangeably. Therefore, unless otherwise specified, neutral-
ization will refer to the destruction of chemical agent via hydrolysis. The
word decontamination is also used to indicate removal, destruction, or neu-
tralization of chemical agents.
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an assessment of alternative technologies to the baseline
incineration process for the demilitarization of assembled
chemical weapons and that at least two technologies be dem-
onstrated. Congress included the following stipulations:

• All funds for constructing stockpile disposal facilities
at Blue Grass Depot in Richmond, Kentucky, and
Pueblo Chemical Depot in Pueblo, Colorado, should
be frozen.

• DOD should select a program manager who was not
and had never been associated with the Army’s pro-
gram for disposal of the stockpile by incineration.

In December 1996, DOD appointed the deputy to the
commander, Soldier Biological Chemical Command, to be
the Program Manager for the ACWA program (PMACWA).
Public Law 104-201 also required that the PMACWA conduct
the assessment “in coordination with the National Research
Council (NRC),” which has a standing committee, the Com-
mittee on the Review and Evaluation of the Army Chemical
Stockpile Disposal Program (the Stockpile Committee), that
provides technical oversight and counsel to the Army on the
CSDP, including the neutralization facilities under construc-
tion in Aberdeen, Maryland, and Newport, Indiana. The
Stockpile Committee could have been asked to oversee the
ACWA program as well. However, in the spirit of Public
Law 104-201, the PMACWA requested that the NRC estab-
lish a separate committee to conduct an independent evalua-
tion of the alternative technologies being considered by the
ACWA program. In response, the NRC formed the Commit-
tee on Review and Evaluation of Alternative Technologies
for Demilitarization of Assembled Chemical Weapons
(ACW I Committee).

On July 28, 1997, after organizing a staff and establishing
a program plan, the PMACWA published a Request for Pro-
posals (RFP) for a “total solution” for the destruction of
assembled chemical weapons without using incineration
(U.S. Army, 1997).4  Twelve proposals were submitted in

September 1997. Of these, seven passed the threshold
requirements stipulated in the RFP. These technologies are
summarized in Table 1-1. On July 29, 1998, after an
elaborate, multitiered selection process, three technology
packages were selected for demonstration testing (Demon-
stration I). Detailed descriptions of the selection process and
all seven technologies are available in the PMACWA’s two
annual reports to Congress (DOD, 1997, 1998) and in the
NRC report by the ACW I Committee (NRC, 1999).

Constrained by both time and budget, the PMACWA then
identified unit operations that were “most critical [and] least
proven” for the three technology packages selected for the
demonstration tests. These unit operations had not been pre-
viously used in the disposal of chemical munitions, nor had
they been integrated into a complete system for this applica-
tion. Two of the three technology packages use base
hydrolysis as the primary treatment step to destroy agent and
energetic materials. Because most of the uncertainties con-
cerning these technology packages pertain to the secondary
treatment of products from the primary treatment step, the
PMACWA provided hydrolysates for nerve agents GB and
VX and mustard agent HD, for testing unit operations.5

Approximately 1,100 gallons of GB hydrolysate and 400
gallons of VX hydrolysate were produced at the Army’s
Chemical Agent Munitions Disposal System (CAMDS)
experimental facility at the Deseret Chemical Depot in Utah.
Approximately 4,200 gallons of HD hydrolysate were
produced at the Army’s Aberdeen Proving Ground in
Maryland. The agent hydrolysates provided a representative
feedstock for the demonstration tests and enabled character-
ization of the intermediate product stream for residual agent,
including Schedule 2 compounds (agent precursor com-
pounds, as defined by the international CWC).

Various types and amounts of energetic materials con-
tained in the weapons were reacted with caustic solutions
similar to those specified in the technology package pro-
posals to produce hydrolysates for the demonstration tests.
Systemization (preoperational testing) was conducted from
January to March 1999, and demonstrations began in March
1999 and were completed in May 1999. The technology pro-
viders submitted their reports on the demonstration tests to
the PMACWA on June 30, 1999 (Burns and Roe, 1999;
General Atomics, 1999a; Parsons-AlliedSignal, 1999). The
PMACWA used these reports and other information to pre-
pare the Supplemental Report to Congress, submitted on
September 30, 1999. The PMACWA concluded that two of

4The Program Manager for Chemical Demilitarization (PMCD) defines
a total solution as one capable of demilitarizing and disposing of all compo-
nents and process-related materials of a fully assembled chemical weapon
(U.S. Army, 1997). These components/materials encompass, at a minimum,
the following:

• chemical agents GB, VX, and/or H, HD, HT
• fuzes
• explosives
• propellant
• metal parts
• fiberglass containing polychlorinated biphenyls
• wooden and fiberboard dunnage
• protective clothing made of butyl rubber, chlorinated polymers, and

silicone rubber
• various plant process wastes, including aqueous decontamination

solutions, synthetic/hydrocarbon hydraulic fluids, pumps, valves,
motors, and mechanical equipment, and

• carbon filter media

5Nerve agents are organophosphonate compounds: they contain phos-
phorus double-bonded to an oxygen atom and single-bonded to a carbon
atom. GB is O-isopropyl methylphosphonofluoridate. VX is O-ethyl-S[2-
(diisopropyl amino) ethyl]-methylphosphonothiolate. Bis(2-chloroethyl)
sulfide is the proper chemical name for mustard agent HD and HT (a thick-
ened form). Mustard gas, sulfur mustard, and yperite have also been used
for this agent. The term “mustard gas” is often used, but the chemical is a
liquid at ambient temperature.
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TABLE 1-1 Descriptions of the Seven Technology Packages That Passed the Go/No-Go Evaluation

Technology Access to Treatment of Treatment of Treatment of Treatment of
Provider Munitions Agent Energetics Metal Parts Dunnage

AEA Technology Modified reverse Electrochemical Treated with High-pressure acid Shredded and treated
assembly (high- oxidation using SILVER II process. wash; thermal with SILVER II
pressure wash, new silver ions in treatment to 5X.a process.
rocket shearing). nitric acid

(SILVER II).

ARCTECH Modified reverse Hydrolysis with Hydrolysis with Hydrolysis with Hydrolysis with dilute
assembly. a-HAX (humic acid a-HAX. a-HAX; shipped to a-HAX; shipped to

and strong base, KOH). Rock Island Arsenal landfill.
for 5X treatment.

Burns and Roe Modified reverse Plasma arc. Plasma arc. Melted in plasma arc. Shredded; processed in
assembly. plasma arc.

General Atomics Modified reverse Hydrolysis; Hydrolysis; SCWO. Hydrolysis; thermal Shredded; destroyed in
assembly; cryofracture supercritical water treatment to 5X. SCWO.
for projectiles. oxidation (SCWO).

Lockheed Martin Modified reverse Hydrolysis; SCWO; Hydrolysis; SCWO; Hydrolysis; GPCR Hydrolysis; GPCR
assembly (multiple Eco Logic gas-phase GPCR. to 5X.a to 5X.a

lines,  compact layout, chemical reduction
new drain and wash). (GPCR).

Parsons Modified reverse Hydrolysis; Hydrolysis; Thermal treatment Thermal treatment
assembly (fluid-jet biotreatment. biotreatment. to 5X.a to 5X.a

cutting and energetic
washout for rockets).

Teledyne Commodore Fluid-jet cutting; Solvated-electron Solvated-electron Wash in solvated- Crushed or shredded;
access and drain agent; process in ammonia process in ammonia electron solution; treated in solvated
washout energetics for reduction; for reduction; oxidation to 3X;b ship electron solution;
with ammonia. chemical oxidation chemical oxidation to Rock Island Arsenal shipped to landfill.

with sodium persulfate. with sodium persulfate. for 5Xa treatment.

aTreatment of solids to a 5X decontamination level is accomplished by holding a material at 1,000°F for 15 minutes. This treatment results in completely
decontaminated material that can be released for general use or sold (e.g., as scrap metal) to the general public in accordance with applicable federal, state, and
local regulations.
bAt the 3X decontamination level, solids are decontaminated to the point that agent concentration in the headspace above the encapsulated solid does not
exceed the health-based, eight-hour, time-weighted average limit for worker exposure. The level for mustard agent is 3.0 µg per cubic meter in air. Materials
classified as 3X may be handled by qualified plant workers using appropriate procedures but are not releasable to the environment or for general public reuse.
In specific cases in which approval has been granted, a 3X material may be shipped to an approved hazardous waste treatment facility for disposal in a landfill
or for further treatment.
Source:  Adapted from DOD, 1998.

the three technologies were acceptable for further develop-
ment (DOD, 1999). The Burns and Roe plasma arc technol-
ogy was judged to be too immature for further consideration.

In Public Law 105-261, Congress mandated as follows:

The program manager for the Assembled Chemical Weapons
Assessment shall continue to manage the development and
testing (including demonstration and pilot-scale testing) of
technologies for the destruction of lethal chemical munitions
that are potential or demonstrated alternatives to the baseline

incineration program. In performing such management, the
program manager shall act independently of the program
manager for Chemical Demilitarization and shall report to
the Under Secretary of Defense for Acquisition and Tech-
nology.

The law also directed that the Army continue coordinating
its activities with the NRC. The PMACWA initiated engi-
neering design studies (EDSs) for the two technologies that
successfully completed demonstration testing: the Parsons/
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Honeywell technology6  (hydrolysis followed by biotreatment)
and the General Atomics technology (hydrolysis followed
by supercritical water oxidation [SCWO]), for possible use
at the Pueblo Chemical Depot in Pueblo, Colorado, and the
Blue Grass Army Depot in Lexington, Kentucky. The pur-
pose of the EDS phase was (1) to support the certification
decision of the Under Secretary of Defense for Acquisition
and Technology, as directed by Public Law 105-261, (2) to
support the development of an RFP for a pilot facility, and
(3) to support the documentation required for the National
Environmental Policy Act (NEPA) and for a Resource Con-
servation and Recovery Act (RCRA) permit application. For
each technology provider, the EDS was comprised of two
parts, an engineering design package (EDP) and a set of
experimental tests to generate the required additional data
that was not obtained during the demonstration test phase.

In response to recommendations from the NRC, the
PMACWA sponsored separate investigations to provide a
basis for optimizing engineering parameters for the hydrolysis
of energetic materials. Many of these investigations had not
yet been completed when this report was prepared.

Thus, the following three test programs were initiated:

• The testing program sponsored by PMACWA to
develop data for optimizing engineering designs for
the hydrolysis of energetic materials (as discussed in
Chapter 2),

• The testing program by General Atomics to develop
data to support engineering design studies of its tech-
nology package (as discussed in Chapter 3), and

• The testing program by Parsons/Honeywell to develop
data to support engineering design studies of its tech-
nology package (as discussed in Chapter 4).

Contracts were awarded in March 2000, and preliminary
EDPs were drafted by the technology providers in June 2000.
Each EDP includes drawings and documentation, a prelimi-
nary hazards analysis, and projected life-cycle costs and
schedules for the technology package to be implemented at a
particular site. The final EDPs were released in December
2000. Experimental tests to support the EDPs were begun in
June 2000, but some had not been completed when this report
was prepared. Final reports are expected to be published in
mid-2001.

In 2000, Congress passed Public Law 106-79 mandating
that the PMACWA “conduct evaluations of three additional
alternative technologies under the ACWA program. Proceed
under the same guidelines as contained in Public Law 104-
208 and continue to use the Dialogue process and Citizens’

Advisory Technical Team and their consultants.”7  To fulfill
this mandate, the PMACWA initiated the Demonstration II
program to demonstrate the three technologies not selected
during the first phase.

In response to the direction of Congress, a second NRC
committee, the Committee on Review and Evaluation of
Alternative Technologies for Demilitarization of Assembled
Chemical Weapons: Phase II (ACW II Committee), was
formed in spring 2000. The new committee was asked to
produce three reports: (1) an evaluation of the new demon-
stration tests (Demonstration II); (2) an evaluation of the two
EDPs and tests for Pueblo; and (3) an evaluation of EDS
packages and testing for Blue Grass. Technologies success-
ful during Demonstration II tests will be candidates for use
at Blue Grass. Thus, the third study could include evalua-
tions of as many as four technologies. This report presents
the committee’s evaluation of the two EDPs and associated
testing developed for Pueblo.

DESCRIPTION OF THE PUEBLO STOCKPILE

Agents

The principal unitary chemical agents in the U.S. stock-
pile are two nerve agents, GB and VX, and three related
forms of blister agent, H, HD, and HT, which are also known
as mustard. Only weapons containing HD and HT are stored
at the Pueblo Chemical Depot in Colorado (see Table 1-2).
The weapons are stored under ambient conditions at which
the agent is primarily a liquid.

Mustard agent, which has a garlic-like odor, is hazardous
on contact and as a vapor, is slightly soluble in water, and is
very persistent in the environment. Table 1-3 lists some of
the physical properties of mustard agents. As a result of
aging, the actual composition of the agent stored at Pueblo
may be somewhat different. In addition, the original compo-
sition varied slightly from one production lot to another.
Tables 1-4 and 1-5 list the original typical compositions of
HD and HT, respectively. Similar munitions at Johnston
Atoll and at the Deseret Chemical Depot in Tooele, Utah,
were found to contain a solid “heel,” which did not flow
from the shell.

6This technology was originally proposed to the ACWA program
through a partnership between Parsons Infrastructure and Technology
Group, Inc., and AlliedSignal, Inc. The latter has since been acquired by
Honeywell, Inc.

7The Dialogue is a group of 35 stakeholder representatives, 4 of whom
constitute the Citizens Advisory Technical Team (CATT). The Dialogue
group is a mechanism for public involvement in decision making for the
ACWA program; it was thoroughly described in the ACW I Committee’s
initial report (NRC, 1999). The CATT provides the Dialogue with more in-
depth technical participation and interaction with the PMACWA staff, tech-
nology providers, and the ACW II Committee. CATT members often attend
open sessions of the ACW II Committee, and the committee chair (or
designates) regularly provides briefings on the progress of the committee’s
activities at meetings of the Dialogue.
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TABLE 1-2 Munitions Containing HD and HT in the Pueblo Chemical Depot Stockpile

Munition Type Model No. Chemical Fill Energetics Configuration Number

105-mm cartridge M60 1.4 kg HD Burster: 0.12 kg tetrytol Semifixed, complete projectile: includes fuze, burster. 28,375
Fuze: M51A5 Propellant loaded in cartridge. Cartridges packed two
Propellant: M67 per wooden box.

105-mm cartridge M60 1.4 kg HD 0.12 kg tetrytol Includes burster and nose plug but no fuze. On pallets. 355,043

155-mm projectile M110 5.3 kg HD 0.19 kg tetrytol Includes lifting plug and burster but no fuze. On pallets. 266,492

155-mm projectile M104 5.3 kg HD 0.19 kg tetrytol Includes lifting plug and burster but no fuze. On pallets. 33,062

4.2-inch mortar M2A1 2.7 kg HD 0.064 kg tetryl Includes propellant and ignition cartridge. 76,722
Propellant: M6

4.2-inch mortar M2 2.6 kg HT 0.064 kg tetryl Includes propellant and ignition cartridge. 20,384
Propellant: M6

Source: Adapted from U.S. Army, 1997.

TABLE 1-3 Physical Properties of Mustard Agents at Pueblo Chemical Depot

Agent Characteristic HD HT

Chemical formula C4H8Cl2S 60% C4H8Cl2S, 40% T and
impurities

Molecular weight 159.08 Not available

Boiling point (°C) 217 228

Freezing point (°C) 14.45 0 to 1.3

Vapor pressure (mm Hg) 0.072 at 20°C

Volatility (mg/m3) 75 at 0°C (32°F) (solid) 831 at 25°C (77°F)
610 at 20°C (68°F) (liquid)

Diffusion coefficient for vapor in air (cm2/sec) 0.060 at 20°C (68°F) 0.05 at 25°C (77°F)

Surface tension (dynes/cm) 43.2 at 20°C (68°F) 44 at 25°C (77°F)

Viscosity (cS) 3.95 at 20°C (68°F) 6.05 at 20°C (68°F)

Liquid density (g/cm3 at 20°C) 1.2685 1.22-1.24 (at ambient temperature)

Solubility (g/100 g of distilled water) 0.92 at 22°C (72°F); soluble in acetone, carbon tetrachloride,
methyl chloride, tetrachloroethane, ethyl benzoate, ether

Heat of vaporization
(Btu/lb) 190 Not available
(J/g) 82

Heat of combustion
(Btu/lb) 8,100 Not available
(J/g) 3,482

Sources: Adapted from NRC, 1993; U.S. Army, 1988.
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TABLE 1-4 Original Nominal Composition of HD Mustard

Chemical Structure Wt %

ClCH2CH2SCH2CH2Cl 89.2
ClCH2CH2SCH2CH2SCH2CH2Cl 4.7
ClCH2CH2Cl 2.4
S(CH2CH2)2S 1.2
S(CH2CH2)2O 0,5
ClCH2CH2SCH2CH2CH2Cl 0.4
Unspecified 1.6

Source:  Adapted from U.S. Army, 1997.

TABLE 1-5 Original Composition of HT Mustard

Chemical Structure Wt %

ClCH2CH2SCH2CH2Cl 67.0
(ClCH2CH2SCH2CH2)2O [T] 22.2
ClCH2CH2SCH2CH2OCH2CH2Cl 4.5
ClCH2CH2SCH2CH2SCH2CH2Cl 3.0
S(CH2CH2)2S 1.8
S(CH2CH2)2O 0.5
ClCH2CH2SCH2CH2OH 0.4
ClCH2CH2Cl 0.4

Source:  Adapted from U.S. Army, 1997.

Weapon Types

The mustard at Pueblo Chemical Depot is stored in artil-
lery and mortar projectiles, which include a variety of other
chemical compounds that must also be destroyed. The term
“assembled chemical weapon” describes munitions that
contain chemical agents. Mortars are typically stored with
energetic components in place; projectiles may or may not
contain bursters or fuzes. More detailed descriptions of these
munitions are provided in Appendix A.

ROLE OF THE NATIONAL RESEARCH COUNCIL

The NRC has provided scientific and technical advice and
counsel to the Army concerning the destruction of chemical
weapons since the beginning of the CSDP. The history of
this involvement was summarized in the first NRC report by
the ACW I Committee (NRC, 1999) and will not be repeated
here. The following discussion addresses only the role of the
NRC in the ACWA program.

The PMACWA requested that the NRC conduct and pub-
lish an independent evaluation of the alternative technology
packages representing a “total system solution” by Septem-
ber 1, 1999, a month before the Army’s report to Congress
was due. The NRC and DOD reached agreement on the
Statement of Task in March 1997, and the study was offi-
cially begun on May 27, 1997. The committee decided to

evaluate all seven technology packages that had passed the
threshold requirements stipulated in the RFP, even though
one was removed from further consideration by the Army
during the course of the study. The statement of task did not
require that the NRC recommend a best technology or com-
pare any of the technologies with the baseline incineration
process in use at two stockpile storage sites. Members of the
ACW I Committee visited the demonstration sites prior to
systemization of the unit operations in January 1999. How-
ever, in order to produce a report by September 1, 1999,
data-gathering activities had to be terminated on March 15,
1999, prior to receiving the results of the demonstration tests.
The committee’s report, Review and Evaluation of Alterna-
tive Technologies for Demilitarization of Assembled Chemi-
cal Weapons, was submitted for peer review on May 1, 1999,
and was released to the sponsor and the public on August 25,
1999 (NRC, 1999). This report found that the primary treat-
ment processes could decompose the chemical agents with
destruction efficiencies of 99.9999. However, major con-
cerns for each technology package remained, including the
adequacy of secondary treatment of agent hydrolysates and
the primary and secondary treatment of energetic materials
contained in the chemical weapons.

In September 1999, the PMACWA requested that the
tenure of the committee be extended to review the results of
the Demonstration I tests. The committee was asked to deter-
mine if and how the results affected the committee’s com-
mentary, findings, and recommendations, as well as the
recommended steps required for implementation provided
in the initial report. In October 1999, the committee began
its evaluation of the results of the demonstrations and a
determination of the impact of these results on its initial find-
ings. The supplemental report was published in March 2000
(NRC, 2000). The tenure of the ACW I Committee was over
at the end of March 2000, and a new committee, the ACW II
Committee, was formed in May 2000 to evaluate (1) EDPs
and testing for the Pueblo site, (2) EDPs and testing for the
Blue Grass site, and (3) the Demonstration II tests. This
report documents the ACW II Committee’s review and
evaluation of the EDPs for the Pueblo Chemical Depot.

STATEMENT OF TASK

The complete statement of task for the ACW II Commit-
tee study is given below:

At the request of the DoD’s Program Manager for Assem-
bled Chemical Weapons Assessment (PMACWA), the NRC
Committee on Review and Evaluation of Alternative Tech-
nologies for Demilitarization of Assembled Chemical
Weapons will provide independent scientific and technical
assessment of the Assembled Chemical Weapons Assess-
ment (ACWA) program. This effort will be divided into three
tasks. In each case, the NRC was asked to perform a techni-
cal assessment that did not include programmatic (cost and
schedule) considerations.
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Task 1

To accomplish the first task, the NRC will review and
evaluate the results of demonstrations for three alternative
technologies for destruction of assembled chemical weapons
located at U.S. chemical weapons storage sites. The alterna-
tive technologies to undergo demonstration testing are: the
AEA Technologies electrochemical oxidation technology,
the Teledyne Commodore solvated electron technology, and
the Foster Wheeler and Eco Logic transpiring wall super-
critical water oxidation and gas phase chemical reduction
technology. The demonstrations will be performed in the
June through September 2000 timeframe. Based on receipt
of the appropriate information, including: (a) the PMACWA-
approved Demonstration Study Plans, (b) the demonstration
test reports produced by the ACWA technology providers
and the associated required responses of the providers to
questions from the PMACWA, and (c) the PMACWA’s
demonstration testing results database, the committee will:

• perform an in-depth review of the data, analyses, and
results of the unit operation demonstration tests con-
tained in the above and update as necessary the 1999
NRC report Review and Evaluation of Alternative Tech-
nologies for Demilitarization of Assembled Chemical
Weapons (the ACW report)

• determine if any of the AEA Technologies, Teledyne
Commodore, and Foster Wheeler/Eco Logic technolo-
gies have reached a technology readiness level suffi-
cient to proceed with implementation of a pilot-scale
program

• produce a report for delivery to the PMACWA by July
2001 provided the demonstration test reports are made
available by November 2000. (An NRC report delivered
in March 2000 covered the initial three technologies
selected for demonstration phase testing.)

Task 2

For the second task, the NRC will assess the ACWA
Engineering Design Study (EDS) phase in which General
Atomics and Parsons/Honeywell (formerly Parsons/Allied
Signal) will conduct test programs to gather the information
required for a final engineering design package representing
a chemical demilitarization facility at the Pueblo, Colorado
stockpile site. The testing will be completed by September 1,
2000. Based on receipt of the appropriate information, in-
cluding: (a) the PMACWA-approved EDS Plans, (b) the
EDS test reports produced by General Atomics and Parsons/
Honeywell, (c) PMACWA’s EDS testing database, and
(d) the vendor-supplied engineering design packages, the
committee will:

• perform an in-depth review of the data, analyses, and
results of the EDS tests

• assess process component designs, integration issues,
and overarching technical issues pertaining to the
General Atomics and the Parsons/Honeywell engineer-
ing design packages for a chemical demilitarization
facility design for disposing of mustard-only munitions

• produce a report for delivery to the PMACWA by
March 2001 provided the engineering design packages
are received by October 2000

Task 3

For the third task, the NRC will assess the ACWA EDS
phase in which General Atomics will conduct test programs
to gather the information required for a final engineering
design package representing a chemical demilitarization
facility at the Lexington/Blue Grass, Kentucky stockpile site.
The testing will be completed by December 31, 2000. Based
on receipt of the appropriate information, including: (a) the
PMACWA-approved EDS Plans, (b) the EDS test reports
produced by General Atomics, (c) PMACWA’s EDS testing
database, and (d) the vendor-supplied engineering design
package, the committee will:

• perform an in-depth review of the data, analyses, and
results of the EDS tests

• assess process component designs, integration issues,
and overarching technical issues pertaining to the
General Atomics engineering design package for a
chemical demilitarization facility design for disposing
of both nerve and mustard munitions

• produce a report for delivery to the PMACWA by
September 2001 provided the engineering design pack-
age is received by January 2001.

SCOPE OF THIS REPORT

This report is the ACW II Committee’s response to Task
2 of its Statement of Task (i.e., review and evaluate EDS
documentation and testing developed for the destruction of
chemical weapons at the Pueblo Chemical Depot). On the
basis of the final schedule for the Pueblo EDS testing by the
technology providers, the original delivery date of March
2001 was extended to July 15, 2001. This report will be
produced in time to contribute to the Record of Decision (ROD)
by the Office of the Secretary of Defense on a technology
selection for the Pueblo site, which is scheduled for August 13,
2001, following satisfaction of NEPA requirements.

Because not all of the experimental test results in support
of the EDPs were available as this report was being pre-
pared, the committee was not able to review and evaluate
them. However, committee members did attend status-
review sessions organized by the PMACWA, and the
committee was given access to all available draft reports by
the technology providers.

ORGANIZATION OF THIS REPORT

This report has five chapters and four appendixes.8  This
first chapter has presented background information on the

8In this report, the findings and recommendations in the ACW I
Committee’s 1999 original report and its 2000 supplemental report are
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ACWA program, the Pueblo Chemical Depot stockpile, and
the NRC’s involvement in the ACWA program. Chapter 2
discusses the results of hydrolysis studies on energetic
materials sponsored by PMACWA in response to the ACW I
Committee’s original recommendations. Chapter 3 discusses
the General Atomics EDP; Chapter 4 discusses the Parsons/
Honeywell EDP. The results of testing completed in support

reviewed and updated. To avoid confusion, finding and recommendation
designations have been adjusted as follows: no change to designations from
the 1999 report; addition of (Demo I) to the designations from the 2000
supplemental report, e.g., Finding (Demo I) GA-1. Also, the findings and
recommendations new to this report by the ACW II Committee include
(Pueblo) in the designation.

of the EDPs and available to the ACW II Committee at the
time this report was prepared are also reviewed. Chapter 5
summarizes the committee’s evaluation of the two technology
packages, presents some new general findings, and reevalu-
ates the findings and recommendations of the ACW I Com-
mittee reports.
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2

Hydrolysis Tests of Energetic Materials

Both the General Atomics and the Parsons/Honeywell
technology packages use caustic (base) hydrolysis as the ini-
tial step in destroying the energetic materials recovered from
chemical weapons (Table 2-1). The technology packages use
different secondary treatments of the products resulting from
hydrolysis (i.e., the hydrolysates). General Atomics treats
energetic materials hydrolysate by SCWO; Parsons/
Honeywell uses biological treatment.

In the first ACW I Committee report, the committee
expressed concern about the immaturity of the technology
base for the hydrolysis of energetic materials. As the com-
mittee noted, although alkaline hydrolysis was effective in
destroying energetic materials to 99.999 percent, the
chemistry of the process was not well understood (NRC,
1999). The committee reiterated these concerns in the
supplemental report (NRC, 2000). In response to these con-
cerns, PMACWA initiated a multilaboratory test program
during the EDS phase to clarify the chemical and engineer-
ing parameters for the efficient, safe alkaline hydrolysis of
the energetic materials in assembled chemical weapons. In
this chapter, the ACW II Committee briefly reviews disposal
practices currently in use for energetic materials, briefly
describes the hydrolysis treatment process for energetic
materials, and describes PMACWA’s program for engineer-
ing design testing of energetics hydrolysis. This is followed
by an assessment of the status of the test program at the time
this report was prepared, an evaluation of the results until
that time, and a reassessment of the ACW I Committee’s
original findings.

CURRENT PRACTICES FOR THE DISPOSAL OF
ENERGETIC MATERIALS

In the past, DOD disposed of a large percentage of
unwanted munitions and the energetic materials they con-
tained by an open burn/open detonation (OB/OD) process,
an environmentally undesirable approach that has already

been banned in Europe. DOD has begun to work toward
minimizing OB/OD as a means of disposal (JOCG, 2000).

When an item is identified as surplus, it is transported to
a site at which it will either be destroyed immediately or
stored until it can be destroyed. Most of the sites that receive
munitions for destruction are Army depots such as
Hawthorne Army Depot (Nevada), Sierra Army Depot
(Nevada), and Hill Air Force Base (Utah) (Mitchell, 1998).
Other sites that sometimes receive munitions for experi-
mental purposes include the Naval Surface Warfare Center
(NSWC) Indian Head Division (Maryland) and the Nevada
Test Site of the Department of Energy.

Frequently discussed alternatives to OB/OD include pro-
cesses known as resource reclamation and recycling (R3).
These R3 processes are designed to either reclaim and
recycle valuable metals from obsolete surplus ordnance or

TABLE 2-1 Nominal Composition of Energetic Materials
Used in Chemical Munitions

Energetic Material Composition

Tetryl 2,4,6 trinitrophenylmethylnitramine
Tetrytol 70% tetryl / 30% TNT
Composition B 60% RDX / 39% TNT / 1% wax
Composition B4 60% RDX / 39.5% TNT / 0.5% calcium silicate
M28 propellant 60.0% nitrocellulose / 23.8% nitroglycerin /

9.9% triacetin / 2.6% dimethylphthalate / 2.0% lead
stearate / 1.7% 2-nitrodiphenylamine

M8 propellant 52.15% nitrocellulose / 43% nitroglycerin /
3% diethylphthalate / 1.25% potassium nitrate /
0.6% ethyl centralite

M1 propellant 84% nitrocellulose / 9% dinitrotoluene /
5% dibutyl phthalate / 1% diphenylamine / 1% lead
carbonate

Source: Bonnett, 2000.
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reclaim potentially valuable energetic components such as
TNT, RDX, and HMX for reuse (Garrison, 1994). However,
many of the R3 processes are still being evaluated for eco-
nomic feasibility in a number of DOD demonstration pro-
grams (Newman et al., 1997; Marinkas et al., 1998;
Goldstein, 1999). According to Mitchell (1998), “In 1998,
approximately 60% of the 100,000 tons of demilitarization
surplus ordnance were disposed in a way which enabled at
least some of the material to be recovered and recycled.”

Some energetic materials do not lend themselves to
recovery and recycling, either because the economics of the
process are unfavorable or because the material properties
are unfavorable. Nitrocellulose-based propellants and mate-
rials containing nitrate ester plasticizers are not suitable feed-
stocks for an R3 program because of their long-term insta-
bility. Compositions containing these ingredients always
include a stabilizer to prevent catastrophic self-heating as
the materials age. However, the degradation of the propel-
lants and the presence of impurities in aging energetics of
this type make them poor candidates for the economical
recovery of energetic components. These materials are still
destroyed by OB/OD. Research has been done to evaluate
the potential of demilitarized gun propellants for a variety of
uses, such as sensitizers for commercial slurry explosives
and boiler fuels (Machacek, 2000).

The demilitarization of small items, such as igniters and
fuzes, is routinely accomplished in an APE-1236 furnace, a
rotary kiln in which the devices are heated until the energetic
material decomposes thermally. The amount of material that
could be recovered from these items is small, and the ener-
getic materials themselves, especially detonators, are often
quite sensitive. Because of their sensitivity, attempting to
disassemble the items would be more hazardous than dis-
assembling main-charge explosives. Therefore, these items
are either intentionally “functioned” (i.e., actuated) or
thermally decomposed.

Alternative technologies to OB/OD for items that contain
energetic materials not worth recovering are being explored
but are not widely used. Confined burning, a process in
which the gaseous and condensed products of combustion
can be captured and treated before release, is being used at
some sites around the country. Hydrolysis of energetics as a
means of disposal is being used at the Hawthorne Army
Depot.

Several other technologies (e.g., molten-salt destruction)
are being used at research and development sites (e.g., Eglin
Air Force Base and Strauss Avenue Thermal Treatment
Plant) to destroy energetic materials, but these technologies
are not an integral part of DOD’s plan for the demilitariza-
tion of obsolete munitions.

CAUSTIC HYDROLYSIS OF ENERGETIC MATERIALS

Caustic hydrolysis of energetic materials has been inves-
tigated as an alternative technology to the OB/OD method.

Newman (1999)1  published a review of the known chem-
istry of caustic hydrolysis of energetic materials used in
assembled chemical weapons, and recent work on the
destruction of aromatic nitro compounds (TNT and tetryl)
by alkaline hydrolysis has been reported (Bishop et al., 2000).

The chemistry of caustic hydrolysis takes advantage of
the susceptibility of the functional groups commonly found
in energetic materials to attack by hydroxide ion, which
yields products that are essentially nonenergetic. Caustic
hydrolysis decomposes energetic materials to organic and
inorganic salts, soluble organic compounds, and various gas-
eous effluents. Partial hydrolysis of some energetic materi-
als, particularly materials with aromatic ring systems, may
lead to ill-defined oligomeric materials with low solubility
in either aqueous or organic solvents.

The rate of reaction depends on, among other things, the
concentration of the energetic compound in solution or,
for heterogeneous reactions, on the surface area of the solids
being hydrolyzed. An important factor in determining
the rate of destruction is the phase of the compound in the
hydrolysis reactor. The compounds of interest may be
divided into three classes:

• compounds that are liquids at normal reactor tempera-
tures (e.g., 2,4,6-TNT and nitroglycerin)

• compounds that are solids at normal reactor tempera-
tures (e.g., RDX and tetryl)

• polymeric materials (usually nitrocellulose)

TNT has low solubility in aqueous solutions and forms an
emulsion with hot caustic solution. Thus, because the TNT
is molten, the size of the droplets in the emulsion is deter-
mined not by the size of the granules in the original feed-
stock but by the degree of agitation in the hydrolysis reactor,
as well as the presence of any surfactant. For Composition
B, the size of the RDX particles in the reactor will reflect the
size that was used in manufacturing the Composition B.2

During manufacturing, a small fraction of the RDX dissolves
in molten TNT, but the remainder is suspended in the TNT
matrix. Therefore, when the TNT is remelted, the original
RDX particles can be recovered. Thus, the RDX particle size
does not depend on the size of the Composition B pieces fed
into the reactor but on the size of the original RDX particles
mixed into the TNT, typically between 10 µm and 1 mm.
The particle distribution may be skewed toward the larger
particles because the smaller particles dissolve more rapidly
in the TNT.

1This information can also be found in condensed form in Appendix E of
the initial ACW I Committee report (NRC, 1999).

2Composition B contains 1 percent wax. Depending on the nature of the
wax, some long-chain fatty acids may be present, which act as surfactants.
Hydrolysis of the plasticizers in M28 propellant may also release phthalate
salts, which can aid in the emulsification of TNT when M28 and Composi-
tion B are processed together.
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Tetryl, like RDX, is a solid at the temperatures in the
hydrolysis reactor. For the neat tetryl in burster charges, the
grain size depends on the extent to which the pressed explo-
sive charges have been processed prior to being added to the
hydrolysis reactor. The case of tetryl in tetrytol is quite dif-
ferent. TNT and tetryl are very similar chemically, so the
solubility of tetryl in molten TNT is quite high (82 g/100 g
TNT at 80°C [176°F]; 149 g/100 g TNT at 100°C [212°F])
(Kaye and Herman, 1980). Tetryl in tetrytol is mostly
dissolved in the TNT phase, so the rate of dissolution and
subsequent reaction in the hydrolysis medium depends
mainly on the TNT/tetryl droplet size and not on the particle
size of the tetryl that was originally used to make the tetrytol.

Polymeric nitrocellulose is solubilized by the degrada-
tion of the glycosidic linkages along the polymer chain.
Nitrocellulose-based propellant grains contain other compo-
nents that are released as the nitrocellulose breaks down.
Even before it is completely broken down, infiltration of
caustic into the partially decomposed propellant grains may
allow the nitroglycerin inside the grains to come in contact
with the caustic medium and react.

In an effort to increase the reaction rate of the energetic
materials in the hydrolysis reactor, strong caustic solutions
(pH greater than 12), elevated temperatures (60°C to 155°C
[140°F to 311°F]), and elevated pressures (up to 14 atm)
have been used. The hydrolysis reaction is exothermic, so
process controls are necessary to maintain the reactor tem-
perature and respond to thermal excursions in order to pre-
vent a runaway reaction. Because upsets are always possible,
the reactors and containment buildings must be designed to
contain the maximum credible explosive event.3

A thorough understanding of fundamental requirements
for the hydrolysis of energetic materials is essential to the
design and operation of a chemical agent demilitarization
facility, where high levels of engineering controls are neces-
sary to ensure the safe disposal of chemical agent and the
prevention of process upsets throughout the facility. The
ACW I Committee report indicated that four issues surround-
ing the caustic hydrolysis of energetic materials must be
addressed (NRC, 1999):

• determination of the steps required for removing the
energetic material from the munitions and reducing it
to the appropriate particle size

• determination of safe operating parameters for hetero-
geneous mixtures of energetics, metals, and contami-
nants

• development of process controls and equipment to
minimize the accumulation of precipitates and mini-
mize the effects of an accident

• determination of the scale-up parameters to meet the
destruction requirements for diverse munitions

OVERVIEW OF THE TEST PROGRAM

In response to the challenges listed above, the PMACWA
devised an EDS test plan that addresses some of these issues.
The start of testing was delayed from August 2000 to
December 2000, and the tests were not to be completed until
the end of March 2001. The responsibility for coordinating
the program was assigned to U.S. Army Tank-Automotive
and Armaments Command (TACOM) Armament Research,
Development and Engineering Center (ARDEC) at Picatinny
Arsenal, New Jersey.

The Picatinny Test Plan Requirements describes objec-
tives, planned testing, and team member responsibilities for
the EDS test program (Bonnett, 2000). The main objectives
of the test plan and some of the organizations involved are
summarized below:

• Picatinny Arsenal and Holston Army Ammunition
Plant (HAAP) are responsible for determining and
defining optimum operating parameters for the
hydrolysis of all energetic materials contained in
munitions at the Pueblo Chemical Depot and the Blue
Grass Army Depot.

• Los Alamos National Laboratory (LANL) and NSWC
Indian Head Division (Yorktown, Virginia) are
responsible for performing bench-scale tests to address
ACW I Committee concerns about the solubility of
energetics in alkaline solutions, the simultaneous pro-
cessing of different types of energetics, and the reduc-
tion to the proper particle sizes for operation.

• TACOM ARDEC is responsible for incorporating data
generated from bench-scale tests into full-scale pro-
duction processes at HAAP to demonstrate the
hydrolysis operations.

• The Pantex Plant is responsible for production of
tetrytol hydrolysate.

• The Radford Army Ammunition Plant (RAAP) is
responsible for production of M28 simulant hydrolysate.

Because the EDS test program had not been completed at
the time this report was submitted, only interim results were
evaluated.

Testing at the Holston Army Ammunition Plant

The reactor at HAAP has the following characteristics:

• a 2,000-gallon, glass-lined, jacketed reactor vessel
• a recirculation loop, unheated and uninsulated, that

3A determination of the maximum credible explosive event is made by
considering the probabilities of accidental violent reactions (e.g., rapid burn-
ing or detonation of energetic materials) and the resulting damage and
hazards associated with each event. The resulting hazards define the appro-
priate hazard mitigation and control strategies that are used to minimize the
impact of an accidental explosion in a facility in order to protect people and
property.
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reenters the reactor vessel at the bottom
• a dual-flight, Hastelloy C, variable-speed agitator in

the reactor vessel
• a condenser/scrubber for off-gases
• pH-, temperature-, and flowmeters

The energetic feeder is a single-screw, loss-in-weight
feeder with a 500 lb/hr capacity. The control system uses
programmable logic control (PLC) with remote and local
control capabilities. Energetic material will be fed into the
reactor as a dry solid and screened as it is added to the feeder
hopper to prevent particles larger than 0.5 inches in diameter
from entering the reactor.

Demonstration runs are being conducted at various oper-
ating conditions for seven different energetic materials and
mixtures (Bonnett, 2000):

• M1 propellant
• M8 propellant
• tetrytol
• M28 propellant
• Composition B
• Composition B4
• M28 propellant/Composition B4 (86/14 weight-

percent ratio based on amounts in an M55 rocket)

The primary process parameters to be studied are (1) reactor
residence time, (2) energetic feed rate, (3) reaction tempera-
ture, (4) caustic concentration, and (5) agitation speed.

Although the munitions at Pueblo Chemical Depot con-
tain only M1 propellant, M8 propellant, and tetrytol, the EDS
tests with M28 propellant and Composition B high explo-
sive are included in this chapter for completeness and
because the tests are closely related. Composition B has been
studied in anticipation of demilitarization operations at the
Blue Grass, Kentucky, storage site; M28 propellant was used
for testing the ERH, a component of the General Atomics
technology package (see Chapter 3).

An acceptable energetic feed rate will be based on
(1) control of the heat generated to avoid thermal runaway,
(2) completeness of the reaction, (3) achievable and effective
settings for agitation speed, (4) elimination/minimization of
foam formation, and (5) elimination/minimization of the pro-
duction of undesirable by-products (Bonnett, 2000). The
Army expects the time required for addition of the energetic
materials to be inconsequential when compared with the total
processing time required for the hydrolysis reaction. There-
fore, a broad range of feed rates will be consistent with opera-
tional safety.

Chemical sensors will be used and control strategies
developed to ensure that all energetic materials are fully
hydrolyzed and that process and operator safety is main-
tained. Other objectives of the system performance evalua-
tion are summarized below (Bonnett, 2000):

• to demonstrate performance of the control sensors and
the logic programming for the sensors

• to determine the efficacy of process cooling and tem-
perature control

• to determine the efficiency of agitation by the impeller
and the recirculation loop

• to determine the efficacy of steps taken to control foam
formation

• to determine condenser performance
• to determine maintenance requirements
• to develop a contingency for sudden shutdown

Hydrolysate samples collected during tests will be used
in the following ways:

• to characterize fully hydrolysate products as a function
of time and reactor operating parameters (e.g., tem-
perature, residence time, and caustic concentration)

• to determine if any energetic materials are generated as
by-products (e.g., picric acid)

• to evaluate the stability of hydrolysate for post-
treatment processing

• to determine final product characteristics that influ-
ence post-treatment technology (e.g., pH, solid con-
tent, particle size, and homogenization)

At the conclusion of each test run, the interior surfaces of
the reactor will be visually inspected and samples of residue,
if present, will be collected and characterized. A detailed
preventive maintenance program will be developed to
minimize the possibility of incidents during the cleanup of
accumulated precipitates. Materials of construction will
be investigated for alkaline and acid resistance. The rate of
buildup of potentially energetic by-product salts will
be assessed. The type and frequency of maintenance will be
determined.

Bench-scale Tests at Los Alamos National Laboratory

Researchers at LANL are characterizing the hydrolysis
reactions at bench scale by analyzing the hydrolysate and
gaseous effluents generated by the processing of energetic
materials. The concentration of caustic will be varied (12,
20, 25, and 30 weight percent) in these tests to determine its
influence on destruction efficiency and residence time.
LANL will also investigate the feasibility of hydrolyzing
mixtures of energetics, the effects of particle size on reaction
rates, the formation and growth of crystals in the hydrolysate,
and the feasibility of mixing various energetic hydrolysates
(Bonnett, 2000). These data will be used in developing
requirements for size-reduction equipment and the method-
ologies for handling incoming energetic materials during
full-scale processing.

LANL and NSWC are also investigating the feasibility of
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processing mixtures of energetic materials found in a single
type of munition:

• M1 propellant/tetrytol (105-mm M2 cartridge)
• M8 propellant/tetryl (4.2-inch, M2 cartridge)
• M28 propellant/Composition B4 (115-mm, M55 rocket)

The actual ratios of propellant to burster explosive in the
munitions will be used. Hydrolysate products are also being
analyzed for picrate, as recommended in the ACW I Com-
mittee report (NRC, 1999). LANL has hydrolyzed the fol-
lowing combinations with no major perturbations: tetrytol
(TNT and tetryl); cyclotol (RDX and TNT); octol (HMX
and TNT); and nitrocellulose, nitroglycerin, nitroguanidine,
triple-base propellant, and HMX (Bishop, 2000). Processing
perturbations such as foaming were managed and controlled
using well-known engineering techniques.

Bench-scale Tests at the Pantex Plant

Hydrolysis experiments at Pantex have shown that
cyclotol (70 percent RDX and 30 percent TNT) and tetrytol
(70 percent tetryl and 30 percent TNT) reacted within 1 hour
and 3 hours, respectively, in 6 to 12 percent caustic. The
metric for the completion of the reaction is the disappear-
ance of solid material in the reactor (Belcher, 2000). The
reaction time for the tetrytol was probably less than 3 hours,
because the functional groups in the tetryl molecule, which
are similar to those in TNT and RDX, should react at similar
rates. However, only a lower bound on the rate of tetrytol
destruction is available, because no observations were made
before 3 hours had elapsed. Observations made after 1 hour
for cyclotol showed that all solids had been consumed.

Bench-scale Tests at the Naval Surface Warfare Center

The NSWC will conduct calorimetric studies to deter-
mine the heat of reaction for hydrolysis reactions with
various concentrations of caustic. This information will be
used to develop strategies for reaction controls and to pre-
vent runaways and upsets (Bonnett, 2000).

The following reaction parameters are being determined
for each energetic material by accelerating rate calorimetry:

• temperature of the maximum self-heating rate
• dependence of reaction rate on pressure and tem-

perature
• rate of pressure and temperature increase
• heat of reaction
• moles of gas evolved per unit mass of energetic material
• activation energy of the reaction
• reactor cooling requirements

This information will be useful for numerical modeling and
simulation of the hydrolysis reaction process.

Hydrolysate Production at the Radford Army
Ammunition Plant

Prior to Demonstration I, some attempts had been made
to hydrolyze energetic materials on a large scale. RAAP
(along with the Pantex Plant) produced the hydrolysates used
during Demonstration I and the EDS tests in the ACWA
program. RAAP was also expected to produce hydrolysate
from M28 surrogate for the EDS program.

RAAP had manufactured M28 surrogate propellant spe-
cifically for the preparation of hydrolysate. For environ-
mental reasons, the surrogate did not contain lead stearate,
which is normally included in M28 propellant as a burn-rate
modifier. The propellant was prepared in grains in the shape
of right circular cylinders, 1/16 inch in diameter by 1/16 inch
long.

Some of the problems that might be encountered in a
large-scale operation were illustrated by a recent upset at
RAAP. On October 14, 2000, hydrolysate from M28 surro-
gate propellant was being prepared when the piping of the
recirculation loop ruptured, causing significant damage to
the equipment (described later in this chapter).

PROGRAM STATUS

Results of Tests at the Holston Army Ammunition Plant

Because the start of the EDS test program on energetics
hydrolysis was delayed, the testing at HAAP had generated
only limited data at the time this report was prepared. Ener-
getic materials representative of the materials in the Pueblo
stockpile had not yet been tested in the full-scale reactor at
HAAP. As of January 1, 2001, only two Composition B
hydrolysis runs had been completed. In one run, 200 lb of
Composition B were hydrolyzed, and in the other, 500 lb
were hydrolyzed. A detailed analysis of the hydrolysate com-
position as a function of time during these runs had not been
completed by February 1, 2001; however, useful informa-
tion was generated about the systemization (preoperational
testing) of a full-scale hydrolysis reactor. At this point, the
committee can comment only on the test plan and the pre-
liminary results from these two runs. The committee believes
that the test plan is well designed to determine acceptable
parameters on the full-scale reactor at HAAP.

Systemization of the 2,000-gallon hydrolysis reactor at
HAAP was completed within 4 months. Composition B,
which is produced at HAAP and is readily available, was
chosen for the initial experiments. The disposal of hydroly-
sate is covered under existing permits for handling waste
from the production of Composition B. Because foaming is
difficult to control in Composition B, the two test runs with
this material provided a good test of the efficacy of measures
designed to control foaming.

The problems that occurred were typical of any start-up
operation. For example, the Acrison feeder, which is used to
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deliver Composition B to the reactor, failed to operate
because of a software error when it was loaded with 500 lb
of material. Water inadvertently added to the reactor over-
flowed into the dump tank and the secondary containment.
The mass flowmeter in the recirculation loop malfunctioned.
Despite these problems, feed rates of more than 490 lb/hr
were maintained during the addition phase of the run, and
the exothermicity was controllable. No components of Com-
position B (RDX and TNT) were detected at the end of the
run in samples taken from the recirculation loop. Although
complete characterization is still required, preliminary
results to date have indicated that caustic hydrolysis is an
acceptable technology for destroying energetic materials in
a full-scale operation.

The energetics hydrolysis reactor at HAAP is larger than
the reactors in either EDP for Pueblo. The proposed systems
will be suitable for the small quantity of energetic materials
to be treated at Pueblo, but conclusions based on the HAAP
experience (a 2,000-gallon reactor) must be reconsidered to
account for the intended feed rate and energetic materials
loading in pounds/gallon/hour for the 200-gallon reactor at
Pueblo.

Results of Tests at Los Alamos National Laboratory

Characterizing the progress of the reaction is a pre-
requisite for designing a process for destruction of energetic
materials by means of hydrolysis. The progress of the
reaction can be followed by observing the disappearance of
the initial feed. The studies at LANL are designed to assess
the risk of untreated energetic materials in solution after
hydrolysis has been completed. The solubilities in water of
RDX and TNT at 60°C (140°F) have been reported in the
literature to be approximately 300 ppm and 600 ppm, respec-
tively (Gibbs and Popolato, 1980). LANL has determined
the solubility of HMX at 90°C (194°F) to be approximately
150 ppm (Bishop, 2000). Because any dissolved energetic
material is rapidly hydrolyzed (RDX half-life <1 s, HMX
half-life of 0.92 min at 25°C (72°F) and 1.5 M NaOH), the
absence of any solids is a valid indicator that all of the origi-
nal energetic material has dissolved and reacted. The solu-
bilities of the hydrolysate products and their cumulative
effects are being investigated at LANL. These findings will
guide the pilot-plant and full-scale demonstration runs.

Test results at LANL indicate that reliable mass balances
for the hydrolysis reactions of aromatic nitro compounds,
such as TNT and tetryl, are difficult to obtain. A significant
fraction of the carbon in the hydrolysis of TNT and tetryl
ends up as a mixture of high molecular weight compounds
(mol. wt. = 3,000 to 30,000) that do not appear to be ener-
getic (as evaluated by a simple hammer test) but may present
other problems in subsequent processing steps. For example,
because they are viscous, they might clog pumps or pipes.
Also, they might separate from the aqueous phase of the

hydrolysate and affect the reaction time for complete
hydrolysis.

The researchers at LANL recognize the concerns of the
ACW I Committee about the formation of picric acid in the
presence of lead, particularly the lead stearate in the M28
propellant, which could lead to the formation of lead picrate,
a very sensitive explosive (Bishop, 2000). LANL character-
ized TNT and tetrytol hydrolysate for picric acid by high-
pressure liquid chromatography and differential scanning
calorimetry and found no evidence of picric acid or any other
known energetic material (Bishop, 2001). Although the pri-
mary concern was the lead stearate in M28 propellant, Gen-
eral Atomics proposes hydrolyzing other lead-containing
components, such as lead azide in fuzes, simultaneously with
M28 propellant in the ERH. (In the Parsons/Honeywell
design, fuzes would not be treated in the hydrolysis reactors
but would be heated in an energetics rotary deactivator
[ERD] until they deflagrate or detonate [see Chapter 4].) The
LANL researchers believe that the lead stearate will likely
form products such as lead hydroxide, which is more
insoluble than lead picrate (Bishop, 2001). Based on the stud-
ies at LANL, the committee believes secondary treatment of
the hydrolysate will have to treat any insoluble products that
may form during hydrolysis or subsequent processing of the
waste streams from the demilitarization plant. The toxicity
of products formed during the entire processing cycle of the
waste stream must be considered.

The EDS hydrolysis testing at LANL is still under way.
The researchers will continue to investigate the hydrolysis
of all of the energetics for the neutralization of the assembled
chemical weapons stockpile. They also plan an online analy-
sis of the gas-phase products of hydrolysis, an analysis of the
solid residue (including testing for the presence of energetic
materials), and an analysis of the gases evolved from the
hydrolysate during storage. Further studies of pH neutraliza-
tion and an analysis of lead products may also be under-
taken. The results will add to the technology base for the
hydrolysis of energetic materials.

Results of Tests at the Naval Surface Warfare Center

The experimental database generated thus far includes
completed accelerating rate calorimetry runs of neat ener-
getic materials and runs of a mixture of tetrytol in a 30 weight
percent solution of NaOH (Bishop, 2000). The results of
these experiments are intended to provide a better under-
standing of the controls necessary to prevent runaway
reactions. It would be premature for the committee to draw
conclusions based on the limited results available so far.

Analysis of an Incident at the Radford Army
Ammunition Plant

The M28 surrogate was hydrolyzed in an existing tank
that had previously been used only for the preparation and
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storage of aqueous NaOH solution. Although the tank had
an agitation mechanism, it was suspected to be inadequate
for complete and efficient hydrolysis. Additional agitation
was provided by an external recirculation loop that accepted
material from the bottom of the tank and returned it to the
top. The external recirculation loop had steam trace heating
and two parallel pathways fitted with closed impeller pumps
that were not designed to handle slurries.

In preparation for the hydrolysis, the contents of the tank
were brought to the proper NaOH concentration (12 weight
percent) by diluting the appropriate amount of 50 percent
caustic. The temperature was adjusted to 91°C (195°F) using
internal steam (40 psig) coils. This temperature was main-
tained overnight. On October 13, particles of M28 were
added incrementally over several hours through a hopper that
directed them onto a slanted screen, where they were sup-
posed to remain until they were digested. However, the agi-
tation suspended the propellant grains in the caustic solution,
and the particles later settled on the bottom of the tank at the
intake for the recirculation loop.

At 8:15 A.M. on October 14, 2000, one of the two pumps
in the recirculation loop was turned on, but it stalled and had
to be shut down. This pump had frequently stalled even when
only caustic NaOH solution was present, so nothing seemed
unusual. At 8:25 A.M., the other pump was started; at 9:50
A.M., it was found to have been pushed apart from over-
pressurization resulting from a blockage. Both valves on the
recirculation line, one near the bottom of the tank and one at
the pump suction, were then closed off, effectively stopping
the recirculation. The steam trace line heating was contin-
ued. At 11:05 and 11:30 A.M., the recirculation loop piping
was overpressurized, thereby causing the pipe to split and
the flanges to separate. Partially digested propellant spilled
onto the floor, but the propellant did not ignite. The system
was cooled; contents of the tank were left in place, pending
a decision on how to remove them safely.

The chain of events leading up to the pressure rupture of
the pipes appears to have started with the ingestion of par-
tially decomposed propellant grains into the recirculation
line. The recirculation pumps became clogged with the
grains, and when the valves were closed at the intake and
pump ends of the lower leg of the recirculation loop, the
mixture of caustic and propellant was trapped in the piping
and there was no way for the gases generated by the decom-
position of the propellant to escape. The reaction was
sustained by the combination of heat generated by the
decomposition and heat supplied by the steam lines. The
buildup of pressure eventually led to separation of the flanges
and rupture of the piping. This is an important illustration of
the potential hazards of reactions with energetic materials.
These hazards must be controlled and accident scenarios
must be considered.

Some of the lessons learned from the RAAP that are ger-
mane to the HAAP experiments include pump design, recir-

culation intake location, screen mesh size for controlling
migration of undesired energetics, and heat transfer. Pumps
need to have an open design capable of handling slurries.
Any recirculation loop needs to be located away from the
bottom of the reactor vessel (or any other dead zone) so that
undesired chunks and precipitates are not entrained through
small-flow geometries. Screen mesh size and screen loca-
tion need to be chosen carefully to ensure that chunks are
controlled and the screen is kept open enough to maintain
flow. Heat transfer data (i.e., inputs and outputs) need to be
integrated into a control system that links process perturba-
tions with variables subject to manipulation. Sensors should
be identified that can confirm the following:

• the flow in narrow geometries (such as a nonintrusive
flowmeter on the recirculation loop)

• the rate of temperature rise in locations that correspond
to anticipated hot spot formation (such as thermo-
couples located at or close to the minimal clearance
points between the wall and agitator)

• the agitator speed in the reactor (i.e., a tachometer)

Process control setpoints and limits for acceptable opera-
tion should then be established, along with control algo-
rithms that implement corrective action if process upsets or
perturbations are detected.

The severity of the incident might have been mitigated if
consideration had been given to the reaction that was taking
place between the propellant and the caustic. Failure to stop
the steam trace heating on the recirculation loop helped to
sustain the temperature needed for the reaction to continue,
and closing the valves at both ends of the segment of the
loop below the tank ensured that the gases produced would
build up pressure.

Although the incident at RAAP is unlikely to occur at
Holston because the intake position and the type of pumps
used are different, blockage could be caused by something
else. For example, one of the compounds to be hydrolyzed at
Holston is TNT, which has a melting point of 82°C (180°F).
The intended reactor temperature for the hydrolysis experi-
ments is between 85°C (185°F) and 95°C (203°F). Because
the recirculation loop is neither insulated nor heated in any
way, TNT might cool and crystallize in the piping when the
reactor is being run at the lower temperature.

None of the munitions at Pueblo contains M28 propel-
lant; therefore, this incident has no direct bearing on planned
disposal activities at Pueblo. However, the incident does
show that even though the maximum credible event may not
result from every process upset, sound engineering practices
must always be used. This will reduce the likelihood of an
accident and mitigate the consequences of accidents that do
occur. The incident also highlights the need for training per-
sonnel involved in such operations to become aware of all
possible hazards.
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SUMMARY ASSESSMENT

The EDS energetics hydrolysis test program was insti-
tuted to address the ACW I Committee’s findings and rec-
ommendations on the hydrolysis of energetic materials. The
test program was delayed and had not progressed very far by
the time this report was submitted for review. Consequently,
only limited information was available. The plan for the pro-
gram, however, addresses all of the findings and recommen-
dations of the ACW I Committee (NRC, 1999, 2000) with
the exception of the hydrolysis of energetics contaminated
by agent.

The data from pilot-scale hydrolysis of contaminated
energetics confirm that common energetic materials (e.g.,
nitro compounds, nitramines, and nitrate esters) can be
effectively and safely converted to nonenergetic products by
the action of caustic at elevated temperature (Bonnett, 2001).
However, the colocation of operations involving chemical
agents and explosives increases the safety concerns raised
by any operation involving energetics. Under normal cir-
cumstances, process upsets and deviations from standard
operating procedures occasionally lead to unplanned explo-
sions or detonations. For this reason, stringent regulations
have been promulgated to isolate other operations from
explosives-handling operations. The value of these safe-
guards was apparent in the incident at RAAP. Similarly, con-
sideration should be given to the proximity of operations
involving agent and operations involving energetics in
facility designs. Even as benign an event as a leak or spill of
caustic solution charged with energetics could seriously dis-
rupt the ingress and egress of personnel at nearby facilities
that have nothing to do with the energetics operation until
the spill has been cleaned up and an incident investigation
completed. Process upsets and unplanned events that can be
tolerated in a nonchemical-weapons environment are not
acceptable in a chemical-weapons destruction facility.

In a facility for demilitarization of assembled chemical
weapons, otherwise minor upsets cannot be tolerated. There-
fore, a thorough understanding of all aspects of the energet-
ics hydrolysis process will be essential. Experience thus far
with tests at HAAP suggests that the concerns involving the
immaturity of the hydrolysis process for energetics, which
were identified in the findings and recommendations of both
ACW I Committee reports, have not been fully addressed.
The ACW II Committee’s concern is focused on the possible
impact of process upsets on the facility, rather than on the
adequacy of the hydrolysis process to neutralize energetic
materials.

The completion of the EDS test program is expected to
provide a much more complete understanding of the hydroly-
sis process, control systems, maintenance requirements, and
other considerations necessary for determining the applica-
bility of this technology to assembled chemical weapon
demilitarization. However, EDS experiments being con-
ducted with tetrytol, which contains TNT, will not be repre-

sentative of the hydrolysis of neat tetryl. The TNT, which is
molten at the reaction temperature, will change the physical
state of the tetryl when tetrytol is the feedstock. The relation-
ship between the rate of destruction of tetryl and the granula-
tion of the feedstock material from neat tetryl boosters has
not yet been established.

The ACW II Committee will continue to monitor the
evolving test data and results from the various locations con-
ducting ACWA EDS tests on energetics hydrolysis, includ-
ing such issues as the characterization and treatment of off-
gases. Further evaluation of this developing information will
be made by the committee in a forthcoming report (to be
published in 2002) on the EDS program for proposed alter-
native technologies for the Blue Grass site.

Previous Findings and Recommendations of the ACW I
Committee

In this section, the findings and recommendations on en-
ergetic hydrolysis from the two ACW I Committee reports
are reviewed to determine the extent to which they are still
valid as a result of EDS testing (NRC, 1999, 2000).

Review of Findings and Recommendations from the 1999
Initial ACW I Committee Report

Finding GA-2. Hydrolysis of energetics at the scales
proposed by the technology provider is a relatively new
operation. Chemically, it is possible to hydrolyze all of the
energetic materials; however, the rate of hydrolysis is lim-
ited by the surface area and, therefore, depends on particle
size. (Smaller particles are more desirable because they have
a higher surface-to-volume ratio.) The proposed method of
removing and hydrolyzing the energetics appears to be rea-
sonable, but further testing is required to determine the
hydrolysis rates and to confirm that throughput rates can are
achieved.

This finding is being addressed by the ACWA EDS
program.

General Finding 2. The technology base for the hydrolysis
of energetic materials is not as mature as it is for chemical
agents. Chemical methods of destroying energetics have only
been considered recently. Therefore, there has been rela-
tively little experience with the alkaline decomposition of
ACWA-specific energetic materials (compared to experience
with chemical agents). The following significant issues
should be resolved to reduce uncertainties about the effec-
tiveness and safety of using hydrolysis operations for
destroying energetic materials:

• the particle size reduction of energetics that must be
achieved for proper operation

• the solubility of energetics in specific alkaline solutions
• process design of the unit operation and the identifica-

tion of processing parameters (such as the degree of
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agitation and reactor residence time) necessary for com-
plete hydrolysis

• the characterization of actual products and by-products
of hydrolysis as a function of the extent of reaction

• the selection of chemical sensors and process control
strategies to ensure that the unit operation following
hydrolysis can accept the products of hydrolysis

• development of a preventative maintenance program
that minimizes the possibility of incidents during the
cleanup of accumulated precipitates.

This finding is being addressed by the ACWA EDS pro-
gram. The assessment of the particle size reduction needed
for proper operation was limited to a single particle size,
which was acceptable for the operation. No attempt to iden-
tify an optimum particle size is included in the program.

General Finding 3. The conditions under which aromatic
nitro compounds, such as trinitrotoluene (TNT) or picric
acid, will emulsify in the aqueous phase and not be com-
pletely hydrolyzed are not well understood. Therefore, this
type of material could be present in the output stream from
an energetic hydrolysis step.

Complete destruction has now been demonstrated.

General Finding 4. The products of hydrolysis of some
energetic materials have not been characterized well enough
to support simultaneous hydrolysis of different kinds of
energetic materials in the same batch reactor.

This finding is being addressed by the ACWA EDS
program.

General Recommendation 5. Whatever unit operation
immediately follows the hydrolysis of energetic materials
should be designed to accept emulsified aromatic nitro com-
pounds, such as TNT or picric acid, as contaminants in the
aqueous feed stream (see General Finding 3).

This recommendation is still valid until the EDS testing
program is completed and the results indicate otherwise.

General Recommendation 6. Simultaneous processing of
different types of energetic materials should not be per-
formed until there is substantial evidence that the intermedi-
ates formed from the hydrolysis of aromatic nitro compounds
will not combine with M28 propellant additives or ordnance
fuze components to form extremely sensitive explosives,
such as lead picrate (see General Finding 4).

This recommendation has been addressed to the extent
that the LANL study shows the absence of picrate in
hydrolysis products. As yet, mixtures of energetics have not
been effectively addressed in the EDS test program, although
such tests are planned. Until those tests are completed, mix-
tures of energetic materials should not be hydrolyzed on a
large scale.

Review of Findings from the ACW I Committee
Supplemental Report (NRC, 2000)

Finding (Demo I) GA-1. Testing on the hydrolysis of ener-
getic materials contaminated with agent will be necessary
before a full-scale system is built and operated.

This finding is not being addressed by the ACWA EDS
program. The committee notes that integration concerns such
as this should be addressed as soon as practicable to mini-
mize delays during systemization of the disposal facility (see
General Finding [Pueblo] 3 in Chapter 5).

New Findings and Recommendations

Finding (Pueblo) EH-1. Alkaline hydrolysis can be an
effective and safe method for destroying energetic materials
at Pueblo Chemical Depot. There appear to be no insur-
mountable obstacles to using this technology to destroy the
energetics in assembled chemical weapons.

Finding (Pueblo) EH-2. Results from the energetics
hydrolysis test program thus far have shown that hydrolysis
rates are consistent with the proposed designs for overall
throughput rates necessary to meet the current disposal
schedule for the Pueblo stockpile.

Finding (Pueblo) EH-3. The hydrolysis of neat tetryl from
burster charges is not being tested. Tests with tetrytol, which
contains TNT, will not be representative of the hydrolysis of
neat tetryl.

Finding (Pueblo) EH-4. Although the EDS energetics
hydrolysis test program addresses many of the issues related
to effective destruction of energetic materials from assem-
bled chemical weapons, the tests are based on a predeter-
mined granulation of the feedstock and will not provide
information for determining the optimum granule size for
disposal operations at Pueblo. The tests will provide infor-
mation for only one granulation size and will not show the
relationship between destruction rate or efficiency and par-
ticle size.

Finding (Pueblo) EH-5. Mass balances for most of the data
from bench-scale hydrolysis experiments on aromatic nitro
compounds are incomplete, mainly because of the formation
of ill-defined, high-molecular-weight organic compounds.
A thorough understanding and more complete characteriza-
tion of the products of the hydrolysis of TNT and tetryl is
still lacking. The complexity of the intermediates may pre-
clude any more exact identification than one based on
elemental analysis and functional group identification.

Finding (Pueblo) EH-6. Process parameters and process
control strategies (e.g., energetic feed rates, caustic concen-
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tration, and reactor temperature) have not yet been charac-
terized in enough detail to ensure a smooth transition to full-
scale operation.

Recommendation (Pueblo) EH-1. A bench-scale compari-
son of the rates of hydrolysis of tetryl and tetrytol should be
undertaken before any process for the destruction of tetryl is
planned. The rates should not be based only on data from
tests with tetrytol.

Recommendation (Pueblo) EH-2. Any post-hydrolysis
treatment technology selected for the Assembled Chemical
Weapons Assessment program must be capable of accom-

modating the possible presence of high-molecular-weight
organic compounds generated from aromatic nitro com-
pounds.

Recommendation (Pueblo) EH-3. Insofar as possible, the
particle size, feed rate, nature of the feedstock (e.g., dry or
slurried), and solids loading in the reactor at Holston should
be matched with the operating conditions expected at Pueblo
to verify the efficacy and safety of the hydrolysis process for
energetic materials.

Recommendation (Pueblo) EH-4. Hydrolysis reactions at
pilot scale and full scale must be remotely operated.
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3

General Atomics Technology Package

DESCRIPTION OF THE PROCESS

The GATS technology package proposed for the Pueblo
Chemical Agent Disposal Facility is based on, and very simi-
lar to, the design General Atomics originally proposed for
the treatment of all assembled weapons at all chemical muni-
tions storage sites in the United States (NRC, 1999). General
Atomics is the sole developer of the GATS process, includ-
ing the designs for all of the munitions-processing and
dunnage-processing equipment. The balance of the plant
design and site infrastructure was prepared by Parsons Infra-
structure and Technology Group.

The Pueblo design incorporates changes based on the
Demonstration I tests and other tests conducted during the
EDS that coincided with the data-gathering phase of this
report (NRC, 2000). The specific GATS technology pack-
age evaluated by the committee is for the treatment of the
particular mix of mustard-agent-filled munitions stored at
Pueblo (i.e., 105-mm M60 projectiles; 155-mm M104 and
M110 projectiles; 4.2-inch M2 and M2A1 projectiles; and
M2 and M2A1 mortar rounds). These munitions are
described in Table 1-2. The full process is designed to treat
agent, energetic materials, metal parts (including munitions
bodies), and dunnage (e.g., wooden pallets and packing
boxes used to store munitions), and nonprocess waste (e.g.,
plastic DPE suits; the carbon from DPE suit filters and plant
HVAC filters; and miscellaneous plant wastes).

The 16 unit operations are shown in Figure 3-1 and dis-
cussed below. Figure 3-2 is a block diagram showing the
major components of the process. The GATS design antici-
pates the movement of munitions from storage to the muni-
tions demilitarization building (MDB) using modified
ammunition vans (MAVs). Transport will be in two steps:
first to the on-site munitions storage building (MSB) and
then to the unpack area (UPA) in the MDB.

Disassembly of Munitions (Steps 1 to 4)

Steps 1, 2, 3, and 4 of the GATS process (Figure 3-1)
incorporate comparatively minor modifications to existing
baseline reverse-assembly procedures. These procedures
have been used at the Johnston Atoll and Tooele, Utah,
baseline incineration-system disposal facilities, where the
Army has accumulated more than 10 years of experience in
their operation. During reverse assembly by the projectile
mortar demilitarization (PMD) machines, fuzes and whole
bursters are removed from the projectiles. The General
Atomics design for Pueblo uses two parallel (and redundant)
PMD machines to meet specified throughput rates (General
Atomics, 2000a).

The bursters removed from the munitions are then sheared
to access the energetic materials. The sheared burster parts
and fuzes are then transferred to the ERH. The shearing step
is a mechanical cutting operation involving shearing equip-
ment used in the baseline disassembly process and in
nonchemical weapons applications. All propellant material
removed either from the storage containers or from the muni-
tions is fed into the ERH along with the fuzes and sheared
bursters.

Hydrolysis of Energetic Materials (Steps 5 and 6)

Energetics Rotary Hydrolyzer (Step 5)

Step 5 of the GATS process is the ERH, a long, steam-
jacketed, rotating cylinder with internal spiral flights and lift-
ing flights. Table 3-1 lists design parameters for the ERH
(and the projectile rotary hydrolyzer [PRH] discussed in
Step 8). The full-scale ERH can be characterized as a series
of identical chambers through which materials pass and in
which the hydrolysis reaction occurs. The GATS design for
Pueblo would use two ERHs. Hot water and NaOH solution,
along with energetic materials and associated metal parts
from the PMD operation, are fed into the ERH and flow
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FIGURE 3-1 Simplified schematic flow diagram for GATS. Source: Adapted from General Atomics, 2000a.

concurrently through the ERH. Hydrolysis of the energetic
materials by the caustic leaves only small pieces of residual
energetics.

The spiral flights in the ERH, which transport material
axially along the cylinder, create baffles that divide the
cylinder into a series of batches. The lifting flights slowly
agitate the hydrolyzing solution with the energetic materials

and metal parts. The drum is steam heated on the outside
surface to maintain the ERH contents at 100°C to 110°C
(212°F to 230°F), which is higher than the melting point of
TNT-based energetic materials.

The drum rotates slowly, and each batch moves through
the ERH with a residence time of approximately 2 hours.
General Atomics claims this time is sufficient for complete
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FIGURE 3-2 Simplified block diagram of GATS process components. Source: Adapted from General Atomics, 2000a.
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hydrolysis of the energetic materials in the munitions at
Pueblo. Multiple energetic items and their associated mate-
rials are fed to the ERH at a rate that results in a maximum
explosive loading per flight of about 15 lb TNT equivalent.

At the discharge end of the ERH, the remaining metal
parts, which include nonhydrolyzed fuzes and booster cup
components, are lifted out of the solution by the spiral flight
and fed into a chute leading directly into a heated discharge
conveyor (HDC, discussed in Step 6). Immediately up-
stream, the liquid hydrolysate is separated from metal parts
by draining through a perforated section of the ERH drum
and accumulated in a sump. The liquid discharge is config-
ured to maintain a minimum depth of 12 inches in the ERH
drum. The hydrolysate is pumped to a continuously stirred
reactor, where additional hydrolysis can take place if neces-
sary. The NaOH also dissolves any aluminum present in the
munitions, converting it to aluminum hydroxide. To prevent
clogging of downstream components by the aluminum
hydroxide, phosphoric acid is added to form a phosphate
precipitate, which is removed by settling or filtration.

Air is drawn through the ERH to remove hydrolysis vapor
and fumes, including hydrogen produced from the hydrolysis
of aluminum in the munitions. Sufficient air is used to keep
the hydrogen concentration well below the lower explosive
limit. The air is passed through an air-treatment system con-

TABLE 3-1 Design Parameters for GATS ERH and PRH

Energetics Rotary Projectile Rotary
Design Hydrolyzer Hydrolyzer
Parameter (ERH) (PRH)

Residence time 2 1
(nominal) (hr)

Drum diameter (ft) 4 6

Drum length (ft) 20 40

Flight Helical, 2.5-ft pitch/ Helical, 2.5-ft pitch/
20 ft long 40 ft long

Lifting flights To be determined To be determined

Rotations per hr 4 9 to 18
(nominal)

Operating temperature ~105°C (221°F) ~100°C (212°F)

Operating pressure Ambient Ambient

NaOH solution (12–20%) 5.6 0
per pound of energetic
(lb)

Process water per pound
of munition (lb) 0.5 0.6

Source: Adapted from General Atomics, 2000a.
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sisting of a scrubber, a condenser, and carbon filters and is
then exhausted to the plant ventilation system.

Treatment of Metal Parts (Step 6)

In Step 6 of the GATS process, metal parts from the ERH
pass through a chute to an electrically heated discharge con-
veyor (HDC) purged with nitrogen. The metal parts are
heated to 1,000°F (538°C) and held at temperature for at
least 15 minutes to decontaminate them to a 5X level.1  The
heat causes any residual energetic materials that might
remain in the solids (e.g., fuzes) to decompose. The solids
leaving the HDC are cooled and disposed of off-site. Off-
gases from the HDC are passed through the activated carbon
filter system for the explosion containment room (ECR).

Separation of Agent from Munition Bodies and Agent
Hydrolysis (Steps 7 to 10)

Cryofracture of Munitions (Step 7)

Step 7 of the GATS process is the projectile agent removal
system. After the energetic materials and associated metal
parts have been removed and sent to the ERH, the agent
cavity of the munition body is accessed by cryofracture and
the free agent is drained. Two streams are produced from
this step, liquid agent and agent-contaminated metals.

The munitions are first embrittled by cooling in a liquid
nitrogen bath (77°K; –321°F; –196°C) and then transferred
via an overhead crane to a hydraulic press that cracks open
the agent cavity, exposing the frozen, solidified, or gelled
agent and agent heels. Any free liquid agent is collected in
receivers under the cryofracture press.

The cryocooling bath is modeled after commercial food-
freezing tunnels. Key design parameters for the two cryo-
fracture system trains are given in Table 3-2. Projectiles and
mortars minus energetic components are conveyed from the
PMD ECR to the cryobath loading station in a horizontal
orientation. A cryobath loading robot places each round onto
a moving link belt that conveys the munitions completely
submerged through the liquid nitrogen bath. The residence
time in the liquid nitrogen is sufficient to freeze the munition
and associated agent to the temperature of liquid nitrogen.
At the discharge end, the belt lifts the munitions out of the
bath and onto the anvil of the cryopress.

The hydraulic presses (cryopresses) are described in
Table 3-2. The press base is a tilt table that discharges the
cracked munitions into a discharge chute, which in turn dis-
charges both the metal and frozen agent into the feed chute

of the PRH. The present level of design makes no provision
for separate removal and treatment of the liquid agent, which
now passes into the PRH along with the remaining muni-
tions components.

The cryofracture system was developed and tested by
General Atomics for the Army and Air Force under previous
programs for cracking solid-fuel rockets and other agent-
free munitions (NRC, 1991). Munitions-processing bay-
bridge robots, as used in the baseline system, have been fitted
with new end effectors for loading and harvesting munitions
from the cryobath and transferring them into the press.

Projectile Rotary Hydrolyzer (Step 8)

In Step 8 of the GATS process, accessed frozen agent is
hydrolyzed with hot water, and agent-contaminated metal
parts from the cryofracturing step are washed in one of two
parallel PRHs. The PRHs are larger than the two ERHs (see
Table 3-1) but similar to them in function and construction.
Each PRH is externally steam heated to maintain the tem-
perature of the metal parts near the boiling point of the water
used for hydrolysis.

The drum of the PRH is fitted with a spiral flight and
lifting flights to transport and mix the munition fragments
axially along the drum from feed to discharge. A stationary
shell of thermal insulation encloses the drum and reduces the
heat loss to the room. Water introduced at the discharge end
flows countercurrent to the flow stream of solids. The liquid
level in the PRH is deeper than the height of the spiral flight
to ensure that the liquid flows toward the feed end. The hot
water, which dissolves the frozen agent and/or agent heels,

1Treatment of solids to a 5X decontamination level is accomplished by
holding a material at 1,000°F for 15 minutes. This treatment results in com-
pletely decontaminated material that can be released for general use or sold
(e.g., as scrap metal) to the general public in accordance with applicable
federal, state, and local regulations.

TABLE 3-2 Key Design Parameters for GATS
Cryofracture Systems (Two Trains)

Design Parameter Specification

Cryocooling conveyor
Dimension (ft) 57 (L) × 4 ft (W) × 4 ft (H)
Maximum speed (ft/min) 1.5
Capacity 38 munitions
Liquid N2 capacity (gal) 3,000
Munition residence time (min) 38 (in bath)

Cryofracture press
Tonnage 500
Stroke To be determined
Cycle time (s) 15–30
Ventilation airflow (lb/hr) 4,800

Liquid N2 usage 1 lb liquid N2/lb munition +
400 lb/day boil-off

Flush water per fracture (gal) 0.40

Source: Adapted from General Atomics, 2000a.
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is discharged through a screen at the feed end of the PRH,
separating the solution from the freshly introduced metal
fragments. At the discharge end, the spiral flight lifts the
metal fragments out of the solution and discharges them
through a chute directly onto an HDC, which is distinct from
but similar to the HDC to which ERH materials are dis-
charged.

The PRH hydrolysate is discharged to a stirred tank to
complete the hydrolysis of agent. Air is drawn through the
PRH to remove volatile materials, and the gaseous effluent
is passed through a scrubber and carbon filters prior to
release to the plant’s HVAC system.

Treatment of Metal Parts after PRH Processing (Step 9)

Step 9 of the GATS process is the treatment of the metal
parts from the PRH in an HDC, a different unit from the one
described in Step 6, but similar in design and function.

Completion of Agent Hydrolysis (Step 10)

In Step 10 of the GATS process, the PRH hydrolysate
solution (and any residual agent) is transferred to one of four
well-mixed reactor vessels, where caustic solution hydro-
lyzes the remaining agent and where the hydrolysate is stored
pending verification of agent destruction. These reactor ves-
sels are similar in design to the ones that will be used in the
hydrolysis of bulk mustard agent at the Aberdeen Chemical
Agent Disposal Facility. See Table 3-3 for parameters of the
neutralization system tanks.

Treatment of Agent Hydrolysate by Supercritical Water
Oxidation (Step 11)

Step 11 of the GATS process is treatment of the agent
hydrolysate from the PRH by SCWO. The GATS design

uses two SCWO reactors (specifications, including system
component sizing assumptions, are shown in Table 3-4). The
specifications in Table 3-4 also apply to the two other SCWO
reactors in the GATS process treating combined-energetics
hydrolysate and slurried dunnage (described in Step 15). The
reactors are intended to oxidize organic materials, including
the agent hydrolysate, in an aqueous solution of about 10
weight percent hydrolysate. The SCWO reactors operate at
approximately 650°C (1,140°F); a nominal operating pres-
sure is approximately 3,400 psig. The conditions are above
the critical temperature and pressure of pure water and of the
solution. The oxidizer is either ambient air or a synthetic air
consisting of a mixture of oxygen and nitrogen at a 21:79
ratio by volume at a feed rate in excess of the stoichiometric
requirement. The oxidation reaction is autogenous (i.e., the
heat released from the oxidation reaction is sufficient to
maintain the reactor temperature). Isopropyl alcohol is added
as an auxiliary fuel whenever needed to maintain an
autogenous feed mixture to the SCWO reactor.

During system start-up, an electric preheater and the oxi-
dation reaction of isopropyl alcohol are used to heat the
reactor to the desired operating temperature. Once the reactor

TABLE 3-3 Key Design Parameters for the GATS
Projectile Agent Hydrolysis System

Design Parameter Specification

Batch preparation tanks
Number 4
Capacity (gal) 5,000
Materials TBD

Neutralization tanks
Number 3
Capacity (gal) 8,000
Materials TBD
Cycle time (hr) 6
Planned batches/day/tank 2

Source: Adapted from General Atomics, 2000a.

TABLE 3-4 Equipment Sizes for the Full-scale SCWO
Systema

Equipment Component Requirement

Water feed pump 8 gpm, 3,800 psi
Hydrolysate feed pumpb 16 gpm, 3,800 psi
Quench pump 52 gpm, 3,800 psi
Auxiliary fuel pump 1 gpm, 3,800 psi
High-pressure oxygen system 6,400 lb/hr
High-pressure nitrogen system TBD
Hydrolysate tank (including mixer) 10-hr holdup, 25% free space,

12,000 gal
Water tank 4-hr holdup, 25% free space,

2,400 gal
Auxiliary fuel 750-gal tank
Transfer pumps 4 pumps
Start-up preheater ~600 kW
Reactor 12.5 inches (process ID) ×

19 ft long
Reactor liner 0.030-inch titanium pipe

Cool-down heat exchanger 3,000 kW
Pressure letdown Redundant valves
Liquid separation/holdup tanks and 600 gallons, 50 psi

quench supply

aTwo scaled-up SCWO units are required for treatment of agent hydroly-
sate and for energetics hydrolysate (four trains altogether).
bFor SCWO units treating agent hydrolysate only. For SCWO units treating
energetics hydrolysate, this pump is replaced by the high-pressure slurry
feed system with 11 gpm throughput requirement.
Source: Adapted from General Atomics, 2000a.
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is at operating temperature, the preheater is turned off,
hydrolysate flow is initiated, and auxiliary fuel flow is
reduced.

The SCWO reactors are operated cyclically. That is, once
started, hydrolysate is oxidized continuously for 22 hours,
after which the SCWO reactor is cooled down and flushed at
high pressure to clear out any buildup of salts insoluble at
SCWO operating conditions. After every three flush cycles,
the reactor is cooled and depressurized for weekly mainte-
nance.

The fluid discharged from the SCWO reactor passes
through a cooler and enters a phase-separation vessel. Gases
and liquids then flow to separate pressure-reduction stations
before entering a low-pressure phase-separation vessel.
Noncondensable gases, mostly carbon dioxide, are moni-
tored and filtered before release to the environment via the
plant HVAC system. Liquids are monitored and transferred
to the brine recovery area, which is identical to the one used
in the baseline incineration system. If fluid does not meet
release specifications, it is returned to a storage tank for off-
specification product and reprocessed in the SCWO reactors.

The GATS SCWO reactor design includes a replaceable
titanium inner liner surrounded by a gap purged with nitro-
gen. With this design, the liner can be periodically replaced
to compensate for corrosion, and the reactor shell can be
operated at a lower temperature. The nitrogen purge should
keep water from contacting the shell material. The liner is
made of commercially available Grade 2 titanium. The re-
sults of the 500-hr test and other tests are discussed later in
the chapter.

Processing and Treatment of Dunnage and Energetics
Hydrolysate (Steps 12 to 15)

Steps 12 through 15 address the processing and treatment
of dunnage and nonprocess wastes in the DSHS. After shred-
ding and micronization, these materials are combined with
energetics hydrolysate from the ERH for subsequent treat-
ment by SCWO.

Step 12 of the GATS process is the separation, shredding,
and grinding of dunnage and nonprocess wastes. The design
parameters for the DSHS are listed in Table 3-5. The tech-
nology provider assumes that all dunnage and nonprocess
wastes are contaminated with agent. The organic materials
(e.g., wood, paper, rubber, plastic, metal-free DPE suit ma-
terial, and spent carbon) are reduced in a series of steps to a
particle size of less than approximately 1 mm and fed to two
commercial hydropulpers; a grinding pump then transfers
the slurried material to the high-pressure pumps that feed it
to the SCWO reactor.

Wood dunnage (e.g., pallets and boxes) is reduced in a
dedicated low-speed shredder, hammer mill, and micronizer
to produce a fine wood flour suitable for slurrying. Metal-
scavenging magnets are used at various points in the process
to remove tramp metal, such as shredded nails.

Metal parts are manually cut and removed from each DPE
suit at the same time the worker is cut out of the suit upon
exiting the Level 1 area. The metal fittings are sent to the
PRH for treatment. The metal-free DPE suit material is fed
to a two-stage size-reduction system. In the first step, the
material is shredded in a dedicated granulator. Tests showed
that further mechanical size reduction in the granulator was
ineffective because the polyvinyl chloride suit material melts
rather than tears. Therefore, after shredding, the DPE suit
material is cryocooled in a small nitrogen bath and fed to a
micronizer. Several passes of the cryocooling and microniz-
ing steps may be necessary to ensure adequate size reduction.

Spent activated carbon from plant HVAC filters is ground
wet in a dedicated colloid mill. The wood, plastic and rub-
ber, and spent carbon materials are thus processed in three
separate equipment lines. The resulting dry material is placed
in storage bins prior to introduction into the hydropulpers,
described in Step 14.

Step 13 of the GATS process is the thermal treatment and
decontamination of metal parts from dunnage and DPE suits
to a 5X level. The original design used a separate metal treat-
ing furnace. In the current design, the metal parts are sent to
one of the HDCs.

Step 14 is the slurrying of the dry, size-reduced dunnage
materials and nonprocess wastes from Step 12 with energet-
ics hydrolysate in preparation for feeding to one of two dedi-
cated SCWO reactors. The hydrolysate fluid from the ERH
is pumped into a holding tank, where phosphoric acid is
added to precipitate aluminum. The hydrolysate fluid is then
filtered to remove the precipitated aluminum and transferred
to one of the two hydropulper tanks. Spent decontamination
solution used in various decontamination operations in the
plant also goes to the hydropulper tanks. Additional water or
a dilute solution of NaOH is added as needed to adjust water
content, neutralize any residual agent, and otherwise adjust
the slurry to meet the feed chemistry requirements of the
SCWO reactors. Other additives are used to ensure that the
solids remain in suspension and that the slurry can be reli-
ably pumped and processed in the SCWO reactor system.

TABLE 3-5 Design Parameters for the GATS DSHS

Material Specification

Wood
     Size-reduction rate (lb/hr) 1,650
     Particle size (mm) <1
Plastic/rubber
     Size-reduction rate (lb/hr) 70
     Particle size (mm) <1
Spent carbon
     Size-reduction rate (lb/hr) 30
     Particle size (mm) <0.5

Source: Adapted from General Atomics, 2000a.
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In the hydropulper tanks, the ERH hydrolysate fluid is
mixed with the dry material produced from shredding and
micronizing the organic dunnage and other waste materials
to produce a slurry. The hydropulper tanks are continuously
stirred and periodically sampled prior to the transfer of their
contents to the hydrolysate storage tank, from which the slur-
ried dunnage and neutralized energetics are pumped to the
two SCWO reactors.

Step 15 of the GATS process is the treatment of the
slurried dunnage and neutralized energetics in one of two
dedicated SCWO reactors. These reactors are different units
from those described in Step 11 but are similar in design and
function.

Water Recovery and Salt Disposal (Step 16)

Step 16 is concentration of the brine from the four SCWO
reactors using evaporation/crystallization equipment to
reclaim the water and generate solid salt cake for off-site
disposal. No specific design details for brine water recovery
and salt cake disposal had been developed for this operation
at the time this report was prepared. The evaporation/
crystallization step has been eliminated from the designs of
the facilities at the Newport and Aberdeen sites, and brine at
Tooele is being sent off site rather than processed in the
facility’s brine-reduction area. It is the committee’s under-
standing that off-site disposal of the SCWO liquid effluent,
instead of concentrating the brine, is being investigated for
the Pueblo site.

INFORMATION USED IN THE DEVELOPMENT OF THE
ASSESSMENT

To produce a report by July 2001, the committee had to
review test data and documented design developments con-
currently with ongoing EDS activities. Thus, most of the
data were available only in draft form. Some information
was provided to the committee orally through briefings by
the PMACWA and by the technology providers. In develop-
ing its assessment, the committee used several sources of
information:

• General Atomics EDP (General Atomics, 2000a)
• General Atomics EDS study plan (General Atomics,

2000b)
• General Atomics EDS draft final report (including

preliminary results of tests in progress at the time this
report was prepared) (General Atomics, 2001)

• design-review meetings (General Atomics, 2000c,
2000d, 2000e, 2000f, 2000g)

• briefings by PMACWA personnel (Susman, 2000a,
2000b)

• visits to EDS test sites at Dugway Proving Ground

Engineering Design Package

The engineering design drawings and associated docu-
mentation for the proposed facility provided to the com-
mittee were very extensive. They were complemented by the
information committee members received from design-
review meetings where the technology provider and other
contractors associated with the General Atomics EDS dis-
cussed and clarified intermediate plans and activities associ-
ated with the development of the facility design (General
Atomics, 2000c, 2000d, 2000e, 2000f). The committee
concentrated its efforts on evaluating the following critical
components of the GATS process design that had been iden-
tified as potential concerns in the two reports by the ACW I
Committee (NRC, 1999; NRC, 2000):

• the long-term reliability of the SCWO system
• the advantages and disadvantages of cryofracture over

baseline technology as a means of accessing the agent
in the munitions

• the ability of the rotary hydrolyzers (both the PRH and
the ERH) to process their respective feed materials in
a reasonable time and with acceptable safety and reli-
ability

Engineering Design Studies Tests

The GATS EDS tests were designed to provide data for
the evaluation of the ERH, DSHS, and SCWO components
of the GATS process (DOD, 2000). Demonstration I tests
conducted in 1999 were designed to address the issues of
SCWO reactor design and reliability (General Atomics,
1999a). Although the scope and schedule of those tests were
not sufficient to address these issues fully, specific problems
were identified that had to be addressed during the EDS-
phase testing. The Demonstration I results were evaluated
by the NRC and published in a supplemental report (NRC,
2000); key results are summarized in the “Previous Findings
and Recommendations” section at the end of this chapter.
The results were used by the Army and its contractors in the
design of tests included in the General Atomics EDS. The
EDS tests evaluated three components of the GATS: the
ERH, the SCWO system, and the DSHS.

ERH Testing

Specific test objectives for the EDS ERH tests were as
follows (General Atomics, 2001):

• Demonstrate the effects on the hydrolysis of M28 pro-
pellant of the following changes in operating proce-
dures (relative to results of the PMACWA Demonstra-
tion I test program):
— rocket motor lengths shorter than 12 inches (4

inches and 8 inches)
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— multiple pieces of rocket motor lengths (4 inches)
— NaOH concentrations of 12 to 14 M (molar concen-

tration)
— temperatures to 120°C (248°F)

• Results should be compared with data from the
PMACWA Demonstration I test program on 2-inch
lengths with steel casing in 12 M NaOH at 110°C
(230°F).

• Demonstrate containment of fugitive emissions and
characterize gas, liquid, and solid process streams from
the ERH process to supplement data generated during
the PMACWA Demonstration I test program.

• Demonstrate the effect of higher caustic concentration
and bath temperature (19 M [50 weight-percent]
NaOH, 136°C [277°F] or highest allowable) on the
rate of hydrolysis of M28 propellant.

• Confirm that nitrosodiphenylamine and other reaction
products were removed from the ERH off-gas by a
negative-draft pollution-abatement system (a condens-
ing scrubber and downstream filters).

The ERH tests consisted of rate-of-hydrolysis tests for
the following feed materials:

• single 4-inch rocket motor segments in 12 M NaOH
solution at 110°C (230°F)

• single 8-inch rocket motor segments in 12 M NaOH
solution at 110°C (230°F)

• multiple rocket motor segments in 12 M NaOH solu-
tion at 110°C (230°F)

• single and multiple rocket motor segments in 12 to
14 M NaOH solution at 120°C (248°F)

The results of the ERH tests were as follows (General
Atomics, 2001):

• M28 propellant can be hydrolyzed from single 4-inch
rocket motor segments at 110°C (230°F) for 5 hours
with <5 g propellant remaining.

• M28 propellant can be hydrolyzed from single 8-inch
rocket motor segments at 110°C (230°F) for 5.5 hours
with <5 g propellant remaining.

• M28 propellant can be hydrolyzed from as many as
eight 4-inch rocket motor segments (one complete
rocket) at 110°C (230°F) for 7 hours with <30 g pro-
pellant remaining, or for 7.5 hours with <5 g propel-
lant remaining.

• M28 propellant can be hydrolyzed from as many as
eight 4-inch rocket motor segments (one complete
rocket) at 120°C (248°F) for 3 hours with <30 g pro-
pellant remaining, or for 3.5 hours with no propellant
remaining.

• The negative-draft pollution-abatement system with
condensing scrubber and filters effectively captured
nitrosodiphenylamine and other fugitive emissions.

The ERH test unit was operated in a batch mode rather
than a continuous mode. Results from the EDS tests are to be
used for sizing the full-scale ERH and establishing the
residence times of the munitions in the hydrolysis solution.
The testing further investigated the effect of hydrolysis
parameters, specifically caustic concentration and process
temperature. Although no rockets are stored at Pueblo, ERH
tests with sections of rocket motors were done to optimize
the processing conditions for M28 propellant. Test data were
not generated during the EDS for the propellants associated
with the 4.2-inch mortars or with the 155-mm and 105-mm
projectiles stored at Pueblo. The PMAWCA-sponsored EDS
program on hydrolysis of energetic materials was designed
to address these materials (discussed in Chapter 2), and the
results of that program are applicable to the General Atomics
design.

SCWO Testing

The GATS SCWO system is designed to oxidize an
aqueous organic feed to carbon dioxide, water, and salts.
The EDS testing of the SCWO system had the following
objectives (General Atomics, 2000b):

• Demonstrate long-term continuous operability with-
out plugging.

• Demonstrate acceptable corrosion rate.
• Demonstrate that any feed additives for control of salt

transport do not interact with feed and/or equipment to
generate salt plugs or accelerate corrosion.

• Determine a maintenance schedule and the frequency
of shutdowns based on the results of this long-term
testing.

• Generate data for use in validating the development of
a SCWO model sponsored by the Army Research
Office.

Two types of test runs were performed during the GATS
EDS for SCWO: work-up tests and 500-hr duration tests.
The work-up tests were trials to verify system upgrades and
operating conditions for simulant and hydrolysate process-
ing. These tests were performed at varying conditions to
determine the best conditions for simulant destruction and
salts or solids transport. Starting with the flow rates used in
the Demonstration I testing, the goal was to increase flow to
provide residence times consistent with those anticipated for
the full-scale plants.

Flow rates for the EDS tests were finalized based on the
results of the work-up trials. The primary goal of the 500-hr
EDS tests was to demonstrate long-term operability of the
system. Table 3-6 shows the original plans for the EDS tests.
In addition to those tests, limited tests with actual mustard
agent and nerve agent GB hydrolysates were also scheduled.
Many of the planned tests were not performed, however,
because of operational and equipment problems with the
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TABLE 3-6 Feeds and Duration of Planned SCWO Tests

Feed Duration (hr)

Agent hydrolysate
Mustard agent HD hydrolysate (15 wt % HD mixture) 12
Mustard agent HD hydrolysate simulant 488
Nerve agent GB hydrolysate 12
Nerve agent GB hydrolysate simulant 488

Energetics hydrolysate/dunnage
Composition B hydrolysate/M28 hydrolysate/ 11–20

aluminum hydroxide/dunnage with PCBs
Composition B hydrolysate/M28 hydrolysate/ 500

aluminum hydroxide/dunnage
Tetrytol hydrolysate/aluminum hydroxide/dunnage 500
GB hydrolysate simulant for Army Research 10

Office model

Source: Adapted from General Atomics, 2000a.

SCWO system. Test results that were available are discussed
below.

The EDS tests evaluated a number of different liners for
the reactor interior. Initially, General Atomics had proposed
using a platinum liner for Demonstration I testing. However,
because a platinum liner could not be fabricated on the
Demonstration I schedule, General Atomics used a Hastelloy
reactor with no liner during the Demonstration I testing.
Serious corrosion of the SCWO reactor resulted, a problem
that had been identified previously (NRC, 2000).

On the basis of preliminary EDS testing, General Atomics
determined that platinum might be an appropriate liner
material to treat both nerve agent VX and mustard agent HD
hydrolysate. As a result, the first EDS SCWO tests with HD
hydrolysate were conducted in a reactor with a platinum
liner. The platinum liner did not perform adequately. Degra-
dation was first observed in the form of blisters after 138 hot
hours.2  Collapse and regrowth of blisters presumably led to
a breach of the liner, observed at 170 hot hours. The liner
continued to serve as a reasonably good corrosion barrier for
another 100 hours of feed exposure, for a total of 315 hot
hours. But by then, the poor condition of the liner necessi-
tated that it be retired from service. Analysis of the SCWO
effluent showed adequate destruction (99.9999 percent) of
organic materials in the feed, but compounds of platinum
were also identified.

Because the performance of platinum in the HD
hydrolysate-type environment was based on limited prelimi-
nary data, a contingency liner of titanium had also been
fabricated for the EDS tests. Shortly after the failure of the
platinum liner, this Grade 7 titanium (0.5 percent palladium)

2Hot hours are defined as operating hours whether on supplementary
fuel (isopropyl alcohol), hydrolysate, or hydrolysate simulant.

liner was installed in the reactor. The titanium was 0.030-
inch thick and had an outer sleeve of Hastelloy C-276, simi-
lar to the sleeve used with the platinum liner. The primary
difference in liner geometry was the absence of bimetallic
welds between the Hastelloy sleeve and the titanium liner
because titanium and Hastelloy C-276 are not compatible
materials for welding. The titanium liner originally hung
from a ring welded around its top edge; in later designs, it
rests on several lugs welded to the bottom ID of the C-276
sleeve or on the discharge cone of the reactor. No seal iso-
lates the space between the titanium and Hastelloy C-276
from the process fluid. A slow stream of nitrogen is passed
between the titanium liner and the Hastelloy reactor shell to
cool the shell and prevent contact with process fluid.

Table 3-7 is a summary of the operating log from the first
round of EDS tests of the SCWO system using two types of
titanium liners. The first titanium liner failed after 33 hot
hours and was replaced with a second, identical liner, which
failed after 161 hot hours. Meanwhile, the first liner was
patched and reinserted. It was operated for 102 hours. On
November 14, 2000, the patched (original) titanium liner was
replaced with a new one manufactured from titanium pipe
rather than custom rolled from titanium sheet. The new liner
was of a different grade and thickness of titanium from the
original one. Titanium pipe is a commercially available prod-
uct that, according to General Atomics, is far less expensive
and easier to produce than the original rolled-titanium liner
(Spritzer, 2000a; Hong, 2001). The reactor was operated with
the new liner for 115 hours, when corrosion at the top
exceeded 50 mil, approximately one-half the liner thickness.
The liner was then inverted in the reactor (with the undam-
aged portion placed at the top) and operated for an additional
106 hours, when corrosion at the top reached 85 mil. The
liner was inverted and operated again for 332 hours. No cor-
rosion results were presented for the liner after this period of
usage (General Atomics, 2001).

On the basis of these results, a 500-hr mustard-agent
hydrolysate run was approved by the PMACWA. The
following criteria for success were established for the 500-hr
run (General Atomics, 2001):

• Corrosion. Liner wear-surface change (liner flip or
replacement) not more frequent than every 66 hours of
HD hydrolysate feed, on average.

• Salt transport. Salt flush not more frequent than every
22 hours of HD hydrolysate feed, on average.

• Feed composition. Demonstrate control of feed com-
position to maintain corrosion and transport of salts
within the bounds defined by the preceding criteria.
Real-time indicators of satisfactory feed composition
include reactor temperature and pressure profiles and
effluent pH and turbidity.

• Organic destruction. Liquid effluent total organic
carbon (TOC) <10 mg/L, on average.

• Availability. Process feed at least 39 percent of calen-
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dar time, with minimum outages, excluding events not
directly relevant to Pueblo operations.

• Run time. The 500-hr run clock begins when steady
state is attained with full hydrolysate flow. The 500-hr
run time applies to normal system operation and there-
fore includes planned system flush cycles. Unplanned
shutdowns and recovery from unplanned shutdowns
back to steady-state operation are not counted in the
500-hr run time.

 The ACW II Committee was briefed on these tests on
February 8, 2001, and a report was provided to the NRC
shortly thereafter (General Atomics, 2001; Hong, 2001). The
log for the 500-hr tests is reproduced in Appendix B. The
results are discussed as part of the committee’s evaluation of
the GATS technology package.

Engineering-scale Tests of SCWO for the Newport Site

The Project Manager for Alternative Technologies and
Approaches in the CSDP has already established an engi-
neering-scale test (EST) program to support the planned use
of SCWO to treat nerve agent VX hydrolysate that will be
produced during disposal operations at the Newport site,
where only bulk VX is stored. The EST uses a one-tenth-
scale General Atomics SCWO reactor design and is being
conducted at GDS, Inc., Corpus Christi, Texas. Although
VX is not stored at Pueblo, and the EST results for treatment

of VX hydrolysate are not directly applicable to the use of
SCWO in the GATS design for Pueblo, these test results
were useful for the overall evaluation of the operability of
the GATS SCWO system. The following test description is
taken from a letter report prepared by another NRC commit-
tee (NRC, 2001):

The EST facility in Corpus Christi, Texas—designed, con-
structed, and presently operated by General Atomics—is a
one-tenth-scale pilot version of the SCWO reactor planned
for NECDF (Newport Chemical Agent Disposal Facility).
The EST facility was initially scheduled to produce the data
necessary to confirm the SCWO reactor system design and
operational parameters by April 1999. However, difficulties
have arisen, including problems in (1) fabrication (flange
welds have failed), (2) design (two multilayered removable
platinum liners have proved to be unworkable), (3) materials
of construction (the platinum liner has developed a bulge
and separated from its supporting structure, and platinum
has migrated into a deposit of solids), and (4) operation (ero-
sion has been found in the feed nozzle and the automatic
control system, and the high-pressure oxygen supply system
failed in one test). EST processing of surrogate hydrolysate
solutions began in late October 1999, but results to date have
not provided sufficient data to support scale-up.

DSHS Testing

The GATS DSHS is used to reduce dunnage to a shredded
product that can be slurried with energetics hydrolysate from

TABLE 3-7 Corrosion of Titanium Liners During GATS EDS Work-up Tests

Fuel Feed Total
Date Event Hours Hours Hot Hours

10/4/00 Start Ti rolled-sheet liner #1 (Grade 7, 0.030 inches thick). 0 0 0
10/5/00 Small hole in liner about 2 inches below nozzle tip. Two patches each several inches square with 10 23 33

wall thinning of about 10 mil.
11/1/00 Start Ti rolled-sheet liner #2 (Grade 7, 0.030 inches thick). 0 0 0
11/2/00 Ti pit depth ~10 mil. General thickness loss <~1 mil. 6 33 39
11/12/00 ~2,000 small pits counted with maximum depth ~10 mil. Switch to new liner for 5% HD 16 145 161

hydrolysate simulant tests.
11/14/00 Start repaired Ti rolled sheet liner #1. 10 23 33
11/17/00 Switch to testing of Grade 2 pipe liners. 17 85 102
11/18/00 Start Ti pipe liner #1 (Grade 2, 0.110 inches thick). 0 0 0
11/19/00 Pitting noted 16 inches below nozzle tip. Maximum depth ~10 mil. 2 20 22
11/22/00 Pitting from 6 inches to 18 inches below nozzle tip. Maximum depth ~20 mil. Maximum general 7 47 54

corrosion ~5 mil.
11/30/00 Maximum general corrosion ~50 mil primarily in top 3.5 inches below the nozzle tip. Maximum 10 105 115

pit depth ~20 mil.
12/1/00 Start inverted Ti pipe liner #1 (Grade 2, 0.110 inches thick). 10 105 115
12/5/00 Maximum corrosion ~85 mil, a bit less than 1 mil/hr. Corrosion primarily in top 3.5 inches below 21 200 221

the nozzle tip.
12/12/00 Ti pipe liner #1 returned to original orientation. 27 237 264
12/17/00 Ti pipe liner #1 broken during removal from Hastelloy sleeve. 38 294 332

Source: General Atomics, 2001.
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the ERH in a hydropulper for subsequent processing by
SCWO. EDS testing of the DSHS was designed to meet the
following specific objectives (General Atomics, 2000b):

• Demonstrate all changes (relative to the PMACWA
Demonstration I tests) to the dunnage-shredding equip-
ment proposed for the full-scale design and verify im-
proved efficiency and uninterrupted operation (e.g.,
avoidance of nesting and unit overloads) and a particle
size of <1 mm for wood and plastic/rubber and <0.5
mm for carbon.

• Generate information required for design of the dust/
agent vapor-emission control system.

• Verify size reduction for carbon in the carbon grinder
sufficient for downstream SCWO processing.

• Verify feasibility of removing DPE metal parts fix-
tures for full-scale facility operation.

The tests on DPE suit material and wood were planned to
address size-reduction and material-transport problems iden-
tified during the Demonstration I testing (NRC, 2000).

Since the technology required for EDS testing had been
developed for other applications in industry, full-size com-
mercial equipment was used in the EDS testing, rather than
the smaller size proposed for Pueblo. The particle size for
wood dunnage was continuously reduced through (1) a dedi-
cated low-speed shredder, (2) a reducing screw feeder, (3) a
hammer mill, and (4) a micronizer to produce fine wood
flour. DPE suit and butyl rubber simulant materials were
shredded in a dedicated granulator, cryogenically cooled in a
cryocooler with internal screw conveyor, and reduced in a
cryocooled hammer mill. No materials contaminated with
agent were tested.

EDS tests for processing of the wood dunnage and for the
granulation of DPE suit material were performed using exist-
ing General Atomics process equipment (low-speed shred-
der, hammer mill, micronizer, and granulator) and a wood
screw feeder that had been installed during EDS testing at
Dugway Proving Ground, Utah. General Atomics also pro-
vided guidelines for sampling, operator training, systemiza-
tion protocols, standard operating procedures, and test plans.
The PMACWA provided the operating personnel and
arranged for testing support services.

General Atomics’ engineers and field technicians speci-
fied the appropriate operating conditions to reduce wood par-
ticles to less than 1 mm at a process rate of 1,250 lb/hr and
DPE suit materials to less than 1 mm at a process rate of 70
lb/hr. Material from the wood pallets processed through the
wood process line and DPE material processed in the
granulator system were sampled and analyzed to confirm the
size reduction of feed materials and the sizing of the overall
system.

EDS testing of cryogenic micronization of DPE material
was completed at Pulva Corporation facilities in Saxonburg,

Pennsylvania. General Atomics provided PMACWA-
supplied feed materials, guidelines for sampling, a test plan,
and operating procedures. Pulva Corporation provided the
test facilities, cryogenic equipment, operating personnel,
utilities, sieves and sieve stack agitator, equipment cleanout,
and product transport to Dugway Proving Ground. Pulva
engineers specified the appropriate operating conditions to
reduce rough-granulated DPE suit material to less than 1 mm
at a process rate of 70 lb/hr.

EDS testing for micronization of granulated activated car-
bon was completed at Bematek Systems facilities in Beverly,
Massachusetts. General Atomics provided PMACWA-
supplied feed materials, guidelines for sampling, carbon
slurry-drying techniques, a test plan, and operating proce-
dures. Bematek provided the facilities, wet-milling process
equipment, operating personnel, utilities, sieves, sieve stack
agitator, equipment cleanout, and product transport to
Dugway Proving Ground. Bematek engineers specified the
appropriate operating conditions to reduce the size of spent
granulated activated carbon to less than 0.5 mm at a process
rate of 30 lb/hr.

In summary, in spite of a few minor operating problems,
the tests appeared to have been successful. All materials,
pallets, carbon, and DPE suit material were reduced to within
the size specifications for feeding to the SCWO system; the
metal removal devices appear to have performed well and
fugitive dust appears to have been controlled. The size
reduction of the DPE suit material was of special interest
because the technology for heavy polymeric composites is
comparatively new.

The work-up and EDS granulation testing demonstrated
that DPE suit material could be successfully granulated to
less than 10 mm in General Atomics’ existing granulator at
Dugway Proving Ground. The granulated DPE suit material
was then shipped to the Pulva Corporation facilities, where
it was successfully size-reduced in Pulva’s cryogenic
micronization system. Approximately 177 lb DPE suit mate-
rial was micronized during the first six test runs.

Agent Hydrolysis Studies

Laboratory testing of agent hydrolysis conducted at the
Edgewood Chemical and Biological Center (Maryland) led
to EDS tests using 15 weight percent mustard hydrolysate
for feed to the SCWO reactor.

Materials of Construction Studies

In the course of its information-gathering activities, the
committee examined two earlier reports on materials of con-
struction for SCWO reactors that contained pertinent test
data applicable to the treatment of HD hydrolysate (General
Atomics, 1997; SWEC, 1996).
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ASSESSMENT OF PROCESS COMPONENT DESIGN

With the exception of the PMD machines and the SCWO
system, all of the components in the unit operations of the
GATS process are commercially available. In general, how-
ever, this equipment has not been used in applications as
demanding as chemical demilitarization. For example, the
dunnage-shredding train must produce a metal-free, fine
powder from essentially scrap wood. Even though wood
shredding and hydropulping are common processes in the
papermaking industry, a papermaking machine is far more
tolerant of the presence of a few larger particles of wood or
a few metal shards than the feed nozzles of the SCWO reac-
tors. A significant issue is the ability of the DSHS operation
for wood dunnage, the DPE suit micronizing operation, the
slurrying operation, and upstream operations (e.g., the PMD
machines and cryofracture system) to produce a consistent
feed of the quality required to avoid unscheduled mainte-
nance of the SCWO reactors.

The most significant considerations unique to the GATS
process are listed below:

• scale-up of the ERH to a full-scale, continuous-flow
system based on test data obtained on a batch ERH test
unit module

• shredding of dunnage (e.g., pallets, DPE suits, and
gloves) to less than 1 mm by a combination of hammer
milling, shredding, and cryogenic milling (for DPE
suits and other polymeric waste) with high-shear
blending and hydropulping to create a slurry that can
be fed into the SCWO reactor for oxidation

• SCWO treatment of agent hydrolysate, energetics
hydrolysates, and slurried dunnage

Prior to EDS testing, the ACW I Committee had identi-
fied the following issues as critical to the demonstration of
the overall GATS process (NRC, 1999, 2000):

• the ability of the SCWO reactor to operate continu-
ously for reasonable periods of time3

• the ability of the SCWO units to process shredded dun-
nage, including shards of metal (e.g., nails in pallets
and pieces of the metal connectors in DPE suits) that
may elude separation prior to becoming part of the
SCWO feed stream

• the ability of the shredding system to achieve ≤1 mm
size and to keep tramp metal out of the final SCWO
feed

• the ability of the ERH to treat the burster, fuze, and

propellant safely and effectively to create a hydroly-
sate that can be processed in the SCWO system

• the quantity and composition of discharges from the
process to the environment via the air, wastewaters,
and solid waste

These issues are addressed below in the course assessing
the steps in the GATS process.

Disassembly of Munitions (Steps 1 to 6)

The Army has accumulated years of experience with the
PMD machinery, which is part of the baseline incineration
system at two operating disposal facilities. Although these
machines experienced a number of operational problems in
the past, they appear to have matured and are an acceptable
method of separating energetic components from assembled
chemical weapons. In the baseline system, however, PMD
machines are used to prepare munitions for incineration. The
GATS process (and other ACWA technologies being inves-
tigated) propose using them in slightly different ways. The
GATS PMD machine is similar to the baseline version with
respect to the Steps 1 to 3 for removing fuzes, bursters, and
miscellaneous parts. The discharge/output components for
transporting the disassembled parts to their destinations are
different, but the changes can be accommodated by well-
established engineering methods (e.g., energetics may be cut
into smaller lengths). Step 4, removal of encased energetic
materials by shearing, is a routine operation. In the com-
mittee’s opinion, shearing in the GATS process at Pueblo
should not pose any difficulties beyond the safety issues
normally encountered in the handling of energetic materials.

Hydrolysis of Energetic Materials

Step 5, the ERH, is unique to the GATS process. To the
best of the committee’s knowledge, a system such as this has
never been used to hydrolyze solid energetic materials.
Although the ERH should prove to be workable, a number of
engineering issues will have to be addressed before it can be
used in a full-scale disposal facility at Pueblo. The issues
still pending following EDS testing are discussed below.

First, the committee is concerned that processing agent-
contaminated energetic materials would require verification
that no agent is present in the hydrolysate that leaves the
ERH. If the complex chemical soup constituting the energet-
ics hydrolysate interferes with analysis for agent, down-
stream operations (including the high-pressure SCWO)
would have to be operated in a Category A environment
rather than the planned Category C environment. This would
undoubtedly increase the complexity of the SCWO system
and pose additional operating and maintenance challenges.

Second, the committee believes ERH testing conducted
with a batch, single-chamber flight reactor can adequately
simulate the kinetics of energetics hydrolysis in the multi-

3The committee recognizes the term “reasonable” in this context to mean
that required system maintenance does not interfere with an acceptable level
of throughput. Doubts had been expressed about the ability of the SCWO
reactor to withstand corrosion and to avoid plugging by precipitates and
corrosion products.
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chamber cascading system configuration proposed for the
full-scale ERH, but it cannot simulate the mechanical
behavior of the overall system. For example, if the energetic
materials contain a granular component that does not hydro-
lyze, the granular components could accumulate behind the
flights of the initial chambers in a full-scale, cascading ERH.
According to General Atomics, the ERH design should
ensure that loose solids (e.g., small metal parts or cuttings)
move forward and do not accumulate (Spritzer, 2000b).
However, a gummy/sticky reaction product from an un-
known energetic component could cause problems that
would require a shutdown and removal by personnel. This
situation (or any other maintenance inside the ERH) would
pose a severe challenge to maintenance personnel. Enough
energetic material could even accumulate to create a hazard-
ous condition. Before building a full-scale ERH, the com-
mittee believes it would be prudent to test the continuous
(flow, not batch) ERH design to determine (1) its flow char-
acteristics, (2) that energetics hydrolysis is complete, and
(3) that no hazardous residues accumulate on the ERH walls.

In summary, EDS testing of the ERH and other testing
discussed in Chapter 2 suggest that, although the hydrolysis
of energetic materials can be achieved, the hydrolysis
process must be further optimized. Fuzes and bursters were
successfully hydrolyzed during Demonstration I, and EDS
testing of the ERH focused on 4-inch and 8-inch chunks of
M28 propellant, which is not among the energetic materials
associated with the munitions stored at Pueblo. Neverthe-
less, tests of energetics hydrolysis in other locations suggest
that the larger chunks of M28 are more likely to represent a
worst-case condition than the smaller grain of other ener-
getic materials. The results of testing to date indicate that the
ERH is a promising technology, but its use with the specific
type and configuration of energetic components should be
demonstrated. In addition, a continuous version of the ERH
should be tested before a full-scale system is built.

Step 6 of the GATS process is the heating of metal parts
from the ERH to 1,000°F (538°C) and holding them at tem-
perature for 15 minutes by the HDC to decontaminate them
to the 5X level. The committee did not identify any difficul-
ties in this step.

Separation of Agent from Munition Bodies and Agent
Hydrolysis (Step 7)

The committee did have a number of concerns about
Step 7 of the GATS process, the projectile-agent removal
system, in which the agent cavity is accessed by cryofracture.
The EDS testing did not include tests of cryofracture as a
means of accessing the agent cavity in projectiles and
mortars. After evaluating the design of the cryofracture sys-
tem, the committee concluded that the potential advantages
of this technique over traditional means of accessing the
agent (i.e., mechanical shearing or punching) have not been
demonstrated. Cryofracture has been successfully demon-

strated as a means of breaking up nonchemical projectiles
but has not been tested as a method of accessing the agent
cavity in projectiles and mortars. This raises two primary
concerns regarding the GATS cryofracture operation:

• An unexpected component of a projectile or mortar
might incorporate a material that cannot be made
brittle at the temperature of liquid nitrogen.

• Solidified agent and other contaminants could accu-
mulate in the cryobath tank that might be released to
the surroundings when the bath is drained and the
liquid nitrogen evaporated (e.g., during shutdown or
during cleaning or other maintenance).

The first concern is based on the behavior of alloys of
aluminum, which do not become brittle when cooled to the
temperatures of liquid nitrogen (NRC, 1991). To date, no
projectiles or mortars have been found to contain aluminum
components, so this is only a hypothetical concern for the
Pueblo facility.

The second concern relates to safety. Quantities of ice,
dirt, and solidified impurities will accumulate in the liquid
nitrogen cryobath tank. The committee also believes that
some of the munitions might crack from the thermal shock
of immersion in the liquid nitrogen bath. Although the agent
thus released would quickly freeze in the crack, making the
process self-healing (Spritzer, 2000a), some frozen agent
could still accumulate in the cryobath tank.

During shutdown of the cryofracture system for mainte-
nance, the liquid nitrogen would typically be drained and the
cryobath tank allowed to warm to room temperature. As the
tank warms, agent would vaporize and create airborne haz-
ards, which would require that personnel use higher-level
protective gear. General Atomics has responded that suffi-
cient decontamination fluid to neutralize any agent could be
introduced into the tank as the liquid nitrogen evaporates
(Spritzer, 2000b). Appropriate protective gear would be used
during the decontamination.

Although cryofracture may offer some performance
advantages over mechanical access to the agent cavity of
projectiles and mortars, the information available is insuffi-
cient to determine if the advantages would be offset by safety
concerns and additional maintenance requirements. The
committee is concerned because sufficient thought did not
appear to have been given to these potential issues. For
example, the response to the committee’s query on decon-
tamination of any agent in the cryotank ignores the obvious
fact that all known decontamination fluids are solids at the
temperature of liquid nitrogen. Cryofracture should, there-
fore, be demonstrated in a way that addresses these concerns
before it is implemented. The committee concluded that a
decision to use this alternative to mechanical shearing should
be governed by considerations of safety, cost, and reliability
of the equipment.
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Agent Hydrolysis and Metal Parts Treatment (Steps 8 to 10)

In Step 8 of the GATS process, accessed frozen agent is
hydrolyzed, and agent-contaminated metal parts from the
cryofracturing step are decontaminated to a 3X level by
washing in one of two PRHs. The PRH is similar in design to
the ERH, and its application for hydrolysis of agent and
munition body fragments from the cryofracturing process
appears to be reasonable. As stated in prior NRC reports,
hydrolysis appears to be a well-established technique (NRC,
1999, 2000). In essence, the committee believes the PRH is
an adequate mixing system to effect hydrolysis of agent and
decontamination washing of the metal munition parts.

Step 9 of the GATS process is the treatment of the metal
parts from the PRH in an HDC to a 5X decontamination
level. Although this is a different unit from the one described
for 5X decontamination of metal parts from the ERH, it is
similar in design and function, and all comments apply to
both units.

Step 10 of the GATS process is completion of hydrolysis
of the liquid agent remaining in the hydrolysis solution that
drains from the PRH. The committee considers this system,
which uses continuously stirred chemical reactors, to be a
well-established technology for hydrolysis of chemical
agent.

Treatment of Hydrolysates and Dunnage by Supercritical
Water Oxidation (Steps 11 and 15)

Step 11 of the GATS process is treatment of the agent
hydrolysate from the continuously stirred reactors by
SCWO. Step 15 is treatment by SCWO of the energetics
hydrolysate mixed with hydropulped dunnage. The four
SCWO units, two each for secondary treatment of each waste
stream, are evaluated collectively.

Related SCWO Testing

Concurrent with the GATS EDS tests, the committee was
also aware of other testing being conducted on SCWO reac-
tor systems, including the following:

• testing of other SCWO reactor configurations, such as
the transpiring-wall reactor (Crooker et al., 2000; Elliot
et al., 2000; Griffith, 2000)

• the EST on a SCWO reactor one-tenth the size of the
one anticipated for treating VX hydrolysate at the
Newport Chemical Agent Storage Facility sponsored
by the Project Manager for Alternative Technologies
and Approaches, a part of the CSDP (NRC, 2001)

The committee also examined earlier laboratory-scale
tests of materials of construction to address corrosion and
fabrication problems encountered in applying SCWO tech-
nology to chemical demilitarization (General Atomics, 1997;

SWEC, 1996). The SCWO reactor environment is highly
oxidative, involves both high- and low-pH conditions, is
highly turbulent in the reaction zone, and includes suspended
solids. The 1997 General Atomics report describes corro-
sion studies on test coupons in a tubular reactor operated at
4,000 psig and 350°C (660°F) (subcritical), 450°C (842°F),
and 550°C (1,022°F) with feed surrogates for mustard agent
HD, neutralized HD hydrolysate, and HD hydrolysate with
excess NaOH (General Atomics, 1997). Surrogates for HD
and neutralized HD produced acidic test conditions; the HD
hydrolysate with excess NaOH produced alkaline test condi-
tions.

Materials classes that were tested included ceramics,
nickel-based and cobalt-based alloys, refractory metals and
alloys, reactive metals and alloys, noble metals and alloys,
and high-temperature polymers, a total of 26 materials. Test
periods varied between 37.5 and 47.5 hours. None of the
materials was found to be suitable for all test conditions, and
most exhibited moderate (equivalent to between 10 and 200
mil per year) to severe (>200 mil per year) corrosion. Tita-
nium and titanium alloys (Nb/Ti and Ti-21S) exhibited the
best performance, showing only slight corrosion in the pres-
ence of excess sodium hydroxide. Under acidic conditions,
titanium showed increased rates of corrosion, apparently
from attack by sulfuric acid and hydrochloric acid. Both
localized pitting and wall thinning were observed.

Titanium corrosion also was observed during oxidation
of cutting oil that contained sulfur and chlorine. For these
tests, the SCWO system was operated at 600°C (1,112°F)
and 3,400 psig (SWEC, 1996). Severe crevice and pitting
corrosion were noted. In this study, acidic and reducing con-
ditions (indicated by the presence of hydrogen sulfide) were
present locally within the reactor. The operating period was
approximately 50 hours.

GATS EDS SCWO Reactor Testing

The original General Atomics proposal for the GATS
EDS included laboratory studies of materials of construction
to evaluate how well different materials could withstand the
SCWO environment. However, this part of the proposal was
not accepted by the PMACWA, and materials of construc-
tion studies were not included in the EDS (M. Spritzer and
G. Hong, General Atomics representatives, personal com-
munication, December 13, 2000). To deal with the corrosive
environment, the GATS SCWO reactor includes a replace-
able inner liner. The EDS testing was done using liners made
of platinum and two grades of titanium. Corrosion rates
under various operating conditions were assessed.

The EDS testing was begun with a platinum reactor liner.
When HD hydrolysate was processed, the liner showed sig-
nificant corrosion. Corrosion rates as high as 10 mil per day
were observed, making the replacement interval and cost of
the 30-mil liners impractical. Thicker liners of platinum were
considered too expensive. The high corrosion rate was
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attributed to attack by the chloride ions derived from the HD
hydrolysate and by the formation of other platinum ions (M.
Spritzer and G. Hong, General Atomics representatives, per-
sonal communication, December 13, 2000).

General Atomics subsequently tested a 110-mil-thick
titanium liner and plans to test a 375-mil-thick liner for the
full-scale reactor. Titanium is also subject to corrosion, but
its lower cost makes a much thicker liner practical. General
Atomics now plans to replace or invert this liner at 132-hr
intervals, depending on how rapidly it corrodes (General
Atomics, 2000c, 2000f, 2000g; Hong, 2001; M. Spritzer and
G. Hong, General Atomics representatives, personal com-
munication, December 13, 2000).

The corrosion occurs almost exclusively within five
diameter lengths at the top of the SCWO reactor, in the
vicinity of the injector nozzles. Very little corrosion is typi-
cally observed at the bottom. As a result, as the liner cor-
rodes to the point where the top is at risk of failing, EDS
tests demonstrated it could be inverted and used for approxi-
mately the same length of time again (Hong, 2001).

The corrosion rate of titanium in this service was fairly
well characterized during the EDS testing and it is, indeed,
quite high. Thus, General Atomics has come up with a
scheme to replace a titanium liner at frequent enough inter-
vals to allow for this corrosion rate. The committee points
out that this is a mode of operation involving very high main-
tenance, which may take even longer on larger scale SCWO
systems (see the discussion on “Maintenance Issues” later in
the chapter). However, the committee cannot say that it is
infeasible, since the technology provider has actually dem-
onstrated it.

However, switching from platinum to titanium creates a
new problem, because titanium tends to combust in pure
oxygen. Consequently, the process design had to be modi-
fied to use air or synthetic air as the oxidizing medium. For
synthetic air, pure oxygen is blended with pure nitrogen. If
the mixing system fails to maintain the proper ratio, the
potential for oxygen combustion remains. The lower oxygen
and water activity resulting from the dilution with nitrogen,
or the use of ordinary air, affects both the reaction rate and
salt transportability. The lower reaction rate requires that
throughput be reduced or that a larger reactor be used. The
rate of nitrogen oxide formation from the use of nitrogen is
expected to be too slow at the SCWO reactor operating tem-
perature (616°C; 1,140°F) to be of concern. EDS test results
on nitrogen oxide levels were not available when this report
was prepared.

In addition to finding materials of construction that can
withstand the corrosive SCWO environment, salt transport
is essential to avoid plugging caused by salt deposition. Salts
have a much lower solubility in supercritical water than in
water at lower temperatures. The GATS SCWO system uses
a proprietary additive to improve the mobility of the precipi-
tated salt. In addition, the operating schedule calls for a rinse
of the system with cooler, slightly subcritical water for 2

hours to dissolve salt deposits after every 22 hours of opera-
tion (Hong, 2001). This procedure appears to have been
effective, and no problems with clogging or unacceptable
pressure spikes were observed during the 500-hr test.

The EDS tests identified Hastelloy C-276 as a suitable
material of construction for the following critical parts of the
SCWO system:

• Performance was acceptable when the Hastelloy was
used for the top insert of the reactor. The moderate rate
of corrosion could be readily accommodated in this
non-pressure-bearing part. The exposed area was small
enough that effluent quality was not severely degraded
by metals contamination.

• Good performance was exhibited in the quench zone
of the reactor and when used for the removable sleeve
for supporting the liner. The low rate of corrosion was
consistent with long component lifetime.

• Excellent performance was shown in the region down-
stream of the reactor. No failures or indications of sig-
nificant corrosion have been observed to date.

Processing and Treatment of Dunnage and Energetics
Hydrolysate (Steps 12 to 16)

Step 12 of the GATS process is the separation, shred-
ding, and grinding of the dunnage and other nonprocess
waste until all solid material is reduced to granules <1 mm in
size. These powdered solids are then mixed with energetics
hydrolysate and other liquid wastes in a hydropulper to create
a slurry that is then oxidized in a SCWO reactor.

It is critical that the feed to the hydropulper be reduced to
a fine powder to avoid large particles in the slurry feed stream
to the SCWO reactor. This may be difficult to accomplish
for DPE suit material, because plastic tends to melt and stick
to the shredder. Micronization of DPE suit material was
successful during the EDS testing; however, several cycles
of cryogenic cooling and micronizing were required to pro-
duce the desired particle sizes. This technology will require
additional engineering design testing and validation before
it can be used for the disposal facility at Pueblo.

Step 13 of the GATS process is the thermal treatment of
metal parts from dunnage and DPE suits to a 5X decontami-
nation level in an HDC. The committee considers this tech-
nology to be reasonably well established.

Step 14 of the GATS process is the slurrying of the size-
reduced dunnage and nonprocess waste with energetics
hydrolysate in preparation for feeding to the SCWO reactor.
As discussed above, the size-reduction and slurrying equip-
ment in the GATS design is commercially available and
commonly used in many types of processing. With the
possible exception of the DPE suits, the material can be
shredded to the desired size and then slurried.

Step 15 is the treatment in the SCWO reactors of the
micronized dunnage (with metal removed) slurried with
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energetics hydrolysate. The committee has concerns about
how well the SCWO system can process slurries of organic
materials, especially if they contain small quantities of tramp
metal. The demonstration testing indicated very high metal-
removal efficiencies from the shredded pallets. However,
that high removal efficiency is unlikely to be maintained
during actual operation. No SCWO testing was conducted
using energetic hydrolysate slurried with shredded and
micronized dunnage. This step remains to be demonstrated.

Step 16 of the GATS process is concentration of the brine
from the SCWO reactors to reclaim the water and generate a
solid salt cake for off-site disposal. Although the EDP did
not include specific design parameters for this unit opera-
tion, it is existing technology, and, assuming that the SCWO
reactor produces an effluent with the very low organic
content called for in design specifications, appropriate con-
centration and crystallization equipment is commercially
available. The committee notes that other chemical weapons
demilitarization facilities have eliminated this processing
step and suggests that a similar change be evaluated for the
Pueblo facility.

ASSESSMENT OF INTEGRATION ISSUES

Component Integration

Destruction of the Pueblo stockpile to comply with provi-
sions of the CWC treaty will require that the availability and
throughput of each processing step, along with redundant
process trains and sufficient buffer storage capacity between
individual processing steps as necessary, achieve the destruc-
tion rate specified in the design package. General Atomics
has not yet conducted a detailed throughput analysis that
takes into account intermediate storage capacity. Such an
analysis could assist in verifying that planned throughput
rates can be achieved. Training is also important because the
effectiveness of plant operating and maintenance personnel
also contributes to process availability.

General Atomics has designed the GATS process and
sized the equipment to process the Pueblo stockpile in 29
months (General Atomics, 2000a). The output rate from the
reverse-assembly PMD system determines the size and
number of units for all downstream process equipment. The
GATS PMD equipment is similar to the equipment used in
the baseline incineration system, and the operating experi-
ence from baseline facilities led General Atomics to con-
clude that a throughput rate of 50 lb/hr per machine would
be attainable. General Atomics has determined that the long-
term average capacity for the GATS design for Pueblo
(actual throughput per year/maximum theoretical through-
put per year) is 38 percent. To achieve this average capacity,
two PMD machines are required to handle the Pueblo stock-
pile. The size and number of the rest of the General Atomics
process equipment are planned to match the throughput of
the PMD operation. For example, two SCWO reactors are

used to treat the downstream agent hydrolysate, and two
more SCWO units are used to treat the micronized dunnage
and energetics hydrolysate waste stream.

Integrating the individual processing steps requires effec-
tive process monitoring and control to ensure that appropriate
materials are fed to each processing step and that all materials
discharged from the plant meet all safety and environmental
specifications. Monitoring and control of the integrated
facility using the GATS process will be based primarily on
the strategies and means used in the baseline system. The
overall monitoring and control system consists of the basic
process control system (BPCS), the emergency shutdown
system (ESS), and PLCs for individual equipment units. The
BPCS comprises microprocessor-based controllers for moni-
toring and control. The ESS is a dedicated safety system of
PLCs or microprocessor-based controllers that provide pro-
tective logic and shutdown capability. The means of control-
ling machines throughout a GATS facility are similar to
those used for the baseline system machines (i.e., sequence-
enabled functions with position switches).

Most of the monitoring instruments specified in the GATS
design package are simple and reliable, having been used
extensively in the chemical industry for many years. Control
valves and monitors for temperature and pressure, as well as
the distributed control systems and PLCs, have also been
widely used in industry.

Process Operability

The operability of the SCWO reactors remains a signifi-
cant issue. The reactors’ operating conditions are set to bal-
ance competing conditions for minimizing plugging by salts
and minimizing liner corrosion. That is, the conditions that
result in good salt transport (and hence minimal plugging)
are also the conditions at which corrosion is at a maximum.
Conversely, operating conditions at which corrosion is at a
minimum are conducive to the precipitation of salts that can
cause plugging. General Atomics has approached this prob-
lem by (1) using a proprietary additive to improve salt
transport and (2) designing the SCWO reactors with a slip-in
sacrificial liner that would be replaced at regularly sched-
uled intervals. This combination, along with careful monitor-
ing and control of temperature, pressure drop across the liner,
additive feed rates, and other operating conditions, reduces
the severity of the salt plugging and corrosion problems, but
not sufficiently. The committee believes the SCWO system
is still very difficult to operate, especially at full scale (see
also the section on Maintenance Issues below).

Monitoring and Control Strategy

As discussed in previous NRC reports, except for the
monitoring of corrosion and salt plugging discussed above,
the GATS process does not require any unusual monitoring
or control systems (NRC, 1999, 2000). The process control
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strategies consist of straightforward monitoring of pressure,
flow rate, and temperature by well-established methods and
equipment.

General Atomics believes that monitoring the turbidity
resulting from titanium dioxide suspended in the reactor
effluent will effectively monitor corrosion rates. Monitoring
the turbidity of the effluent gives a good indication of the
instantaneous corrosion rate, which can be used to ensure
that operating conditions remain within the desired range.
However, the decision to shut the process down for liner
replacement would be facilitated if the extent of corrosion
could also be monitored. This could be done by adapting one
of the various probe designs available commercially or pre-
viously developed in other SCWO studies (Macdonald and
Kriksunov, 2001). Another simple method would be measure-
ment of the electrical conductivity of the thermocouple well.

Maintenance Issues

The EDS testing clearly showed that successful operation
of the SCWO system requires an aggressive, proactive main-
tenance program to replace (1) the thermocouple well after
approximately 60 hours of operation and (2) the titanium
liner after approximately 130 hours of operation.

Replacement of internal components of the SCWO
reactor is a time-consuming, elaborate procedure that
involves cooling the system, flushing with clean water,
manually removing the pressure head from the reactor,
manually removing the liner, inverting the liner or replacing
it with a fresh liner, reassembling the reactor, and restarting
the system. General Atomics has performed this procedure
more than 100 times on reactors with test-sized (3- to 4-inch
ID) liners during the EDS and other SCWO test programs
(Hong, 2001). During the EDS tests, the shutdown/start-up
procedure required an average of 7 hours (3 to 11 hours) to
complete.

However, maintenance has been performed only on com-
paratively small test-size SCWO reactors. The SCWO reac-
tors proposed for the Pueblo facility are approximately 18
inches in diameter. The head at the top of an 18-inch reactor
will not only be larger, but it will also have to be consider-
ably thicker to withstand more than 20 times the internal
pressure. Thus, the head on the full-scale reactor will be
heavier and bulkier and will have more and larger bolts to be
removed and replaced than the small SCWO test reactors. It
will also have a larger sealing surface, which will have to be
set and pressure tested. In the committee’s experience, proper
pressure testing of equipment is very time consuming. Con-
sequently, the time and effort required to change the liner are
likely to be much greater than for the EDS and Demonstra-
tion I tests. In the committee’s opinion, maintenance approxi-
mately every 60 to 130 hours of operation will place a very
heavy demand on operating and maintenance personnel.

Process Safety

The ACW I Committee concluded in its original report
that there were “no unusual or intractable process safety
problems” associated with the GATS process (NRC, 1999).
However, in a subsequent evaluation of the Demonstration I
test results, some aspects of process safety were identified
(NRC, 2000). General Atomics also acknowledged the
following safety design requirements in its report on the
Demonstration I test results (General Atomics, 1999b):

• design modifications to incorporate equipment for
removing aluminum hydroxide generated by the caus-
tic dissolution of weapons to minimize aluminum-
caused salt plugging and associated maintenance4

• control of volatile organic vapors generated in the ERH
to prevent the accumulation of explosive mixtures in
the ERH off-gas system and minimization of the
maintenance requirements for removing condensed
organics from fugitive emissions entering the ERH
explosion containment cubicle

• safety features to preclude dust explosions in the
DSHS

All of these concerns have been addressed in the EDS design
package to the extent possible at this design stage (General
Atomics, 2000a).

During the information-gathering phase of this report, the
committee learned of an occurrence on December 2, 2000,
involving backflow of fuel into the liquid oxygen feed line
for the General Atomics SCWO reactor being operated in
Corpus Christi, Texas, in conjunction with the EST for treat-
ment of VX hydrolysate at the Newport site (PMACWA,
2000). This backflow resulted in overpressure (possibly in
excess of 5,000 psig) and permanent expansion of part of the
liquid oxygen feed line. The overpressure is believed to have
resulted from the oxidation of fuel in the oxygen line. An
earlier occurrence (July 14, 2000) involving the oxygen feed
line resulted in a release of oxygen through the relief valve,
whose metal components melted and started a grass fire
(Bernard Bindle, safety engineer, PMCD, personal commu-
nication, March 26, 2001). The fire was attributed to removal
of the high-pressure and high-high-pressure shutdowns from
the pump circuit control and the use of stainless steel rather
than monel for the pressure relief valve. Based on these inci-
dents, the committee inferred that the General Atomics
SCWO system would continue to be vulnerable to fires if
pure oxygen and nitrogen were used to produce synthetic air
for the SCWO reactors. The committee also noted that syn-
thetic air could cause oxygen combustion of the titanium
liner if the nitrogen-oxygen mixture was not controlled.
Design modifications will be necessary to prevent similar

4For Pueblo, aluminum removal requirements are minimal because the
only aluminum in the munitions is expected to be in fuze assemblies.
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incidents in the future. Use of compressed air would com-
pletely eliminate this hazard.

As a part of the EDS design package, General Atomics
prepared a preliminary hazards analysis (PHA) in accordance
with Mil-Std-882C (DOD, 1993). The committee received a
draft version of this package, and some committee members
attended a design-review meeting that included a review of
the draft PHA (General Atomics, 2000d, 2000h). The com-
mittee concluded that the PHA appears to be complete for
the current stage of design and that key safety concerns have
been identified for resolution in subsequent stages of design.

The PHA was based partly on interactive reviews by the
engineers responsible for the EDS design package. These
reviews were subsequently used to identify engineering mea-
sures for reducing risk. The committee believes that the use
of procedural training and administrative solutions (e.g.,
checklists) for reducing risks should be minimized at this
stage of design in favor of engineering design changes. The
selection of hazard scenario frequencies in the completed
PHA should be based on the assumption that procedures,
training, and administrative controls established by the
PMCD in charge of the CSDP will be used.

The PHA appears to have been conducted in a satisfac-
tory manner at this stage of design, although it will have to
be updated as the GATS design progresses, especially for
parts of the design that are not yet fully developed, such as
final designs of components supplied by the technology pro-
vider (ERH and PRH, for instance) and the selection of a
method of supplying oxygen to the SCWO reactors that mini-
mizes the risk of fire under upset conditions.

Worker Health and Safety

The conclusions regarding worker health and safety in
the ACW I Committee’s original and supplemental reports
are still valid (NRC, 1999, 2000). The primary hazardous
materials used during the destruction of agent and energetics
are sodium hydroxide, liquid and gaseous oxygen, liquid and
gaseous nitrogen, and methane (natural gas) for boiler fuel.
Sodium hydroxide will be delivered in concentrated liquid
form (50 weight percent) and diluted with water to produce
lower strength solutions as required. This strongly corrosive
caustic is handled safely in similar quantities and concentra-
tions throughout the chemical industry and should not be
unusually hazardous in the GATS process. Liquid and gas-
eous oxygen, liquid and gaseous nitrogen, and methane are
also handled routinely and safely in many industries and do
not represent an unusual hazard to workers.

As the design becomes more detailed, the PHAs will have
to emphasize the safety of maintenance workers. The design
should be configured to minimize the number of mainte-
nance activities in contaminated areas to reduce worker risk
and to ensure that worker access in DPE suits can be accom-
plished easily and safely. This precaution could also reduce

the waste streams from used DPE suits and decontamination
solution used during maintenance activities.

Public Safety

Accidental releases of agent or other regulated substances
to the atmosphere or the groundwater system are extremely
unlikely. Caustic scrubbing and activated carbon filtration
are used on all gaseous process streams. Based on experi-
ence with the baseline facilities, these measures should pro-
vide a reasonable level of safety. Hold-test-release systems
are not provided for gaseous effluents, but the scrubbing and
filtration scheme, combined with the standard automatic con-
tinuous air monitoring system (ACAMS) monitors used at
baseline facilities, should provide adequate protection
against all gaseous process effluents. The facility HVAC
design is similar to the design at existing baseline facilities,
where air flows from clean areas to potentially contaminated
areas and then through high-efficiency particulate air
(HEPA) and activated carbon filters before release to the
atmosphere.

The primary risk of a release of agent or other regulated
substances is the explosion of a munition or the rupture of a
pipe or vessel, but the likelihood of such an event for the
full-scale facility should be extremely small. This conclu-
sion is based on the committee’s review of the General
Atomics EDP for Pueblo and the understanding that the
PMCD will require a comprehensive quantitative risk assess-
ment (QRA) for the final facility design to ensure acceptable
levels of risk. A QRA, which is much more detailed than the
PHA performed at this stage of design, is a risk management
tool during actual operation of the facility and serves as a
basis for evaluating proposed changes in design or operation
in accordance with CSDP risk management policies and pro-
cedures (PMCD, 1996, 1997).

QRAs are typically developed in parallel with the comple-
tion of facility design and construction. However, because
design-based solutions to high-risk hazards can be imple-
mented more easily during the design stage than during the
construction stage, the committee recommends that the QRA
process be implemented as early as possible. When a QRA
done later reveals risks that must be addressed, the tendency
is to rely on procedural/administrative solutions, which often
complicate operations and are less effective than design
modifications.

Human Health and the Environment

The environmental impact of the proposed GATS pro-
cess appears to be minimal. All handling and processing of
agent will be conducted indoors in sealed rooms that are
vented through HEPA and carbon filters. Liquid and solid
waste streams will be relatively small and manageable and
will be subjected to hold-test-release procedures.
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Effluent Characterization

The liquid effluent, which consists of water from the
evaporator/crystallizer used to produce the solid filter cake
produced by the brine-recovery operation, should not pose a
significant hazard to human health or to the environment.
Much of the recovered water is recycled for use in the pro-
cess. The solid waste from the process, consisting of dried
filter cake, is likely to require stabilization prior to disposal
in a hazardous-waste landfill.

The EDS tests indicate that the hazardous constituents of
gaseous effluents are present only in very low concentra-
tions, especially in the gaseous effluent from the SCWO
reactor liquid after pressure letdown. If scrubbers and car-
bon filters are used properly, these discharges should meet
regulatory standards. However, this must be confirmed
through comprehensive testing and characterization of the
trace constituents of gaseous effluents.

Completeness of Effluent Characterization

The liquid and solid effluents are well characterized, but
only major constituents of the gaseous effluents have been
characterized. As the ACW I Committee noted in its original
and supplemental reports, the gaseous process emissions will
have to be characterized for the health and environmental
risk assessments required by EPA guidelines (NRC, 1999,
2000). Measurements to date are not adequate for the com-
mittee to evaluate the environmental impact of the process.
Standard EPA methods of analyzing samples of gaseous
effluents generally produce full scans that can indicate the
quantities of a large number of compounds of environmental
concern.5  These results, along with the results of analyses of
emissions of metals (including chromium VI), can be used
to assess the environmental impact of a facility through
accepted risk-assessment methods (EPA, 1998).

Effluent Management Strategy

The proposed strategy appears to be reasonable and
should protect public health and the environment.

Off-site Disposal Options

Dunnage. Experience at JACADS and Tooele has shown
that only a tiny fraction of dunnage is contaminated with
agent. Uncontaminated dunnage from these two stockpile
locations is being disposed of off site by commercial waste
management facilities (McCloskey, 2000; U.S. Army, 1998).
Off-site management of uncontaminated dunnage is also
planned for both the Newport and Aberdeen sites. Off-site
management of dunnage from Pueblo would greatly reduce

the on-site processing requirements and greatly simplify pro-
cess integration by eliminating the need for size reduction
and SCWO treatment of the dunnage.

Brines. Brines produced from air pollution control pro-
cesses at Tooele are currently being shipped off site for dis-
posal by commercial waste management facilities. The Army
also plans to ship the effluent from SCWO (after concentra-
tion by evaporation) at Newport off site for disposal. This
material has been delisted as a hazardous waste by the state
of Indiana, and the Army has identified 16 commercial
facilities that can accept the brine (Wojciechowski, 2000).
Off-site management of SCWO effluent after evaporation
(to recover water) would eliminate the need for a crystallizer
and simplify process integration at Pueblo.

Environmental Compliance and Permitting

The combination of technologies in the General Atomics
technology package is not expected to lead to problems with
environmental compliance or permitting. All process waste
streams except the SCWO off-gas will be evaluated prior to
release to confirm that they are either free of regulated sub-
stances or that these substances are at acceptable concentra-
tions. The SCWO off-gas will be scrubbed, monitored by
ACAMS, and passed through activated carbon filters.

ASSESSMENT OF OVERARCHING TECHNICAL ISSUES

Overall Engineering Design Package

Although the EDS test results with the PRH, the ERH,
and their HDCs appear to warrant proceeding with additional
developmental testing of these GATS components, the cor-
rosion of the SCWO reactor liner raises questions about
whether the GATS process could destroy the munitions
stored at Pueblo within a reasonable period of time. Even
though tests of the dunnage-shredding and micronizing sys-
tem were successful, this system would be superfluous if the
SCWO system cannot treat the resulting dunnage slurry. The
SCWO system, a major part of the process, still has signifi-
cant problems, especially the high maintenance associated
with corrosion of the reactor liner and thermocouple well.

Steps Required Before Implementation

The initial evaluation of the GATS process by the ACW I
Committee identified the following steps required for imple-
mentation (NRC, 1999). These steps are reevaluated below.

Conduct tests of the cryofracture process to ascertain if it
provides better access to the agent cavity in projectiles and
mortars than the baseline disassembly process.

5EPA analyses are done with 8000 Series methods, especially those us-
ing gas chromatography/mass spectrometry scans—for example, Methods
8260B, “VOCs by GC/MS,” and 8270C, “Semi-VOCs by GC/MS.”
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The cryofracture process was not tested in the EDS pro-
gram. Therefore, concerns about operating hazards associ-
ated with the possible accumulation of agent in the cryobath
have not been addressed. In addition, the advantages of
cryofracture over the baseline system disassembly process
have not been demonstrated.

Sample and analyze air emissions from the demonstration
system. The air emissions will have to be measured to a level
of detail and accuracy that can be used for HRAS (health
risk assessments) and environmental risk assessments
required by EPA.

Subsequent testing resulting in extensive analyses of air
emissions revealed no obvious problems. However, efflu-
ents from all major feed streams in the GATS process for
Pueblo have not been characterized (e.g., effluent from the
SCWO reactors that process the energetics hydrolysate-
dunnage slurry) because EDS testing did not include pro-
cessing of those streams. Moreover, final determinations of
safety and environmental acceptability can only be made
through a formal risk assessment process.

Verify that energetic materials encased in metal (e.g., rocket
or other munitions fragments) will be hydrolyzed.

The EDS testing appears to demonstrate that energetic
materials encased in metal can be hydrolyzed successfully,
although some questions remain regarding the absolute com-
pleteness of the hydrolysis. During the Demonstration I
testing, fuzes were observed to have popped on the HDC,
indicating that they may not have been completely hydrolyzed.
Also, the ERH tests were conducted on rocket segments even
though there are no rockets in the stockpile at Pueblo.

Ascertain how well the SCWO process can handle high-
solids materials (shredded dunnage).

No SCWO testing was conducted using energetic
hydrolysate slurried with shredded and micronized dunnage.
Consequently, this step remains to be demonstrated.

Determine erosion and corrosion behavior of the components
of the SCWO system.

The EDS testing and other testing cited in this report pro-
vided design information on the erosion and corrosion
behavior of SCWO components. The data, which appear to
be excellent, confirm high rates of corrosion. As discussed
elsewhere in this report, the GATS SCWO system, as cur-
rently designed, would present a significant maintenance
burden for operators and maintenance personnel.

Previous Findings and Recommendations

In this section, the findings and recommendations regard-
ing the GATS process from the two ACW I Committee re-
ports are reviewed to determine if they are still valid or if
they have been addressed by the EDS tests or by information
from the evolving GATS design (NRC, 1999, 2000).

Review of Findings from the 1999 Initial ACW I Committee
Report (NRC, 1999)

Finding GA-1. Cryofracture appears to be an effective
method for accessing the agent in projectiles and mortars
and might provide an improvement over baseline disassem-
bly in accessing gelled or crystallized agent. This remains to
be demonstrated.

Cryofracture as a means of accessing the agent cavity has
still not been tested. The ACW I Committee’s original find-
ing remains unchanged (see new Finding [Pueblo] GA-8 and
Recommendation [Pueblo] GA-4).

Finding GA-2. Hydrolysis of energetics at the scales
proposed by the technology provider is a relatively new
operation. Chemically, it is possible to hydrolyze all of the
energetic materials; however, the rate of hydrolysis is lim-
ited by the surface area and, therefore, depends on particle
size. (Smaller particles are more desirable because they have
a higher surface-to-volume ratio.) The proposed method of
removing and hydrolyzing the energetics appears to be
reasonable, but further testing is required to determine
the hydrolysis rates and to confirm that throughput rates can
be achieved.

This finding is still valid. The ERH successfully hydro-
lyzed fuzes and bursters (Demonstration I), as well as 4-inch
to 8-inch rocket segments of propellant (EDS). The hydroly-
sis time for rocket segments is consistent with overall pro-
cess feed rates. Further process development is ongoing.

Finding GA-3. The rotary hydrolyzer appears to be a mature
reactor configuration that is well suited for this application.

The committee’s evaluation of the detailed design for the
ERH raised a concern about basing the design of a full-scale
flow ERH strictly on data collected from ERH testing con-
ducted in a batch reactor. This finding is superseded by the
new finding (Pueblo) GA-2.

Finding GA-4. Shredding of dunnage and injection of the
slurry directly into a SCWO system is a new and unproven
process. General Atomics claims to have developed a
proprietary pump capable of pumping the slurry at high pres-
sures, but it has not been tested under the intense solids load-
ing anticipated. Furthermore, the injection of large amounts
of solid material, including shredded wood, cut-up nails, and
complex organic materials, such as pentachlorophenol and
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other wood preservatives, into the SCWO system has not
been demonstrated. Considering the difficulty SCWO
reactors have encountered with deposition of solids when
liquids are treated, the committee believes that this applica-
tion of SCWO may encounter significant difficulties. (At the
time of this writing, processing of solids with SCWO was
being performed as part of the ACWA demonstrations.)

The EDS testing has demonstrated the dunnage-shredding
system with some success. However, no tests have been con-
ducted for SCWO treatment of shredded and slurried dun-
nage. As a result, this finding remains unchanged.

Finding GA-5. All of the findings in the NRC report, Using
Supercritical Water Oxidation to Treat Hydrolysate from VX
Neutralization, apply to the General Atomics system.

A subsequent NRC report indicated that the findings pre-
sented in the 1998 NRC report Using Supercritical Water
Oxidation to Treat Hydrolysate from VX Neutralization are
still applicable to the SCWO system planned for Newport
(NRC, 2000). For Pueblo, considerable additional data have
been accumulated from Demonstration I and EDS testing,
including the data resulting from a planned change in mate-
rials of construction from platinum to titanium. Neverthe-
less, concerns about the SCWO system for Pueblo remain.

Finding GA-6. The crystallization and evaporation opera-
tions have not been tested for this application. Although these
are conventional technologies and are expected to work
effectively, testing will be necessary.

No testing of crystallization and evaporation has been per-
formed. This finding is unchanged.

Finding GA-7. No hold-test-release facilities are provided
for gases from the hydrolysis reactors or the SCWO reactors.
These gases will be scrubbed using activated carbon prior to
release.

This finding is unchanged; however, the committee con-
siders this requirement to be unnecessary for safety or pro-
tection of the environment.

Review of Findings and Recommendations from the 2000
ACW I Committee Supplemental Report

Finding (Demo I) GA-1. Testing on the hydrolysis of ener-
getic materials contaminated with agent will be necessary
before a full-scale system is built and operated.

This finding is not being addressed by the ACWA EDS
program.

Finding (Demo I) GA-2. Testing will be required to verify
that the larger-diameter supercritical water oxidation

(SCWO) reactor feed nozzles will be capable of accepting
the dunnage material as shredded (i.e., without additional
classification and segregation) and that the reactor will per-
form reliably under these conditions.

This finding is still valid. During EDS testing, microniz-
ing and slurrying of the dunnage was successful, but no
SCWO testing with this slurried material was performed.

Recommendation (Demo I) GA-1. Operation of the size-
reduction and slurrying system, and long-term operation of
the supercritical water oxidation (SCWO) reactor with
slurry, should be conducted before proceeding with a full-
scale system.

This recommendation has been partially fulfilled. The
size-reduction system appears to have performed well in both
Demonstration I and EDS testing; however, SCWO treat-
ment of slurried dunnage has not been tested to date.

Recommendation (Demo I) GA-2. Before construction of
a full-scale supercritical water oxidation (SCWO) system,
additional evaluations of construction materials and fabrica-
tion techniques will be necessary because corrosion and
plugging prevent continuous operation with the present
design. If the new construction materials do not solve these
problems, then alternative SCWO reactor designs should be
investigated.

The EDS test results reinforce this recommendation. Fur-
thermore, scale-up from the test vessel, with a diameter of
approximately 4 inches, to a full-scale reactor, with a
diameter of 18 inches, introduces additional uncertainties
about how well the reactor liner will withstand corrosion.

Recommendation (Demo I) GA-3. To determine the oper-
ability of the supercritical water oxidation (SCWO) reactor
and the reliability of the materials of construction, long-
duration runs of a SCWO reactor should be conducted with
slurry, with energetics hydrolysate, and with agent hydroly-
sate before full-scale implementation proceeds.

This recommendation is still valid.

Recommendation (Demo I) GA-4. The efficacy and safety
of the additional step to remove aluminum hydroxide from
the hydrolysate produced from rocket propellants should be
evaluated prior to construction of a full-scale supercritical
water oxidation (SCWO) system.

This recommendation is not pertinent to the Pueblo facil-
ity because no rockets are stored at the Pueblo site. EDS
testing showed that phosphate precipitation did remove
aluminum from the hydrolysate. However, the testing was of
insufficient duration to ascertain whether the removal was
adequate for the small quantities of aluminum in the muni-
tions stored at Pueblo.
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Recommendation (Demo I) GA-5. Decontamination of
solid munitions materials by flushing and immersion should
be demonstrated prior to full-scale implementation.

This recommendation is still valid. No testing of agent-
contaminated munition material has been conducted to date.

Recommendation (Demo I) GA-6. The air emissions data
from the demonstration tests should be used in a screening
risk assessment. The results of the air effluent samples should
be subject to (1) a human health risk assessment following
the Human Health Risk Assessment Protocol (HHRAP) for
Hazardous Waste Combustion Facilities from the Environ-
mental Protection Agency (EPA) [EPA530-D-98-
001(A,B,C)] and (2) an ecological risk assessment follow-
ing a protocol that will be released by EPA in the very near
future.

This recommendation is still valid. At the time this report
was being prepared, no environmental health or ecological
risk assessments for a disposal facility at Pueblo had been
performed based on the available emissions data from the
EDS testing (General Atomics, 2001).

New Findings and Recommendations

Finding (Pueblo) GA-1. The GATS projectile/mortar dis-
assembly (PMD) machines should perform as well as they
do in the baseline system. The modifications in the reverse
assembly steps in the GATS process should not substantially
affect the performance of the PMD machines.

Finding (Pueblo) GA-2. The GATS energetic rotary
hydrolyzer (ERH) is a new technology that has been tested
only in a batch-system mode. None of the testing to date has
been performed on a full ERH operating system in a flow-
system mode in conjunction with a heated discharge
conveyor.

Finding (Pueblo) GA-3. The liquid nitrogen tank of the
cryofracture system could be a site of accumulation for neat
agent that may leak from munitions either because the muni-
tions are already leakers or because thermal shock causes a
leak. Although it is unlikely that very much agent would
leak from any one munition, small amounts could poten-
tially accumulate in the liquid nitrogen bath and create a
hazard during cleaning and other maintenance activities.

Finding (Pueblo) GA-4. Additional testing and demonstra-
tion of the demilitarization protective ensemble (DPE) suit
shredding and micronizing system will be necessary to
establish the operability of the process at full scale. The EDS
tests established the proof of concept but did not demonstrate
the operability of a continuous shredding and micronizing
system for DPE suit material.

Finding (Pueblo) GA-5. The GATS supercritical water oxi-
dation (SCWO) system is subject to large, sudden pressure
swings that could cause a backup of materials from the
SCWO reactor into the feed lines. If pure oxygen is one of
the feed streams, pressure upsets could create a safety prob-
lem. During engineering-scale testing of a General Atomics
SCWO reactor configuration intended for use at the Newport
site to treat VX hydrolysate, flammable material forced by
pressure surges into an oxygen line caused a fire.

Finding (Pueblo) GA-6. Although the operation of the
GATS supercritical water oxidation reactor was demon-
strated over a 500-hr period during the engineering design
study tests, the reactor required frequent shutdowns for
inspection, maintenance, or replacement of corroded reactor
components. This high maintenance requirement would
seriously burden operating personnel in a full-scale
operation.

Finding (Pueblo) GA-7. Corrosion remains a serious oper-
ating problem with the GATS supercritical water oxidation
system. Failure to shut down in time to replace a perforated
reactor liner could result in rapid corrosion of the high-
pressure reactor shell.

Finding (Pueblo) GA-8. A detailed throughput analysis that
takes into account intermediate storage capacity has not been
carried out. A throughput analysis would verify if planned
throughput rates can be achieved.

Recommendation (Pueblo) GA-1. Provisions should be
made in the design of the liquid nitrogen cryobath for the
remote cleanout of residues that may be contaminated with
agent.

Recommendation (Pueblo) GA-2. A flow-system version
of the energetics rotary hydrolyzer should be built and tested
to assess materials flow characteristics prior to construction
of the full-scale system. The tests should be performed on
chunks of material similar in size to the fuzes, bursters, pro-
pellants, and mixtures of energetics and metals and other
inert components.

Recommendation (Pueblo) GA-3. Methods for monitoring
the extent of corrosion in the supercritical water oxidation
reactor other than by measuring effluent turbidity should be
investigated. Outputs from the monitors should identify cor-
rosion that exceeds safe operating limits, enabling operators
to take corrective action when necessary.

Recommendation (Pueblo) GA-4. Safeguards should be
provided for the GATS supercritical water oxidation
(SCWO) system against pressure surges causing material
from the reactor to flow back into a feed pipe. The use of
pure oxygen feed for the GATS SCWO system should be
avoided if at all possible.
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4

Parsons/Honeywell Technology Package

DESCRIPTION OF THE PROCESS

Introduction and Overview

The Parsons/Honeywell team includes Parsons Infrastruc-
ture and Technology Group, Inc.; Honeywell, Inc.; the
Illinois Institute of Technology Research Institute (IITRI);
and General Atomics, Inc. The team uses the acronym
WHEAT (water hydrolysis of explosives and agent technol-
ogy) to denote its technology package for the demilitarization
of assembled chemical weapons. The process proposed for
disposal of the stockpile at the Pueblo Chemical Depot
includes seven basic operations:

• The Army’s baseline disassembly process, with modi-
fications, to separate agent, energetics, and metal parts.

• Batch hydrolysis of mustard agent (HD and HT).
• Batch hydrolysis of energetics.
• Biological processing, followed by evaporation/

crystallization, to convert the hydrolysis products to
liquids or solids acceptable for discharge to the
environment or liquids acceptable for recycling. Bio-
logical treatment is done in the immobilized-cell
bioreactor (ICB).

• Thermal treatment in the batch metal parts treater
(batch MPT) or the rotary metal parts treater (rotary
MPT) to decontaminate metal parts to 5X.

• Heat treatment in the continuous steam treater (CST)
to decontaminate dunnage to 5X.

• Catalytic oxidation for cleansing process gas dis-
charges from the plant and activated carbon filtration
for some or all of the off-gas streams.

A block flow diagram for the Parsons-Honeywell tech-
nology package is presented in Figure 4-1, and a detailed
description of the package follows.

Disassembly of Munitions and Removal of Agent and
Energetics

The munitions to be processed from the Pueblo Chemical
Depot stockpile are listed in Table 1-2. The Parsons/
Honeywell process is designed with the expectation that on-
site containers, such as those used to transport munitions
from the Deseret Chemical Depot storage area in Utah to the
adjacent disposal facility at Tooele, will not be used
(Parsons, 2000b). Instead, modified ammunition vans
(MAVs) are used to transport munitions from the storage
area to the disposal facility. Moreover, the Parsons/Honeywell
technology package does not include a container-handling
building. Munitions are transported from the depot storage
igloos directly to the on-site munitions storage building
(MSB) and from there to the unpack area (UPA) in the
munitions demilitarization building (MDB) (Parsons, 2000c).
Munitions disassembly involves the following areas and
systems:

• MSB (buffer storage area) and a UPA
• WHEAT projectile/mortar disassembly (WPMD)

machine
• WHEAT multipurpose demilitarization machine

(WMDM)
• energetics rotary deactivator (ERD)
• burster washout machine (BWM)
• energetics shredder
• projectile rotary washout machine (RWM)

The normal sequence of events for disassembly can be
summarized as follows. Munitions are removed from their
pallets or boxes in the UPA and, if they contain no propel-
lant, are conveyed into the explosion containment room
(ECR), where the WPMD machine begins disassembly.
Bursters and burster tubes are removed and sent to the BWM,
where energetics are removed and fed to the energetics
shredder. The shredded energetics are then sent to the ener-



Copyright © National Academy of Sciences. All rights reserved.

Analysis of Engineering Design Studies for Demilitarization of Assembled Chemical Weapons at Pueblo Chemical Depot 
http://www.nap.edu/catalog/10182.html

50

V
en

t 
to

at
m

os
ph

er
e

W
H

E
A

T
p

ro
je

ct
i le

/
m

o
rt

a
r 

d
e

m
il i

ta
ri

za
tio

n
m

a
ch

in
e

S
hr

ed
de

r
a

n
d

se
pa

ra
to

r

W
H

E
A

T
M

un
iti

on
s 

de
m

ili
ta

riz
at

io
n 

 
m

ac
hi

ne

E
ne

rg
et

ic
s

ro
ta

ry
de

ac
tiv

at
or

B
ur

st
er

w
as

ho
ut

m
ac

hi
ne

E
ne

rg
et

ic
s

sh
re

dd
er

E
ne

rg
et

ic
s

hy
dr

ol
ys

is

B
a

tc
h

C
ar

bo
n

fil
te

rs
pr

eh
ea

te
r

qu
en

ch

R
ot

ar
y

C
ar

bo
n

fil
te

rs
pr

eh
ea

te
r/

C
A

T
O

X
qu

en
ch

R
ot

ar
y

w
as

ho
ut

m
ac

hi
ne

E
va

po
ra

to
r

cr
ys

ta
lli

ze
r

C
la

rif
ie

r/
th

ic
ke

ne
r

F
ilt

er
pr

es
s

Im
m

ob
iliz

ed
 

ce
ll 

bi
or

ea
ct

or

Im
m

ob
iliz

ed
 

ce
ll 

bi
or

ea
ct

or

pr
eh

ea
te

r

F
ilt

er
P

re
ss

5X
 m

at
er

ia
l

W
oo

d

D
em

ili
ta

riz
at

io
n 

pr
ot

ec
tiv

e 
en

se
m

bl
e

su
it 

m
at

er
ia

l

C
ar

bo
n

P
ro

pe
lla

nt

M
un

iti
on

s 
fr

om
un

pa
ck

 a
re

a

A
ge

nt
hy

dr
ol

ys
is

D
eb

ur
st

er
ed

m
un

iti
on

s

F
uz

es
B

oo
st

er
 c

up
s

N
os

e-
cl

os
ur

e 
pl

ug
s

B
ur

st
er

s 
an

d
bu

rs
te

r 
tu

be
s

O
ff

-
ga

s

A
ge

nt
h

yd
ro

ly
si

s

C
on

de
ns

at
e

O
ff-

ga
s

E
ne

rg
et

ic
hy

dr
ol

ys
at

e

W
as

he
d-

ou
t

en
er

ge
tic

s

O
ff-

ga
s

B
ur

st
er

 tu
be

s

O
ff-

ga
s

5X
 M

at
er

ia
l

B
ur

st
er

 w
el

ls

C
on

de
ns

at
e

A
ge

nt
 h

yd
ro

ly
si

s

M
un

iti
on

bo
di

es

M
un

iti
on

 b
od

ie
s

5X
 M

at
er

ia
l

V
en

t 
to

 a
tm

os
ph

er
e

Li
qu

id

F
ilt

ra
te

S
lu

dg
e

F
ilt

ra
te

S
al

ts

S
a

lts
 t

o
di

sp
os

al

S
lu

dg
e 

to
di

sp
os

alR
ec

ov
er

ed
w

at
er

O
ff-

ga
s

V
en

t 
to

 
at

m
os

ph
er

e

O
ff-

ga
s

O
ff-

ga
s

A
ge

nt

A
ge

nt

Im
m

ob
ili

ze
d 

ce
ll 

bi
or

ea
ct

or
C

on
de

ns
at

e

S
pe

nt
de

co
nt

am
in

at
io

n
so

lu
tio

n

C
on

de
ns

at
e

A
ge

nt
hy

dr
ol

ys
at

e

O
ff-

ga
s

V
en

t 
to

at
m

os
ph

er
e

O
ff-

ga
s

F
uz

es
B

oo
st

er
 c

up
s

N
os

e-
cl

os
ur

e 
pl

ug
s

O
ff

-
ga

s
O

ff
-

ga
s

Li
qu

id

O
ff-

ga
s

E
ne

rg
et

ic
s

B
a

tc
h

 m
et

al
 p

ar
ts

 tr
ea

te
r

C
on

de
ns

at
e

A
ge

nt
hy

dr
ol

ys
at

e

T
es

te
d 

in
 D

em
o 

I a
nd

 E
D

S

T
es

te
d 

in
 D

em
o 

I o
nl

y

T
es

te
d 

in
 E

D
S

 o
nl

y

O
ff-

ga
s

m
et

al
 p

ar
ts

tr
ea

te
r

m
et

al
 p

ar
ts

tr
ea

te
r

M
et

al
 p

ar
ts

tr
ea

te
r

M
et

al
 p

ar
ts

tr
ea

te
r

C
on

tin
uo

us
 s

te
am

 
tr

ea
te

r 
qu

en
ch

E
ne

rg
et

ic
s 

ro
ta

ry
 d

ea
ct

iv
at

or

C
on

tin
uo

us
 

st
ea

m
 tr

ea
te

r
C

on
tin

uo
us

 
st

ea
m

 tr
ea

te
r

C
on

tin
uo

us
 

st
ea

m
 tr

ea
te

r

C
on

tin
uo

us
st

ea
m

 tr
ea

te
r 

qu
en

ch

A
ge

nt
 h

yd
ro

ly
si

s

F
IG

U
R

E
 4

-1
P

ar
so

ns
/H

on
ey

w
el

l W
H

E
A

T
 b

lo
ck

 f
lo

w
 d

ia
gr

am
. S

ou
rc

e:
 A

da
pt

ed
 f

ro
m

 P
ar

so
ns

, 2
00

0a
.



Copyright © National Academy of Sciences. All rights reserved.

Analysis of Engineering Design Studies for Demilitarization of Assembled Chemical Weapons at Pueblo Chemical Depot 
http://www.nap.edu/catalog/10182.html

PARSONS/HONEYWELL TECHNOLOGY PACKAGE 51

getics hydrolysis system. Fuzes, burster cups, and nose-
closure plugs are also removed in the WPMD and are fed to
the ERD. The deburstered munitions from the WPMD are
sent to the WMDM, where the burster wells are removed
and the agent is drained to the agent storage tank. The burster
wells are fed to the batch MPT for 5X treatment, and the
munition bodies are sent to the projectile RWM. Any residual
mustard is removed from the agent cavity by washing with
high-pressure water jets in the RWM, and the washed bodies
are sent to the rotary MPT. The spent wash solution from the
projectile RWM is sent to the agent hydrolysis system. More
complete descriptions of these operations follow.

Buffer Storage Area and Unpack Area

Because nighttime transport of munitions from depot
storage to the plant site will not be allowed, 24 hours of
buffer storage capacity for incoming munitions will be pro-
vided in the MSB. If thawing of the mustard agent in the
incoming munitions is necessary, it will take place in the
MSB (winter and summer design temperatures for the Pueblo
facility are –20°F and 97°F [–29°C and 36°C], respectively).
Munitions that have been identified as leaking chemical
agent (leakers) will not be included in the normal feedstock
retrieved from the storage igloos. Known leakers will be pro-
cessed separately, as they are at baseline system facilities.
However, during the energetics removal process, especially
upon removal of the burster tube, a leak may be detected or
may develop. In such cases, the munition is to be decontami-
nated, overpacked, and moved to a separate area for further
processing. In the UPA, propellant-free munitions delivered
from storage igloos are removed from their pallets.

Pallets of boxed munitions that contain propellant are also
unpacked in the UPA (Parsons, 2000c). Munitions are then
moved to the propellant removal room (PRR), where the
munition inside its fiberglass container is placed in a glove
box and monitored for agent. If agent is detected, the muni-
tion is overpacked and sent back to the depot for storage and
will be demilitarized in a separate campaign. If agent is not
detected, the munition is removed from the container and
moved to one of four stations, where the propellant is
removed; in the case of 4.2-inch mortar rounds, both the
propellant and the ignition cartridge are removed. The pro-
pellant is temporarily stored in a propellant storage room
and eventually returned to the depot for storage. The
propellant-free munition is either returned to the depot for
storage or returned to the UPA for disassembly in the ECR.

Projectile/Mortar Disassembly

Projectiles are disassembled in individual campaigns for
each caliber of munition by the WPMD, an eight-position,
rotating table machine with five main stations. The WPMD
removes the nose-closure/lifting ring or the fuze (for 105-
mm projectiles and mortars, respectively). Fuzes with

booster cups are removed and punched by the WPMD to
expose the explosive. The 4.2-inch mortar has a steel burster
well attached to the fuze by a threaded connection. The
WPMD unscrews and removes this assembly and then
extracts the burster from the burster well. For all other pro-
jectiles, the burster in its metal casing is removed from the
burster well by another WPMD station. The bursters are fed
to the BWM; mortars and projectiles that have had their
bursters removed are fed to the WMDMs in the munitions
demilitarization machine (MDM) room. The nose-closure
parts, fuzes, booster cups, and miscellaneous parts are fed to
the ERD.

Energetics Rotary Deactivator

When the ERD receives the fuzes, booster cups, and mis-
cellaneous parts from the WPMD, it heats them until they
are deenergized (i.e., until they deflagrate or detonate). The
shell of the ERD is maintained at 1,250°F (677°C) by
electric-induction heating, and the parts are heated to 650°F
(343°C) in about 5 minutes. One ERD is located in each of
the two ECRs. The deenergized fuzes and booster cups then
exit the ERD onto a conveyor that moves them to the batch
MPT for 5X decontamination. Before exiting the ECR,
washed burster tubes from the BWM are added to the same
conveyor. In the parts transfer area, the conveyor material
drops into a container, which is placed on the batch MPT
conveyor by a pick-and-place machine. En route to the batch
MPT, the containers stop to receive burster wells that have
been removed at the WMDM.

During campaigns for 155-mm projectiles, the lifting lugs
are fed to the ERD. At those times, the ERD is used only to
move materials, and the induction heating coils are not acti-
vated. The vent gases from the ERD are sent to the MPT
quench tower.

Burster Washout Machines

Bursters from the mortars and projectiles are fed into the
BWMs by a pick-and-place machine and processed in the
BWMs to wash out all explosives (Parsons, 2000c). There is
one BWM in each ECR (total of two). The BWM has a rotary
carousel with multiple receptacles. Bursters are aligned with
a multinozzle water-jet washout probe on the BWM so that
the jet cuts into the explosive charge axially from the open
end. The water jet, which contains no abrasive, is injected at
about 12,000 psi, although lower pressures of 2,000 to 3,000
psi are being considered. When the jet reaches the end of the
burster tube, the water-jet probe is withdrawn. The washed
burster tubes are discharged from the BWM one at a time
onto a conveyor for transport to a container-loading station
in the parts transfer area and then conveyed to the batch MPT
for 5X decontamination.

The washout water from the BWM entrains the explosive
particles and washes them out of the burster casing. The par-
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ticles and water pass through a low-speed shredder that
reduces all particles to <0.25 inch in diameter, which facili-
tates the transport of the resulting slurry to the hydrolysis
reactors and lowers hydrolysis reaction residence time. The
slurry is discharged from the shredder to a collection tank.
From there, it is pumped to the hydrolysis reactors.

Multipurpose Demilitarization Machine

The agent-accessing process in the Parsons/Honeywell
EDP is a new design that has a WMDM and an RWM
(Parsons, 2000c). The WMDM functions much like the
baseline system MDM but is designed to contain agent spill-
age, which sometimes occurred during disposal operations
at JACADS when the projectile burster wells were pulled.

The Parsons/Honeywell munitions-processing scheme is
also intended to solve the problem of draining partially
solidified agent, which has been found in mustard-filled
munitions. Draining of mustard-filled munitions at JACADS
was problematic because of the presence of an unpredictable
quantity of degradation products in the form of mustard
sludge/solids. The first operation of the WMDM is removal
of the burster well by a pull station that has a cylindrical
containment/splash-guard attachment to contain spillage.
The burster wells removed from the munitions bodies are
placed in the energetics parts containers for processing in the
batch MPT. The WMDM has a station for cutting through
the casing wall in the eventuality of a failed pull operation.
The baseline draining station has been replaced in the
Parsons/Honeywell design with a tilt-and-drain station to
remove agent that is liquid. The drained casings are then fed
forward to the projectile RWM, where sludge and solids are
removed. The drained agent is then collected and transferred
to agent storage tanks in the toxic cubicle.

Projectile Rotary Washout Machine

The solid heel or sludge that remains inside the munitions
casing is washed out in the projectile RWM using recircu-
lated wash water through high-pressure water jets (Parsons,
2000c). The optimum temperature for the water-jet washout
of munitions has not yet been determined, but the guideline
is to keep the water temperature low so the bulk of the
mustard materials inside the munitions are washed out with
minimal hydrolysis of the mustard. Parsons expects the tem-
perature to be between 16 and 43°C (60 and 110°F) (Parsons,
2000d). The washout solution is acidic to minimize agent
hydrolysis.

The agent washout slurry is then allowed to settle. The
supernatant water, which contains dissolved thiodiglycol and
hydrochloric acid, is recycled to the water-jet probes. A
wash-water purge stream is mixed with fresh make-up water
in an approximate ratio of 1:3 (wash-water purge: fresh
water) and fed to the hydrolyzers. The settled material,

anticipated to be 90 percent mustard, is removed and sent to
the holding tank for agent concentrate in the toxic cubicle.

The washed munitions, which are expected to have no
more than 2 volume percent agent in the cavity, are delivered
to a conveyor and moved through an airlock to the loading
device of the rotary MPT. Each munitions-processing line
has its own RWM.

Hydrolysis of Agent and Energetics

Hydrolysis of Agent

A flow diagram of agent neutralization in the Parsons/
Honeywell WHEAT process is shown in Figure 4-2. Drained
agent from the WMDM, agent concentrate from the projec-
tile RWM, MPT condensate, CST condensate, and spent
decontamination solution from the agent and energetics
hydrolyzers are stored in three cubicles in the MDB. Up to
5,300 lb of agent is stored in a 500-gallon tank. A 1,300-
gallon tank is also available but is intended for emergency
use only. Agent concentrate (up to 4,680 lb of mustard as a
nominal 90 weight percent mustard solution) is stored in
another 500-gallon tank. These three tanks are in the toxic
cubicle. The MPT and CST condensate streams, which are
the purge streams from the MPT and CST quench towers,
are stored in two more tanks, each with a 6,800-gallon stor-
age capacity. Once these streams have been shown to be free
of agent, they are sent to the agent hydrolysate tank. If agent
is present, they are sent to the agent hydrolyzers. The tanks
holding condensate provide about 24 hours of buffer stor-
age. The spent decontamination solution is sent to the agent
hydrolysis reactors.

The hydrolysis of agent is carried out in three identical
agent-neutralization rooms (Parsons, 2000c). Each room
contains two agent-hydrolysis reactors and one holding tank
for spent decontamination solution. The agent hydrolyzers
are used to destroy agent drained from the WMDM, agent
concentrate from the projectile RWM, and any agent in the
spent decontamination solution. They are also used to
destroy agent in the MPT/CST condensate, if any has been
detected.

Agent from the holding tank in the toxic cubicle (drained
agent) is pumped, along with hot water, through a static-
mixer eductor, which disperses the agent in the water. The
dispersion is pumped to a well-stirred 2,520-gallon (1,525-
gallon working capacity) reactor lined with polyvinylidene
fluoride and jacketed with hot water. The reactor is partially
filled with hot water at 90°C (194°F) (titanium reactors are
being considered as alternatives to PVDF-lined reactors).
The agent concentration in the reactor is approximately
4 percent. The agent feed rate is controlled to maintain an
excess of water, which prevents the formation of sulfonium
salts that would slow the hydrolysis and give rise to addi-
tional by-products. As the agent reacts with water, hydro-
chloric acid is produced, which lowers the pH to about 2.
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FIGURE 4-2 Agent hydrolysis process. Source: Adapted from Parsons, 2000a.

The reaction time is about 2.5 hours. Because the reaction is
exothermic, heat is removed through a jacket and an external
loop with a heat exchanger. Upon completion of the reaction,
18 percent sodium hydroxide is added to adjust the pH to
between 10 and 12, preventing the reforming of agent. The
hydrolysate is then transferred to the hydrolysate tank.

The reactor is maintained at 90°C (194°F) during
hydrolysis and blanketed with nitrogen. The pressure is
maintained at 3 psig, and the reactor is vented to the MPT
off-gas treatment system except during agent filling, when
the vent is closed.

The batch cycle for the hydrolysis of agent concentrate
from the projectile RWMs is the same as for the drained
agent. Spent decontamination solution is pumped from hold-
ing tanks to the hydrolyzers as required.

Hydrolysis of Energetics

Figure 4-3 is a flow diagram of energetics neutralization
in the Parsons/Honeywell process. The feed to the energetics
hydrolysis system is a slurry of burster energetics consisting
of tetryl, tetrytol, or a mixture of TNT and tetryl, depending

on the type of munitions being processed (Parsons 2000a,
2000c). The slurry particles are 0.125 inch in diameter or
less. Propellants will be hydrolyzed during the facility close-
out campaign (Parsons, 2000d). Three reactors, each with an
operating capacity of 200 gallons, are installed, with two in
operation and one as a spare. The reactors are constructed of
304 stainless steel and have jackets for heating and cooling.
Vigorous agitation is provided in the reactor to keep the
energetics particles suspended. An external pump-around
loop may be used to provide additional agitation; a decision
on this possible design feature is pending. The batch cycle
starts with the addition of caustic and water to the reactor.
The temperature is then raised to 90°C (194°F), and the
energetics slurry is added, achieving a caustic-to-TNT or
caustic-to-tetryl ratio of 3:1 and an energetics loading of 12
weight percent. An antifoam agent is also added. The batch
cycle hydrolysis time is 8 hours. At the end of the reaction
period, the batch is sampled and the pH adjusted to within a
range appropriate for biotreatment (see next section) if re-
quired. The product is pumped to an energetics hydrolysate
storage tank and then fed to the bioreactors. Off-gases from
the reactor are sent to the quench tower for the rotary MPT.
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FIGURE 4-3 Energetics hydrolysis process. Source: Adapted from Parsons, 2000a.

Biological Treatment

In the Parsons/Honeywell biotreatment system (shown in
Figure 4-4), the agent and energetics hydrolysates are com-
bined and diluted with water, mixed with inorganic nutrients,
and fed to the ICBs (immobilized-cell bioreactors), which
contain aerobic microorganisms that will consume most of
the organic content of the hydrolysates. The bioreactor
system consists of 16 ICBs arranged in four modules, with
four ICBs each. Each ICB has a capacity of 40,000 gallons
of liquid and a residence time of 5 days. Each ICB is fed
1,600 standard cubic feet per minute (scfm) of aeration air
from a 6,400-scfm air blower common to the four ICBs in a
module. The allowable temperature range of the liquid feed
is 24°C to 46°C (75°F to 115°F), with a pH of 6 to 8 main-
tained by adjusting with caustic. Parsons/Honeywell plans
to explore using higher concentrations of agent and ener-
getics in the feed to the bioreactors to reduce the number of
bioreactors from 16 to 12.

Each ICB has three chambers, with air sparged into the
bottom of each chamber. Agent and energetics hydrolysates
are mixed with nutrients and process water and fed to the
bottom of the first chamber. The air and liquid flow concur-
rently up through a packed bed in the ICB. The liquid then
flows to the second chamber and then to the third. A micro-
bial culture, specific to the organic constituents in the feed,
is established in the ICB packed-bed media. This culture
digests the organics, producing carbon dioxide and water, as

well as other typical waste-treatment effluents or biomass.
Some of the oxygen in the air is consumed; the remainder is
vented.

If a bioreactor malfunctions and produces off-specification
effluent with a high organic chemical content, the affected
bioreactor module (consisting of four ICB units) is isolated
from the rest of the system and operated in batch mode until
the problem is resolved.

The ICBs are expected to produce the following products:

• carbon dioxide, water, and biomass (solid products of
the biological cell mass produced in the reactions; they
consist of microbial organisms, residues from organ-
isms, adsorbed metals, grit, and dirt)1

• other products, such as chloride and sulfate salts
• some low-molecular-weight, partially oxidized species

(e.g., acetic acid), as well as some organic compounds
that color the aqueous solution (color bodies)

Until the EDS bioreactor test results became available,
the design called for sending the liquid effluent from the

1The technology provider estimates that about 80 percent of the carbon
in the process feed is oxidized to carbon dioxide; the balance is either in the
organic biomass (sludge) remaining in solution or in the air stripped from
the bioreactor. Test results indicate that the amount of organics that are air-
stripped is small, on the order of a few kilograms per year projected for the
full-scale plant (Parsons, 2000e).
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ICBs to a clarifier for separation into sludge and overflow
streams (Parsons, 2000e). The sludge was to be dewatered in
filter presses and sent off site to a landfill. The filtrate from
the filtration step was to be combined with the clarifier over-
flow, and the combined stream (about 100 gallons/min) was
to be sent to a brine evaporator. The distillate, about 90 per-
cent of the feed, was to be recycled as process water. The
bottoms were to be sent to an evaporator/crystallizer for
additional water recovery and the crystallized salts sent off
site for disposal; the distillate was to be added to the recycled
process-water stream. However, EDS test results showed that
(1) the clarifier is not needed, (2) the bioreactor effluent can
be recycled without clarification, and (3) a slipstream can be
sent to the evaporator for removal of salts and sludge. Vented
air from the ICBs can be sent to the off-gas treatment system
(Parsons, 2000e).

Metal Parts Treaters

Batch Metal Parts Treater

There are two MPTs in the Parson/Honeywell WHEAT
design:  a batch MPT and a rotary MPT. The batch MPT
processes deactivated fuzes, booster cups, nose-closure cups,

lifting lugs, and miscellaneous parts from the ERD, as well
as burster tubes from the BWM and burster wells from the
WMDM. Treatment is done in a batch mode. Munitions parts
are placed in containers in a cylindrical vessel heated by
external electric-induction coils. The interior of the vessel is
swept with superheated steam at slightly below atmospheric
pressure. The system is designed to accept munition trays
like the ones used at Tooele (Parsons-AlliedSignal, 1999).
The munition load is heated primarily by radiation from the
vessel walls, with time and temperature conditions designed
to meet 5X requirements. Any organic materials present are
vaporized or pyrolyzed.

When 5X decontamination requirements have been met,
the batch MPT is purged with nitrogen, and following con-
firmation of the absence of chemical agent in the vapor
phase, the tray and its contents are discharged. The tray con-
tents are removed and sent to temporary waste storage or to
disposal. The batch MPT vent gas stream is reheated to
677°C (1,250°F) and sent to the MPT quench tower, which
the batch MPT shares with the rotary MPT. In the quench
tower, the vent gas is contacted with a recirculating alkaline
brine solution; the resultant noncondensable vent gases are
sent to the MPT off-gas treatment CATOX unit.

FIGURE 4-4 Biotreatment process. Source: Adapted from Parsons, 2000a.
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A commercial superheater is used to supply steam. The
superheater is designed for 50-kW, 15-psig/full vacuum at
538°C (1,000°F) and has a capacity of 138,000 Btu/hr.

Off-gases are heated to 677°C (1,250°F) to ensure com-
plete destruction of the mustard (Parsons, 2000c). This is
also done using a standard commercial heater designed for
50-kW, 15-psig/full vacuum at 816°C (1,500°F) and having
a capacity of 94,000 Btu/hr and a residence time of 0.5
seconds.

Rotary Metal Parts Treater

The rotary MPT receives munition bodies from the pro-
jectile RWM and treats them to a 5X decontamination level.
The rotary MPT is cylindrical and contains a rotating inter-
nal mechanism with an assembly of cages, baffles, and an
internal pipe. Munition bodies are loaded and discharged one
at a time through air locks at the feed and discharge ends. As
one body is loaded, a treated body is simultaneously dis-
charged. The residence time for each munition body is 75
minutes for 105-mm projectiles and 4.2-inch mortars and
105 minutes for 155-mm projectiles.

The rotary MPT is heated by using external induction
coils and swept with superheated steam at near-atmospheric
pressure. The wall of the MPT is maintained uniformly at
677°C (1,250°F).

Off-gases from the rotary MPT are passed to a heater that
raises the temperature to 677°C (1,250°F) to ensure destruc-
tion of any residual mustard. Downstream of this heater, the
gas stream is cooled and condensed in the MPT quench
tower. A purge stream of the resulting brine is then sent to
the MPT/CST condensate holding tanks and from there, if
agent free, to the bioreactors. If agent is found, the brine is
sent to the agent-hydrolysis system. Noncondensable gases
are sent to the CATOX unit of the MPF off-gas treatment
system.

Continuous Steam Treater for Dunnage

The CST treats nonprocess waste and dunnage to a 5X
decontamination level. Materials fed to the CST include
shredded wood pallets, spent activated carbon from the
HVAC beds, and shredded plastic from DPE suits.

Wood and DPE suit material are size-reduced prior to
being fed to the CST. The activated carbon does not require
size reduction. At the time this report was written, the tech-
nology provider was planning to use a single, four-shaft
shredder with a cutting chamber 44 inches wide by 40 inches
long (1,118 mm by 1,016 mm) and powered by a 75 hp elec-
tric motor (K. Burchett, Parsons representative, personal
communication, November 10, 2000). The shafts and cutters
reverse upon amperage overload to minimize jamming.
Removable screens are used so the particle size distribution
of the product can be changed. The wood chips produced
will be about 5 inches long and 0.5 inches wide. A magnetic

separator is installed downstream of the shredder to remove
metal parts. A similar smaller shredder is used to size-reduce
DPE suit material.

The CST is operated in a continuous mode. Its main fea-
ture is a horizontally positioned cylinder that feeds materials
into one end and moves them through the cylinder by means
of a rotating, multibladed auger shaft that turns in a 30-inch-
diameter trough running the length of the CST. External
induction heating coils are used to heat the wall of the drum
and hence all internal materials. Because the interior of the
CST has a potentially corrosive environment, especially if
condensation forms during cooldown, Parsons/Honeywell
has selected Hastelloy C-276 as the material of construction
(Parsons, 2000a).

Superheated steam at nominally atmospheric pressure is
used as a sweep gas. The amount of steam is 50 percent in
excess of the amount needed to destroy the maximum
amount of agent preliminarily estimated to be present. The
steam is supplied at nominally atmospheric pressure and
538°C (1,000°F) from a superheater, which also supplies
steam to the batch MPT (Parsons, 2000a). An off-gas efflu-
ent heater heats the vent gas to 649°C (1,200°F) with a resi-
dence time of 0.5 seconds to ensure the destruction of any
organics present. These gases are then sent to a quench tower,
where they are contacted with a recirculating alkaline brine
solution. Vent gases from the quench tower are sent to the
CATOX unit of the CST off-gas treatment system. A liquid
purge from the quench tower is fed to the ICBs.

Granular activated carbon is mixed in with the CST feed,
except when carbon from the HVAC system is being treated,
to maintain scouring action in the CST and minimize char-
ring during processing runs for DPE suit material. The CST
discharge is screened to separate activated carbon from the
ash, and the reusable carbon is recycled to the feed end.

Treatment of Off-gases and Disposal of Wastes

The off-gas treatment system has six trains, each with its
own CATOX unit (Parsons, 2000a). The monolithic catalyst
beds, heaters, reactors, and control systems for each train are
of conventional design (Parsons, 2000d). Four trains, one
for each ICB module, serve only air vented from the ICB
modules. The other two trains serve the MPTs and the CST.
Figure 4-5 is a flow diagram of the off-gas treatment system.

Each airstream from an ICB module is heated to between
425 and 450°C (797 and 842°F) and passed to a CATOX
unit for the removal of trace organics and oxidizable
nitrogen-containing and chlorine-containing compounds
before discharge to the atmosphere. The released effluent
contains nitrogen oxides, hydrogen chloride, and dioxins and
furans below the levels of regulatory concern. The inlet tem-
perature can be lowered to about 371°C (700°F) if upstream
process conditions impose a heavier than anticipated organic
load. To avoid premature deactivation of the catalyst, the
maximum sustained operating temperature at the discharge
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FIGURE 4-5 Off-gas treatment systems. Source: Adapted from Parsons, 2000a.

of the catalyst bed is 677°C (1,050°F). Thus, the systems
should be able to handle combustible loads with a rise in
adiabatic temperature of 194°C (350°F). Methylene chloride
is present in this stream and is only partially oxidized (39
percent) (Parsons, 2000e). At the time this report was being
prepared, Parsons/Honeywell was not planning to pass dis-
charge gas from the CATOX unit through activated carbon
(K. Burchett, Parsons representative, personal communica-
tion, March 2, 2001).

Process gases vented from the rotary MPT, batch MPT,
ERD, and various process tanks are sent to the MPT quench
tower, from which they are passed in series through a flame
arrestor, a preheater, a CATOX unit, and a water-cooled heat
exchanger. The cooled gases are then sent to the MDB ven-
tilation system, which contains activated carbon adsorbers.
The CST off-gas treatment system has the same design and
capacity as the MPT off-gas system.

Liquid Effluent

The Parsons/Honeywell technology package is designed
to have no liquid discharges, with the possible exception of a
concentrated brine stream from the bioreactor effluent
evaporator. All liquid streams are recycled to conserve water,
avoid the need for a discharge permit, and mitigate a poten-
tial source of public concern. All water introduced into the
facility, whether as process water, spent decontamination
solution, or water used to wash down equipment, is treated

and reused either in the hydrolyzers or at other locations in
the facility. However, under some circumstances (e.g., if the
humidity is higher than 90 percent), excess water is pro-
duced. If so, it is stored for use as makeup water under more
typical conditions.

Biosolids

Until the EDS bioreactor test results became available,
Parsons/Honeywell planned to separate biosolids from
bioreactor effluents by means of a clarifier, followed by
dewatering them and compacting them in a filter press.
Drummed filter cake would then be sent off site for ultimate
disposal in a secure landfill, in the same way as the dried
salts (see next section). However, the EDS bioreactor tests
showed that this separation step is not necessary (Parsons,
2000e). Therefore, bioreactor effluent containing the
biosolids can be sent to the evaporator without removing the
biosolids, which remain with the salts. Biosolids and salts
are then disposed of together.

Salts

Salts are produced as the result of the hydrolysis of agent
and energetic materials, chemical decontamination from
washing of the facility, and the biotreatment process. These
salts contain metals (e.g., lead) derived from munition com-
ponents. Dried salts were originally to be crystallized from
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the brine in an evaporation step. As indicated in the previous
section, however, Parsons/Honeywell now plans to remove
both biosolids and salts as a single liquid stream during the
evaporation step and dispose of them off site.

Metal Parts

Metal parts from the MPTs that have been decontami-
nated to a 5X condition are subsequently deformed to meet
the requirements of the CWC. Historically, this material has
been sold to commercial firms as metal scrap.

Nonprocess Wastes

Nonprocess wastes are not direct products of the hydrolysis/
biotreatment process but are generated by operational activi-
ties or maintenance activities. Nevertheless, this category of
material must meet ultimate disposal criteria. Uncontami-
nated waste is not processed other than being packaged for
disposal according to government regulations. Contaminated
waste requires processing that renders it suitable for disposal.
Contaminated waste must be strictly separated from uncon-
taminated waste.

Dunnage, which includes packing materials such as wood
pallets, fiberboard, steel bands, glass, plastic, and paper, is
retained for disposal by a nonincineration means that has not
been specified. The Parsons/Honeywell process intends to
follow the lead of the baseline system in selecting a non-
incineration disposal method (the dunnage incinerator at
Tooele has not performed adequately).

Another major nonprocess waste stream is used personal
protective clothing and equipment, which includes DPE
suits, Tyvek coveralls, gloves, boots, masks, canisters, filters,
hoses, and other items. The disposal method for this type of
waste depends on whether it is at a 3X decontamination level
or has never been in contact with agent. The current baseline
method is to retain this waste for placement in a hazardous
waste landfill as a listed waste. Parsons/Honeywell proposes
to process DPE suits and other personal protective wastes
through the CST after size reduction to improve homogeneity

and handling. If this does not prove to be practical, the
baseline system method for disposal of these wastes would
be used.

Other nonprocess waste streams include waste oils and
spent hydraulic fluids, which, if contaminated with agent,
might be treated in the hydrolyzer and bioreactor systems.
Spent activated carbon might be treated in the CST.

Changes to Process

Table 4-1 shows the changes made to the Parsons/
Honeywell WHEAT process since the Demonstration I tests
(NRC, 2000).

INFORMATION USED IN THE DEVELOPMENT OF THE
ASSESSMENT

Engineering Design-Related Documents

To assess the components of the proposed Parsons/
Honeywell design, the committee used the following sources
of information:

• The 1999 NRC report Review and Evaluation of Alter-
native Technologies for Demilitarization of Assembled
Chemical Weapons (NRC, 1999) and the supplemen-
tary report Evaluation of Demonstration Test Results
of Alternative Technologies for Demilitarization of
Assembled Chemical Weapons (NRC, 2000), the latter
of which focuses on the results of the Demonstration I
tests. Since the supplementary report was published,
the process has been modified in several respects.
Additional testing was under way while the present
report was being prepared.

• Documents received at a preliminary EDS review at
Parsons on August 2 and 3, 2000. These include
Project Design Note (T) – 002 (Parsons, 2000b) and
Project Design Note (T) – 005 (Parsons, 2000f).

• Documents from the EDP received at an EDS review
conducted by Parsons Infrastructure and Technology

TABLE 4-1 Changes to the Parsons/Honeywell Process Since Demonstration I

Process Area Former Configuration Current Configuration

Munitions disassembly No control for effervescent spillage of mustard. Cylindrical splash guard to control effervescent spillage of mustard.
Munitions disassembly Baseline agent-drainage system. Tilt-and-drain station for agent drainage.
Munitions disassembly No removal of solidified agent from munitions. New rotary washout machine.
Biotreatment Effluent oxidized with Fenton’s reagent. No oxidation step.
Biotreatment Partial recycling of clarifier effluent. Most bioreactor effluent recycled without treatment. No clarifer.

Remaining effluent processed through brine concentrator and
evaporator/crystallizer.

Biotreatment Salt removed with rotary-drum dryer. Salt (and biosolids) removed with evaporator/crystallizer.
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Group on November 8, 9, and 10, 2000. These include
copies of the preliminary hazard analysis (Parsons,
2000c), visual aids (Parsons, 2000a), the design basis
manual (Parsons, 2000d), and process and block flow
diagrams (Parsons, 2000a).

• Handouts from Scott Susman, PMACWA engineer, at
briefings on the status of the EDS on August 9 and
October 19, 2000 (Susman, 2000a, 2000b).

• Results of tests of the ICB system (Parsons, 2000e)
and of a catalytic oxidation unit (Parsons, 2000g).

Engineering Design Studies Tests

Four series of tests were scheduled in support of the
Parsons/Honeywell EDS: (1) tests on the biotreatment,
evaporation, crystallization, and filtration steps for the treat-
ment of mustard agent hydrolysate (Parsons, 2000a, 2000e),
(2) tests by IITRI, in which mustard agent was fed to a
CATOX unit during 786 hours of operation (Parsons,
2000g), (3) CST tests on dunnage (in progress as this report
was being drafted) using granular activated carbon (Parsons
reported that low levels of dioxins and furans were formed
in the CST during processing of DPE suits [K. Burchett,
Parsons representative, personal communication, December
27, 2000]), and (4) tests of the projectile washout concept
using a small-scale agent hydrolysis reactor, a scaled-down
munition MPT, and a CATOX unit (not yet carried out at the
time this report was being prepared).

ASSESSMENT OF PROCESS COMPONENT DESIGN

Disassembly of Munitions and Removal of Agent and
Energetics

Transportation to Pueblo

Munitions are transported from the depot storage igloos
to the Pueblo disposal facility in MAVs rather than in on-site
containers on a flatbed truck. The decision to use MAVs,
even though flatbed trucks are used at Tooele, is based on
the much lower toxicity of mustard agent compared with the
GB and VX nerve agents. A MAV is a sealed van, the air
space of which can be sampled to ensure that no munitions
have leaked during transport. The use of the MAV is being
validated by an ongoing transportation risk assessment.
Pueblo already has a MAV, and a MAV is being used to
transport munitions at CAMDS.

Projectile/Mortar Disassembly

The steps for removing fuzes, bursters, and miscellaneous
parts in the WPMD are the same as in the baseline system
PMD. The components that transport the disassembled parts
to their destinations differ: (1) nose plugs, fuzes, and miscel-
laneous parts are moved by conveyor to the ERD, (2) bursters

are moved to the BWM by a pick-and-place machine, and
(3) projectiles/mortars without bursters are moved to the
WMDM by conveyor (the same as in the baseline system).
The changes from the baseline PMD should not unduly affect
the performance or safety of the WPMD.

Burster Washout Machine

The BWM has a rotary carousel with multiple burster-
holding receptacles; 12,000-psi water-jet probes (no abra-
sive) are used to wash out the burster tubes. Water-jet
washout of the M55 rocket burster was successfully demon-
strated during the ACWA Demonstration I tests using
12,000-psi water.2  The use of water-jet technology at a
Pueblo disposal facility should be straightforward. Pressure
should not build up within the burster tubes because the jet
direction is tangential toward the walls and the tubes are
open at both ends (K. Burchett, Parsons representative, per-
sonal communication, February 1, 2001). Lower pressure
jets, 2,000 to 3,000 psi, may be used in full-scale operations.

The washout water and the accompanying energetics par-
ticles are directed to a shredder to reduce the particles to
<0.25 inch in diameter. The technology provider believes
that enough water can be provided during shredding to pre-
vent the ignition of the energetics. The BWM has not yet
been built, much less tested, and the potential for separating
larger energetics particles from the washout solution has not
been evaluated. Shredding of the particles without sufficient
washout solution could result in ignition. If larger energetics
particles cannot be separated from the bulk washout solu-
tion, Parsons should consider design modifications to pre-
vent or mitigate ignition.

Energetic Rotary Deactivator

The ERD was not tested during the Demonstration I or
EDS phases of the ACWA program. The unit operation
receives fuzes and burster cups from the munition dis-
assembly process. The fuzes of artillery rounds contain an
AN #6 priming mix, lead azide, tetryl, and black powder.
The burster cups contain lead azide and tetryl. The ignition
temperature ranges of these materials listed in the design
basis manual are incorrect (Parsons, 2000d). Based on the
onset of the exotherm in data from differential scanning calo-
rimetry in the explosives handbook from the Lawrence
Livermore National Laboratory (Dobratz, 1981), these num-
bers, with the exception of TNT, are incorrectly listed as
degrees Fahrenheit (°F) rather than degrees Celsius (°C).
Parsons plans to operate the ERD with a shell temperature of
677°C (1,250°F) and estimates that a minimum 5-minute
residence time will be necessary to heat the fuzes and burster

2A review of water-jet technology for demilitarizing ordnance can be
found in Appendix G of the ACW I Committee’s report (NRC, 1999).
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cups to the operating temperature of 343°C (650°F). This
temperature is only marginally above the ignition tempera-
ture of lead azide and may therefore be too low to ensure its
thermal deactivation. The other energetic materials will be
thermally deactivated in the ERD.

The ERD is designed to contain the overpressure of the
energetic reaction caused by exposure of the energetic mate-
rials in the fuzes and burster cups to the elevated tempera-
ture. A nitrogen atmosphere is maintained in the ERD by a
constant purge flow of nitrogen gas to ensure that only
thermal deactivation reactions occur. The feed rate to the
ERD must be controlled to limit the amount and type of
energetic materials in the ERD at any one time and thereby
avoid exceeding ERD overpressure design limits.

Multipurpose Demilitarization Machine and Projectile Rotary
Washout Machine

The Parsons/Honeywell and baseline system MDMs have
the same purpose, to access and remove agent in unburstered
munitions. The WMDM differs from the baseline MDM in
several ways: (1) the original baseline MDM configuration
had no way to contain effervescent agent spillage, (2) the
WMDM includes a step to open the 4.2-inch mortar for
accessing solidified agent (see below), (3) the WMDM uses
a tilt-and-drain station instead of a suction tube, and
(4) solidified agent is removed in the projectile RWM, which
has no equivalent in the baseline system.

The WMDM and RWM were scheduled to be tested with
86 mortars in early 2001 with a small-scale agent hydrolysis
reactor, a scaled-down MPT, and a CATOX unit. Removal
of solidified agent from mortars is expected to be the most
difficult part of the operation because of the internal baffle
structure. These early tests will focus on the best way to
open the mortar for washout. Reverse soldering and mechanical
cutting of either end of the mortar will be tested. Several of
the access methods will be tested to determine washout
parameters. Another test objective is to observe phase sepa-
ration to reduce the amount of water that goes to the agent
storage tanks. The chemical and physical characteristics of
drained agent and washout solids will also be determined.

Hydrolysis of Agent

Toxic Cubicle

Drained agent from the WMDM, agent concentrate from the
RWM, MPT condensate, CST condensate, and spent decon-
tamination solution from the agent and energetics hydrolyzers
are stored in three cubicles in the MDB. The tanks that hold
agent and agent concentrate are located in the toxic cubicle.
Other streams that might contain agent are collected in the
other two cubicles. The committee was not convinced that
adequate instrumentation has been provided to monitor for
leaks of agent in the toxic cubicle.

Agent Hydrolysis Reactors

Six reactors hydrolyze agent drained from the WMDM,
the agent concentrate from the projectile RWMs, and agent
in spent decontamination solutions. The hydrolyzers are also
used to destroy any agent detected in the MPT/CST con-
densate.

Agent from the holding tank in the toxic cubicle (drained
agent) is pumped, along with hot water, through a static
mixer eductor, which disperses the agent in the water. The
agent-in-water dispersion is pumped to a well-stirred 2,520-
gallon (1,525-gallon working capacity) PVDF-lined, hot-
water-jacketed reactor partially filled with hot water at 90°C
(194°F). If modified titanium, which is being considered, is
the material of construction for the reactor, ferric chloride
will be added to the reactant mass to maintain an oxidizing
environment. The initial agent concentration in the reactor is
approximately 4 percent.

The hydrolysis of mustard agent has been studied exten-
sively (NRC, 1999, Appendix D). The reaction is mass-
transfer-controlled, and vigorous agitation accelerates the
reaction. Mustard agent in stored munitions may be only 80
percent pure. As a consequence, although thiodiglycol is the
primary product, many other compounds may be present in
the hydrolysis product that must be taken into account in
downstream operations. Hydrolysis will be the disposal
method for mustard agent stored (in bulk only) at the
Aberdeen, Maryland, storage site. If the design for Pueblo
takes into account the existing knowledge base and lessons
learned from ongoing studies of disposal of the Aberdeen
stockpile, operational difficulties at Pueblo should be
minimal.

Hydrolysis of Energetics

Three batch reactors, each with a nominal 300-gallon
capacity and a 200-gallon working capacity, will be used to
hydrolyze energetics, including TNT, tetryl, tetrytol, and
propellants from mortars and 105-mm projectiles. Propel-
lants will be processed during the final disposal campaigns
prior to closure of the facility. The process is designed for
8-hour batches, with two reactors operating and one in
reserve. The reactors are constructed from 304 stainless steel
and are designed for 150 psig and full vacuum at 121°C
(250°F). The reactor temperature of 90°C (194°F) is con-
trolled with external heating and cooling jackets.

The reactors are charged with a 50 weight percent NaOH
solution and hot process water prior to the addition of the
energetics slurry, which is 20 weight percent energetics. The
slurry is generated from the washout water and solid ener-
getic materials removed from the munitions in the BWM.
Prior to introduction into the hydrolysis reactors, the slurry
mixture from the BWM is shredded in the energetics
shredder to ensure the proper particle-size distribution.

The gases from the reactor are sent to the MPT quench
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system. A sample test stream from a recirculation loop is
analyzed to determine the extent of reaction. This circulation
loop also increases agitation in the reactor. The final ener-
getic material load in the reactor is designed to be 12 weight
percent after all reactants have been added. The caustic-to-
energetics molar ratio for TNT or tetryl is designed to be 3:1
(Parsons, 2000a).

The Parsons/Honeywell design team does not plan to test
the energetics hydrolysis system during the EDS phase. The
design is based on tests done at the Pantex Plant in Amarillo,
Texas, in collaboration with LANL. Energetics hydrolysate
for the Demonstration I testing was provided from the Pantex
Plant. The major design differences between the EDS
Parsons/Honeywell energetics neutralization reactor system
and the Pantex Plant system are as follows:

• The energetics are fed as a slurry in the Parsons/
Honeywell process, whereas they are fed as solid feed
at Pantex.

• The material of construction is 304 stainless steel for
the Parsons/Honeywell process; the reactor at Pantex
is glass-lined.

• The hydrolysate will not be filtered in the Parsons/
Honeywell process as it normally is in the Pantex pro-
cess.

Biological Treatment

Parsons/Honeywell proposes using modules of parallel
ICB units to biodegrade the organic constituents in agent
and energetics hydrolysates and MPT/CST condensate,
followed by catalytic oxidation of gaseous effluents and
recovery of water and dried solids from liquid effluents by
evaporation/crystallization. This process raises several issues
that must be addressed.

The efficacy of the biological treatment of thiodiglycol
and related organic constituents in mustard hydrolysate has
been well established at both bench scale and pilot scale
(NRC, 1993, 1996, 1999). The biotreatment of a mixture of
mustard and energetics hydrolysates has been successfully
demonstrated (NRC, 2000). Biological oxidation under aero-
bic conditions is accomplished by nonspecific mixed micro-
bial populations in a variety of reactor configurations,
including conventional industrial wastewater treatment
facilities. Results of the EDS tests confirmed that this tech-
nology is effective in treating the planned feed stream to the
ICB modules (i.e., a mixture of mustard and energetics
hydrolysates and MPT/CST condensates) (Parsons, 2000e).
Thiodiglycol was not detected in process effluents from the
ICBs during these tests.

Nevertheless, the current design, which calls for interme-
diate storage of mixtures of MPT/CST condensate and agent
hydrolysate, should be reconsidered. The composition of the
MPT/CST condensate will probably vary because of the
variety of waste streams treated in the MPT/CST. A change

in the composition could result in poor treatment or even
upsets in the ICBs. If MPT condensate and CST condensate
are stored separately, adjustments of the feed rate to the ICBs
could be made as necessary.

Currently, the biological treatment step (i.e., ICB units)
appears to be the rate-limiting step for overall throughput.
The bioreactors are designed to treat up to 22 batches of
agent hydrolysate per day; the maximum theoretical treat-
ment of agent is 36 batches per day at 4 percent agent load-
ing into the hydrolysis reactor. These parameters suggest that
plans to increase the agent loading to 8 or even 12 weight
percent in the hydrolysis reactor could adversely affect
throughput for the biological treatment of hydrolysate. In
addition, biological processing of washout and decontami-
nation streams at higher rates than the design rates will be
difficult to achieve. Thus, the overall destruction rate of the
Pueblo stockpile will be limited by ICB throughput capacity.

The ICB units must be kept in operation independent of
upstream processing, and operating conditions must be main-
tained for maximum TOC (total organic carbon) loading and
minimum hydraulic retention time, while maintaining treat-
ment effectiveness. These objectives might be realized by
decoupling the ICB units from upstream processing by
increasing the intermediate storage capacity for agent and
energetics hydrolysates, and by incorporating off-site treat-
ment of hydrolysates into the facility design. Preliminary
EDS results suggest that most of the biological treatment in
the ICBs occurs in the first stage; limited treatment occurs in
the second stage; very little TOC removal occurs in the third
stage. Therefore, increasing the treatment rates of the ICBs
might be accomplished by increasing the TOC concentration
of the Stage 1 inlet feed, reducing hydraulic residence time,
or providing additional hydrolysate feed to the second stage.

Simplification of the water-recovery process sequence
following treatment in the ICB units would improve process
operations and reduce capital expenditures. Industrial expe-
rience and preliminary testing indicate that solids in the crys-
tallizer could be cohesive or sticky, that foaming could occur,
and that environments could be extremely corrosive. These
conditions could exist under both acidic and alkaline condi-
tions because of the presence of chlorides, sulfates, phos-
phates, nitrates, and carbonates.

Based on preliminary EDS results indicating low total
suspended solids in ICB effluent, the sludge clarifier/
thickener might be eliminated. Off-site disposal of concen-
trated brine rather than dried salts would eliminate the need
for the crystallizer and solids filtration steps. Off-site brine
disposal would also be consistent with current operations at
Tooele, Utah, and planned operations at Newport, Indiana.
The basis for the currently designated materials of construc-
tion for the evaporator and crystallizer is unclear. If on-site
crystallization is included in the final process design, a more
extensive evaluation of the materials of construction will
be necessary, including stressed-materials coupon-exposure
tests. The dried solids from the crystallization step might be
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considered a RCRA hazardous waste because of their origin
or because of the potential for a highly variable heavy metals
content (owing to variability in mercury or other heavy met-
als in the munitions).

The CATOX unit for the gaseous effluents from the ICBs
should be designed to withstand corrosion and a high rate of
scaling from entrained liquids. Entrained liquids are likely
to contain chlorides, nitrates, sulfates, and phosphates under
mildly acidic to alkaline conditions (pH 6 to 9). Preliminary
results from the EDS investigations suggest that localized
scaling and corrosion are likely.

Metal Parts Treatment

Batch Metal Parts Treater

The batch MPT processes deactivate fuzes, booster cups,
nose-closure cups, lifting lugs, and miscellaneous parts from
the ERD, as well as burster tubes from the BWM and burster
wells from the WMDM. The interior of the vessel is swept
with superheated steam at slightly below atmospheric pres-
sure from a superheater with time and temperature condi-
tions designed to meet the 5X decontamination requirements.
Any organic materials are vaporized or pyrolyzed. The batch
MPT is purged with nitrogen between batches. Following
confirmation that no chemical agent is present in the vapor
phase, the tray is discharged and its contents sent to tempo-
rary storage or final disposal.

A potential problem is the leakage of air into the batch
MPT, which could cause a fire. The PHA addresses this issue
for two failure types: (1) breaches of doors or walls or failure
of the air-lock door seals caused by high temperature and
(2) loss of nitrogen purge. A breach or seal failure would
cause a release of steam and toxic/flammable gas into the
room and fire in the room. The fire-suppression system
would mitigate the effects of fire and agent release. The
response to the loss of nitrogen purge at the end of the treat-
ment with steam would be a shutdown of the external heater,
triggered by high temperatures in the batch MPT.

Rotary Metal Parts Treater

The rotary MPT receives munition bodies from the pro-
jectile RWM and decontaminates these bodies to a 5X con-
dition. The rotary MPT is heated by external induction coils
and swept with superheated steam at 12 psia pressure. The
wall of the MPT is maintained uniformly at 677°C (1,250°F).

One concern is the potential for jamming of the muni-
tions bodies within the rotary MPT because of the high
temperatures (649°C; 1,200°F). The following are some
possible causes of jamming:

• warping of the munitions bodies because of thermal
stresses

• softening and flowing of munition components

• breaking off or cracking of components with shards or
edges that can lodge in the MPT framework

• melting of silver solder and fusing of the munitions to
the MPT framework

Another concern is agent leakage from the rotary MPT
during maintenance activities or normal operation. Although
the munition bodies will have been washed out, at times
agent might in fact be present. Air locks (i.e., chambers with
inlet and outlet doors) will be provided at both ends of the
rotary MPT to prevent leakage of air into the rotary MPT
and leakage of agent out of the rotary MPT. Consequently,
the effectiveness of the air locks is critical. The possibility of
leaks into and out of the rotary MPT is addressed in the PHA.
Negative pressure in the rotary MPT, positive pressure (satu-
rated steam) in the air locks, and the presence of a fire-
suppression system, as well as other effective controls, are
recommended in the PHA.

Treatment of Dunnage in the Continuous Steam Treater

The CST treats nonprocess waste and dunnage to a 5X
decontamination level. Shredded wood pallets, spent acti-
vated carbon from the HVAC beds, and shredded plastic
from DPE suits are fed to the CST. Wood and DPE suit
material are size-reduced by a process that has two four-
shaft shredders, one for wood and one for DPE suit material.
The shredder for wood has a cutting chamber 44 inches wide
by 40 inches long. The shafts and cutters reverse upon
amperage overload to minimize jamming. A similar but
smaller shredder is used to size-reduce DPE suit material.

Even with the automatic reversing feature, jamming of
the shredder could occur, and lodging of items in the feed
chute should be anticipated. Therefore, the feed chute to the
shredder must be large enough to ensure that the largest feed
item (probably a pallet) cannot become trapped in the chute.
Tests must be run with chutes and shredders of the same
dimensions as those planned for full-scale operation to
ensure that the design of the feed chute is adequate.

Selection of the materials of construction for the Parsons/
Honeywell CST will be critical. Hydrogen chloride, a very
corrosive material, will be produced when DPE suits are
treated. Therefore, caustic (form not specified) will be added
to neutralize the hydrogen chloride. Condensate may form
when the CST is shut down.

The committee expects that combustible gases (carbon
monoxide and hydrogen) will be formed in the CST as a
result of the reaction between steam and activated carbon.
The formation of these gases would reduce the amount of
steam available for the hydrolysis of mustard; in addition,
the gas formed will be highly flammable. This possibility
has apparently not been explored to date.

The PHA addresses the potential problem of leakage of
air into the CST, which could result in a fire or other un-
wanted chemical reactions. The cooling-water temperature
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will be monitored to ensure that the temperature remains
within design limits. If it exceeds the limits, the external
heater will be shut down. Leakage of gases out of the CST
will be prevented by negative pressure in the vessel, which
must be monitored. A fire-suppression system is also pre-
scribed.

Off-gas Treatment and Disposal of Wastes

The Parsons/Honeywell process features three separate
off-gas treatment systems with three separate CATOX units.
The CATOX units for the ICBs will discharge off-gas
directly to the atmosphere; the units for the MPTs and CST
will discharge off-gas to the MDB carbon filters as a
precaution against venting any unreacted agent. Because the
hydrolysates fed to the ICBs are tested to ensure that they are
free of agent, it is reasonable to assume that carbon filters
will not be necessary to capture unconverted agent from the
ICB-fed CATOX units. However, trace pollutants could be
generated by the oxidation of volatile organic compounds in
the ICB vent gas. Also, Parsons indicated in a preliminary
report that low levels of dioxins and furans, believed to origi-
nate in the CST, were present in the off-gases from the
bioreactor CATOX units. At the time this report was being
written, preliminary data from the EDS tests indicated that
residual pollutants from the CATOX units treating off-gas
from the ICBs were below EPA regulatory limits (Parsons,
2000e).

The Parsons/Honeywell EDS also included tests of
CATOX units to ascertain if residual mustard agent that
might have survived steam treatment in the MPTs and CST
had been destroyed (Parsons, 2000a). These units were chal-
lenged with 10 mg/m3 of mustard agent, compared with
expected values of less than 3 µg/m3 in a full-scale operation.
The test results showed that the CATOX units could success-
fully achieve a destruction and removal efficiency of 99.999
percent at this level for a period of 637 hours. No catalyst
deactivation or increased pressure drop was observed. How-
ever, there was some plugging of the effluent cooler, pre-
sumably by products of combustion of the mustard agent.

Because levels of mustard agent in the off-gas from the
MPTs and CST in a full-scale facility are expected to be
orders of magnitude lower than the 10 mg/m3 used during
testing, the presence of mustard agent combustion products
in the effluent from the CATOX units would be rare. How-
ever, a significant level of organic compounds could be
present in the effluent from the CST. The 538°C (1,000°F)
steam used for the treatment of dunnage in the CST could
produce a variety of pyrolysis products. After post-treatment
of these products with steam at 1,200°F, a complex mixture
of combustible compounds could still exist in the gas phase
after the quench tower. One could also envision the forma-
tion of a smoke or soot aerosol in the CST quench tower on
cooling that would be difficult to scrub out. To date, the CST
vent-gas stream has not been characterized (with the excep-

tion of the detection of low levels of dioxins and furans) or
tested with a CATOX unit to see what remains after treat-
ment. Carbon filters may remove residual pollutants, but this
has not been demonstrated.

The Parson/Honeywell technology package is designed
to produce no liquid discharges, with the possible exception
of a concentrated brine stream from the bioreactor effluent
evaporator. Careful consideration has been given to the dis-
position of this brine and all other waste streams.

ASSESSMENT OF INTEGRATION ISSUES

Component Integration

Destruction of the Pueblo stockpile within the time speci-
fied by the CWC treaty requires that the overall process
achieve the required throughput levels and process availabil-
ity (i.e., the fraction of time the plant can operate). Thus, the
throughput and availability of each process step, in combi-
nation with equipment redundancy and sufficient buffer
storage capacity between process steps, must result in the
specified destruction rate. Integrating the individual process-
ing steps will require effective process monitoring and con-
trol to ensure that appropriate materials are fed at each step
and that all materials discharged from the plant meet safety
and environmental specifications. In addition, attainment of
the required process availability depends on the durability of
all materials of construction and the effectiveness of the plant
operating and maintenance force.

The Parsons/Honeywell WHEAT technology package is
a combination of continuous and batch processing steps with
selective buffering capabilities between some of the process-
ing steps. Parsons has designed the process and specified the
size and number of components to enable the disposal of the
entire stockpile at Pueblo in 29 months; this will entail oper-
ating the plant 24 hours per day, 7 days per week, and an
overall plant availability of 52 percent (Parsons, 2000d).
Each type of munition will be handled in a separate disposal
campaign.

Process Operability

The maximum integrated plant capacity is based on the
operation of the reverse-assembly and agent-accessing sys-
tems (the WPMD/WMDM combination) for 63 percent of
the time, or about 15 hours per day; downstream agent-
neutralization processing systems must operate 24 hours per
day, using all of the installed system’s capacity. The design
feature that is expected to limit capacity of the integrated
facility is the capacity of the bioreactor system, that is, the
number of ICB units. This limitation could be eliminated by
installing more ICB units, but at increased cost. The number
of individual components and systems has been chosen to
balance costs and expected average throughput rates and on-
stream time. An alternative would be to increase the concen-
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tration of hydrolysates in the feed. However, the ICB system
may not adequately destroy the components of the hydroly-
sate if the concentration is increased. Potential impacts of
increased concentrations have been previously discussed.

Materials of construction for the plant equipment have
been selected to provide reliable operation, so that the Pueblo
stockpile can be disposed of by the CWC treaty deadline. If
the EDS test results indicate that the composition of feed
streams will damage the equipment, more resistant materials
of construction will be specified. Moreover, further refine-
ments in the process are expected to result in changes in
materials of construction that will be incorporated into the
next developmental engineering phase for the WHEAT tech-
nology package.

Monitoring and Control Strategy

The monitoring and control strategy is based primarily on
existing methods and systems in use or planned for use at
other CSDP facilities or similar commercial installations
(e.g., industrial wastewater treatment plants). All of the
instruments and control elements are standard industrial
hardware with field-proven high reliability and robustness.
The overall system consists of the BPCS, ESS, and indi-
vidual equipment PLCs. The BPCS contains microprocessor-
based controllers. The ESS is a separate, dedicated safety
system consisting of PLCs or microprocessor-based control-
lers that will provide protective logic and enable safe shut-
down of the facility.

Process Safety

Energetic disassembly, burster tube washout, and fuze
deactivation take place in explosion containment areas. The
hydrolysis process operates at up to 90°C (194°F); the
bioreactor (ICB) processes operate at ambient temperature.
Both processes operate at ambient pressure. Handling failed
burster pulls at the WMDM cutting station and accessing
residual agent for washout by the projectile RWM involve
metal-cutting operations that have not been defined at this
stage, but the associated temperature, pressure, and explo-
sion hazards are expected to be in an acceptable range. The
CATOX units operate at 425°C (797°F); the MPTs operate
at up to 677°C (1,250°F). The hydrolysis reactors and the
MPTs, which represent the primary detoxifying processes,
operate either in a batch mode or, in the case of the rotary
MPT, have batch-type monitoring stations. The energetics
hydrolysis reactors also operate in batch mode. Thus, the
effectiveness of treatment will be ascertainable prior to the
release of material to the next step.

The remaining systems are routine chemical processes
and occur downstream of the primary (hydrolysis units,
MPTs, and the CST) and secondary (biotreatment) detoxify-
ing processes. These systems, which include equipment such

as scrubbers, carbon filters, evaporators, and crystallizers,
should pose no unique hazards.

Worker Health and Safety

The Parsons/Honeywell EDS design includes the removal
of propellant from 105-mm projectiles and the propellant
and ignition cartridge from 4.2-inch mortars in the PRR
adjacent to the UPA (most of the 105-mm projectiles and
4.2-inch mortars do not contain propellant). In the design
previously evaluated in the ACW I Committee report, this
operation was to be performed remotely (NRC, 1999). The
hazards to workers in the PRR are similar to those in the
UPA, and the consequences of accidents are also largely the
same. In the new design, munitions are handled by workers
more often than in the previous design, which could increase
the potential for accidents.

Experience at JACADS and Tooele indicates that the
handling of munitions is a low-risk operation. The munition
(inside its fiberglass container) is placed in a glove box and
monitored for the presence of agent prior to its removal from
the container. Thereafter, the munition is handled for propel-
lant removal in the open (i.e., not in a special ventilation
enclosure). Before total-solution operations for the Parsons/
Honeywell technology package can begin at Pueblo, a QRA
will be performed to ensure that risks in the PRR are low.

Following removal of the propellant, the munitions are
moved to the ECR, where remaining energetic materials are
separated from the munition body. The remote separation of
energetics and agent in a facility designed to contain explo-
sive overpressure reduces worker hazards. Disassembly
operations to separate energetics and accessing and draining
agent are done by machine (WPMD and WMDM), robot
arms (including pick-and-place machines), and conveyor
systems similar to baseline system processes and are not ex-
pected to introduce new hazards or to increase hazard levels
over similar baseline operations. The BWM incorporates an
energetics shredder, which has raised concerns about the
potential for energetics ignition. Metal-cutting steps will be
necessary if the WMDM fails to remove a burster well and
when accessing agent cavities for washout in the projectile
RWM. Both operations are performed remotely and present
hazards to maintenance workers only if they enter these areas
for maintenance work. The committee expects that appropri-
ate safety precautions (e.g., lock-out and tag-out, job hazard
analysis, and training) will be taken to protect workers.

The current Parsons/Honeywell WHEAT design intro-
duces complex machinery (e.g., the projectile RWM) that is
not included in the baseline system or in the earlier WHEAT
design. Perhaps the most significant worker safety issue is
maintenance of this specialized equipment in DPE suits, par-
ticularly during start-up and early disposal campaigns. Main-
tenance requirements for complex equipment that could
contain energetic residues in the presence of other equip-
ment with sharp edges have been increased throughout the
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EDS phase of WHEAT design. Maintenance can be per-
formed safely but will require increased attention to safety
as the design progresses.

The ERH may have an external recirculation loop. Pump-
ing an aqueous slurry of energetic materials can be done
safely under the proper conditions. If an accident occurs dur-
ing normal operations, there would be little risk to workers
because they are not expected to be present. The recircula-
tion loop and other components of the energetics hydrolysis
system should be designed to ensure that energetic material
cannot accumulate in the piping, valves, or pumps. There is
an ongoing research program at HAAP to define safe design
and operating parameters for the ERH reactor. Results of
this program should be carefully considered in the final
design of the WHEAT hydrolysis reactor.

If a process upset occurs requiring an emergency shut-
down, the products of incomplete hydrolysis in the agent
and energetics hydrolysis reactors will be extremely hazard-
ous. The ERD, rotary MPT, batch MPT, CST, and CATOX
units will be decontaminated through a time-at-temperature
process, but a forced shutdown might not result in complete
decontamination. Design features and procedures are
expected to be established for safe shutdown, restarting, and/
or maintenance of the systems that precede these units in the
event of a forced shutdown. The air effluent during an upset
would continue to be treated, first in the CATOX units, then
in activated carbon filters.

Only trace amounts of energetics will be present in the
batch MPT under expected operating conditions. The batch
MPT design incorporates an oxygen-free atmosphere and a
robust design to accommodate some carryover of energetics
from the BWM. Scenarios for the introduction of energetics
beyond design conditions, such as a major gross washout
failure in the BWM, will be evaluated to ensure that they are
extremely unlikely before the design is completed.

The ERD operates with a nitrogen gas atmosphere; the
batch MPT uses nitrogen purge gas at the end of each decon-
tamination cycle. Consequently, work areas will require
monitoring for oxygen deficiency to preclude asphyxiation
during normal and maintenance operations.

Potentially flammable dunnage pyrolysis products are
being characterized during EDS testing, and the impact of
these and other flammable effluents should be considered as
the design develops.

The biosludge produced in the ICBs could contain some
pathogenic microorganisms. The potential for worker expo-
sure to these microorganisms is expected to be minimized by
appropriate protective gear.

The primary hazardous materials used are sodium
hydroxide and sodium hypochlorite. These chemicals are
used routinely at many industrial facilities and are not unique
to the Parsons/Honeywell process.

Public Safety

The release of agent and other regulated substances in
effluents from the Parsons/Honeywell process is extremely
unlikely. The destruction of agent and energetics is verified
by hold-test-release operations before the transfer of
hydrolysate from the hydrolysis reactors to the ICBs and
before the transfer of bioreactor sludge to the sludge con-
tainerization step. The gaseous effluent from the bioreactors
is continuously released through catalytic oxidizers and
scrubbers. Thus, no hold-test-release operation is provided
for the gaseous effluent stream from the ICBs, but release of
agent from this stream is considered extremely unlikely
because of the source, the upstream monitoring, and the gas
treatment steps.

The most likely cause of a release of agent or other regu-
lated substances that might pose a threat to public health
would be an explosion or rupture of a pipe or vessel. Very
small releases of agent, which posed no public health risk,
occurred at JACADS and Tooele during maintenance opera-
tions. Wih the incorporation of lessons learned, as well as a
QRA, the likelihood of such occurrences at the conclusion
of the design process should be extremely small.

Preliminary Hazards Analysis

A PHA was prepared as part of the Parsons/Honeywell
EDP, in accordance with MIL-STD-882C. The PHA is based
on a preliminary hazards list that describes unmitigated haz-
ards; the list will be updated as the design process progresses
(DOD, 1993). Numerous PHA work sheets were generated,
and recommendations were made to reduce risk. The PHA
results were reviewed by a multidisciplinary group from the
Parsons/Honeywell team, which will track the means of miti-
gating hazards.

Parsons/Honeywell used the PHA for Tooele as a resource
document. For systems that are the same as or similar to
those at Tooele, the level of detail in the PHA is high. For
systems unique to the Parsons/Honeywell technology
provider’s package, such as the projectile RWM, the level of
detail is low. Maintenance failures are addressed primarily
on a generic basis (general work sheets), but a few mainte-
nance failures modes are addressed in process-specific work
sheets.

The PHA recommendations can be addressed either by
design solutions or procedural/administrative solutions. The
committee believes that design solutions should be used
whenever possible, because a design solution can be imple-
mented rather easily early in the design process and can more
easily be structured to minimize the potential for human
error.

The ACW II Committee remains committed to the fol-
lowing recommendation by the ACW I Committee (NRC,
1999):
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General Recommendation 3. If a decision is made to move
forward with any of these technology packages, health and
safety evaluations should progress from qualitative assess-
ments to more quantitative assessments as the process design
matures. Quantitative (QRA), health (HRA), and ecological
risk assessments should be conducted as soon as is practical.
Early initiation of these assessments will allow findings to
be implemented with minimal cost and schedule impact.

Human Health and the Environment

Effluent Characterization and Impact

In the absence of a health risk assessment and an environ-
mental risk assessment, a precise statement on the impact of
effluents on human health and the environment cannot be
made at this time. However, data available to date indicate
that the gas flow leaving the plant will meet all EPA regula-
tions. Solid waste streams, including uncontaminated
dunnage and metal decontaminated to a 5X level, will be
agent-free. The bioreactor effluent evaporator will produce a
concentrated brine that may be considered hazardous
because of the “derived from” rule. It might even be consid-
ered hazardous by characteristic, although this is not likely.3

Completeness of Effluent Characterization

The very large gas flow, primarily from the ICBs, will
have gone through CATOX units and, possibly, activated
carbon filtration (K. Burchett, Parsons representative, per-
sonal communication, December 27, 2000). All other
gaseous effluent will pass through both CATOX units and
activated carbon filters. The gas composition will have to be
determined in detail during initial trials. The gas should then
be tested routinely for chemical agent, oxygen, carbon
dioxide, and carbon monoxide on a real-time basis. It should
also be characterized for low concentrations of hazardous
materials, such as dioxins.

Biomass and salt residue, separately or combined, will
also be tested for toxicity and leachability. Effluents that
have been treated to a 5X condition will not require further
characterization.

Characterization of many effluents is an objective of EDS
testing scheduled for completion in 2001. Some preliminary
results are given in the following section.

Effluent Management Strategy

Salts. Dried salt, probably containing some organic mate-
rials, will contain sodium salts of fluoride, chloride, sulfate,
nitrate, and nitrite. Preliminary information from the EDS
tests indicates that this stream is not hazardous by character-
istic (Parsons, 2000e).

Biosludge. During demonstration testing, the biosludge
appeared to be nonhazardous (NRC, 2000). Preliminary EDS
testing results on the bioreactor sludge and brine show that
(1) most constituents of the toxicity characteristic leaching
procedure (the TCLP, as defined by RCRA regulations) are
either nondetectable or are at least one order of magnitude
below the regulatory limit and (2) dioxins and furans were
either nondetectable or equivalent to levels found in uncon-
taminated environments (Parsons, 2000a). Testing during
initial operation and periodically thereafter will be neces-
sary to determine whether or not wastes are hazardous, as
defined by the EPA. If so, disposal in a hazardous-waste
landfill may not be possible because of biological activity.
Incineration of the waste would be an alternative. If the
wastes are not hazardous, they can probably be sent to a
municipal solid-waste landfill without threat to human health
or the environment.

Gas. Exhaust gas from the CATOX units serving most
processes except the ICBs will pass through an activated
carbon adsorber. In its review of demonstration testing, the
the ACW I Committee concluded as follows: “The gas
leaving the CATOX unit had traces of low-molecular-weight
materials, which are considered acceptable. Chlorinated
dioxins and furans were observed at very low levels in some
of the analyses, but these compounds should be adsorbed
from the gas by the carbon filter” (NRC, 2000).

The ACW II Committee notes that the EDS design does
not have a carbon filter on the effluent from the CATOX
units serving the ICBs. Performance of the CATOX units
was tested during EDS testing of the ICB and the CST. In
addition, CATOX units were tested with direct injection of
mustard agent. The gas composition was determined both
upstream and downstream of the CATOX unit. Preliminary
results from the ICB tests show that dioxins and furans were
present in the bioreactor and CATOX unit effluents at up to
a few hundred picograms per cubic meter. Analyses will be
necessary during initial operation and periodically during
operation to confirm the presence or absence of low-
molecular-weight hydrocarbons and chlorinated hydro-
carbons, oxides of nitrogen, and chlorinated dioxins and
furans.

In its review of demonstration testing, the ACW I Com-
mittee also observed that during direct injection of mustard
agent into the CATOX unit, agent was destroyed at a
destruction and removal efficiency of greater than 99.9999
percent (NRC, 2000). Preliminary results from the EDS tests

3Under RCRA, a waste is declared hazardous if it exhibits certain char-
acteristics or if it is listed as a hazardous waste by characteristic. Certain
features of the waste, such as flammability or toxicity, can cause it to become
considered hazardous by characteristic. The federal government or a state
government can pass legislation declaring that a particular waste is a listed
hazardous waste, regardless of its features. If a listed hazardous waste is
treated, the residues from treatment are considered to remain hazardous
wastes, with the possible exception of materials sent off for recovery and
reuse; this is the “derived from” rule.
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show that the CATOX unit reduces mustard agent to
nondetectable levels (about 0.1 of the allowed time-weighted
average concentration for worker exposure, or 0.3 µg/m3 (a
destruction and removal efficiency of greater than 99.999
percent for mustard agent injection of about 10 mg/m3 for
more than 600 hours) (Parsons, 2000a). Therefore, the pres-
ence of agent in process gas effluents is extremely unlikely.

Metal Parts. Metal parts are cleaned and decontaminated
to a 5X condition in the MPTs. The cleaned parts are not
expected to pose any threat to human health or the envi-
ronment.

Off-site Disposal Options

Agent Hydrolysate. Hydrolysate from neutralization of
mustard agent with water has been demonstrated to be
effectively treated by commercial biological wastewater-
treatment facilities. In addition, the mustard agent hydroly-
sate has been delisted as a hazardous waste in Maryland and
has undergone extensive toxicological evaluation showing it
to be acceptable for shipment according to U.S. Department
of Transportation guidelines (NRC, 1996). Off-site disposal
of mustard agent hydrolysate is currently being evaluated
for the Aberdeen facility (Myler, 2000). Several commercial
facilities have expressed an interest in the treatment and
disposal of the hydrolysate. Off-site treatment of mustard
hydrolysate would greatly simplify process integration
requirements for Pueblo. Hydrolysate produced from mus-
tard agent at greater concentrations than the current design
basis of 4 percent and hydrolysate produced from HT would
necessitate additional testing to further evaluate this option.

Brine. Parsons/Honeywell is considering the off-site dis-
posal of concentrated brine from the bioreactor effluent
evaporator, instead of evaporating the brine to dryness.
Brines produced from air-pollution-control processes at
Tooele are currently being shipped off-site for disposal by
commercial waste-management facilities. The effluent from
the treatment of VX nerve agent hydrolysate by SCWO at
the Newport site is also planned to be shipped off-site for
disposal after being concentrated by evaporation. This mate-
rial has been delisted as a hazardous waste by the state of
Indiana, and at least 16 commercial facilities have been iden-
tified that could accept the brine (Wojciechowski, 2000).
Off-site management of ICB effluent after evaporation (to
recover water) at Pueblo would eliminate the need for a crys-
tallizer and simplify process integration.

Dunnage. Uncontaminated dunnage and agent-free metal
will also be disposed of off-site. Off-site disposal of other
agent-free waste streams, such as hydrolysates, may be pos-
sible, thereby reducing the number or size of treatment steps.
Experience at JACADS and Tooele has shown that only a
small fraction of dunnage is contaminated with agent.

Uncontaminated dunnage from these two stockpile locations
is being disposed of off-site by commercial waste-
management facilities (McCloskey, 2000; U.S. Army 1998).
Off-site management of uncontaminated dunnage is also
planned for both the Newport and Aberdeen stockpile loca-
tions. Off-site management of dunnage from Pueblo would
greatly reduce the on-site process requirements and simplify
process integration by reducing the quantity and complexity
of the feed to the CST and subsequent treatment of the con-
densate. Off-site disposal may be possible under Colorado
regulations.

Resource Requirements

Three steps will consume large amounts of energy:
(1) producing 650°C (1,202°F) steam for the MPTs, (2) heat-
ing vent gases to about 425°C (797°F) for the catalytic oxi-
dizers, and (3) evaporating the salt solution from the
bioreactor. The resource requirements have been estimated
at about 11 MW of electricity, 5,700 lb/day of nitrogen
(530,000 standard cubic feet per day), and up to approxi-
mately 60,000 gallons/day of makeup water. None of these
resource requirements appears to be excessive for a chemi-
cal plant.

Environmental Compliance and Permitting

There are no apparent reasons for the combination of tech-
nologies in the WHEAT process to lead to unusual permit-
ting or compliance problems.

ASSESSMENT OF OVERARCHING TECHNICAL ISSUES

Steps Required Before Implementation

Materials of Construction

Parsons/Honeywell has begun the selection of optimal
materials for construction of the critical process units. How-
ever, this process had not been completed when this report
was being prepared. Experimental testing on the materials
selected must be carried out to verify choices.

Continuous Steam Treater

The efficacy of using activated carbon for the aggregate
must be verified, and any detrimental side effects must be
identified and taken into account in the design.

Previous Findings and Recommendations

In this section, the findings and recommendations regard-
ing the WHEAT process from the two ACW I Committee
reports are reviewed to determine if they are still valid or if
they have been addressed by the EDS tests or by information
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from the evolving WHEAT process design (NRC, 1999,
2000).

Review of Findings from the 1999 Initial ACW I Committee
report (NRC, 1999)

Finding PA-1. The biological treatment operation will
require further demonstration to prove its ability (1) to handle
a variety of feed stocks with reasonable acclimation times
between changes, and (2) to achieve high levels of conver-
sion of the Schedule 2 compounds in the hydrolysate. The
demonstration will have to last long enough to give confi-
dence in the long-term operation ability of the process.

Testing has shown that the biological treatment operation
can handle mustard hydrolysate and CST condensate. Sched-
ule 2 compounds can be completely destroyed. Long-term
operation appears to be feasible.

Finding PA-2. The relative effects of biological treatment
and air-stripping on the destruction of organic materials in
the bioreactor have not been established. This will affect the
composition of the off-gas from the bioreactor.

The quantity of organic contaminants removed by air-
stripping is small in comparison with the amount destroyed
by biological oxidation.

Finding PA-3. The effectiveness of ultraviolet/hydrogen
peroxide oxidation in reducing Schedule 2 compounds to an
acceptably low level has not been demonstrated.

The ultraviolet/hydrogen peroxide treatment step is no
longer a part of the process.

Finding PA-4. The bioreactor has been operated only at very
low salt concentrations. Operation at design concentrations
has not been demonstrated.

The ICB has been operated at the design concentration.

Finding PA-5. Additional data should be gathered on the
effectiveness of the catalytic oxidation system in destroying
organic materials in the biotreatment off-gas.

Additional data have been gathered and the degree of
destruction of organic compounds appears to be adequate.

Finding PA-6. The sludge from the biological process has
not been completely characterized.

The process no longer produces this sludge stream.

Finding PA-7. Even though the evaporation operations
involve conventional technologies, they have not been tested
for this application.

Testing was under way as this report was being prepared.
No results were reviewed.

Finding PA-8. The dried salts from the evaporation opera-
tions have not been characterized for leachability and
toxicity.

The process has changed, and the production of a dried
salt stream is not planned.

Review of Findings and Recommendations from the ACW I
Committee Supplemental Report (NRC, 2000)

Finding (Demo I) PA-1. The mustard demonstration tests
were very encouraging and showed that the process is ready
for the next scale-up.

These tests were previously carried out successfully.

Finding (Demo I) PA-2. The nerve agent demonstration
tests had serious problems. However, if the previous tests at
the technology provider’s laboratory and the results of the
demonstration tests are combined, the aggregate results are
inconclusive. The reason for the poor demonstration results
might be as simple as poor aeration in the bioreactor (see
Recommendation PA-1).

No additional tests of the ICB were carried out on nerve
agent hydrolysates since nerve agents are not stored at
Pueblo.

Recommendation (Demo I) PA-1. Before proceeding to a
further scale-up of GB and VX biotreatment processing, the
committee recommends that the following steps be taken:

• The biotreatment process should be examined carefully
at bench scale to determine the factors that are critical
to success.

• An investigation of analytical techniques should be un-
dertaken to provide more reliable process information.

No additional testing has been done on nerve agent hy-
drolysates. The committee is not aware of any further inves-
tigations of analytical techniques since nerve agents are not
stored at Pueblo.

New Findings and Recommendations

Finding (Pueblo) PH-1. The Parsons/Honeywell design of
the burster washout machine is relatively immature and
should be demonstrated before it is incorporated into the final
technology package. Items of concern include separation of
energetics particles from the bulk washout solution, which
could potentially lead to ignition in the shredder.

Finding (Pueblo) PH-2. The maximum fuze and burster-
cup temperature of 650°F (343°C) in the energetics rotary
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deactivator (ERD) might not be high enough to ensure the
thermal deactivation of lead-azide-containing fuzes. If the
temperature of the materials in the ERD is within the range
required to ensure safe thermal deactivation of lead azide,
the process should be adequate.

Finding (Pueblo) PH-3. The Parsons/Honeywell WHEAT
munitions disassembly machine and the projectile rotary
washout machine have not been tested to demonstrate reli-
able removal of solidified agent to levels sufficiently low for
treatment in the metal parts treaters. Testing planned for 2001
may provide data to verify that these machines will be reli-
able enough to achieve target throughput rates.

Finding (Pueblo) PH-4. Leaks into or out of the batch metal
parts treater, rotary metal parts treater, and continuous steam
treater were adequately addressed in the preliminary hazards
analysis.

Finding (Pueblo) PH-5. The rotary metal parts treater has
not been tested; the concept, therefore, remains to be demon-
strated.

Finding (Pueblo) PH-6. The use of activated carbon and
caustic as additives to the continuous steam treater are
unproven. Experimental studies to demonstrate their utility
were under way as this report was being prepared.

Finding (Pueblo) PH-7. Dioxins and furans are produced in
the continuous steam treater (CST) under certain conditions.
Some of these dioxins and furans are eventually fed to the
immobilized cell bioreactors via the purge stream of the CST
quench tower and are then stripped from the bioreactors and
partially destroyed in the catalytic oxidation units. Activated
carbon adsorbers might, therefore, be necessary downstream
of the bioreactor catalytic oxidation units.

Finding (Pueblo) PH-8. The catalytic oxidation units have
been successfully demonstrated to destroy mustard agent,
thus providing an extra layer of protection in the event of an
upset that results in mustard agent breakthrough to the cata-
lytic oxidation units.

Finding (Pueblo) PH-9. Although the catalytic oxidation
units have generally performed well in destroying volatile
organic compounds, it has not yet been demonstrated that
they can reduce pollutants in the vent gases from the con-
tinuous steam treater or metal parts treater to acceptable
levels.

Finding (Pueblo) PH-10. No outstanding waste disposal
issues remain.

Finding (Pueblo) PH-11. Experience with the baseline sys-
tem and continuing tests of individual components of the

Parsons/Honeywell WHEAT process indicate that success-
ful integration of the process components is feasible.
However, the individual steps have not been tested to
demonstrate that the necessary throughput rates and online
availability levels can be achieved.

Finding (Pueblo) PH-12. A detailed throughput analysis
that takes into account intermediate storage capacity has not
been carried out. A throughput analysis would verify that
planned throughput rates can be achieved.

Finding (Pueblo) PH-13. The preliminary hazards analysis
for the WHEAT engineering design package was prepared
using an appropriate methodology, and means for mitigating
hazards are being tracked.

Finding (Pueblo) PH-14. The Parsons/Honeywell WHEAT
technology appears to be capable of demilitarizing the
chemical weapons stored at Pueblo Chemical Depot. The
combination of hydrolysis of agent, hydrolysis of energetics,
and biotreatment of hydrolysates can be a safe and effective
process.

Finding (Pueblo) PH-15. While no outstanding waste dis-
posal issues remain, Parsons/Honeywell is exploring alter-
native waste disposal options to simplify its process by
reducing the number of unit operations. Parsons/Honeywell
is looking into the off-site disposal of concentrated brine
from the bioreactor effluent evaporator. Off-site disposal of
other agent-free waste streams, such as hydrolysates, may
also be possible, thereby reducing the number or capacity of
treatment operations.

Recommendation (Pueblo) PH-1. The residence time in the
energetics rotary deactivator (ERD) of the Parsons/
Honeywell process must be sufficient for the thermal mass
of the fuzes and bursters to rise to the operating temperature,
based on the feed rate. The residence time and maximum
temperature should be reevaluated and modified to ensure
that no energetic materials are present when the metal parts
leave the ERD. In addition, feed rate parameters must be
adjusted to accommodate overpressure events during thermal
deactivation.

Recommendation (Pueblo) PH-2. The detailed design of
reactors for the hydrolysis of mustard agent at the Aberdeen,
Maryland, storage site should be fully considered in the
design of the agent hydrolysis process. A careful evaluation
of construction materials should be done.

Recommendation (Pueblo) PH-3. The energetics hydrolysis
studies at Holston Army Ammunition Plant should be taken
into consideration in the design and preparation of operating
procedures for the Parsons/Honeywell energetics hydrolysis
system.
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Recommendation (Pueblo) PH-4. The feed chutes to the
shredders used in the Parsons/Honeywell process must be
designed to avoid jamming. Tests should be run with chutes,
shredders, and feed materials the size of those in the full-
scale operations to ensure that the chute design is adequate.

Recommendation (Pueblo) PH-5. Tests should be carried
out to determine that Hastelloy C-276 will adequately resist
corrosion in the continuous steam treater.

Recommendation (Pueblo) PH-6. The amount of activated
carbon being converted to flammable gas in the continuous
steam treater should be measured and its impact on the
process assessed.

Recommendation (Pueblo) PH-7. Results of the completed
tests of engineering design studies should be carefully
reviewed to ensure that activated carbon adsorbers do not
have to be added to the bioreactor catalytic oxidation units to
achieve acceptable levels of dioxins and furans.

Recommendation (Pueblo) PH-8. A quantitative risk
assessment should be developed as early as possible for the
operation of the propellant removal room to identify con-
tributors to worker risk and provide guidance for reducing
risks by means of design.
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General Findings and Recommendations

In this chapter, the committee provides general findings
on the two technology packages that have undergone EDS
testing. The committee also reassesses the findings and
recommendations in the two ACW I Committee reports. The
general findings below must be considered with acknowl-
edgment of the fact that some ACWA EDS testing was not
completed in time for the committee to obtain final test
results and that some process steps remain to be demon-
strated on a pilot scale.

The energetics hydrolysis test program is progressing at a
pace satisfactory to meet the engineering requirements for con-
struction of a disposal facility at Pueblo Chemical Depot. Issues
concerning hydrolysis of neat tetryl, optimum granulation
sizes, more complete characterization of hydrolysis products
from aromatic nitro compounds, and optimum process control
strategies for full-scale operations are yet to be investigated.

ENGINEERING DESIGN STUDIES

General Finding (Pueblo) 1. Based on the results of the
demonstration tests, the engineering design package, and
available data, the committee believes that the Parsons/
Honeywell WHEAT technology package can provide an
effective and safe means of destruction for the assembled
chemical weapons stored at the Pueblo Chemical Depot.
However, some of the process steps remain to be demon-
strated.

The Parsons/Honeywell technology process provides
effective means to:

• disassemble munitions by a modified baseline dis-
assembly process that removes the agent from the pro-
jectile bodies by washout

• destroy chemical agent HD to a 99.9999 percent DRE
by hydrolysis

• destroy fuzes with the energetics rotary deactivator
• destroy energetic materials to a 99.999 percent DRE

by hydrolysis in 15 weight percent hot caustic solution,
provided that the following safeguards are observed:
— different energetic materials are not processed

together
— precautions are taken to ensure that all emulsified

TNT is completely destroyed
• control the very large volumes of off-gases emitted

from the biotreatment plant through a CATOX unit

However, the committee notes that the effectiveness of
some process steps, including removal of energetics from
munitions, has not been tested during the EDS. Treatment of
metal parts, dunnage, and DPE suit material remains to be
demonstrated. No tests are currently planned to demonstrate
the efficacy of the burster washout and energetic materials
size-reduction steps. The projectile washout system is cur-
rently being tested. Other remaining munition disassembly
operations are very similar to those used in the baseline sys-
tem and have therefore been proven. The energetics rotary
deactivator concept appears workable but has not been
demonstrated at the pilot scale. Energetics hydrolysis is rela-
tively immature, but current testing at Holston AAP has the
capability to resolve many, but not all, of these issues (see
Chapter 2).

The testing of the continuous steam treater for dunnage
and the projectile washout system will not be complete until
October 2001. Dioxins and furans are present in the off-gas
from the CATOX units on the bioreactors but are below
levels of regulatory concern. The batch metal parts treater
for small metal parts is being tested, and preliminary data are
encouraging. The carousel fixture for the rotary metal parts
treater for large metal parts has not been demonstrated. The
use of catalytic oxidizers for various streams is currently
being tested, but sufficient test data have not been provided
to the committee. Because the honeycomb structure of the
CATOX unit is susceptible to plugging, proper design must
be employed to prevent particulates from entering the cata-
lyst structure.
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General Finding (Pueblo) 2. Based on the results of the
demonstration tests, the engineering design package, and
available data, the committee believes that many aspects of
the General Atomics technology package can be effective
and safe for the destruction of assembled chemical weapons
at the Pueblo Chemical Depot. However, to achieve pro-
longed operability of the supercritical water oxidation
(SCWO) system as designed will require extensive mainte-
nance. In addition, the SCWO processing of dunnage slur-
ried in energetics hydrolysate, which constitutes the vast
majority of the feedstock to be processed, remains unproven.
The viability of the General Atomics technology package
will depend on acceptable operability of the SCWO systems.

The General Atomics technology process provides effec-
tive means to:

• disassemble munitions by a modified baseline disas-
sembly that removes the agent from the projectile bod-
ies by cryofracture.

• destroy chemical agent HD to a 99.9999 percent DRE
by hydrolysis

• destroy fuzes with the energetics rotary hydrolyzer
• destroy energetic materials to a 99.999 percent DRE

by hydrolysis in 15 weight percent hot caustic solution,
provided that the following safeguards are observed:
— different energetic materials are not processed

together
— precautions are taken to ensure that all emulsified

TNT is completely destroyed
• provide effective 5X-level decontamination for muni-

tion bodies through the use of an electrically heated
discharge conveyor

• readily control the very low volumes of off-gases pro-
duced through activated carbon adsorption systems

For dunnage, the materials are shredded and reduced in
size to 1.0 mm. The slurry is then fed into the SCWO reac-
tors to destroy all the dunnage.

However, the committee has serious concerns about the
SCWO system that is used to process the hydrolysates and
the slurried dunnage. At the time this report was prepared,
not all of the long-term processing tests had been completed.
On the basis of results to date, the committee has concerns
about the ability of the SCWO reactor to operate continu-
ously for adequate lengths of time. An additional concern is
the ability of the size-reduction system to remove 100 per-
cent of the tramp metal that comes with the dunnage. If the
tramp metal is not removed from the dunnage, the committee
believes it will clog the injectors of the SCWO system and
further reduce the system’s online availability.

The SCWO tests that have been performed to date, espe-
cially those involving chlorinated organic compounds such
as HD hydrolysate, have consistently encountered severe
corrosion of the reactor material or plugging of the reactor

with salts. General Atomics proposes to solve the problem
of plugging by periodically (every 22 hours of operation)
reducing the pressure of the reactor to slightly below the
critical point of water and flushing with clean water for 2
hours to remove the accumulated salts. The technology pro-
vider proposes to deal with the corrosion problem by insert-
ing into the SCWO reactor a sacrificial titanium liner and
shutting down at approximately every 140 hours of opera-
tion to open the reactor and replace or reverse the liner.1  In
the committee’s opinion, the flushing step does not pose an
unreasonable operating requirement; however, it considers
the need for a liner replacement at six-day intervals to be
excessively disruptive and not in keeping with sound prin-
ciples of effective operation. In the full-scale system, liner
replacement will require the following steps:

1. Cooling down and depressurizing the reactor,
2. Unbolting and removing an approximately 16-inch-

diameter, several-inch-thick pressure head from the
top of the reactor,

3. Withdrawing the 12.5-inch-diameter, 19-foot-long
titanium liner from the tubular SCWO reactor,

4. Reinserting the same liner reversed end to end or a
new liner,

5. Setting the pressure gasket back into place and
reattaching the gasket coolant lines,

6. Resetting and bolting the pressure head onto the
reactor,

7. Pressure testing the SCWO reactor to assure proper
head seating and sealing, and

8. Restarting the heat-up of the system and restarting the
waste feed.

This appears to the committee to be a very time-consuming
procedure. The experience of a number of committee mem-
bers has been that large pieces of high-pressure equipment
are very difficult and time consuming to seal. Tests have
only been conducted with reactors 2 to 4 inches in diameter.
The time required for this procedure at the far larger size of
the full-scale SCWO unit is highly uncertain.

General Atomics proposes to build duplicate SCWO
reactors so that one is operating while the second is being
serviced; however, the committee has reservations about
whether this level of redundancy is adequate to maintain the
proposed operating schedule.

General Finding (Pueblo) 3. As the ACW I Committee
observed, the unit operations in both the General Atomics
GATS and the Parsons/Honeywell WHEAT technology
packages have never been operated as total integrated

1The corrosion is restricted to the top part of the liner so each liner can be
used twice by opening the reactor and reinstalling it in the reactor with the
uncorroded lower part up.
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processes. As a consequence, a prolonged period of systemiza-
tion will be necessary for both to resolve integration issues as
they arise, even for apparently straightforward unit operations.

This finding continues to be valid following development
of and testing for the EDS design packages for the General
Atomics and Parsons/Honeywell technologies. Also, in both
cases, some of the routine unit operations have not yet been
designed or tested. Thus, although they appear straight-
forward, these unit operations could require some redesign
during systemization.

General Finding (Pueblo) 4. Several of the unit operations
in both the General Atomics and Parsons/Honeywell pro-
cesses are intended to treat process streams that are not
unique to the chemical weapons stockpile and that could
potentially be treated at existing off-site facilities. These
streams include agent-free energetics, dunnage, brines from
water recovery, and hydrolysates. Off-site treatment would
simplify the overall processes and facilitate process integra-
tion by eliminating the need for further development of these
unit operations. It might also simplify design requirements
to meet safety concerns.

All of the process streams that could potentially be treated
off-site have compositions similar to waste streams routinely
treated by commercial industrial waste treatment facilities
and do not exhibit any unique toxicity. Thus, they could be
transported by standard commercial conveyance to commer-
cial facilities that are appropriately permitted to receive the
waste.

UPDATE ON GENERAL FINDINGS AND
RECOMMENDATIONS OF THE ACW I COMMITTEE

The committee reviewed all of the general findings and
recommendations from the ACW I Committee reports for
continued applicability and disposition (NRC, 2000). The
ACW II Committee’s assessment of the status of these prior
findings and recommendations is summarized below.

General Findings from the 1999 Initial ACW I Committee
Report

General Finding 1. The chemistries of all four of the pri-
mary technologies (hydrolysis, SILVER II, plasma arc, and
SET), as proposed, can decompose the chemical agents with
destruction efficiencies of 99.9999 percent. However, each
technology package raises other technical issues that must
be resolved. One of the crucial issues is the identity and dis-
position of by-products [from the chemical agents].

The Demonstration I testing and EDS tests have shown
that hydrolysis has achieved 99.9999 percent destruction and
removal efficiency of agents.

General Finding 2. The technology base for the hydrolysis
of energetic materials is not as mature as it is for chemical
agents. Chemical methods of destroying energetics have only
been considered recently. Therefore, there has been rela-
tively little experience with the alkaline decomposition of
ACWA-specific energetic materials (compared to experience
with chemical agents). The following significant issues
should be resolved to reduce uncertainties about the effec-
tiveness and safety of using hydrolysis operations for
destroying energetic materials:

• the particle size reduction of energetics that must be
achieved for proper operation

• the solubility of energetics in specific alkaline solutions
• process design of the unit operation and the identifica-

tion of processing parameters (such as the degree of
agitation and reactor residence time) necessary for com-
plete hydrolysis

• the characterization of actual products and by-products
of hydrolysis as a function of the extent of reaction

• the selection of chemical sensors and process control
strategies to ensure that the unit operation following
hydrolysis can accept the products of hydrolysis

• development of a preventative maintenance program
that minimizes the possibility of incidents during the
cleanup of accumulated precipitates

The PMACWA has undertaken an extensive technology
program in support of this finding. The successful comple-
tion of the EDS test program on energetics hydrolysis will
provide the data called for in this finding.

General Finding 3. The conditions under which aromatic
nitro compounds, such as trinitrotoluene (TNT) or picric
acid, will emulsify in the aqueous phase and not be com-
pletely hydrolyzed are not well understood. Therefore, this
type of material could be present in the output stream from
an energetic hydrolysis step.

Precautions must be taken to ensure that all emulsified
TNT is destroyed in the reactors.

General Finding 4. The products of hydrolysis of some
energetic materials have not been characterized well enough
to support simultaneous hydrolysis of different kinds of
energetic materials in the same batch reactor.

To be conservative, different energetic materials should
not be processed together, particularly if they contain lead
compounds, until these concerns can be addressed with
experimental data.

General Finding 5. The primary chemical decomposition
process in all of the technology packages [is hydrolysis,
which] produces environmentally unacceptable reaction
products. Therefore, all of the packages are complicated pro-
cesses that include subsequent treatment step(s) to modify
these products.
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Secondary treatments are required for both technology
packages to produce environmentally acceptable products.

General Finding 6. The waste streams of all of the ACWA
technology packages could contain very small amounts of
hazardous substances (besides any residual chemical agent).
These substances were not fully characterized at the time of
this report; therefore, all waste streams must be character-
ized to ensure that human health and the environment are
protected. If more than one phase (gas, liquid, or solid) is
present in a waste stream, each phase should be character-
ized separately.

The Demonstration I tests and the EDS studies have sub-
stantially characterized the process streams and waste
streams. Characterization should continue throughout the
development and systemization process.

General Finding 7. None of the proposed technology pack-
ages complies completely with the hold-test-release concept
for all gaseous effluents (both process and ventilation
effluents).

This finding is still valid. However, as discussed else-
where in this report and in earlier reports, hold-test-release is
not necessary.

General Finding 8. Hold-test-release of gaseous effluents
may not ensure against a release of agent or other hazardous
material to the atmosphere. No evidence shows that hold-
test-release provides a higher level of safety than current
continuous monitoring methods for gaseous streams with
low levels of contamination. Furthermore, none of the tech-
nologies provides for hold-test-release of effluents from
ventilation systems that handle large volumes of gases from
contaminated process areas.

This finding remains valid.

General Finding 9. Solid salts will be hazardous waste,
either because they are derived from hazardous waste (see
Chapter 2) or because they leach heavy metals above the
levels allowed by the Resource Conservation and Recovery
Act Toxicity Characteristic Leaching Procedure. Stabiliza-
tion—mixing waste with a reagent or reagents to reduce the
leachability of heavy metals—will probably be required
before the salts can be sent to a landfill. The potentially high
chloride and nitrate content of these salts will make the waste
difficult to stabilize, and treatability studies will be neces-
sary to determine a proper stabilization formula.

The concentrations of RCRA-regulated heavy metals in
the evaporator brine have been found to be very low or
nondetectable. This stream, and possibly the salts produced
from it, will not be considered hazardous by characteristic.

General Finding 10. Testing, verification, and integration
beyond the 1999 demonstration phase will be necessary

because the scale-up of a process can present many un-
expected challenges, and the ACWA demonstrations were
limited in nature.

The issues of integration and scale-up still must be
resolved.

General Finding 11. Although a comprehensive quantita-
tive risk assessment (QRA), health risk assessment (HRA),
and ecological risk assessment (similar to assessments
performed for the baseline process) cannot be completed at
this stage of process development, these assessments will
have to be performed and refined as process development
continues.

This finding is still valid.

General Finding 12. The “optimum” system for a particular
chemical weapons storage depot might include a combina-
tion of unit operations from the technology packages consid-
ered in this report.

This finding is still valid. However, the PMACWA is
committed to selecting one of the two technology packages
discussed in this report. The ACW II Committee has only
been asked to evaluate existing technology packages.

General Finding 13. Some of the ACWA technology
providers propose that some effluent streams be used com-
mercially. New or modified regulations may have to be
developed to determine if these effluent streams can be
recovered or reused.

This finding is not applicable to the processes evaluated
in this report.

General Finding 14. An extraordinary commitment of
resources will be necessary to complete the destruction of
the assembled chemical weapons stockpile in time to meet
the current [CWC] deadline using any of the ACWA tech-
nology packages. This would demand a concerted national
effort. It is unlikely that any of the technology packages
could meet this deadline.

This finding is still valid.

General Finding 15. The Dialogue process for identifying
an alternative technology is likely to reduce the level of
public opposition to that technology. The committee believes
that the Dialogue has been and continues to be a positive
force for public acceptance of alternatives to incineration.
Although the Dialogue process requires a significant com-
mitment of time and resources, it has been a critical compo-
nent of the ACWA program to date.

The Dialogue process for public involvement has been
instrumental in accelerating the development of non-
incineration processes. Some form of public involvement
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should be continued throughout the construction phase and
operation of the Pueblo facility.

General Finding 16. Although the committee did not have
access to scientific data on the attributes of a technology that
would be most acceptable to the public, input from members
of the active publics and previous research indicates that
technologies with the following characteristics are likely to
stimulate less public opposition:

• minimal emissions, particularly gaseous
• continuous monitoring of effluents to verify that the

process is operating as designed (process assurance
measurement)

• provisions for representatives of the local community
to observe and participate in the process assurance mea-
surement

This finding remains true. The two processes under con-
sideration have followed these guidelines.

General Recommendations from the 1999 Initial ACW I
Committee Report

General Recommendation 1. If a decision is made to move
forward with any of the ACWA technology packages, sub-
stantial additional testing, verification, and especially
integration should be performed prior to full-scale imple-
mentation (see General Finding 10).

EDS has provided additional testing. However, not all
unit operations have been tested, and system integration has
not yet been demonstrated.

General Recommendation 2. The sampling and analysis
programs at each phase of development should be carefully
reviewed to ensure that the characterization of trace compo-
nents is as comprehensive as possible to avoid surprises in
the implementation of the selected technology (see General
Finding 6).

Extensive sampling and analysis have been performed
during both Demonstration I and the EDS testing. Character-
ization of all streams should continue during development
and systemization of the processes.

General Recommendation 3. If a decision is made to move
forward with any of these technology packages, health and
safety evaluations should progress from qualitative assess-
ments to more quantitative assessments as the process design
matures. Quantitative (QRA), health (HRA), and ecological
risk assessments should be conducted as soon as it is practi-
cal. Early initiation of these assessments will allow findings
to be implemented with minimal cost and schedule impact
(see General Finding 11).

Both technology providers have been performing prelimi-
nary hazards analyses.

General Recommendation 4. Any of these technology
packages, or any component of these technology packages,
should be selected on a site-specific basis (see General Find-
ing 12).

PMACWA is in the process of selecting the technology
best suited to destroy the stockpile at Pueblo Chemical Depot.

General Recommendation 5. Whatever unit operation
immediately follows the hydrolysis of energetic materials
should be designed to accept emulsified aromatic nitro com-
pounds, such as TNT or picric acid, as contaminants in the
aqueous feed stream (see General Finding 3).

Precautions must be taken to ensure that all emulsified
aromatic nitro compounds are destroyed in the reactors.

General Recommendation 6. Simultaneous processing of
different types of energetic materials should not be per-
formed until there is substantial evidence that the intermedi-
ates formed from the hydrolysis of aromatic nitro compounds
will not combine with M28 propellant additives or ordnance
fuze components to form extremely sensitive explosives,
such as lead picrate (see General Finding 4).

This remains a concern. Different energetic materials
should not be processed together.

General Findings from the 2000 Supplemental ACW I
Committee Report

General (Demo I) Finding 1. Based on the committee’s
assessment of the maturity of the various unit operations,
none of the three technology packages is ready for integrated
pilot programming, although certain unit operations are suf-
ficiently mature to bypass pilot testing (e.g., hydrolysis of
agent).

This finding has been updated by the findings in this
report.

General (Demo I) Finding 2. The demonstration tests were
not operated long enough to demonstrate reliability and long-
term operation.

This finding is valid.

General (Demo I) Finding 3. The committee reiterates that
none of the unit operations have yet been integrated into a
complete system. The lack of integration remains a major
concern as a significant obstacle to full-scale implementa-
tion.

This finding is still valid.
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Appendix A

Description of Munitions in the Pueblo Chemical
Depot Stockpile

Figures A-1 through A-3 are cutaway drawings of the
105-mm shell, 155-mm shell, and 4.2-inch mortar projec-
tiles. Information is also included on the size, weight, ener-
getics, and packaging of each projectile.

The stockpile inventory at Pueblo Chemical Depot
consists entirely of munitions containing mustard agent.
Most of the projectiles contain mustard agent HD (distilled
β,β′-dichloroethyl sulfide). Some contain mustard agent HT,
a 60:40 eutectic mixture of HD and bis(2-[2-

M60 Cartridge, 105-mm Howitzer

Length 31.1 inches Booster M22
Diameter 105 mm Explosive Tetrytol
Total weight 42.92 lb Explosive weight 0.3 lb
Agent HD Propellant M67
Agent weight 2.97 lb Propellant weight 2.83 lb
Fuze M557/M51A5 Primer M28A2/M28B2
Burster M5 Packaging 1 round/fiber container, 2 container/wooden box

FIGURE A-1  105-mm howitzer projectile.  Note:  M60 105-mm cartridges have been reconfigured and therefore will not have propellant
attached.  Source:  Adapted from U.S. Army, 1977.

Burster
chargeBurster

casing 

Rotating
band

HD Filler
Adapter

Projectile

chloroethylthio]ethyl)ether. All of the munitions may con-
tain some degradation products and inorganic residues.

REFERENCE
U.S. Army. 1977. Army Ammunition Data Sheets: Artillery Ammunition,

Guns, Howitzers, Mortars, Recoilless Rifles, Grenade Launchers, and
Artillery Fuzes (FSC 1310, 1315, 1320, 1390). TM 43-0001-28.  April
1977. Washington, D.C.: Headquarters, U.S. Army.
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M110 Projectile, 155-mm Howitzer

Length 31.1 inches Booster M22
Diameter 155 mm Explosive weight 0.41 lb
Total weight 94.6 lb Propellant None
Agent HD Propellant weight None
Agent weight 11.7 lb Primer None
Fuze None Packaging 8 rounds/wooden pallet
Burster M6

FIGURE A-2  155-mm howitzer projectile. Source:  Adapted from U.S. Army, 1977.

Burster well Fuze adapter

Body HD Gasket

Lifting
plug

Burster
Propellant

Striker nut

Obturating mechanism Body

Fuze

Burster wellHD, HT

Ignition
cartridge

Cartridge, 4.2-inch Cartridge/Mortar

M2/HT M2Al/HD

Length 21.0 inches 21.0 inches
Diameter 4.2 inches 4.2 inches
Total weight 24.67 lb 24.67 lb
Agent HT HD
Agent weight 5.8 lb 6.0 lb
Fuze M8 M8
Burster M14 M14
Explosive Tetryl Tetryl
Explosive weight 0.14 lb 0.14 lb
Propellant M6 M6
Propellant weight 0.6 lb 0.4 lb
Primer M2 M2
Packaging 1 round/fiber container, 2 containers/wooden box 1 round/fiber container, 2 containers/wooden box

FIGURE A-3  4.2-inch mortar cartridge.  Note: 4.2-inch cartridges/mortars will be reconfigured as projectiles. Most 4.2-inch cartridges will
also be defuzed.  Source:  Adapted from U.S. Army, 1977.
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SCWO Reliability and Maintenance (RAM) Log for 500-Hour
HD Hydrolysate Run

The data in Table B-1 were collected during the General
Atomics engineering design study testing on the use of
supercritical water oxidation (SCWO) technology as a sec-
ondary treatment step in the General Atomics Total Solution
(GATS) for disposal of the mustard-agent-containing muni-
tions stored at the Pueblo Chemical Depot.

REFERENCE
General Atomics. 2001. Assembled Chemical Weapons Assessment

(ACWA), Engineering Design Studies, Draft Test Report, February 10.
San Diego, Calif: General Atomics, Inc.
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TABLE B-1  SCWO Reliability and Maintenance (RAM) Log for 500-Hour HD Hydrolysate Run

Fix System/
Description GA Log Page Shutdown Time Problem Component

ID Date Time of Item Book No. No. Caused? (hr) Type Involved

1 1/4/01 0:56 Nozzle plug 11574 56 Y <1 Operational Feed nozzle
2 1/5/01 12:07 Liquid letdown valve (Badger) repair 11574 58 N 2 Mechanical Liquid letdown
3 1/5/01 12:07 Liquid letdown valve cannot hold level 11574 58 N 2 Mechanical Liquid letdown
4 1/5/01 14:30 Gas/liquid separator gasket fails 11574 58 N 4 Mechanical Gas/liquid separator
5 1/5/01 17:00 Low-pressure feed pump housing cracked NA NA N 2 Error Feed recirculation pump
6 1/5/01 17:40 Feed pump erratic 11574 59 N <1 Operational Feed pump
7 1/6/01 4:00 Gas analyzers erratic 11574 62 N <1 Operational Gas analysis train
8 1/6/01 8:10 TE-600 faulty reading 11574 62 N <1 Operational Reactor
9 1/6/01 8:20 Heat tracing on hot line 11574 62 N <1 Error Reactor
10 1/6/01 8:20 PT-463 faulty reading 11574 62 N <1 Electrical Air line
11 1/6/01 9:15 Letdown system solids accumulation 11574 63 N 1 Operational GLS, hydroclone
12 1/6/01 9:18 Fuel pump packing repair 11574 63 N 2 Mechanical Fuel pump
13 1/6/01 10:18 Gas analyzers not consistent with computer 11574 64 N < 1 Electrical Gas analysis train
14 1/6/01 10:55 Feed pump erratic 11574 64 N < 1 Operational Feed pump
15 1/6/01 16:38 Liquid letdown valve (Badger) repair 11574 66 N 2 Mechanical Liquid letdown
16 1/6/01 18:45 Fuel line plug 11574 66 Y 2 Operational Fuel tank
17 1/6/01 22:00 Fuel pump packing repair NA NA N 2 Mechanical Fuel pump
18 1/6/01 23:30 Gas sample line plug 11575 2 N <1 Operational Gas analysis train
19 1/7/01 14:20 Reactor plug 11574 71 Y 3 Operational Reactor

20 1/7/01 19:23 Air flow control poor 11574 71 N <1 Operational Air line
21 1/8/01 12:49 Reactor bypassing 11574 75 Y 4 Operational Reactor
22 1/8/01 15:33 Thermowell replacement 11574 76 N <1 Corrosion Reactor
23 1/8/01 18:00 Letdown system solids accumulation NA NA N 1 Operational GLS, hydroclone
24 1/8/01 20:33 Feed cross leak 11574 76 N 2 Error Reactor
25 1/8/01 21:57 Reactor dump valve leak 11574 76 N <1 Mechanical Reactor
26 1/8/01 22:49 Nozzle plug 11574 76 N 4 Operational Feed nozzle
27 1/8/01 22:57 Water pump ruptured diaphragm 11574 76 N 2 Mechanical Water pump
28 1/9/01 2:32 Reactor surface TEs (thermocouples) 11574 77 N 1 Electrical Reactor

faulty readings
29 1/9/01 3:27 Badgers not working in auto mode 11574 77 N <1 Computer Computer
30 1/9/01 4:45 Computer type mismatch 11574 77 N <1 Computer Computer
31 1/9/01 6:47 Feed pump erratic 11574 77 N 1 Operational Feed pump
32 1/9/01 6:50 Computer type mismatch 11574 77 Y <1 Computer Computer
33 1/9/01 9:50 Low-pressure feed pump seized 11574 78 N 1 Operational Feed recirculation pump
34 1/10/01 10:00 Gas sample line plug 11574 85 N <1 Operational Gas analysis train
35 1/11/01 0:00 pH electrode fouled NA NA N <1 Operational Liquid analysis train
36 1/11/01 16:36 Gas sample line plug 11574 94 N <1 Operational Gas analysis train
37 1/11/01 5:30 Clean P-350B check valves 11574 98 N 1 Operational Feed pump
38 1/12/01 7:00 Badgers not working in auto mode 11574 99 N <1 Computer Computer
39 1/12/01 7:00 Bypassing behind Ti liner 11574 99 N <1 Mechanical Reactor
40 1/12/01 7:00 Potential computer problems 11574 99 N <1 Computer Computer
41 1/12/01 7:00 Thermowell replacement 11574 99 N <1 Corrosion Reactor
42 1/12/01 10:32 Liner thermocouple malfunction 11574 99 N 1 Mechanical Reactor
43 1/12/01 15:07 pH meter apparently broken 11574 100 N 2 Mechanical pH meter
44 1/12/01 15:35 Fuel tank runs dry 11574 100 Y 3 Error Fuel system
45 1/12/01 19:00 PCV-437A not holding pressure NA NA N <1 Operational Fuel system
46 1/12/01 19:39 Ruptured cooling water hose 11574 101 Y <1 Operational Cooldown HX
47 1/12/01 22:00 Added scaling chemicals to cooling water NA NA N <1 Operational Cooling water system
48 1/13/01 14:14 Gas sample line plug 11575 2 N <1 Operational Gas analysis train
49 1/13/01 14:49 Compressor filters need replacing NA 2 N 1 Operational HP air compressors
50 1/13/01 21:58 PCV-357B not holding pressure 11575 4 N <1 Operational Feed system
51 1/13/01 21:58 Clean P-350B check valves 11575 4 N 1 Operational Feed pump
52 1/13/01 21:58 P-420B B head leaking 11575 4 N <1 Operational Fuel pump
53 1/14/01 18:30 Air flow fluctuations 11575 10 N <1 Operational HP air compressors
54 1/14/01 23:50 Discharge and suction check valves cleaned NA NA N <1 Operational Feed system
55 1/15/01 4:00 Added scaling chemicals to cooling water NA NA N <1 Operational Cooling water system
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Component Maintenance/ Root Cause
ID Fix Type of Problem Resolution to Problem

NA Operational modification Feed precipitation Leave preheaters on at low setting
FCV-654A Change-out Faulty installation, stem bent Change-out valve, rebuild correctly
FCV-654B Change-out trim Solids in valve Better solids separation prior to valve
GLS-630 Replace gasket Temporary gasket in use Procure proper gasket
P-300B Replace Pump overpressured during cleanout Replace pump, exercise care when blowing out lines
P-350B Clean (flush) Solids in pump Periodic cleaning/flushing, including inlet strainer
GS-680 Drain Water carryover Modify post-V-680 trap
TE-600 Reposition Thermocouple out of position Replace and secure thermocouple
NA Reposition Incorrect installation Reposition heat tracing
PT-463 Replace TBD TBD
GLS-630, SS-640 Clean (flush) Titanium corrosion Periodic flushing
P-420B Repair Normal wear Normal maintenance
GS-680 Check connections Connections incorrect Correct connections
P-350B Clean (flush) Solids in pump Periodic cleaning/flushing, including inlet strainer
FCV-654A Adjustment Improper adjustment Adjust
TK-400B Clean Dirty fuel Screen fuel when adding
P-420A Repair Normal wear Normal maintenance
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
R-550 Clean (flush) Failure to rinse after prior run Rinse reactor before restarting if feed processed for

>0.5 hr
FCV-461 Adjustment Improper adjustment of control pressure Reset control pressure
R-550 Clean (flush) Nonoptimal top insert and gasket Install new top insert and gasket
R-550 Replace Corrosion Replace
GLS-630, SS-640 Clean (flush) Titanium corrosion Periodic flushing
R-550 Replace Improper installation Review assembly procedures with pipe fitters
FV-550 Replace Normal wear Rebuild
NA Clean (flush) Metal burr from feed cross (see no. 15) Assemble fittings without galling
P-120B Repair Nozzle plug Assemble fittings without galling
TE-554 Replace Wet leads Waterproof thermocouple connections

NA Programming Software problem Edit program
NA Programming Software problem Switch computers
P-350B Clean (flush) Solids in pump Periodic cleaning/flushing, including inlet strainer
NA Programming Software problem Edit program
P-300B Clean (flush) Solids precipitation in pump and lines Clean
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
AE-670 Clean (flush) Solids buildup in probe housing Periodic cleaning/flushing
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
P-350B Clean Preventative maintenance Clean
NA Programming Software problem Edit program
R-550 Redesign Mismatched components New top insert and gasket
NA Reboot Power fluctuations Reboot
R-550 Replace Corrosion Replace
TE-572x, 574x Replace Normal wear Replace
AT-670 Replace Unknown Not resolved at this time
TK-400B Refill Hourly rounds neglected Carry out hourly rounds
PCV-437A Repair Stem and seat worn Rebuild
HX-610 Repair Hose overheats, presumably blockage Rework hoses
Cooling water Added Nalco chemicals Potential scaling in cooling water Treat cooling water
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
C-450 Change filter Preventative maintenance Changed desiccant air dryer filters on all compressors
PCV-357 Rebuild Stem and seat worn Rebuild
P-350B Clean Preventative maintenance Clean
P-420B Replace packing B head leaking (packing) Changed packing on B head
C-450 Adjustment Insufficient compressor pressure Set start pressure lower
P-350B Clean Preventative maintenance Disassemble and clean
Cooling water Added Nalco chemicals Potential scaling in cooling water Treat cooling water

continued
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56 1/15/01 16:24 Gas sample line plug 11575 17 N <1 Operational Gas analysis train
57 1/16/01 0:35 Scaling in the DPT lines 11575 20 N <1 Operational Reactor DPT
58 1/16/01 0:35 Hose replacement for cooling water to CDHX 11575 20 N 1 Operational Cooling water system
59 1/16/01 0:35 Bad trim for FCV-654B 11575 20 N <1 Operational Liquid letdown
60 1/16/01 0:35 PCV-357B not holding pressure 11575 20 N <1 Operational Feed system
61 1/16/01 0:35 Discharge and suction check valves cleaned 11575 20 N <1 Operational Feed system
62 1/16/01 0:35 Thermowell replacement 11575 20 N <1 Corrosion Reactor
63 1/16/01 0:35 TE-571 broken on disassembly 11575 20 N <1 Mechanical Reactor
64 1/16/01 11:00 PCV-357A not holding pressure NA NA N <1 Operational Feed system
65 1/16/01 17:27 Gas sample line plug 11575 26 N <1 Operational Gas analysis train
66 1/16/01 3:00 Discharge and suction check valves cleaned 11575 28 N <1 Operational Feed system
67 1/17/01 3:00 Added scaling chemicals to cooling water 11575 28 N <1 Operational Cooling water system
68 1/17/01 12:17 Gas sample line plug 11575 31 N <1 Operational Gas analysis train
69 1/17/01 17:00 HP air compressor C malfunction 11575 32 N 2 Mechanical HP air compressors
70 1/18/01 2:45 PCV-460 not controlling properly 11575 35 N <1 Operational HP air line to reactor
71 1/18/01 9:35 Gas sample line plug 11575 37 N <1 Operational Gas analysis train
72 1/19/01 5:00 TE-571 broken on disassembly 11575 42 N <1 Mechanical Reactor
73 1/19/01 5:00 Thermowell replacement 11575 42 N <1 Corrosion Reactor
74 1/20/01 12:15 pH meter apparently broken 11575 48 N 2 Mechanical pH meter
75 1/20/01 14:00 TE-641 malfunction 11575 48 N <1 Mechanical Letdown system
76 1/20/01 19:27 Gas sample line plug 11575 49 N <1 Operational Gas analysis train
77 1/20/01 20:10 Line from PT-551 to reactor head leaking 11575 50 Y 2 Mechanical Reactor plumbing
78 1/20/01 22:12 Shutoff valve on gas letdown leaking 11575 50 N 2 Mechanical Gas letdown
79 1/20/01 22:12 Reactor dump valve leaking 11575 50 N 2 Mechanical Reactor
80 1/20/01 22:12 BPR on gas letdown not holding pressure 11575 50 N 2 Mechanical Gas letdown

Source: General Atomics, 2001.

TABLE B-1  Continued

Fix System/
Description GA Log Page Shutdown Time Problem Component

ID Date Time of Item Book No. No. Caused? (hr) Type Involved
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V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
DPT-550 Clean (flush) Salts build up in DPT lines Flush lines
HX-610 Replace Possible coolant overheating Replace with high-temperature hose
FCV-654B Replace Scored trim, trim too large Replace with M trim
PCV-357B Clean Dirty stem and seat Disassemble and clean
P-350B Clean Preventative maintenance Disassemble and clean
R-550 Replace Corrosion Replace
TE-571 Replace Thermowell corrosion Replace
PCV-357A Clean Dirty stem and seat Disassemble and clean
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
P-350B Clean Preventative maintenance Disassemble and clean
Cooling water Added Nalco chemicals Potential scaling in cooling water Treat cooling water
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
C-450C Repair Check valve broken Repair
PCV-460 Replace Oil contamination/clogging frit Disassemble and rebuild
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
TE-571 Replace Thermowell corrosion Replace
R-550 Replace Corrosion Replace
AT-670 Replace Interference from power wiring Rearrange wiring
TE-641 Replace Unknown Replace with surface thermocouple
V-680 System modification Mist carryover with salt deposition Modify post-V-680 trap
NA Replace Fatigue/wear/corrosion Weld new fitting to modified AE drilled through plug
FV-640B Replace Contamination in gas letdown Replace
FV-550 Replace body Overheating soft goods Replace
PCV-646 Replace Corrosion/erosion internals Replace

Component Maintenance/ Root Cause
ID Fix Type of Problem Resolution to Problem
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Appendix C

Committee Meetings and Site Visits

Committee Meeting 1, June 8–9, 2000
Edgewood, Maryland

NRC Participants

Committee Chair: Robert A. Beaudet. Committee
members: Richard J. Ayen, Joan B. Berkowitz, Sheldon E.
Isakoff, David S. Kosson, Frederick J. Krambeck, John A.
Merson, William R. Rhyne, William R. Seeker, and Leo
Weitzman. NRC staff members: Patricia P.  Paulette, Bruce
Braun, Harrison T. Pannella, and Jacqueline Johnson-
Campbell.

Objectives

Complete administrative actions, including introductions
and composition/balance discussions for committee mem-
bers, and committee administrative support methodology;
receive DOD briefings on the ACWA program concerning
Demonstration II and engineering design studies (EDSs)
status; tour and inspect the four test sites located at Aber-
deen Proving Ground (APG) or the APG Edgewood Area;
develop specific committee assignments for future activities;
discuss concepts for planned reports and strategy; determine
location and date for the next committee meeting.

Site Visit 1, June 9, 2000 (in Conjunction with Meeting 1)
Aberdeen Proving Ground Edgewood Area, Maryland, and
Aberdeen, Maryland

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Joan B. Berkowitz, Sheldon E.
Isakoff, Frederick J. Krambeck, John A. Merson, William R.
Rhyne, William R. Seeker, and Leo Weitzman. NRC staff
members: Patricia P. Paulette, Bruce Braun, Harrison T.
Pannella, and Jacqueline Johnson-Campbell.

Objectives

Visit the following Demonstration II test units: AEA 12-
kW Silver II test unit for energetics, AEA 2 kW Silver II test
unit for agent, EcoLogic gas-phase chemical reduction test
unit. Visit the following EDS test units: Parsons/Honeywell
immobilized-cell bioreactor test unit.

Site Visit 2, June 20–21, 2000
Dugway Proving Ground and Deseret Chemical Depot,
Utah

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Willard C. Gekler, Sheldon E. Isakoff,
Hank C. Jenkins-Smith, John A. Merson, William R. Rhyne,
Stanley I. Sandler, and Leo Weitzman. NRC staff member:
Harrison T. Pannella.

Objectives

Visit the following Demonstration II test units: Teledyne-
Commodore solvated-electron technology (SET) test unit for
energetics, SET test unit for agent, and fluid-jet cutting test
unit; Foster Wheeler supercritical water oxidation (SCWO)
test unit. Visit the following EDS test units: General Atom-
ics SCWO test unit and dunnage shredder/hydropulping sys-
tem. Tour the baseline incineration-based Tooele Chemical
Agent Disposal Facility and the adjacent chemical stockpile
storage area.
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Site Visit 3, August 2–3, 2000
Parsons, Inc., Pasadena, California

NRC Participants

Committee member: William R. Rhyne. NRC staff mem-
ber: Patricia P. Paulette.

Objectives

Receive briefings on the Parsons/Honeywell technology
design package. Observe working sessions of scientists and
engineers discussing preliminary examinations and possible
minor modifications of the package.

Committee Meeting 2, August 8–9, 2000
National Research Council, Washington, D.C.

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Joan B. Berkowitz, Ruth M. Doherty,
David S. Kosson, Frederick J. Krambeck, John A. Merson,
William R. Rhyne, Stanley I. Sandler, William R. Seeker,
and Leo Weitzman. NRC staff members: Patricia P. Paulette,
Bruce Braun, Harrison T. Pannella, Jacqueline Johnson-
Campbell, and Gwen Roby.

Objectives

Receive updated briefings from the ACWA technical
staff, the Citizens Advisory Technical Team (CATT), and
technology providers (Foster Wheeler; EcoLogic Solutions,
Inc.; AEA Technology Engineering Services, Inc.; Teledyne-
Commodore; Parsons). Discuss concept drafts for NRC
reports on the ACWA EDS and Demonstration II; develop
writing assignments; complete composition and balance;
finalize locations and dates for future committee meetings
and potential site visits.

Site Visit 4, August 17–18, 2000
Arthur D. Little, Inc., Cambridge, Massachusetts

NRC Participants

Committee member: Leo Weitzman. NRC staff member:
Patricia P. Paulette.

Objectives

Receive briefings on the General Atomics interim engi-
neering design technology. Observe scientific and engineer-
ing working sessions on preliminary examinations and
design optimization of the package.

Site Visit 5, August 25, 2000
Illinois Institute of Technology Research Institute,
Chicago, Illinois

NRC Participants

Committee member: Leo Weitzman.

Objectives

Observe Parsons CATOX unit under consideration for
incorporation into the General Atomics technology package
and scheduled for EDS testing.

Site Visit 6, September 6, 2000
Aberdeen Proving Ground Edgewood Area, Maryland

NRC Participants

Committee member: Leo Weitzman. NRC staff members:
Patricia P. Paulette and Harrison T. Pannella.

Objectives

Attend the integrated product review meeting on the status
of the engineering-scale test for the one-tenth-scale General
Atomics SCWO test unit planned for treatment of VX
hydrolysate at the Newport bulk storage site.

Site Visit 7, September 7, 2000
Aberdeen Proving Ground Edgewood Area, Maryland

NRC Participants

NRC staff members: Patricia P. Paulette, Bruce Braun,
and Harrison T. Pannella.

Objectives

Attend the joint Program Manager for Chemical Demili-
tarization/Program Manager for Assembled Chemical Weap-
ons Assessment (PMCD/PMACWA) Industry Day briefings
to commence non-technology-specific acquisition RFPs
activities for the disposal facility at the Pueblo Chemical
Depot.

Site Visit 8, October 10, 2000
Pueblo Chemical Depot, Pueblo, Colorado

NRC Participants

NRC staff members: Patricia P. Paulette and Bruce Braun.
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Objectives

Receive a briefing from the site commander of the Pueblo
Chemical Depot, tour the storage bunkers, and visit the
public outreach office. Attend a meeting of the Pueblo, Colo-
rado, Citizens’ Advisory Commission.

Committee Meeting 3, October 19–20, 2000
J. Erik Jonsson Center of the National Academies,
Woods Hole, Massachusetts

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Joan B. Berkowitz, Ruth M. Doherty,
Willard C. Gekler, Sheldon E. Isakoff, David S. Kosson,
Frederick J. Krambeck, John A. Merson, William R. Rhyne,
Stanley I. Sandler, William R. Seeker, and Leo Weitzman.
NRC staff members: Patricia P. Paulette, Bruce Braun,
Harrison T. Pannella, and Chris Jones.

Objectives

Complete administrative actions, including introductions
and committee composition and balance discussions.
Receive updates from the PMACWA technical team and
associates concerning Demonstration II, EDS, and energetics
testing. Discuss initial findings and recommendations for the
EDS Pueblo and Demonstration II reports.

Site Visit 9, October 25, 2000
Pine Bluff Chemical Depot, Pine Bluff, Arkansas

NRC Participants

Committee member: Willard C. Gekler.

Objectives

Observe unit operations of the SCWO reactor being tested
for use in the destruction of smoke and dye materials.

Site Visit 10, October 30, 2000
Holston Army Ammunition Plant, Kingston, Tennessee

NRC Participants

Committee members: Ruth M. Doherty and William R.
Rhyne.

Objectives

Attend a review of the energetics hydrolysis testing
planned for Holston Army Ammunition Plant. Tour facility
and observe operations. Holston is a major site for hydroly-
sis testing of many different types of energetic materials.

Site Visit 11, November 3, 2000
ACWA Dialogue Meeting, Pueblo, Colorado

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Ruth M. Doherty, John A. Merson, and Hank C.
Jenkins-Smith. NRC staff members: Patricia P. Paulette and
Bruce Braun.

Objectives

Provide briefings to the Dialogue on NRC activities con-
cerning the ACWA program and attend the Dialogue
meeting.

Site Visit 12, November 8–10, 2000
Parsons, Inc., Pasadena, California

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Willard C. Gekler, David S. Kosson
(Parsons/Honeywell only), John A. Merson, William R.
Rhyne, Stanley I. Sandler (General Atomics only), and Leo
Weitzman. NRC staff members: Patricia P. Paulette and
Harrison T. Pannella.

Objectives

Receive briefings on the Parsons/Honeywell and General
Atomics EDS. Results of EDS testing were also reported.

Site Visit 13, November 26–28, 2000
Parsons, Inc., Pasadena, California

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
ber: William C. Gekler.

Objectives

Attend briefings prepared for the Army ACWA team by
the technology providers on the status of preliminary techni-
cal reports on the Parsons/Honeywell and General Atomics
engineering designs. Results of testing for the engineering
designs were also reported.

Site Visit 14, December 7, 2000
Edgewater, Maryland

NRC Participants

Committee members: Joan B. Berkowitz and Leo
Weitzman.
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Objectives

Attend presentation by General Atomics to PMACWA
concerning the developmental status of its SCWO reactor.

Committee Meeting 4, December 14–15, 2000
National Academy of Sciences, Washington, D.C.

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Joan B. Berkowitz, Ruth M. Doherty,
Willard C. Gekler, Sheldon E. Isakoff, Hank C. Jenkins-
Smith, David S. Kosson, Frederick J. Krambeck, John A.
Merson, William R. Rhyne, Stanley I. Sandler, William R.
Seeker, and Leo Weitzman. NRC staff members: Patricia P.
Paulette, Harrison T. Pannella, and Jacqueline Johnson-
Campbell.

Objectives

Report development; review and revise current versions
of EDS Pueblo and Demonstration II reports; devise path
forward for first full message drafts of each report.

Site Visit 15, January 4, 2001
Holston Army Ammunition Plant, Kingsport, Tennessee

NRC Participants

Committee members: Ruth M. Doherty, John A. Merson,
and William R. Rhyne.

Objectives

Attend a working review meeting on energetics hydroly-
sis testing at Holston and the results of this testing to date.
Note the scientific and engineering issues revealed during
the test procedures.

Site Visit 16, January 24, 2001
ACWA Dialogue Meeting, Lexington, Kentucky

NRC Participants

Committee member: William R. Rhyne. NRC staff mem-
ber: Patricia P. Paulette.

Objectives

Attend Dialogue meeting and provide an update of the
NRC ACW II Committee’s activities.

Committee Meeting 5, February 8–9, 2001
Washington, D.C.

NRC Participants

Committee Chair: Robert A. Beaudet. Committee mem-
bers: Richard J. Ayen, Joan B. Berkowitz, Ruth M. Doherty,
Willard C. Gekler, David S. Kosson, Frederick J. Krambeck,
John A. Merson, William R. Rhyne, Stanley I. Sandler, Wil-
liam R. Seeker, and Leo Weitzman. NRC staff members:
Patricia P. Paulette, Bruce Braun, Harrison T. Pannella, and
Jacqueline Johnson-Campbell.

Objectives

Receive briefings from the PMACWA technical staff con-
cerning the status of EDS I, EDS II, and Demonstration II
program activities and other presentations from the ener-
getics hydrolysis testing group at Picatinny Arsenal. Review
and revise reports. Define steps to EDS I report concurrence
draft. Set goals for interim activities and for the next meeting.

Information-Gathering Activity, March 11–14, 2001
Houston, Texas

NRC Participants

NRC staff member: Patricia P. Paulette.

Objectives

Attend National Association of Corrosion Engineers
symposium on SCWO technology as it relates to materials
of construction and corrosion reactions in reactors. Arrange
to obtain scientific briefing packages and technical papers
for distribution to committee members.

Committee Meeting 6, March 26–27, 2001
Beckman Center, Irvine, California

NRC Participants

Committee Chair: Robert Beaudet. Committee members:
Richard J. Ayen, Joan B. Berkowitz, Ruth M. Doherty,
Willard C. Gekler, Sheldon E. Isakoff, Frederick J.
Krambeck, John A. Merson, William R. Rhyne, Stanley I.
Sandler, William R. Seeker,  and Leo Weitzman. NRC staff
members: Bruce Braun, Patricia Paulette, Harrison Pannella,
Gwen Roby, and William Campbell.
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Objectives

Closed meeting for report development. Complete con-
currence draft for EDS I Pueblo report and preconcurrence
draft for Demonstration II report. Schedule next meeting date
and discuss items for the agenda.
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Appendix D

Biographical Sketches of Committee Members

Robert A. Beaudet, Chair, received his Ph.D. in physical
chemistry from Harvard University in 1962. From 1961 to
1962, he was a U.S. Army officer and served at the Jet Pro-
pulsion Laboratory as a research scientist. He joined the fac-
ulty of the University of Southern California in 1962 as an
assistant professor and was chair of the Chemistry Depart-
ment from 1976 to 1979. He has also served on Department
of Defense committees addressing chemical warfare agents
in both offensive and defensive scenarios. He was chair of
an Army Science Board committee that addressed chemical
detection and trace-gas analysis and chair of an Air Force
technical conference on chemical warfare decontamination
and protection. He has served on two National Research
Council (NRC) studies on chemical and biological sensor
technologies and energetic materials and technologies. Most
of his career has been devoted to research in molecular struc-
ture and molecular spectroscopy. Dr. Beaudet previously
served as a member of the Board of Army Science and Tech-
nology (BAST) and as a BAST liaison to the Committee on
Review and Evaluation of the Army Chemical Stockpile
Disposal Program (Stockpile Committee), a standing NRC
committee. He is currently a member of the NRC Committee
on Review of the Non-Stockpile Chemical Materiel Disposal
Program. Dr. Beaudet is the author or coauthor of more than
100 technical reports and papers.

Richard J. Ayen received his Ph.D. in chemical engineer-
ing from the University of Illinois. Dr. Ayen is a former vice
president of technology for Waste Management, Inc., and is
now an independent consultant. He has extensive experience
in the evaluation and development of new technologies for
the treatment of hazardous waste. Dr. Ayen managed all
aspects of the Waste Management Clemson Technical
Center, including treatability studies and technology demon-
strations for hazardous and radioactive waste. He has pub-
lished extensively in his fields of interest and is a member of
the NRC Committee on Review of the Non-Stockpile
Chemical Materiel Disposal Program.

Joan B. Berkowitz, who graduated from the University of
Illinois with a Ph.D. in physical chemistry, is currently man-
aging director of Farkas Berkowitz and Company. Her areas
of expertise include environmental and hazardous waste
management, available technologies for the cleanup of con-
taminated soils and groundwater, and physical and electro-
chemistry. She has contributed to several studies by the
Environmental Protection Agency, been a consultant on
remediation techniques, and assessed various destruction
technologies. Dr. Berkowitz has written numerous publica-
tions on hazardous waste treatment and environmental sub-
jects. She is currently a member of the NRC Committee on
Review of the Non-Stockpile Chemical Materiel Disposal
Program.

Ruth M. Doherty received a Ph.D. in physical chemistry
from the University of Maryland. She is currently technical
advisor for the Energetic Materials Research and Technol-
ogy Department, Naval Surface Warfare Center, Indian
Head, Maryland. Since 1983, she has coauthored about 60
publications on physical chemistry. In the past 6 years,
Dr. Doherty has given 20 presentations on various aspects of
the science and technology of explosives. In 1998 and 1999,
she delivered a series of lectures on explosives technology
for members of the Office of Naval Intelligence. For more
than 15 years, she has been involved in research and devel-
opment of energetics materials and explosives at the Naval
Surface Warfare Center.

Willard C. Gekler graduated from the Colorado School of
Mines with a B.S. in petroleum refining engineering and
pursued additional graduate study at the University of Cali-
fornia in Los Angeles in nuclear engineering. Mr. Gekler is
currently an independent consultant working for his previous
employer, EQE International, Inc. His extensive experience
includes membership on the NRC ACW I and II Committees
and on the Expert Panel reviewing the quantitative risk
assessments and safety analyses of hazardous materials
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handling, storage, and waste treatment systems for the
Anniston and Umatilla chemical disposal facilities. His
expertise is in hazard evaluation, quantitative risk analyses,
reliability assessment, and database development for risk and
reliability. Mr. Gekler is a certified reliability engineer and a
member of the Society for Risk Analysis (SRA) and the
American Nuclear Society. He is author or coauthor of
numerous publications.

Sheldon E. Isakoff, who received his Ph.D. in chemical
engineering from Columbia University, is the retired director
of the Engineering R&D Division of E.I. du Pont de Nemours
and Company. His experience includes the management of
technology, directing research and development, market
assessment and development, process scale-up, commercial
introduction, and leadership of personnel. His areas of
expertise also include materials science and engineering and
the development and application of new materials for indus-
trial and consumer markets. Dr. Isakoff is a fellow and past
president of the American Institute of Chemical Engineering
and a former director of its materials engineering and sci-
ences division. He was elected to the National Academy of
Engineering in 1980 and has served on several NRC com-
mittees.

Hank C. Jenkins-Smith received his Ph.D. in political
science from the University of Rochester and is currently a
professor in the Department of Political Science at the Uni-
versity of New Mexico (UNM). He is also the director of the
UNM Institute for Public Policy. His areas of expertise
include statistical analysis, measurement of public opinion,
politics of risk perception, environmental policy, and public
policy. Dr. Jenkins-Smith is a member of the Society for Risk
Analysis (SRA) and the American Political Science Associa-
tion. In 1996, he received the SRA’s Risk Research Award.
He is the author of more than 60 publications and reports.

David S. Kosson has a B.S. in chemical engineering, an
M.S. in chemical and biochemical engineering, and a Ph.D.
in chemical and biochemical engineering from Rutgers, the
State University of New Jersey. He is chairman and profes-
sor of the Department of Civil and Environmental Engineer-
ing and professor of chemical engineering at Vanderbilt
University and a former professor of chemical and biochemi-
cal engineering at Rutgers. Dr. Kosson has carried out
research and published extensively on subsurface contami-
nant transport phenomena; leaching phenomena; physical,
chemical, and microbial treatment processes for hazardous
waste; and waste management policy. Dr. Kosson served on
the NRC Committee on Review and Evaluation of the Army
Stockpile Disposal Program for 7 years, the final 2 years as
chair. As a member of the NRC Committee on Alternative
Chemical Demilitarization Technologies and the Panel on
Review and Evaluation of Alternative Chemical Disposal
Technologies, he contributed to the Army’s decision to use

alternative methods of destruction at both the Aberdeen and
Newport facilities. Dr. Kosson is well known for his exper-
tise in bioremediation.

Frederick J. Krambeck received his Ph.D. in chemical
engineering from the City University of New York. He is a
senior consultant for ExxonMobil Research and Engineer-
ing Company. His expertise includes research and develop-
ment (R&D) in petroleum refining, including process and
reactor design and development, chemical reaction engineer-
ing, on-line and off-line optimization, modeling, and R&D
project management. He is also experienced in technology
strategy considerations for greenhouse gas stabilization.
Dr. Krambeck was elected to the National Academy of
Engineering in 1999 and is a fellow and member of the Board
of Directors of the American Institute of Chemical Engi-
neers (AIChE). He has assisted in the development of patents
for more than 25 processes. Dr. Krambeck is the author or
coauthor of 40 publications, including Elements of Process
Engineering, which was delivered as a plenary lecture for
the AIChE 90th Anniversary History Session in 1998.

John A. Merson received a B.S. and M.S. in chemical engi-
neering from the University of New Mexico and a Ph.D. in
chemical engineering from Arizona State University. His
areas of expertise include research, development, and appli-
cation of energetic materials and components in the nuclear
weapons stockpile. Dr. Merson is the department manager
of the Explosive Subsystems and Materials Department at
Sandia National Laboratories, which designs, develops, and
characterizes explosive, propellant, and pyrotechnic compo-
nents and subsystems to meet specific needs. Dr. Merson is a
member of the American Institute of Chemical Engineers.

William R. Rhyne received a B.S. in nuclear engineering
from the University of Tennessee and an M.S. and D.Sc. in
nuclear engineering from the University of Virginia and is
cofounder and director of H&R Technical Associates, Inc.
Dr. Rhyne has extensive experience in risk and safety analy-
sis associated with nuclear and chemical processes and with
the transport of hazardous nuclear materials and chemicals.
From 1984 to 1987, he was the project manager and princi-
pal investigator for a probabilistic accident analysis of trans-
porting obsolete chemical munitions. Dr. Rhyne is the author
or coauthor of more than 40 publications and reports on
nuclear and chemical safety and risk analysis, including
Hazardous Materials Transportation Risk Analysis: Quanti-
tative Approaches for Truck and Train. He is a member of
the NRC Transportation Research Board Hazardous Mate-
rials Committee, the Society for Risk Assessment, the
American Nuclear Society, and the American Institute for
Chemical Engineers.

Stanley I. Sandler, who received his Ph.D. in chemical en-
gineering from the University of Minnesota, is currently the
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Henry Belin du Pont Chair and director of the Center for
Molecular and Engineering Thermodynamics at the Univer-
sity of Delaware. His extensive research interests include
applied thermodynamics and phase equilibrium, environ-
mental engineering, and separations and purification.
Dr. Sandler is a recipient of the Warren K. Lewis Award
from the American Institute of Chemical Engineers and the
Inaugural E.A. Mason Memorial Lecturer Award from
Brown University. He is a member of the National Academy
of Engineering and has published more than 250 technical
articles in recognized journals and conference proceedings.

William R. Seeker received his Ph.D. in engineering
(nuclear and chemical) from Kansas State University. He is
senior vice president and member of the Board of Directors
of the Energy and Environmental Research Corporation, a
wholly owned subsidiary of General Electric Company. He

has extensive experience in the use of thermal treatment tech-
nologies, environmental control systems for managing haz-
ardous waste, and air pollution control. He is a member of
the Executive Committee of the EPA Science Advisory
Board and the author of more than 150 technical papers on
various aspects of technology and the environment.

Leo Weitzman received his Ph.D. in chemical engineering
from Purdue University. He is a consultant with 28 years of
experience in the development, design, permitting, and
operation of equipment and facilities for the treatment of
hazardous wastes and remediation debris. Dr. Weitzman has
extensive experience in the disposal of hazardous waste and
contaminated materials by thermal treatment, chemical
reaction, solvent extraction, biological treatment, and stabi-
lization. He has published more than 40 technical papers.


