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PACER PROGRAM. TFY 1974 LASL ACTIVITY.
NOTICE

REFERENCES This report was prepared as an accoumt of work
sponsoted by the United States Government. Neither
the Umted States nor lhe Umted States Encrgy
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Compiled by their employees, nor amy of their contracioss,
subcontractors, or lheu emplayees, makes ary

R. G. Shreffler warranty, exp ar lied, or any legal

liability or usponsx‘bnl.ty for t':e accuracy, complcleness
or usefulness of any infc
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mfnuge privately owned rights.

ABSTRACT
This report 1s a compilation of the previously unpublished,

unclassified references cited in LA~5754-MS (October 1974), and - i
each is identified by the number assigned to it in that publica- MAS

tion.
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D0S-1-81

PACER PROGRAM
PHASE 1 - THEORETICAL AND LABORATORY STUDIES
PART I - PROGRAM DEFINITION
Introduction

This document outlines the initial phase of the PACER program. The
objectives of this phase are:

e Theoretical investigation of all physics and rhemistry problems

® Conceptual solution of all engineering design problems

¢ Fundamental materials creep and rupture and corrosion tests
® Engineering componetry testing as required

o Theoretical and laboratory studies of breeding and recovery

e Preliminary economic and system analysis of burner reactor
utilization.

e Survey of all salt domes.-within the U.S.; development of criteria for
salt dome seleftion; survey of methods for cavity construction.

® Investigation of the possibility of applying PACER technology to the
development of a nuclear test and effects facility,

This planning document consists of a number of parts:

Part 1 ~ Divides the Phase 1 program into seven projects which in turn
are subdivided into tasks.

Part 2 - Describes the experiments in support of Phase 1.

Part 3 - Defines the Phase 1 budget.

There are a number of purposes for this document:

® It will supooly the necessarv documentation needed to facilitate
the management of a complicated and expensive program.

e It will serve as a principal communication and coordination instrument.
There are at least four organizations directly responsible for the
program: AEC Headquarters, ALO, LASL,and RDA.

® It will supply the necessary basis for determining budgets .
and schedules. ;
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DOS-1-81 April 2, 1974

PACER PROGRAM
PHASE 1 ~ THEORETICAL AND LABORATORY STUDIES
PART I - PROGRAM DEFINITION

ALO Contract Officer: Harry Fish
AEC Program Manager: R. G. Shreffier (R, E, Roush, Alternate)

RDA Supervisor: H. Hubbaxd (E. Martinelli, Alternate)

DESCRIPTION:

The PACER Program is outlined in Reference 1. The goals for Phase 1
~6f the program stated in the introduction to this document. The
program consists of the following projects:

Project 1 Thermonuclear Device

Project 2 Cavity Phenomenology

Project 3 Engincering

Project 4 Economics

Project 5 Safety and Environmental Considerations

Project 6 Fuel Recovery and Processing

Project 7 Geology, Site Definition and Selection and Cavity Cemstruction
Project 8 Nuclear Test and Effects Facility

Project 9 System Analysis, Coordination and Planning

RESQURCES:

A detailed breakdown of resources is included in Part III of this document.

The funding for the current year is summarized as follows:

REGD Associates is funded for $247,000 under Contract AT(29-2)-3324 for

FY 1974, Contractual obligations disperse the RDA funds in the following

manner :
Manpower $217K
Ccuputer 14K
Travel 8K
Consultants &K
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LASL is funded at a level of $200,000. This money is distributed
as follows:

DOS-1 Project Management $ 34.1K
ENG Engineering Design 37.4K
J Fireball and Radiation Calculations §

Site Selection 11.8K
T Hydrodynamic and Opacity Calculations 51.1K
Fu) Nuclear Explosive Design 5.7
WX Physical Chemistry § Cavity 59.9K

Structural Calculations
MILESTONES:

4/74 Program Summary Report. On this date it is intended that summary
reports from the nine projects will be completed and compiled into
the Program Summary Report.

STATUS:

Detailed definition and funding for the entire program are und:r way.
All projects are under way with specific emphasis on Projects 1, 2, and 3.

REFERENCES:

1. RDA DrOposal 72-26, Electric Power Gemeration by Thermonurlear Explosions
Contained in Salt Domes, October 1972. Secret. e

2. DOS-1-54, Electric Power Generation by Thermonuclear Explosions Contained
in Salt Domes, A Joint LASL-RDA Proposal, June 1973.

3. DOS-1, Electric Power Generation by Thermonuclear Explosions Contained
in Salt Domes. Meeting July 6, 1973 at LASL.

4, DOS-1, July 17, 1973, Shreffler to Giller re FY 74 funding.

5. DOs-1-58, Electric Power Generation by Thermonuclear Explosions Contaxned
in Salt Domes, July 1973 Progress Report. .

6. D0S-1-62, August 1973 Progress Report.

7. DO0S-1-71, September 1973 Progress Report,

g, DOS-1-77, October 1973 Progress Report.

9, DOS-1-76, PACER Program, Part I. General Discussion November 5, 1973.

10. D0S-1-82, The Association of PACER and the Nuclear Weapons Program,
November 29, 1973.

11. DOS-1-85, Movember 1973 Progress Report.
12. D0S-1-88, December 1973 Progress Report.




PROJECT 1 :  Thermonuclear Device*
PROJECT LEADER: LASL, R. E. Roush
DESCRIPTION  :

The development of an appropriate thermonuclear device is essential
to the success of the program. A list of constraints upon this device is
listed in reference 1. Such constraints as device security and safety,
the use of natural resources, the influence of breeding and cost, and
the appropriate yield range are considered. Characteristics, which are
deduced in reference 1 from the constraints are the following:

1. Yield: 100 kt maximum,

2. Thermonuclear fuel: deuterium ,

3. Minimized: tritium, lithium, plutonium, fissicn products, induced activity.

4. No restriction within reason on size and weight

5. Highest priority placed on security and safety

6. Minimum cost consistent with constraints

The project is divided into three tasks for Phase 1:

Task 1.1: Device Design: To develop device design drawings meeting
the above characteristics, and devices for scale experiments
to be executed in Phas¢ 2. No hardware will be procured.
Device output will be computed.

Task 1.2: Device Cost: To define the basis for cost and pricing
estimates, and to dctermine best estimates for the individual

devices,
Task 1.3: Device Safety and Security: To outline methods which insure

safe and secure handling of nuclear explosives from production
plants to detonation, and to insure these methods apply to the

designs,

RESOURCES:

Resources are spelled out with each task.

~

The '"device" is defined to include the entire capsule which is released to
explode within the cavity. It contains the nuclear components, fusing and
firing, safeing systems, and cases for breeding, radiation suppression,
insulation and structure.
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Project 1

MILESTONES:

2/74 Preliminary sketchcs of device designs completed.

2/74 Preliminary cost procedures established.

3/74 Preliminary device safety and security procedures defined.
5/74 Draft of document, "PACER Thermonuclear Explosive" prepared.
5/74 Cost estimate of first device determined.

- Device designs completed
Cost procedures established
Safety and security procedures established

STATUS:

Reference 1 has been written.

Designs for 10 and 100 kt yield devices are being explored with TD Division.
Meeting with ALO in mid-Januarv initiated device cost analvses.

REFERENCE:

1. DOS-1-74, Revised, November 28, 1973: PACEK Thermonuclear Explosive
Constraints.

2. 00571-98, ?Criteria for Developing, Production, and Handling of PACER
Device," (in progress).

~4_




TASK 1.1 ¢ Device Design
PROJECT LEADER: LASL, R. E. Roush
DESCRIPTION :

The goal of this task is the design of appropriate PACER devices,
keeping in mind the constraints and characteristics outlined in
Reference 1. Two devices with yields of 10 and 100 kt will be
developed with the prototype in mind. Two other devices will be
designed for ths scale experiments; one will be high explosive,
the other will be nuclear with a yield in the neighborhood of 100
tons. A1l four devices, to the degree expedient, will have the
same external configuration, weight and center of gravity. To

the degree possible, all will operaie with the same fuzing and
firing, safety, and security devices and procedures. As a
specific part of this task, calcuiations will be made exposing the
amount of device debris: inert components, tritium, plutonium,
uranium, fission products, and induced activity. A calculation will
be made of the radiation level in the working fluid.

MILESTONES:

2/74 Preliminary sketches of device designs completed.
RESOURCES:

DOS-1 Supervision

ENG-6 Preliminary engineering drawings

™D Theoretical design

WX Engineering design and drafting

RDA Consultation

STATUS:

Designs are under way.

REFERENCE:

1. DO0S-1-74, Revised, November 28, 1973: PACER Thermonuclear
Explosives Constraints.

-5-




TASK 1.2 . Device Cost and Price
PROJECT LEADER: LASL, R. E. Roush
DESCRIPTION

At the present time the incremental cost of peaceful nuclear explosives
is based on their production being integrated with weapons production,
In mo:s cases this places a penalty on the peaceful nuclear explosives
cost. Likewise, the preseut AEC pricing is bascd on a 1964 DPNE pricing
policy statement. This pricing is based on the incremental cost plus
added factors which again are derived from weapons cost experience.

The extremely large production rate requirements of explosive units for
PACER will almost certainly necessitate a reevaluation of the capacity of
the AEC integrated contractor production facilities. This reevaluation
could lead to the conclusion that new and separate (from weapon) facilities
will be required for the production of PACER nuclear explosives. Based

on this premise, a new. approach for determining the incremental cost and price
of the PACER nuclear explosive will be required. This task will be to
establish the procedures and to obtain the cost and price of PACER nuclear
explosives. All effort will be carried out through ALO. Procurement of
the devices is to take place within the AEC system with the understanding
that prices will be competitive with commercial prices.

RESOURCES:

DOS-1 Coordination

ALO Establish costing and pricing procedures, and determine cnst
from integrated contractors.

MILESTONES:

5/74 Preliminary cost procedures established and cost estimate
of first device determined.
Frice procedures established,

STATUS:

Preliminary talks with ALO setting mid-January as time to start AEC cost
study.

REFERENCE:
1. DOS-1-74, Revised November 28, 1973: PACER Thermonuclear Explosives
Constvaints.

UCRL-51386, August 1, 1973, The Report of the AEC Task Group on Special
Materials for Plowshare, W. J. Hogan (secret).

3. UCRL-50410, March 8, 1968, Costs of Nuclear Explosives for Natural
Resources Applications, R. E. Rawson, et al.

2

4. DOS-1-98, Criteria for the Development, Production and Handling of PACER
Therronuclear Devices. (In progress.)




TASK 1.3 : Device Safety and Security
PROJECT LEADER : LASL, R. E. Roush

DESCRIPTION

Methods which insure safe and secure handling of nuclear explosives
from production plants to detonation must be defined. These procedures
will be used to evaluate the proposed device designs.

RESQURCES :

DOS-1 Coordination

WX-1 Consultation and design

WX-3 Consultation and design

Sandia Consultation and design

ALD Consultation

MILESTONES:
Preliminary device safety and security procedures defined.
Safety and security procedures established.

STATUS:

General ground rules set forth in Reference 1.

REFERENCES:

DOS-1-74, Revised, November 28, 1973: PACER Thermonuclear Explosive
Constraints.

-7




PROJECT 2 ¢ Cavity Phenomenology

PROJECT LEADER: RDA, Hubbard/LASL, Shreffler

DESCRIPTION
The complete history of the behavior of the cavity must be described from the
time the mining of the caviiy begins until the site is abandoned. Codes must

be developed and lahboratory experiments executed to completely expose the
phenomena associated with the cavity. The tasks composing this Project are:

Task 2.1 Working Fluid: Choice based upon its interaction with the cavity
walls, corrosion of the primary loop and device injection hardware,
cost, safety implications, erergy transfer properties.

task 2.2 Nuclear Explosion Investigations (t < 1 sec): Tlhe interaction of
the nuclear device explosion with the working fluid and the cavity
wall at times until the behavior ceases to be one dimensional.

Task 2.3 Circulation of Working Fluid (t > 1 sec): A calculation of the
circulation of the working fluid within the cavity to define the
history of the fiveball, and to demonstrate the behavior of heat
transfer between the cavity and the primary loop.

Task 2.4 Cavity Integrity - Creep Effects: Assess the integrity cf the
cavity under overburden stresses, accounting for defects in the
wall, anhydrite inclusions in the surrounding salt, the influence
of time, and the state of the working fluid.

The feasibility of the program rests largely on the results of the investiga-
tions of the tasks and associated experiments composing this project.

RESOURCES:
Resources are spelled out with each task.
MILESTONES:

3/74 Project Summary Report (DRAFT) (Principal task milestonies will be
added here when resolved.)

STATUS:
Work is proceedirg on all tasks.
REFERENCES:

See tasks.

-8-
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TASK 2.1 : Working Fluid
PROJECT LEADER: LASL, Nutt/RDA, Hubbard

DESCRIPTION :

The choice and evaluation of an acceptable working fluid is
crucial to the success of the program. Water was chosen initially as
the candidate most likely to succeed. Subsequent efforts have confirmed
this choice to be a good one, indeed it may be uniquely qualified,
particularly if supplemented with the addition of nitrogen (air). However

other possible backup fluids continue to be investigated.

RiZSOURCES:

00S-1 Coordination

WX-2 Research and calculations

RDA

R. Lindgren, F. Gilmore, G. Kennedy {Consultant}

MiLESTGNES:

10/73 Preliminary choice of cavity working fluid (water)
3/74 Project Summary Report (Draft}).

STATUS:

Numerous meetings have been held on this subject. Although Tasks 2,2
and the experiments (Reference 3) must be executed to finally define and
confirm the choice, water with a few percent air is an almost certain
selection. The summary report will expose all the subject.

REFERENCES:

1. S. Sourirajan and G. C. Xennedy, American Journal of Science, 260,
p- 115, 1973, "The System H,0-NaCl at Elevated Temperature and

Pressures."”

2. H. W. Hubbard, PACER Working Fluid and New Operating Conditions,
September 25, 1973,

3. See Part II of this document. Experiments 1, 3, 7.

4. D0S-1-92, "Some Cavity Stability Impiications on the Use of Water as
the Working Fluid for PACER Power Generation,' A, W. Nutt, February 25, 1974,

-9.
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TASK 2.2 ; Nuclear Explosion Investigation (¢ < 1 sec)
PROJECT LEADER : RDA, Hubbard/LASL, Shreffler

DESCRIPTION :

The explosion of the nuclear device and the subsequent behavior of
the working fluid within the cavity at times until its behavior ceases
to be one dimensional (< 1 sec). The calculation <hould give a number
of data:

1. The shock and radiation interaction with the cavity wall.

2. The determination of the condition following the explosion; the
state of the fireball is of particular importance. This serves
as input to task 2.3.

3. The input to the seismic problem as it affects both the
engineering and ecological aspects of the progran.

RESOURCES:

Dos-1 Coordination

J-10 Consultation and computation of RADFLO

T-3 Consultation on hydrodynamics and coordination
T-4 Consultation cn and computation of opacities
RDA

R. MclLean, F. Gilmore, H. Hubbard, E. Martineili

MILESTONES:

3774 RADFLO calculations with water plus air
3/74 Project Summary Report {Draft).

STATUS:

J-10 has done a RADFLO calculation using dry air., They will do further
calculations on air plus traces of water, water, and water plus traces of
air. The latter calculations are dependent on opacity data being
accumulated and developed by T-4. The air calculation indicated

essentially no radiation to reach the cavity wall. The intention is to
develop a working fluid of water with possible limited amounts of air to
meet this same desirable crviteria of no radiation on the wall. Reference

3 describes this activity. LASL progress to date has been good and is defined
in Reference 5. '

RDA has programs under way exploring most of the points outlined in the
description.

~10-
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REFERENCES:
1. J-10 Computer Records.
2. Penner and Varanasi, JQSRT 58, 391 (19€5).

3. Memo, Shreffler to Distribution, "Radflo Calculations of Pacer Cavity
and Supporting Theoretical and Experimental Pacer Effort," January 14,

1974, DOS-1-90, i
4. See Part II of this document. Experiments 6, 7, 8. ;

5. Memo, Barfield to Shreffler, "“PACER Phase 1 Report," February 13, 1974. =
i

-11-

TASK 2.3: Circulation of Working Fluid (t > 1 sec)
PROJECT LEADER: LASL, Francis Harlow, Linda Simpson

DESCRIPTION .
To remove from the cavity all of the heat energy deposited by each
explosion, it is essential to maintain adequate rirculation of the working
fluid, Molecular heat conduction alone is far from sufficient. Convective
transport to the vicinity of the heat exchangers must occur, It may also Y
be necessary to induce turbulence to enhance the heat transport.

At least threc driving mechanisms can be visualized for the initiation
and maintenance of mean-flow circulatien:

1. The nonuniform deposition of heat from each explosion will result
in buoyancy, which drives free convection. . Assuming that the central
region is hottest, the resulting "bubble" will rise along the axis,
producing clockwise (negative) circulation in the r-z plane. The scale
of circulation is likely to be the scale of the entire cavity.

2. Removal of heat will produce local cool regions with negative
buoyancy, which will tend to fall. The induced circulation will likely
be on the scale of the heat exchanger size, despite the fact that the
cooled fluid may fall to the bottom of the cavity. Heat withdrawal at
the top of the cavity will tend to induce counterclockwise (positive}
circulation in the r-z plane, in competition with the explosion-driven i
circulation, whereas withdrawal at the sides may enhance the circulation. . E

3. The withdrawal of the working fluid into the heat exchangers znd
subsequent return back to the cavity will tend to induce forced convection,
and may also enhance the turbulence level in the cavity, .

Qualitative estimates show that the intensity and duration of the various
circulation patterns depend strongly on the level of turbulence. Because
of this sensitivity, accurate calculations of the circulation patterns
are crucial., Such accuracy will require computer solutions of the full
fluid flow and heat transport equations. For this purpose, we are
developing a general computer code for the study of the working fluid
dynamics, through all stages of each explosion cycle. Full account is

taken of the time-varying motions in the two-dimensional (axially-symmetric) !
configuration. The effects of buoyancy, turbulence and convection can i
then be studied efficiently and realistically for a full scope of parameter '
variations, with results that are expected to influence nearly all aspects ’

of engineering and design. :

~12.
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RESOURCES:

$0S-1 Coordination

T3 Consultation and Calculations
J-10 Calculations. Reference 1
RDA
Consultation
MILESTONES:
3/74 Project Summary Report
STATUS

A preliminary calculation has been made of the rising of the fireball from
the center to the roof of the cavity by J-10. See Reference 1.

T-3 has developed the CIRCO code and checked it with preliminary calcula-
tions., Problems are now being run with an incompressible fluid to

evaluate the circulation resulting from the influx and exit of working

fluid from the primary loop. In addition the circulation resulting from

the removal of heat from the cavity is being studied. Calculation of fireball
behavior will follow.

REFERENCES

1. LA-5427-MS, PACER Program, A Strong Explosion in a Spherical Cavity;
Two-dimensional Evolution, by E. Jones.

13-
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TASK 2.4 : Cavity Integrity - Creep Effects
PROJECT LEADER: RDA, Hubbard/LASL, Anderson

DESCRIPTION :

The objective of this task is to assess the integrity of the cavity under
the overburden stresses, accounting for the effects of defects in the wall
and anhydrite inclusions in the surrounding halite. Two dimensional cal-
culations with existing codes will be made to determine the likelihood of
excessive creep deformation or creep rupture of the cavity wall. The
following analytical models will be considered:

1. Spherical cavity - pure halite: This baseline model will involve a
perfect spherical cavity under static internal pressure and gravitational
body forces in the surrounding material. This material will be taken as
pure isotropic halite with axisymmetric temperature distribution and
under steady state, temperature dependent creep. Variations will be
made in parameters such as cavity size and depth, internal pressure,
temperature distribution and creep characteristics to determine their
effect on the creep deformation and creep rupture time for the halite.

2. Spherical cavity - halite/anhydrite medium: In this variation of the
baseline model an attempt will be made to account for the effects of
anhydrite inclusions in the halite. The model and approach will be
similar to the baseline analysis except that the material will be
modeled as a cylindrically orthotropic mixture of anhydrite and halite.

3. Cavity defects - pure halite: In this model, a family of cavity wall
irregularities will be defined and the local stresses analyzed in
order to study the influence of wall defect size and shape on creep
rupture. Both axisymmetric and plane defects in the pure baseline
halite will be considered.

RESOURCES:

D0sS-1 Coordination

WX-3 Calculations
RDA H. Hubbard, A. Field
MILESTONES:
11/73 TSSAS Operating
3/74 Project Summary Report
STATUS:

The TSSAS code has been slightly modified to meet PACER requirements. The

calculations for Model 1 are being carried out at WX-3. Several runs have
been completed. Experiments are being defined.

-14-
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REFERENCES:

1.

2.

3.

D0S-1-75, Determination of Cavity Stability in Long Term Creep,
November 1, 1973.

See Part II of this document. Experiments 2, B8, 9.

WX-3 Trip Report ~ PACER Cavity Stability, C. A. Anderson,
December 20, 1973. :

-15~

PROJECT 3 : Engineering
PROJECT LEADER: RDA, L. Gore/LASL,T. Merson
DESCRIPTION:

This project includes all aspects of the engineering of the proposed power
generation concept from the cavity/piping interface to and including the
generating turbine. The explasive device injection system is also included.
Pertinent to the engineering project will be the study of problems
associated with the startup and emergency and final shutdown aperations.
Inherent in the study and solution of these problems will be the interaction
with other project considerations in such areas as choice of working rluid,
cavity wall stability and environment, safety and economics. Considerable
interaction with laboratory experiments is required, especially those
specifically designed to provide engineering design information. The
engineering goal for Phase 1 is to complete all engineering concepts,
criteria, calculations, and associated design drawings for scale experiments
{Phase 2) and for the prototype development (Phase 3) of the primary loop
and device injection. To accomplish this, the enginecring project is
subdivided into five tasks.

Task 3.1: Trade studies and engineering project coordination: To
integrate inputs from many sources and study competing
engineering concepts. Fventually to supply criteria and
drawings for AE input to Phases 2 and 3.

Task 3.2: Primary loop: To resolve mechanical problems associated
with the primary loop includirg pumps, heat exchdngers, piping,
valves, etc.

Task 3.3: Materials: To transform information from experiments and cal-
culations into engineering recommendations for material chuices.
Specifically to consider corrosion, cost, and fabrication,

Task 3.4: Containment: To determine the sealing of access piping to
the cavity wall and associated problems, and to design
candidate seals for testing.

Task 3.5: Device injection: Te study the problems and possible selutions
associated with injecting the devices into the cavity.

-16-
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RESOURCES:
Resources spelled out with each task. For the present responsibility at

RDA rests with L. Gore, at LASL with T. Merson. They are supported by
the engineering staffs of both organizations.

MILESTONES:

3/74 Preparc input to Program Summary Document.
Complete reguirements for Phase 1.

STATUS:
Preliminary scoping calculations have been performed. Discussions amorg

various engineers have been held to outline potential problems and
solutions.

REFERENCES:

See tasks.
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TASK 3.1 ¢ Trade Studies and Engineering Project Coordination

PROJECT LEADER: RDA, L, Gore/LASL, T. Merson

DESCRIPTION :

Trade studies will be conducted to optimize choices for components of
the engineering system. The purpose is to avoid incompatibilities and
excessive costs, and to aid coordination and management. The objective
is to supply criteria and drawings for A.E. input to Phases 2 and 3.

RESOURCES:
DOS-1 Coordination

ENC-6 Consultation
RDA Consultation

MILESTONES:

3/74 Preparation of Program Summary Document for Project 3, Engineering,
and for Experiments 3, 4, 5, 6, and 8.

STATUS:

REFERENCES:

1. RDA-IR-4100-001, "Throttled Steam for Power Generation," August 1973,
by L. Gore.

2. RDA-IR-4100-002, "Gas Turbine Type Cycle for Power Generation,"
August 1973, by L. Gore.

3. RDA-IR-4100-003, "Pipe Sizes and Pumping Power,' August 1973, by L. Gore,

4. RDA-1K-4100-007, "Pressurized Water Heat Exchangers," October 1973,
by L. Gore.

5. RDA-IR-4100-015, "PACER Thermal Efficiency," December 1973, by L. Gore.
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TASK 3.2 :  Primary Loop
PROJECT LEADER: RDA,L. Gore/LASL, T. Merson

DESCRIPTION :

The objective of this task is to design the primary loop including
such subsystems as piping, heat exchangers, pumps, valves, etc. It is
the function of this task to provide sufficient design information that
an AE can proceed with Phase 2 and 3 design., Tt is expected that this
task will interface closely with the experimental program and even
provide design input to several experiments.

RESOURCES:

DOs-1 Coordination
ENG-6 Engineering
RDA Engineering

MILESTONES:

3/74 Contribution to Task 3.1 in preparation of Program Summary
Document.
STATUS:

The references have been written.

REFERENCES:

1. RDA-IR-4100-006, "Preliminary Estimate of Size, Weight and Cost of
Primary Loop High Pressure Pipes,'" October 1973, by L. Gore.

2. RDA-IR-4100-007, "Pressurized Water Heat Exchangers,'" October 1973,
by L. Gore,

3. RDA-IR-4100-008, "All Steam Heat Exchangers," October 1973, by L. Gore.

4. See Part II of this document, Experiments 1, 3, 4, o.

5. PACER Power Cycle Diagram, Februarv 7, 1974,

:
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TASK 3.3: ¢ Materials
PROJECT LEADER: RDA, L. Gore/LASL,T. Merson
DESCRIPTION:

The objective of this task is to liaison with the materials testing
experiments to provide support in the experimental apparatus desizn
and to be certain that materials of engineering significance are
evaluated in a meaningful manner. This task will be responsible for
recommendations regarding choices of engineering materials including
such data as corrosion, fabrication and cost.

RESOURCES:
DOS-1 Coordinaticn
ENG-6 Consultation
RDA Consultation
MILESTONES:
3/74 Contribution to Task 3.1 in preparation of Program Summary
Document.

STATUS:

REFERENCES:
1. See Part II of this document, Experiments 1, 3, 5,6.

2. Preliminary Engineering Criteria for PACER Materials (in progress).
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TASK 3.4 :  Containment
PROJECT LEADER: RDA, L. Gore/LASL, T. Merson

DESCRIPTION :

The objective of this task is to study the problems of containment
of the high pressure steam and to design the required seals around
access piping. It will be the function of this task to provide input
for the laboratory tests of candidate seal systems and aid in the design
of experimental apparatus and to analyze experimental results. Inter-
action with the primary loop and device injection design efforts is
required.

RESOURCES:

DOS-1 Coordination

ENG-6 Engineering

J-9 Consultation

RDA Engineering

MILESTONES:

3/74 Contribution to Task 3.1 in preparation of Program Summary
document.

STATUS:

REFERENCES -

1. See Part Il of this document, Experiments 3, 4, 5, 6, 8.

2. Preliminary Engineering Criteria for PACER Containment (in progress).
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TASK 3.5 ¢ Device Injection
PROJECT LEADER: RDA, L. Gore/LASL,T. Merson
DESCRIPTION:
The objective of this task is to design a system for injecting
the devices into the cavity. This will require integration of
information and design criteria from other tasks and projects. The
objective is to supply criteria and drawings for AE input to Phases 2 and 3.
RESOURCES:
DOS-1 Coordination

ENG-6 Engineering
J-6 Consultation

MILESTONES:

3/74 Contribution to Task 3.1 in preparation of Program Summary document.
STATUS:

References have been prepared. Discussions have been held.

REFERENCES:

1. ENG-6-132, '"Preliminary Thoughts on Device Injection for PACER,"
December 1973, by T. Merson.

2. See Part II of this document, Experiments 1, 4, 5, 6.

3. Preliminary Engineering Criteria for Device Injection Design (in progress).
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PRQJECT 4 :  Economics
PROJECT LEADER: RDA, Hubbard/LASL, Shreffler

DESCRIPTION :

This proposal for electrical energy generation must be competitive with
others available in the same time period; in particular with conventional
and nuclear reactor power stations. Estimates will be made of the contribu-
tion to the cost of electricity from the fuel, cavity, and generating
equipment for the various options under consideration. This amounts to
updating the analysis contained in the RDA proposal with the benefit of
better cost figures.

X second approach to the economics is the consideration of self-contained
energy parks which include fuel fabrication and assembly, recovery, and
power generation. In this concept nuclear devices are never shipped outside
the facility and the plutonium or 233U required (and much more if desired)
is produced and recovered and fabricated within the park. This promising
concept will be analyzed using best current estimates of costs. )

RESOURCES:

DOS-1 Coordination and Compilation
RDA Coordination and Compilation
MILESTONES:

3/74 Project Summary Document
STATUS:

Reference:

1. RDA Proposal 72-26, Electric Power Generation by Thermonuclear
Explosives Contained in Salt Domes, October 1972, SECRET, pp. 38-42,

_23-
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PROJECT S : Safety and Environmental Considerations
PROJECT LEADER: RDA, Hubbard/LASL, Shreffler
DESCRIPTION :
Safety and environmental considerations have overriding priority in the
development of all projects of the program. The project consists of the

following tasks:

Task 5.1 To examine each aspect of the concept and design for the
safety implicationms.

Task 5.2 To better estimate both the seismic effects of the nuclear
explosion upon all the mechanical components of the system,
and the effects at the surface of the ground.

Task 5.3 To investigate the legal implications of the program from a
safety point of view

Task 5.4 To make recommendations as to how and when the project
should be presented to the public. (During the first ysar,
or until an accepted policy has been established, the project
shouid be treated with discretion.}

RESQURCES:

Resources are spelled out with each task.

MILESTONES:

3/74 Draft of do.ument satisfying Task 5.4
3/74 Project Summavy complete

STATUS:
Work on Task 5.4 is under way.
".EFERENCE:

1. RDA Proposal 72-26, Electric Power Generation by Thermonuclear Explosives
Contained in Salt Domes, October 1972, SECRET, pp. 31-37.

2. J. J. Koelling to R. G. Shreffler, "Environmental Review - PACER,"
ENG-7-2829, February 7, 1974.

~24.
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TASK 5.1 : Safety Implications

PROJECT LEADER: LASL, R. G. Shreffler/RDA H. Hubbard

DESCRIPTION

The feasibility of PACER will depend upon the safety of the system. This
task will entail the detailed study of the safety aspects and to ensure
that the design of the system meets the applicable safety criterion.

RESOYRCES:.

DOS-1 Coordination

H-1 Consultation

R-3 Consuitation

ENG-6 Consultation

RDA Consultation
MILESTONES:

7/74 Safety comnittee formed
12/74 Preliminary draft of safeily report
STATYS:

REFERENCE:

-25-
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TASK 5.2 :  Seismic Effects

PROJECT LEADER: LASL, R. G. Shreffler/RDA, H. Hubbard
DESCRIPTION :

This task includes the development and application of codes to
calculate the seismic effect of the impulse from the nuclear
explosion on ali components of the system, as well as ground cffects
at the surface. The data from the Salmon and Sterling events and
the Cowboy series of tests will be evaluated.

RESOURCES: '

DOS-1  Coordination

J-9 Research and calculation

RDA Research and calculation

MILESTONES:

5/74 Preliminary estimates of seismic motions throughout the system.

STATUS:

It has been estimated that the seismic motion at ground surface due to
a 420 TJ explosion in the PACER cavity will have the same effect as
that due to a 4.2 TJ coupled explesion.

REFERENCE: ...

RDA Oétober 1973 Progress Report.
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TASK 5.3 : Government Safety Regulation
PROJECT LEADER: LASL, R. G. Shreffler/RDA, H. Hubbard

DESCRIPTION :

This task will ccnsist of surveying the various governmental safety
and environmental regulations and the respective compliance to
these regulations.

RESOURCES:

DOS-1 Coordination
RDA Coordination

MILESTONES:

STATUS:

Reference 1 has been written.

REFERENCE:

1. J. J. Koelling to R, G. Shreffler, "Environmental Review - PACER,"
ENG-7-2829, February 7, 1974.
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TASK 5.4 ¢ PACER Promotion

PROJECT LEADER: LASL, R. G. Shreffler/RDA, H. Hubbard

DESCRIPTION :

This task has two goals: (1) to present the PACER Program to the people
who are responsible for approving and funding the activity, and (2) to
present the subject to the public in the best manner. For both goals,
this document (references), the RDA proposal (reference 2), and

the summary documents will serve as primary sources. As a first step in
meeting these goals, a briefing will be prepared for presemtation during
early April to AEC authorities. The approach for presenting the Program
outside the AEC will be developed.

RESOURCES:

DOS-1
RDA

MILESTONES:

3/74 Prepare and schedule briefing at AEC Headquarters. Define tactics for
presentation outside AEC.

STATUS:

This project is receiving active consideration.

REFERENCES:

1. DO0S-1-81, PACER Program, Phase 1-Theoretical and Laboratory Studies.

2, RDA Proposal 72-26, Electric Power Generation by Thermonuclear Explosives
Contained in Salt Domes, October 1973, SECRET.

3. Summary Docusent (in progress).
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PROJECT 6 1 Fuel Recovery and Processing
PROJECT LEADER: RDA, Hammond/LASL, A. Nutt
DESCRIPTION:

The capability of continuously removing the small quantities of fission
products formed in the cavity will add greatly to the safety and acceptability
of the operation, since then only very short-lived activities will be

present, and these in extremely dilute form. The problem of design of low
cost devices will also be mitigated by the capability of recovering excess
primary fuel. The utilization of exceis fusion neutrons by capture in

thorium or depleted uranium to form 233y or 239y will have a pronounced
economic value. The project will be accomplished in four tasks, as follows:

Task 6.1 Chemical and physical state of device residues and product
in the cavity fluid and interaction with walls and pipes.

Task 6.2 Design and test of equipment for recovery and separation of
residues, and for radioactive waste handling and storage.

Task 6.3 Design of equipment and devices for production and recovery of
9U from thorium.

Task 6.4 Design of equipment and devices for production and recovery of
39Pu from depleted uranium.

RESOURCES:

Resources are spelled out with each task.

MILESTONES:
4/74 Project summary completed.
STATUS:

Preliminary calculations have been made showing that the cavity steam
flowing to the power plant will contain at most only a few parts per
million of solids, and that radioactive contamination of pipes and
valves will not prevent maintenance and adjustment if needed. The cal-
culations and physical state studies need detaiied refinement, and some
experimental confirmation will be desirable.

REFERENCES:

1. RDA Proposal 72-26, Electric Power Generation by Thermonuclear Explosives
Contained in Salt Domes, October 1972, Secret, pp. 43-45.

2. See Part II of this document, Experiment 3.

-29-

¢
i

R T




i
i
!
;

SNV VIS

TASK 6.1 : Chemical and Physical State of Suspended Solids in Cavity
PROJECT LEADER: RDA, P. Hammond/LASL, A. Nutt

DESCRIPTION :

Indications are that the residue from the device and any products formed

from the subsequent reactions will be finely divided and highly dispersed.

The probable chemical state and physical form can be defined by calculation,
and some estimates of the rate of agglomeration or plate-out can be obtained.
In later phases of the program, some experimental verification of the cal-
culations will be needed to assist in the design of solids recovery equipment
and processes. In the experimental phase, some very small-scale dispersions
will be created in a steam-filled chamber. Filtering of the Steam, both
before and after condensing, will provide the debris material for microscopic,
chemical,and physical testing.

RESOURCES:

DOS-1 Coordination

WX-2 Research and calculations
RDA Research and calculations

MILESTONES:

STATUS:

REVIRENCES:

J. Sce Part 1l of this document, Experiment 3.
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TASK 6.2 : Design of Solids Recovery Equipment
PROJECT LEADER: LASL, R. G. Shreffler/RDA, P. Hammond

_ DESCRIPTION :

It is expected that collection of cavity solids can be best performed
on the condensed steam after leaving the primary heat exchanger, where
its temperature and pressure are lowest. The design of suitable solids
separation process and equipment can be based on known technology, but
the necessity of operation in a high-pressure regime and with shielding
for the operators requires care and forethought. The equipment will have
to be assembled in several parallel streams so that any one line can be
serviced while others remain in operation. Processes and equipment for
separation of valuable recovered species from radioactive waste will be
designed, and procedures for safe conversion and storage of waste will
be determined.

RESOURCES:

DOS-1 Coordination
WX-2 Design
CMB-11 Design

H-7 Consultation
RDA Design
MILESTONES:

STATUS:

REFERENCES:

1. See part 11 of this document, Experiment 3.
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TASK 6.3 : Production and Separation of 2>°U from Thorium

PROJECT LEADER:

DESCRIPTION :

The physics of the device expansion in the early stages will be studied,
to follow neutron temperatures as a function of time and radiug. This
information will be used to devi§§ the best configuration of 232Th to be
placed for best conversion into « The final chemical and physical
state will be predicted (and confirmed experimengﬁlly in Task 6.1)., The
separation of recovered 232Th and of produced from the cavity solids
collection system will require a detailed chemical processing scheme and
specialized process equipment adopted from knmown technology. Preliminary
work can provide process design and cost estimates, but final design must
be confirmed by tests on experimental samples.

RESOURCES::

DOS-1 Coordination

WX-2 Design

TD-1 Calculations

™-3 Calculations

CMB-11 Design

RDA Calculations and Design
MILESTONES:

STATUS:

REFERENCES:

1. See Part II of this document, Experiment 3.
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TASK 6.4 : Production and Separation of Pu from 2

PROJECT LEADER:

DESCRIPTION:

As in Task 6.3, the best arrangement of depleted uranium in the vicinity
of the charge will be calculated; and the conversion processes and
economics estimated and designed.

RESOURCES:

DOS-1 Coordination

WX-2 Design

TD-1 Calculations

TD-3 Calculations

RDA Calculations and Design
MILESTONES:

STATUS:

REFERENCES:

1. See Part II of this document, Experiment 3
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PROJECT 7 : Geology, Site Definition and Selection,and Cavity Construction
PROJECT LEADER: RDA, H. Hubbard/D. Rawson; LASL, R. Sharp
DESCRIPTION

The purpose of this project is to define and assess potential U.S. sites and
to generally indicate possible world-wide site potential suitable to the
PACER concept; develop site selection criteria related to technical,
engineering, economic and environmental trade-offs; select prime site
candidates for (1) the scaled field test and (2) the prototype

full scale plant (Phase 3); define site exploration methods and require-
ments; assess the status of cavity construction technology and coordinate
planning of the field experiments; and accomplish all aspects of site
selection prior to required site confirmation drilling.

Initial engineering, geologic, and economic analyses indicate that massive
salt domes or diapir structures are best suited as candidate sites. They
have the important properties of deforming plastically rather than with
permeable brittle failure at elevated temperatures, have a very low in-situ
water content, are water soluble, and are typically unfaulted and relatively
homogeneous structures on the scale of tens or hundreds of meters. Of
primary concern is cavity stability and its dependence upon shape, pressure
and composition of the working fluid, and its response to repeated cycling
of stress and thermal conditions. It is, therefore, important that the
experimental program develop in close coordination with site criteria, site
options, and constraints imposed by real site possibilities.

As a result of past AEC and ARPA projects, there are a great deal of
applicable data available from such projects as Gnome, Cowboy, Salmon,
Sterling, Payette, and radioactive waste disposal investigations. Thas
information will be reviewed and integrated into PACER site studies to
eliminate unnecessary duplication. Salt is also commonly associated with

vil and gas accumvulations so there exists a vast amount of site geologic,
hydrologic, and geophysical data in the public literature and within industry.
New salt diapirs are still being located as a result of petroleum exploration.
Thus a primary effort, in advance of specific site selection, is a compre-
hensive literature review. This will cover site possibilities, material
properties, and cavity construction technology.

From the literature review there will emerge a number of possible or probable
candidates, each with a different amount of existing documentation. Those
requiring a minimum of exploration will be givem priority to reduce risk
associated with exploration costs. The best documsnted structures are

-34-

34




Project 7

typically being utilized for other purposes so a sigmificant site
exploration program may be anticipated. Cost and use sharing with an
industry andfor another governmental project will be investigated as part
of the site selection process.

The goals of these studies are to anticipate and predict as efficiently and
accurately as possible the requirements for determining and ultimately
proving out the PACER concept.

RESOURCES:

DOS-1 Coordination

J-9 Geology and Engineering

J-7 Engineering

J-6 Construction and Geological Engineering

ENG-6 Engineering

RDA Geologic Consultation and Engineering

MILESTONES:

4/74 Initial summary report - summarizing work in progress covering
literature review and amalysis, and discussions with key investigators
in the following areas:

1. Distribution, geologic setting, and associated potential
site characteristics of U.S. salt diapir structures.

2. State-of-the-art in solution mining of large cavities in
salt and their dependence upon salt properties and other
site characteristics.

3. World-wide salt diapirs as potential locations for the
PACER concept.

4. Salt physical and chemical properties related to cavity
stability.

From this review, initial site selection criteria will be

established, exploration methods discussed, input for laboratory
experiments will be provided, and a preliminary list of candidate
sites will be developed.

7/74 Progress Report - Describing result of continued literature review,

discussions with key investigators, and preliminary examination of
several possible ficld sites. The initial field examinations will
also include obtaining data on land ownership and acquiring geologic
and geophysical data locally from industry and governmental agencies.
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10/4 Progress Report - Complete definition of site selection criteria
and literature review, narrow list of candidate sites for the
PACER field tests and pilot plant, and initial description of
exploration requirements for the different specific sites.
Considerable travel will be required.

1/75 Final Report of the preliminary site selection phase with
recommendations, exploration methods and estimated costs required
for final site selection and cavity excavation.

7/75 Progress Report resulting from amalysis of existing or obtainable
geophysical data and a limited amount of newly acquired geophysical
data to further define the final sites. Required confirmatory
drilling is not included.

1/76 Site(s) selected with exploration for the 1/100th Scale PACER
experiment completed except for drilling and associated bore-
hole studies.

STATUS:

A large collection of referenses is being gathered and reviewed for
preparation of the April 1974 Summary Report. At present it appears thut
there are about 175 s’ *es requiring further evaluation as pote::tial sites for
application of the PAC. ~ concept. Of these sites, perhaps a dozen will be
sufficiently well documerited to qualify as primary site candidates. The

U.S. sites appear to be restricted to the interior and coastal basins of

Bast Texas, Louisiana, Mississippi aid Western Alabama. A few are located
off-shore of the Gulf Cvast. Other sites are located in the Phoenix-Kingman
area of Arizona and in the Paradox basin of Utah and Colorado.

REFERENCES:

1. RDA Proposal 72-26, October 1972, Electric Power Generatica by
Thermonuclear Explosions Contained in Salt Domes. Secret.

2. Baidyuk, B. X., 1967, Mechanical Properties of Rocks at High Temperatures
and Pressures, Consultants Bureau, New York, 75 pp.

3. Such as: Rawson, D., Randolph, P., Boardman, C., and Wheeler, V.,
1965, Post-explosion Enviromment Resulting from the Salmon Event,
UCRL-14280, Livermore, CA, 31 pp., and Sisemore, C., Rogers, L., and
Perret, W., 1969, Project Sterling; Subsurface Phenomenology Measurements
Near a Decoupled Nuclear Event, J. Geophys. Res., J. 74, p. 6523-6637, etc.

4. Borchert, H. and Muir, R., 1964, Salt Deposits, the Origin, Metamorphism
and Deformation of Evaporites, D. VanNostrand Co., Ltd., New York, 338 pp.

5. Braitsch, 0., 1971, Salt Depocits, their Origins and Composition,
Springer-Verlag, New York, 297 pp.
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10.

11.

12,

13.

14,

15.

Goguel, J., 1962, Tectonics, Eng. Trans. from French Ed. of 1952, W. .
Freeman and Co., San Francisco, 384 pp.

Hawkins, M. and Jirik, €., 1966, Salt Domes in Texas, Louisiana,
Mississippi, Alabama, and Offshore Tidelands: A Survey, U.5. 5.: Mines
Inf. Circ. 8313, 78 pp. ’

For instance, see Halbouty, M., 1967, Salt Domes, Gulf Region - United
States and Mexico, Gulf Publishing Co., Houston, 425 pp.

Nettleton, L., 1955, History of Concepts -f Gulf Coast Salt-ilome
Formation, Am. Assoc. Petrol. Geol. Bull., V. 39, p. 2373-2384, and,
Halbouty, M. and Hardin, G., Jr., 1956, Genesis of Salt Domes of Gulf
Coastal Plain, Am. Assoc. Petrol. Geol. Bull., V. 40, ». 737-746.

For instance, see Balk, R., 1953, Salt Structure of Jefferson Island

Salt Dome, Iberia and Vermilion Parishes, Louisiana, Am. Asscc. Petrotf.
Geol. Bull., V. 37, p.2455-2474, and Kupfer, D., 1962, Structure af Morton
Salt Co. Mine, Weeks Island Salt-Dome, Louisiana, Am. Assoc. Petrol.

Geol. Bull., V. 46, p. 1450-1468.

Clabaugh, P., 1962, Petrofabric Study of Deformed 5alt, Science, V. 136,
p. 389-391.

Dreyer, R., Garrels, R., and Howland, A., 1949, Liquid Inciusions in
Halite as a Guide to Geologic Thermometry, Am. Mineralogist, V. 34,

p- 26-34.

Hoy, R., Foose, R., and O'Neill, R,, Jr., 1962, Structure of Winafield
Salt Dome, Winn Parish, Louisiana, Am. Assoc. Petrol. Geol. Bull., V. 46,
p- 1444-1469,

Fenix and Scisson, Inc., 1969, Project Payette, Final Summary Report,
USAEC, Las Vegas, Nev., 42 pp.

See Part II of this document, Experiments 2, 4, 5, 6, 8, 9, 10.
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PROJECT 8 : Feasibility Study for Nuclear Test and Effects Facility

PROJECT LEADER:
DESCRIPTION :

It has been proposed (reference 1) that the principles and techniques
developed in the PACER program could be applied to the development of a
nuclear tes: and effects site that, if proven feasible, might have certain
advantages:

o The safety of the facility would be assured by its existence in a stable
homogeneous medium, by a thoroughly understood cavity and environmental
phenomenology, and by well engineered hardware. These features might
not only afford assurance against gross accidents, they might reduce to
an acceptable level the possibility of escape of any radioactive products.

o The facility could be permanent and used frequently. It would require
minimum ground surface area. Permanent, well calibrated tools could
record the results of nuclear tests.

o Because of the highly decoupled explosion and the reasonably small
facility, the effect on the environment and the community should be
minimal.

o The highly decoupled system could be an advantage if we were confronted
with a test ban that imposed restrictions based on seismic levels. In
fact, the possibility of such a facility (plus other factors) raises
the question as to whether any kind of a test ban can be technically
significant.

o The initial cost for this facility would be significant, but total costs
over a long period of time could be much less than we presently expend
for underground testing. For example, if feasible for high enough yields,
we would need to drill no more holes; the security and labor force could
be drastically reduced, and one would anticipate fewer labor disputes;
the logistics and duplication of instrumentation could be minimized,

It should be noted that nuclear tests have been fired in cavities in the
past. Sterling is an example of a low yield (380 tons) test in a salt dome
cavity. Cannikin, although not effectively decoupled, is an example of a
much higher yield experiment done in a mined cavity and accompanied by
complex diagnostics.

The definition of a test site would follow closely the outline of the PACER
program as stipulated in the first seven Projects of this document. The
amount of effort required would depend upon the effort already incorpoated
into PACER.
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The specific tasks defining this project are the following:

Task 8.1 Project Planning and Coordinaticn

Task 8.2 Cavity Phenomenology

Task 8.3 Engineering

Task 8.4 Nuclrar Test and Effects Diagnostics

Task 8.5 Safety and Environmental Considerations

Task 8.6 Site Definition, Selection, and Cavity Engineering
Task 8.7 Cost

RESOURCES:

The resources are spelled out with each of the tasks. It should be notzd
that the capabilities of both RDA and LASL are admirably suited for such a
project. At LASL a large share of responsibility wiil reside in J Division.

STATUS:

Reference 2 proposes that Reference 1 serve as a point of departure for

the development of a nuclear testing facility. It requests that '"the FY 75
PACER activities include specific studies on the technical feasibility,
utility, economics, safety, and environmental impact of such a facility.

These should be defined in sufficient detail to permit appropriate evaluation
by DMA and should include both development and effects testing aspects. The
proposal should be received in Headquarters by May 1, 1974." As a consequence
of reference 5 priority of this project has been reduced to a low and
undetermined level in FY 75.

Reference 3 documents intended LASL/RDA opinion and proposed activity on this
project.

All group leaders have been contacted and estimated manpower inputs received.
REFERENCES:

1. The Association of the PACER Program and tne Nuclear Weapons Program,
DOS-1-82, November 29, 1973, Harmon Hubbard and R. G. Shreffler.

2. F. C. Gilbert to H. M, Agnew, Letter dated February 7, 1974,
3. R. G Shreffler to F. C. Gilbert, Letter dated February 15, 1974,

4. For associated caperiments sec the corresponding tacks of PACER.

5. J6-74-65, Group Estimates of Manpower Requirements for One Year Feasibility
Study of a Reusable Nuclear Test and Effects Facility as Proposed in
PACER Project 8.
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TASK 8.1 : Project Planning and Coordination
PRIJECT LEADER:
DESCRYPTION

The purpose of this task is to plan, coordinate, and report om the

progress of this project. A primary function will be to establish criteria
for the various tasks. Such parameters as test yield limitations, test
frequency, and seismic decoupling factor must be established. Operating
procedures and site specifications will be defined. Safety and security
will be given primary consideration.

RESOQURCES:

DOS-1 Coordination with rest of PACER

J-Do Planning and coordination of Project 8

J-6 Collection and &ssimilation of data from J Division groups.
RDA

STATUS:

All Group Leaders at LASL have been contacted and estimated manpower inputs received.

REFERENCES:

1. J6-74-65, Group Estimates of Manpower Requirements for One Year Feasibility

Study of a Reusable Nuclear Test and Effects Facility as Proposed in
PACER Project 8.
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TASK 8.2 : <Cavity Phenomenology

PROJECT LEADER:

DESCRIPTION :
The following subjects will be addressed.

1. A selection of the cavity size and depth consistent with choices
made in 7Task 8.1.

2. An investigation of the effects of the nuclear explosion (t < 1 sec).

3, Determination of teleseismic signal decoupling over a range of
parameters. :

4, An investigation of the feasibility of cavity reusability.

5. Investigation of cavity stability.

To a large degree this task will employ the techniques and results
generated by Project 2, Cavity Phenomenology.

RESOURCES:
DQOS-1 Coordination g
J-10, J-15, T-4 Investigation of nuclear explosion (t<1 sec).
J-9 Determination of teleseismic signal
T-3 Investigation of nuclear explosion (t>1 sec).
J-6 Investigation of cermets and grouts to withstand effects .
at cavity boundary.
J-7 Investigation of materials and designs to withstand effects
at cavity boundary. g
J-8 Electronics support to J-9 investigations. o
RDA
STATUS:
REFERENCES:

See documents listed under Tasks of Project 2.
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TASK 8.3 : Engineering
PROJECT LEADER:
DESCRIPTION:

This task will consider all the engineering except for the mining of the
cavity. This will include the surface installation, the pipes and

cabling cecnnecting the surface with the cavity, the cassette containing

the test device and instrumentation, the equipment for lowering the

cassette, and any device used for cooling the cavity., At the present

time it is difficult to carry the description of the engineering much further.
Tasks 8.1 and 8.2 must proceed to better resolve a description of the site.

RESOURCES:

J-6 Civil and coordination
J-7 Mechanical
J-8 Electrical
J-9 Design input
J-12 Design input
J-14 Design input
J-16 Design i-put
CNC-11 Design input
RDA

STATUS

REFERENCES:

1. See Project 3, this report.

-4z
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TASK 8.4 : Nuclear Test and Effects Diagnostics
PROJECT LEADER:

DESCRIPTION:

The purpose of this task is to select the best diagnostic techniques.

It is probable that most instrumentation will be imcluded in a cassett
which also contains the nuclear device. At the cutset it is not obvious
how radiochemistry can be used. Reliance must be shifted to first sampling
and dependence on short half-lived isotopes. This difficulty may be furthe
compensated by the validity associated with blast and flux (y and n)
measurements in the homogeneous cavity media.

Equal priority will be given to the execution of effects tests. This
would include the configuration of typical experiments along with
instrumentation. An attempt should be made to design methods for
exposure followed by recovery.

RESOURCES:

CNC-11 Radiochemical Analysis
J-8 Electronics Support
J-9 Predictions

J-10 Predictions

J-12 PINEX, etc.

J-14 Yield measurements
J-15 Effects predictions
RDA

STATUS:

Preliminary talks have been held

REFERENCES:
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TASK 8.5 : Safety and Environmental Considerations
PROJECT LEADER:
DESCRIPTION:

Safety is the watchword of this project. In many regards the project
has advantages from the safety point of view:

® The installation is installed in a relatively homogeneous medium,
the behavior of which will be carefully studied.

® The explosions will be highly decoupled giving minimum insult to
the cavity walls and the hardware.

® The hardware is permanently installed; it is carefully and
conservatively engineered; it is sealed to reduce to an acceptable
level any leahage to the surface.

The specific definition of the safety problem will depend upon a
description of the system as developed under Tasks 8.1, 8.2, and 8.3.

The following four sub-tasks must be considered:

# Examine each aspect of the concept and design for the safety
implications.

® Resolve to a sensible degree the expected seismic effects of the

nuclear explosion upon all the mechanical components of the system, and
the effects at the surface of the ground.

® Investigate the legal implications of the project from the safety
point of view.

# Resolve how and when project should be presented to the public.

MILESTONES:

RESOURCES:
J-1 J-3 H-1
J-6 J-10 CNC-11
J-7 J-15 RDA
J-8

STATUS:

Same

REFERENCES:
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TASK 8.6 : Site Definition, Selection, and Cavity Enginecring
PROJECT LEADER: RDA, Rawson/LASL, Sharp
DESCRIPTION: ;

In practically all respects this task is identical with PACER Project 7.

MILESTONES:

RESOURCES:

J-6 Field surveys
J-9 Geophysical studies
RDA

STATUS:

REFERENCES:
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TASK 8.7 ¢ Cost

PRO.JECT LEADER:

DESCRIPTICN:

The cost of the project will be estimated. This will incluwe the

capital investment, the operating cost, and the cost incurred in the
execution of a nuclear test. Much of this information will be available

from the other projects of the PACER program.

MILESTONES:

RESQURCES:

J-16
2 H-1
4 RDA
)

D0S-1 J-9
J-6 J-1
J-7 J-1
J-8 J-1

STATUS:

REFERENCES:
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PROJECT 9: : System Analysis, Coordination and Planning
PROJECT LEADER: LASL, Shreffler/RDA, Hubbard

DESCRIPTION:

Because of the complexity of the PACER system it must be subjected to
continuing analysis as new ideas or designs are incorporated. This

activity is necessary to insure compatibility, not only of system

elements, but of operational procedures as well. The entire system--from
explosive manufacture and assembly to waste disposal--must be thought through
and integrated. To achieve this goal, careful coordination and management
of ali on-going activities is essential.

The PACER program is divided intg three phases. The program for the first
phase is defined in this document. Subsequent documents will be prepared
defining the plans for the remaining two phases. The reasons for the
preparation of these documents is spelled out in the introduction.

This initial phase will be subjected to continuing scrutiny. The tasks

and experiments will be defined in more detail. Priorities will be
established in order to anticipate various levels of annual funding.

RESOURCES:

RDA Harmon Hubbard plus RDA staff
LASL R. G. Shreffler plus LASL staff
MILESTONES:

4/74 This document completed.

STATUS:

A great deal of time has been devoted in the first fiscal year to planning
the program as outlined in this document. '

REFERENCES:

1. Form 189a (in progress).
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PACER PROGRAM

Part 1 - Theoretical and Laboratory Studies

Part il, Experimental Program

The Phase 1 experimental «ffort of the PACER Program is defined in this
part of the document. The following table is a summary list of
experiments along with their cost. A reasonable time for their

execution is estimated to be about three years.

PACER Phase 1 Experimental Program

Exp't No. Experiment Name

Total Cost ($K)

Material Selection
Halite Creep Rupture Experiments

L7 I SR

Primary Loop Mockup

Shaft Sealing

Device Injection

Dynamic ioading of Access Piping
Steam-Cavity Wall Interaction
Laboratory Cavity Experiment

W 0 N s

Anhydrite Creep Experiment
10 Radiation Deposition in Salt

Although a considerable amount of effort has been devoted

217
77
218
728
678
703
81
835
77

160
¥aa1a

to the definition

of these experiments, it is recognized that others may be added, and

certainly the descriptions will become more complete, and
realistic.

-48-
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EXPERIMENT # : 1
NAME ! Material Selection
PROJECT LEADER : N. Kfoury {RDA)/A. Nutt (LASL)

PURPOSE : The purpose of this experiment is to determine the
corrosion behavior of candidate PACER alloys for operating
environments.

TASKS 2.1, 3.1.2, 3.1.3, 3.1.4, 3.1.7, 3.2, 4.2, 5.1

DESCRIPTION

Corrosion is the destruction of metal or alloy by chemical change, electro-
chemical action, or physical dissolution. Erosion is the destruction of a
metallic object by mechanical processes in the absence of chemical attack,
When corrosion and erosion operate simultaneously, conjeint action, the
damage produced far excecds the effect of either operating independently.

A type of conjoint action that denotes cracking caused when a steady tensile
force acts upon a metal in a corrosive environment is called stress corrosion
cracking. When stress corrosion cracking results from cyclic stress applica-
tions in a corrosive environment, the combination is referred to as corrosion
fatigue. Cracking caused by stress corrosion or corrosion fatigue may
propagate via grain boundaries (intergranular cracking) or may propagate
across individual grains (transgranular cracking). Destructive attack
occurring over a large portion of the exposed surface is termed general
corrosion; destructive attack occurring only in small isolated areas of
exposed surface is termed localized corrosion; and destructive attack
confined to small points in the exposed surface is termed pitting.

The objoctive of this project is to study the corrosion behavior of
candidate PACER piping materials expcied to a halite-anhydrite-water
environment at the proposed operating temperature and pressure (525°C and
320 bars). Metallic stress states similar to those expected under field
conditions will be exposed and studizd. Annealed, cold worked, and welded
samples will be tested on 2 long term (2 yr) and a short term (3 mo) basis.
Stress corrosion cracking will be investigated using testing concepts
reviewed by H. P. Godard and J. J. Harwood.2 The extent of corrosicn will
be determined metallographically and corrosion products will be identified
using x ray and microprobe analyses, and corrosion kinetics wiil be
inferrcd using proven microbalance techniques. Definition of the most
promising candidate materials will be made.

MILESTONES:
April 1974 Selection of preliminary candidate materials based upon

literature scarches, industrial suggestions, and static
corrosion tests,

~49.
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MILESTONES (Cont'd):

July 1974 Begin long term static corrosion studies on the most promising
candidate materials. Begin stress corrosion studies.

August 1974 Report selecting candidate piping materials based upon short
term corrosion effects.

November 1974 Report updating and comparing static corrosion and stress
corrosion data.

December 1974 Begin turbulent corrosion studies in the engineering test
loop (Experiment #3).

April 1975 Summary report on short term and intermediate term testing
corrosion data.

April 1976 Summary report of two years of PACER corrosion studies.

RESOURCES:

DOS-1 Coordination
WX-2 Consult and Execute experiment
RDA Consultation

FACILITIES

No special facilities are needed. All work can be accomplished with
existing equipment. $1500 capital monies include a pressure readout DVM
and a $300 furnace. The DVM can probably be borrowed from another LASL
group, but the source is not yet known. The furnace can be fabricated
under M&S for about twice thke capital expense.

STATUS:

Preliminary testing has shown that a series 18 and 8 stainless st.eel (316)
forms a blue colored layer on its surface when exposed to a Hp0 + NaCl
atmosphere at 525°C and 360 bars for 24 h. X-ray patterns have been made,
but the corrosion layer has not been identified.

A three week exposure of a 316 series stainless steel to a H,0-NaCl atmosphere
at 575°C and 370 bars produced massive corrosion of the stee% specimen.
However, the bomb containing the specimen (also 316 steel) was badly oxidized
and a leakx may have occurred. The test is being repeated.

-50-




STATUS (cont'd)

Samples of Inconel Alloy 625 have bsen received. Hastellcy C-276 samples
are expected in the near future, at which time corrosion testing of Ni-based

alloys will begin.

REFERENCES:

1. Evans, U.R., The Corrosion and Oxidation of Metals, St. Martins Press,
New York, 1960. .

2. Godard, H. P. and Harwood, J. J., "Some Remarks on Stress Corrosion Testing,"
An Educational Lecture, Corrosion, 11, 93t-985, Feburary 1955.
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EXPERIMENT NO 2

NAME : Halite Creep Rupture Experiraents

PROJECT LEADER : LASL, C. A. Anderson/RDA, A. Fields

PURPOSE : The purpose of this experiment is to determine
the creep rupture behavior of halite at temperatures
and stress states typical of PACER operating
conditions.

TASKS : 2.4

DESCRIPTION :

Greep rupture concerns the deterioration of materials with time as a
result of timme dependent stress or deformation. Creep rupture can be
either ductile (failure caused by reduction to zero of load carrying area)
or brittle (failure caused by the formation and spreading of cracks)in
nature, Theories to handle the phenomena of ductile and brittle creep
rupture for situations of uni-axial tensile stress were advanced originally
by Hoff (1) and Kachanov (2), respectively, Extensiongof these theories
to situations of multi-axial stress characteristic of underground cavities
have occurred only recently (3) with the primary difficulty being that of
determining the ''controlling stress quantity. '

The object of this experiment is to support ongoing calculations on the
stability of the PACER cavity by providing experimental data on the
rupture characteristics of halite at temperatures near 500°C and average
confining pressures of 320 bars. Initial experiments will be carried out
on cylindrical specimens of halite at the above static counfining pressure
but with a reduced value of the axial compressive stress, Using values

of the axial stress between zero and 300 bars, the time to rupture and

the permanent tensile strain at rupture of each sample will be recorded.
After the completion of the initial experiments an additional set of
experiments on halite samnples with the same confining pressure and
temperature will be carried out but now with a time dependent cyclical
axial pressure variation characteristic of cavity pressure swings, Again,
rupture time and permanent strain at rupture will be to the variables of interest.

The experimental creep rupture data can be folded into the cavity stability
calculations in the following fashion. We first select a controlling stress,
probably the maximum principal tensile stress difference, and locate those
positions on cavity surface which have maximum values of the controlling
stress as indicated by the calulational model. The time variation of the
controlling stress can also be described by the calculational model, and by
replacing the continuous time variation of the controlling stress by a

-54.
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DESCRIPTION (Cont'd):

piecewise constant controlling strees, one can use the experimental
data to predict when rupture occurs. This procedure is described
in (4).

MILESTONES:

We do not anticipate beginning creep rupture experiments on halite
until the cavity stability calculations (for both transient and steady state
conditions) have been completed (July 1974). We anticipate a project
duration of about two years concluding with a summary report on halite
creep rupture behavior at elevated temperatures.

RESOURCES:

D0OS-1 Coordination

wX-3 Consult and execute experiment
RDA Consult

FACILITIES REQUIRED:

Halite samples will be fabricated from commerically pure NaCl using
LASL's explosive pressing facilities. Group WX-3 (LLASL) has already
allocated funds for purchase of an MTS system to be installed by July 1974,
This system allows for accurate 10ad control and could be used to control
both axial load and confining pressure on the halite samples. In addition,
this MTS system would allow the application of a time dependent axial
load. The only additiona' equipment required for completion of these
experiments would be a fixture to contain the specimen and an oven
capable of reachingand holding a temperature of 500°C.

STATHS:
REFERENCES:

1. Hoff, N,J., The Necking and Rupture of Rods Subjected to Constant
Tensile Stress, "' JAM, Vol. 21, 1953,

2. Kachanov, L.M,, Izv. Akad Nauk, USSR, No, 8, 26, 1958.

3. Odquist, F.K., Mathematical Thaory of Creep and Creep Iupture,

Oxford Math Monographs, Clarendon Press, 1966.

4. K, Nair and R, D, Singh, Creep Rupture Criteria for Salt, Paper
Prepared for the 4th Sympusium on Salt, Houston, Texas,
April 15-18, 1973,

«58.
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EXPERIMENT ¢ : 3
NAME : Primary Loop Mockup
PROJECT LEADER: LASL, T. Merson/RDA, L. Gore

PURPOSE : One of the major engineering problems of PACER involves
the design of the primary loop for transporting hot steam
from the cavity to the heat exchangers and back to the
cavity. The fluid is expected to be saturated with salt
in the cavity at 0.03% salt and could give up its salt
content in the upcommer or throttle valve as equilibrium
concentrations of salt in the steam downstream of the throttle
is near 0.015%. One primary purpose of this test is to study
the salt transport problem including functional effects on
valves, heat exchanger surfaces, pumps, etc. Another purpose
of this test is to gain experience in other engineering areas
such as materials and corrcsion with actual samples of salt
dome salt. It could well develop that a test loop similar
to the one proposed could be used to evaluate the effects
of salt from various salt domes (and hence composition variations)
to aid in establishment of dome selection criteria. Deposition
of explosive debris throughout the loop will also be investigated.
Methods for removing such materials as plutonium, uranium,
fission products, and other debris from the stream will be
investigated. .

TASKS : 2.1, 3.1, 3.2, 3.3, 3.4, 6.1, 6.2, 6.3, 6.4,

DESCRIPTION

A schematic of the test loop is shown in the figure. The essential features
include:

® A sample of salt dome salt in a heated cavity.

® A throttle valve and heat exchanger.

® A test scction which can be used to study corrosion of materials.

i AR 4 b KA 8 e 12

Heated steam passes through a salt storage volume. The salt laden steam
passes through a test section and throttle valve that simulates the upcommer
steam pipes. A heat exchanger section cools the steam and provides a test

of exchanger performance and scale buildup. A pump to circulate the water
through the heater and back tc the cavity completes the loop. Sample ports
allow chemical analysis of the steam and the ability to add various materials.
A test chamber in the hot steam line can be used to study the effect of the
moving working fluid on corrosion, etc., of various metal samples.
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FACILITIES:

This experiment will require a shop facility and a test cell to protect
against the high pressure and temperature of the working fluid. The
capability of chemically and physically analyzing and recording the
history of the experiment will be required.

MILESTONES:

3/74 The experiment will be analyzed and developed in detail.
This experiment will require 3 years to complete on a reasonable
schedule. It may be desirable to continue the experiment at
some level of effort indefinitely.

RESOURCES:

DOS-1 Coordination
ENG-6 Consult and execute experiment
WX-2 Consultation -
RDA Consultation

STATUS: :

REFERENCES:
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EXPERIMENT # : 4
NAME : Shaft Sealing
PROJECT LEADER: LASL, T. Merson/RDA, L. Gore

PURPOSE : The purpose of the shaft sealing test program is to
study on a laboratory scale the sealing around the pipe
o.d. This is necessary to prove that cavity access
can be accomplished without allowing the cavity fluid
to leak. Various types of sealing mechanisms will be
studied and the effect of shaft temperature and salt creep
should be included. Relative movement of salt and shaft
during startup and shutdown will be considered.

TASKS : 3.1, 3.4, 5.1

DESCRIPTION

The proposed test fixture (see figure) should allow investigation of many
design questions. Specific features include:

@ A pressure vessel
@ A block of salt.

@ Pressure plenna that can be pressurized independently and used
to measure leak rates.

@ A shaft which can be pressurized and loaded axially.
® Heating cooling elements to simulate thermal effects.

@ A mechanical seal testing area for mechanical seals of
various designs.

® A capability for seal testing under relative motion of salt and
shaft.

The test program could map leak rates as a function of shaft length,

pressure levels, creep time, etc. With only slight modification, one could
study grouting or a variety of mechanical sealing designs for effectiveness.
By using tubing of different size and axial loading, much information on ;
the salt/shaft interface could possibly be obtained. ;

-5q
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MILESTONES:
3/74 Experiments rewritten in light of further considerations.
RESOURCES:

DOS-1 Coordinution
ENG-6 Plan and execute experiment

J-9 Consultation
J-6 Consultation
RDA Consultation
FACILITIES:

A test cell meeting the high experimental temperature and pressures is
required along with appropriate sensing and recording equipment, and a
shop facility.

STATUS:

REFERENCES:
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EXPERIMENT # : §

NAME ¢ Device Injection

PROJECT LEADER: LASL, T. Merson/RDA, L. Gore

PURPOSE : Laboratory testing of one or more designs of the
injection system will be required. Specifically,
the concepts will require definition, and the system

will need development testing to determine leak
rates and demonstrate reliability.

TASKS : 3.1, 3.4, 3.5, 5.1

DESCRIPTION :

Device injection concepts should be developed consistent with well
considered design constraints. Models will be constructed. Scale
system(s) will be tested under realistic working pressures and

temperatures. A selected design will be studied for possible testing
in full scale diameter with actual hardware.

MILESTONES :

3/74 The experiment will be rewritten in light of further considerations
and the completion of Reference 2.

RESOURCES:

DOS-1 Coordination
ENG-6 Plan and execute experiment

J-9 Consultation
J-6 Consultation
RDA Consultation
FACILITIES:

This experiment will require a test cell, shop facilities and appropriate
instrumentation.

STATUS:
REFERENCES:

1. Preliminary Thoughts on Device Injection for PACER, ENG-6-132, Dec. 6, 1973
2. Constraints on PACER Device Injection (in progress).
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EXPERIMENT # : 6

RAME: : Dynamic Loading of Access Piping (Wall Shock Experiment)
PROJECT LEADER:
PURPOSE : A major engineering problem inherent with the PACER concept

is the effect of shock loading from the explosions on the
access piping. Specific questions that need attention are:

0 Is the shock transmitted up the piping stem to affect
performance or reliability of pumps, valves, seals and
heat exchangers?

0 Is there any danger that shock icading from the
explosions could damage the access piping?

0 Does the presence of the shaft penetration in the cavity
wall cause local stress patterns which could cause
progressive cavity damage?

TASKS : 2.2, 2.4, 3.1, 3.2, 3.3, 3.4, 3.5, 5.1.
DESCRIPTION :

A schematic of one test apparatus is shown in the figure. The essential
features of the apparatus are:

0 A cylindrical geometry that can be impacted with a one-dimensional shock
from a shock generated in the working fluid.

0 A mockup of a cavity access pipe surrounded by salt.
0. A pressure vessel to simulate the rigidity of the salt dome.

0 All elements will be sustained at the temperature and pressure
characteristic of the cavity.

Using these arrangements, the effect of explosions on the access piping
engineering can be studied and competing design concepts can be evaluated.
This experiment will be precedsd by a careful analysis to explore its
validity, to elahorate the details, and to modify and extend the
experiment.

MILESTOMES:

3/74 This experiment will be written in light of more careful analysis.

-63~
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RESOURCES:

DOS-1 Coordination

M-6 Plan and execute experiment
ENG-6 Consultation

J-6 Consultation

RDA Consultation

FACILITIES:

This experiment will require a test cell, shop facilities, and appropriate
instrumentation.

STATUS:

REFERENCES:
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EXPERIMENT # . 7

NAME : Steam-Cavity Wall Interaction Experiments

PROJECT LEADER: S. Ridgway (RDA)/A. Nutt (LASL)

PURPOSE : The purpose of this experiment is to study the pkenomenology
of the interaction of steam with defects in a salt wall at
low temperatures and pressures preliminary to the high
temperature and pressure studies.

TASKS

.

DESCRIPTION

Thers arc several possiUilities for the cavity wall to be attacked by solution
ir the cavity steam. The gencral rethod of protection of the wall is to keep
the salt that is in contact with the st~am hot enough so there is no stable
iiquid phase at the operating pressure, If there were a crack or other defect
in the wall that allowed the steam to penetrate and reach salt cool enough so
that the steam could condense to a liquid phase that would contain about 50%
salt, there is a mechanism for suck a defect to grow at a rate that would be
deternined by the ability of the salt to conduct the heat of condensation away.
It is important to learn as early as possible whether such defects wiil heal,
grow to & certain size, or grow indefinitely.

Since the rate limiting step seems to be the conduction uf the heat of con-
densation of the steam through the salt, exseriments with steam at approximately
atmospheric press.re, and blocks of salt with temperature spans from 120 to

S0°C should b instructive and meaningful.

Blocks of salt will be exposed to low pressure steam with the salt face being
at a temperature above the liguid phase condensation temperature, and the

block interior at a tempeature below the conderisation temperature. Various
defects will be introduced into the face of the block to allow steam
cormunication to the celder center, and the development of the defects observed.

MILESTONES:

April 1974 Conduct prelininary uninstrumented tests, and design
laboratory test setup.

June 1974 Design laboratory test sstup.

February 1975 Summary report on soiution effects at low temperature
and pressure.

RESOURCES:
WASL wX-2
RDA Facilitics
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STATUS:

In planning and analysis stage.

REFERENCES:

1. S. Sourirajan and G. C. Kennedy, "The System H,0-NaCl at Elevated
Temperatures and Pressures,' American Journal of Science 260, 115-141,
February,1960.

2. S. Ridgway, "On the Interaction of Steam with the Cavity Wall,"
RDA-IR-018-4100, February, 1974.
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EXPERIMENT # : 8
NAME : Laboratory Cavity Experinment
PROJECT LEADER:

PURPOSE ¢ The purpose of this experiment is to develop a better
insight on the cavity phenomenology and engineering
features of the PACER principle employing systems which
have been scaled down to laboratory proportions.

TASKS : 2.4, 3.1, 3.2, 5.1.
DESCRIPTION

Cavities about 3 in. diameter will be produced in blocks of salt 12 to 18 in.
diameter. The blocks will be enclosed in a high pressure container capable
of applying overburden pressure to the outside of the blocks. Pipes will
pass through the container and into the cavity, simulating an actual cavity
systea.

Means will be provided to hea: and pressurize the cavity using st am
simulating actusl operating conditions. Cavity pressure will be varied
to simulate actual pressure variations. Outside temperature of block will
be controlled to simulate temperature distribution (or gradient) in actual
cavity.
Larger cavities in the range of 12 to 18 in. diameter in blocks of salt
about 6 ft diameter will be tested in a larger high pressure container
similar to the above tests. Provision will be made for explosive shock-
type loading to mure closely simulate actual cavity operating conditions.
This equipnment will be employed to carry out the following tasks:
1. Verify stress and creep 2nalysis results for cavity in homogeneous salt.
Test over a range of cavity iemperatures and pressures including
simulation of stress di:tribution and temperature gradients.

2. Observe fatigue characteristics and effect of artificial faults by
repeated loading simulating actual operating conditions.

3. Observe results of suddenly applied shock-type loading.

4. Extend tests to non-homogeneous salt saaples obtained from salt domes.

5. Verify predictions of pipe and pipe seal performance and observe
effects of penetrations on stress, creep and fatigue characteristics
of cavity.

6. Study scale effects by comparing difference in performance of 3-in. and
18-in. diameter cavities.

7. Study the simulated bchavior of startup and shutdown.

8. Study the dispersion and collection of debris from exploding wires.
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This experiment will be preceded by a careful analysis to explore the
validity of these seven tasks, to elaborate the details of each task,
and to add additional tasks that would seem appropriate.

MILESTONES:
3/74 Experiment rewritten in light of amalysis.

Experiments in the small pressure vessel would be executed
first, A reasonable time for the complete experiment would
be three years.

RESOURCES:

Nnos-1 Coordination

M-2 Plan and execute experiment
ENG-6 Consultation

WX-3 Consultation

T-3 Consultation

J-9 Consultation

RDA Consultation

FACILITIES:

The facilities are available at LASL to execute this experiment. M Division
has special expertise in designing, fabricating, and handling the large
pressure vessels that will be required. In addition to adequate laboratory
space, adequate temperature, pressure, and strain sensing and recording
equipment will be required. For the larger zxperiments of the order of

180 grams of explosive would be detonated. This would require special
operating procedures.

STATUS:

This experiment is recognized as an important and complicated one.
Numerous discussions have been held in an attempt to better resolve its

details.

REFERENCES:
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EXPERIMENT NO 9

NAME Anhydrite Creep Experiments

PROJECT LEADER : LASL, C. A. Anderson /RDA, A. Fields

PURPOSE ¢ The purpose of this experiment is to determine
the creep behavior of the material in the anhydrite
seams at conditions typical of PACER operating
conditions. :

TASKS :

DESCRIPTION :

Anhydrite (CaSO4) seams occur in halite domes which have been proposed
for use in PACER experiments. The nearly vertical seams are made up of an
approximately nine to one mixture of anhydrite and halite and their presence
can degrade or enhance cavity stability by weakening or stiffening the deposit
against long term and transicat creep. For this reason experimental data on
the creep properties of anhydrite are needed. Evidence that the presence of
anhydrite, even in modest quantities, can affect halite's creep properties is

given in (1).

The object of this experiment is to support the PACER stability calcula~
tions by providing experimental data on the creep characteristics of the
material found in the anhydrite seams of a potential PACER salt dome. Using
cylindrical specimens taken from an actual anhydrite seam, differential
stress-strain curves will be determincd at confining pressures,of 2 k:i;lgbars,
temperatures from 100°C to 500°C, and strain-rates from 10 ~ to 10 ~/sec
as described by Heard (2) for Halite, The experiments will be carried out at
2 kilobars in order to compare with Heard's creep data on halite.

If, as anticipated, the creep data for the material of the anhydrite seams
is greatly different from that of halite itself, then the long term cavity
stability problem will be explored using a halite calculational model with
embedded anhydrite seams possessing the experimentally determined creep
behavior.

MILESTONES:

Experiments on the creep hehavior of the anhydrite material will be run
concurrently with the creep rupture experiments on halite, Completion of the
project would require about two years concluding with a summary report.

RESQURCES:

D0S-1 Coordination

WX-3 Plan and Execute Cxperiment
RDA Consultation

FACILITIES REQUIRED:

Anhydrite samples will be taken from actual anhydrite seams. An MTS
system will be used to carry out axial loading tests at constant strain-rates
on the samples at cenfining pressures of 2 kilobars and temperatures of o
100°C, 200°C, 300°C, 400°C, and 500°C. The additional equipment provided
for the halite rupture experiments would be sufficient for these tests.
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REFERENCES:

L. H. Borchert and R. Muir, Salt Deposits, Van Nostrand, London,
(1964) Pg. 276~-279.

H. Heard, Steady-state flow in polycrystalline halite at pressure of

2 kilobars, Ceophysical Monograph Series, Vol. 16, American
Geophysical Union, Washington 1155727 Pg. 191-209.
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EXPERIMENT # : 10

NAME : Radiation Deposition in Salt

PROJECT LEADER: RDA, Hubbard/LASL, Nutt

PURPOSE : The deposition of small fractions of the radiation energy
from an exploding device in the cavity wall could result
in the deterioration of the cavity wall. The purpose of
this experiment is to develop a detailed understanding of
this deposition and its consequences.

TASKS v2,1, 2.2, 2.4, 5.1, 8.2

DESCRIPTION : The detailed description of this experiment will be
provided at a later date,

MILESTONES :

7/74 Parametric calculations complete
Experiment defi.ied

RESOURCES H

WX-2 Plan and execute experiment
RDA  Plan and consult on experiment

FACILITIES REQUIRED:

To be stipulated

REFERENCES:
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PACER PROGRAM
PHASE 1 - THEORETICAL AND LABORATORY STUDIES

Part III, Phase 1 Cost

This section contains the costs associated with Phase 1 of the
PACEK program. It should be emphasized that the costs are

preliminary.
Definitions
FY Fiscal year
Org Organization
GP Organizational group at LASL
SM Staff member
GR Graded series or technicians
S§I Salary and indirect cost
u.c. Unusual cost. This includes costs for shop
services, computing, and other outside cots.
Equip Equipment
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PACER, PHASE 1, SROJECT 1
Estimated Cost

Task FY Org GP M GR K$ K$ K$ q

1.1 Device 74 LASL DOS-1 0
Definition T 0

74 TD-2 0
1

0

0

» e o
"N

74 T™-4

74 ENG 0.1
0.1
74 WX-1

74 WX-3

74 RDA

.

-
N = ON

1.2 Device Cost 74 LASL DOS-1
Estimate T .
74 RDA

.
=
v
«
N

()

T ALO
1.3 Device Safety 74 LASL  DOS-1

OO0 O0O0O0O0 oOQ

74 WX-1

T 0.5 20.0 20.0
74 WX-3

T 0.5 20.0 20.0 b
74 Sandia iq

74 RDA

B

[
~
<

T ALO

Totals 74 LASL
T LASL
74 RDA

o ML SR

.
[Z R I

OO OmaO 200
.

74 ALO
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PROJECT 2, CAVITY PHENOMENOLOGY

Man/yr Man/yr SGI UC Total
Task FY Org G M GR Sk $K $K
2.1 Working Fluid 74 LASL WX-2 0.3 12.5 1.0 13.5
T 0.5 21.0 2.0 23.0
74 Dos-1 8.1 5.0 5.0
T 0.t 11.0 11.0
74 RDA 0.5 35.0
T 1.5 105.0
2.2 Nuc. Exp. 74 LASL DOS-1 0.1 5.0 5.0
Invest. (% T 0.2 1.0 11.0
{t <1 sec) 74 J-10 0.2 7.2 4.8 12.0
T 0.75 27.0 15.0 42,0
74 T-3 0
T 0
74 T-4 0.1 1.8 4.2 6.0
T 0.75 27.0 8 35.0
74 RDA 0.5 0.5 60.0
T 1.5 1.5 180.0
2.3 Circ. Working 74 LASL T-3 1.0 33.0 13.0 46.0
Fluid T 2.0 67.0 27.0 94.0
74 D0S-1 0.1 5.0 5.0
T 0.2 11.0 11.0
74 RDA 0.05 3.5
T 0.15 10.5
2.4 Cavity Integrity-74 1ASL wX-3 0.25 4.5 7.2 1.7
Creep Effects T 2.0 62.0 24,0 88.0
74 DOS-1 0.1 5.0 5.0
T 0.2 11.0 11.0
74 RDA 0.2 14.0
T 1.0 70.0
Project 2
Cavity Phenomenology 74 LASL 2.2 79.0 350.2 109.2
T 6.8 250.0 76.0 326.0
74 RDA 1.25 0.5 112.0
T 4,15 1.5 365.5
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Task

3.1 Trade Studies

3.2 Primary

3.3 Materials

3.4 Containment

3.5 Device
Injection

Project 3 Total

FY

74

PROJECT 3

Man/Yr Man/Yr S§I u.c. Total
Org GP_ ™ GR $K $X $K
LASL DOS-1 0.1 - 5.0 5.0
i.0 55.0 2,0 57.0
ENG-6 0.2 8.5 0.4 5.8
6.C 3.0 375.0 50.0 425.0
RDA 0.2 14.0
2.0 0.8 180.0
LASL  D0S-1
0.5 27.0 1.0 28.0
ENG-6 0.2 6.5 0.4 6.9
6.0 3.0 375.0 50.0 425.0
RDA 9.2 14,0
2.9 0.8 189.0
LASL DbOS-1
0.5 27.0 27.0
ENG-6 0.2 6.5 0.4 6.9
3.0 156.0 25.0 175.0
RDA 0.1 7.0
2.0 0.8 180.0
LASL  DOS-1
0.5 27.0 1.0 28.0
ENG-€¢ 0.2 6.3 0.4 6.9
2.0 2.0 150.0 2s5.0 175.¢
J-9
1.0 50.0 5.0 §5.0
RDA 0.1 7.0
2.0 0.8 180.0
LASL DOS-1
0.5 27.0 1.0 28.0
ENG-6 0.2 6.5 6.5
6.0 2.0 350.0 50.0 400.0
J-6
1.0 50.0 5.0 55.0
RDA 0.1 7.0
1.0 0.8 110.0
LASL 1.1 37.5 1.6 39.1
28.0 10.0 1663.0 215.0 1878.0
RDA 0.7 19
9.0 4.0 830
-77-
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Task

4 Ezonomics

FY
74
74

PROJECT 4, ECONOMICS

PROJECT S, SAFETY AND ENVIRONMENTAL CONSIDERATIONS

Task

S.1 Safety

5.2 Seismic

5.3 Legal

5.4 P.R.

Project 5 Total

FY
74
74
74
74.
74

74
74
74

74

74

74
74

74
74

Man/yr Man/yr SG§I u.c. Total
Org GP M GR K$ i$ K$
LASL DDS-1 0.1 5.0 5.0
0.3 15,2 15.0
RDA 0.05 3.5
0.3 21.0
18-,
Man/yr Man/yr S§I u.c. Total
og G oM B M X
LASL DOS-!
0.5 27.0 27.0
H-1
0.5 20.0 5.0 25.0
-3
0.5 20.0 20.0
ENG-6
1.0 40.0 40.0
RDA 0.25 17.5
1.50 105.0
LASL  DOS-1 0.1 5.0 5.0
0.2 11.0 11.0
J-9
1.0 50.6 10.0 60.0
RDA G.15 10.5
0.3 21.0
LASL DOS-1
0.25 13.5 13.5
RDA
0.05 3.5
LASL  DOS-1
0.25 13.5 13.5
RDA
0.25 17.5
LASL 0.1 5.0 5.0
4.2 195.0 15.0 210.0
RDA 0.4 28.0
2.1 147.0
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PROJECT 6, FUEL RECOVERY AND PROCESSING

-80-

Maa/yr Man/yr SG&l
Task FY Org GP_ o GR $K
6.1 Chemical and 74 LASL DOS-1
Physical 3tate T 0.2 11.0
74 wX-2
T 0.5 27.0
74 RDA - 0.1
T 2.1 1.0
6.2 Solids 74 LASL DOS-1
Recovery T 0.2 11.0
74 WX-2
T 0.5 27.0
74 CMB-11
T 1.0 45.0
74 H-7
T 0.1 4.0
74 RDA
T 1.6
6.3 Production §
Separation of /4  MASL  DOS-1
23 T 0.5 27.0
74 WX-2
T 1.0 42.0
74 -1
T 1.0 42.0
74 ™-3
T 1.0 42.0
e _. CMB-11
T 2.0 90.0
74 RDA
T 2.0
6.4 Production § 74 LASL DOS-1
Segaration of T 0.5 27.0
239py 74 WX-2
T 1.0 42.0
74 ™-1
T 1.0 42.0
74 ™-3
T 1.0 42,0
74 CMB-11
T 2.0 90.0
74 RDA
T 2.0
Project 6 TOTALS 74 LASL
T 13.5 611
74 RDA 0.1
T 7.1 1.0

uc

sk

15

10

15
15
10

80

Total

11.0
27.0
7.0
197.0
11.0
27.0
45.0
4.0

70.0

27.0
42.0
57.0
57.0
100.0
140.0

27.0
42.0
§7.0
57.0
100.0

140.0

691.0
547.0
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PROJECT 7, GEOLOGY, SITE DEFINITION AND SELECTION AND CAVITY CONSTRUCTION

Total

uc
L

Man/Yr Man/yr  S§I
GR $K

M

GP

g

Task

2.0

wny
N 00 - 1}
« s s
OoOwon

LASL
RDA

74
T
T

74

Project 7 Totals
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Total
$K

S§1
$K

Man yr Man yr
M

PROJECT 8 FEASIBILITY STUDY FOR NUCLEAR TEST AND EFFECTS FACILITY®

uc
$K

GR

GP

Org

Task

22,
27.
10,

To
25
24
»l
m
o
28
S~
-
[N ]
= =
sl o
<2~
mr
-3
-t ©
o

8.1

RDA

MOoONUNOoOOCOODOO
* s % 6 ¢ 4 & * e e e«

VMO SOt NO
o P O e red e o O D

111}0644417

50000000000

.......
55000500005
U et ey

112203222230

0000;&0000001

Swn [ o )
OO |

.
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WLJJJJJTTW“

-

& 2
>
o
O
-y
=]
=

> &

a8

20

o S

(S -N

~
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—_3000000000

5673776960
< < N

00000000
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500000.000

503055555
< T ™

0.5

OO LA~ O
¢ s & & & o o & o8
OO0 O0O0ODOODOm™

-

1
297227
JJ.JJJ

o~
~—

J-14
J-16
CNC-11

LASL

RDA

8.3 Engineering

5500000000

5144197780
— Oy - -~

NOOOoOOOO

--------

- \D NN

500000000

500055555
~ -y

1222351330

0000000001

LASL
RDA

8.4 Diagnostics
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N
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i
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Project 8 cont.

Total
$K

Man yr S§1 uc
6R $K $K

Man yr
M

GP

Org

Task

50»)55000000000

v s e s R
56111577656645
-ttt

SHNNODOO0OD00

S S A4

e e k- R - R
- —

5000000000000

5500055555550
— et~ N

11222511151145
SRR

00000000000000

bos-1
J-1
J-6
J-7
J-8
J-9
J-10
J-12
J-14
J-15
J-16
CNC-11
H-1

LASL
RDA

'ah Eand

5.2
g8 Y
1] nm
S8z
0 3@
BE3E
W >
HEE3
(7, W3
(2]
-}

g
- B
m &
Ao R
CR-R
o n
e
£53
U
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U«
G O
Lo -]
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n\o
©
"
o

50000000000

. o o s s e
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oy

wn

8.7 Cost

00\)000000

505555555

JJJJJJJJH

RDA

139.0 819.0
329.0

680.C

0.5

LASL
RCA

Project 8 Totals

Costs estimated on the basis of the following predications:

Minimal code, experimental and theoretical development over and beyond that

required for PACER.

o

Improvement in project definition contingent upon the further funding and/or

PACER progress.

o
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PROJECT 9, SYSTEM ANALYSIS, COORDINATION AND PLANNING
Man/yr Man/yr  S§I u.s. Total
Task FY_ Org GP_ M GR 8K $K $K
Project Totals 74 LASL DOS-1 0.2 10.0 10.0
T 2.0 110.0 10.0 120.90
74 RDA 0.5 35.0
T 3.0 210.0
-84-
PROJECT SUMMARY
Man/yr Man/yr S&I u.c. Total
Project FY org M GR $K $K $K
1. Thermo. Device 74 LASL 0.4 0.1 7.2 4.0 11.2
T 4.7 0.3 173.2 27.9 200.0
74 RDA 0.1 7.0
T 0.3 21.0
2. Cavity Phenom. 74 LASL 2.2 79.0 30.2 109.2
T 6.8 250.0 76.0 326.0
74 RDA 1.25 0.05 112.0
T 4.158 1.50 365.5
3. Engineering 74 LASL 1.1 37.5 1.6 33.1
T 28.0 10.0 1663.0 215.0 1878.0
74 RDA 0.7 49.0
T 9.0 4.0 830.0
4. Economics 74 LASL 0.1 5.0 5.0
T 0.3 15.0 15.0
74 RDA 0.05 3.8
T 0.3 21.0
S. Safety & 74 fASL 0.1 5.0 5.9
Environ. T 4,2 195.0 15.0 210.0
Crnsiderations 74 RDA 0.4 28.0
T 2.1 147.0
6. Fuel 74 LASL
Recovery T 13.5 611.0 80.0 £91.0
74 RDA 0.1 .0
T 7.1 1.0 547.0
7. Geology, Site 74 LASL 0.2 6.7 1.2 7.9
Definition § T 4.8 2.0 263.0 26.0 319.0
Cavity Constr. 74 RDA 0.15 10.5
T 2.3 161.0
8. Nuclear Test & 74 LASL
Effects T 13.2 2.5 680,0 139.0 815.0
Facility 74 RDA
T 4,7 329.0
-85-
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Project Summary, Continued

Man/yr Man/yr S§I u.c. Total

Project FY Org M GR $K _ 3k $K
9. System Analysis 74 LASL 0.2 10.0 10.0
Coordination § T 2.0 110.0 10.0 120.0
Planning 74 RDA 0.5 35.0
T 3.0 210,0
Project Totals* 74 LasL 4.2 0.1 150.4 37.0 187.4
T 77.5 12.8  3990.0 588.0 4578,0
74 RDA 3.25 0.05 252.0
T 33.0 6.5 2632.0

*
These totals include the estimated budget for Project 8.

-86-

PACER
Experiment #1
Material Studies

S§1 U.C.  Equip Total
FY Org P M GR K$ K§ K$ X§
74 LASL WX-2 0.7 32.0 2.0 34,0
T 3.0 2 160.0 490.0 3.0 203.0
74 RDA 0.1 7.0
T 0.2 14,0
-87-
PACER
Experiment #2
Halite Creep Rupture
S&1 u.C. Equip Total
EY org G2 M GR K K& K
74 LASL WX~-3
T 0.25 1.0 40.0 10.0 20.0 70.0
74 RDA
T 0.1 7.0
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FY

74

74

FY

74

74

FY

74

74

PACER

Experiment #3

Primary Loop Mockup

S§1I U.C. Equip
Org & M &R KM K _ K
LASL ENG-6
6 7 380.0 370.0 150.0
RDA 0.05
0.25
-89-
PACER
Experiment #4
Shaft Sealing
S§1 uc Equip
org 8 M 0 0®  KB 0K X
LASL ENG-6
5.0 4.0 350.0 200.0 125.0
RDA
0.75
-90-
PACER
Experiment #5
Device Injection
S§1 u.C, Equip
Org GP SM  GR K$ kK¢ K¢
LASL ENG-%
5.0 5.0 300 200 125
RDA 0.75

-9l

Total

200.0

3.5
17.5

Total
K$

675.0
52.5

Total
K$

625
52.5
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FY
74
74

FY

74

74

FY

74

74

PACER
Experiment #6

Dynamic Loading

S&1 U.C. Equi
Org 6P sM GR K$ K kT szotal
LASL
M-4 5.0 5.0
RDA 300 200 150 650.0
0.75 52.5
-92-
PACER
EXPERIMENT # 7
Steam-Cavity Wall Interaction Experiments
SGI u.c. Equip. Total
Org GP SM GR K$ K$ K$ K$
LASL  WX-2
0.5 24 20 44
RDA
0.15 0.5 37
-93-
PACER
Experiment # 8
Laboratory Cavity Simulation
S§1 U.C.  Equip Total
Org GP M GR X$ k$ K$ k$
LASL ENG-6
4 2 200 450  150.0 800, 0
RDA 0.1 7.6
0.% 35.0
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PACER
Experiment #9
Anhydrite Creep Rupture
S§1 U.C. Equip Total
FY_ Org G M GR K$ X K$
74 LASL WX-3
T 0.25 1.0 40.0 10.0 20.0 70.0
£ 0.1 7.0
=95~
PACER
Experiment #10
Radiation Deposition in Salt
Man yr Man yr S§1 uc Equip Total
FY Org 6P ™ GR $K $K $K $K
74 LASL  WX-2
T 0.50 1.0 50.0 33.0 93,0
74 RDA 0.10 7.0
-96-
PHASE I Summary
Man yr Man yr S§I uc Total
FY org M GR $K $K $K
Projects T LASL 77.5 12.8 3990 588 4578
Experiments T LASL 29.5 28.0 1844 1543 3387
Total LASL T LASL 107.0 40.8 5834 2131 7975
Projects T RDA 33.0 6.5 2632
Experiments T RDA 3.65 0.5 282
Total RDA T RDA 36.65 7.0 2914
TOTAL LASL & RDA T 143.65 47.8 10,889
Equipment (LASL) 743
-97-
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PREFACE

PACER is a concept which utilizes known technology to achieve electric
power from fusion explosions. The explosions are used to heat steam con-

tained in a large underground cavern, and the heated sceam subsequently

drives a conventional power plant.

The importance of the PACER concept was recognized by sclentists at

R & D Asscciates (RDA) who also became convinced of its practicality
through their familiarity with feasibility studies of the constructicn
of large cavities for siesmic decoupling of nuclear teets [1,2]. 1In
October 1972, RDA proposed development of the PACER concept [3] and
was joined by the lLos Alamos Scientific Laboratory (LASL) in this
effort. In July 1973, the AEC funded a one-year study program to

LASL and RDA jointly. This study primarily addresses questions of
safety and feasibility of containing the repeated explosions in

underground cavities.

The report begins with a cummary of the present status and recommendations
for future work. The text of the report is divided into sections
corresponding to the project heading chosen for the PACER program, with
each of these sections containing a descriptive summary report of work
done on that particular project. A separate volume of appendixes,

similarly divided, contains detailed reports of work.

-iii~
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SUMMARY AND RECOMMENDATIONS

The major results of the first year of the work are:

o The effect of explosions on the cavity walls seems manageable.
Fireball mixing probably occurs quickly preveanting convective
heating. Radiant heating can be controlled by adding a amall
amount of N02 to any fluid. No adverse chemical offects from
either Hzo or C02, the two candidate fluids, have been dis-

covered at operating conditions.

¢ Conceptual design of the primary loop and heat exchangers
has been engineered in enough detail to make economic
feasibility plausible. Experiments have been laid out to
help choose materials and design scals. The level of
technology involved is that applicable te¢ a pressurized

water reactor.

& A thermo-physical mechanism of producing crack growth has been
proposed and an experiment designed to test it, although it
requires a pre-existing crack that does not seem compatible
with cavity operating coaditions. The growth could mot occur
with co2 as a working fluid. No classical crack growth can oc:cur

since no tensile streeses develap.

¢ The very low fission waste in the cavity, due to the use of
fusion energy, can probably be further reduced by filtering
the fluid to approximately a tenth of a percent of the fission

product inventory of a standard power reactor.

¢ Econemic comparisons appear to be favorable to PACER, especially
if breediag dand recovery of 233U or Py prove: feasible a8 con-

ceptualized.
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® The operation of PACER in a primarily producticn mode has been
suggested, since a 2 GW(e) PACER can supply fuel for eight 1 GW(e)
reactors. Thorfum would be the fertile material, and the
233U produced would be diluted with natural U before shlpment

to rcactora, eliminating it as g target for thieves.
A sketch of the conceptualized facility is shown in Figure 1.

The major technical question of cavity integrity under repeated explosive
loading cannot be solved on paper, and awaits experiments. An orderly
approach to this development was made in the first RDA Proposal 72-26 3],
and during the past year the details have been greztly elaborated. Since
everything that has been learned during the first year of study tends to
increase the potential inherent in the PACER idea, and since no serious
problexe have been discovered, we believe that crucial experimental
programs should be funded immediately, sccording to the schedule givem

in Figure 2 [4].

Qe
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PROJECT 1. THERMONUCLEAR DEVICE DEVELOPMENT

The purpose of Project 1 is the developmenc of suitable fusion

explosives for PACER application.

RESEARCH RESULTS

RDA's role has been that of consultant. Inputs to establishment of
device criteria were incorporated into DOS-1-74, PACER Thermonuclear
Explosives Constraints {5]. In addition, preliminary discussions have

been held on safety, security and economic issues relevant to the

device design and production.

-5~
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PROJECT 2. CAVITY PHENOMENOLOGY

The purpose of Project 2 is to determine the immediate and long-term
explosion effects on the cavity with the object of choosing optimal

materials and parameters for designing a PACER facility.
RESEARCH RESULTS

Working Fluid

The use of steam as a working fluid is the first choice for the following

reasons:

1. It is condensible, making possible shutdown without venting
all the fluid, a quenching system for safety release in event

of leax, and low-pumping power and heace reasonable thermal

efficiency.

2. It is available, economical, and no new engineering practice

is needed.

3. As far as is known, it is chemically compatible with the
salt walls and properly-chosen steel pipes. (Experiments

have been designed to test this point [6].)

A second choice, as a backup, is COZ' Although not condensible, 1t is
nearly so and therefore provides good thermal efficiency. It is chemically

less reactive than H20.

Both HZO and €0, require the addition of a few percent NO, to provide

sufficient opacity in the visible and infrared to shield the walls from

fireball radiation.

.
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Other fluids which were considered and discarded were:

e nitrogen and argon -=- too expensive

e hydrogen -~ many engineering problems, too
expensive, and the assumed ad-
vantage of shock reduction was
found nc* to be true

e air -~ economical, but reactive and poor

thermal efficiency.

All the gases, excluding CO2 which is nearly condensible, require a
great deal of extra piping as compared to HZO and would probably be
ruled out on that account alone. This point is discussed further under

Prcject 3-~Engineering.

Nuclear Explosion (t<1l sec)

A radiation-hydrodynamic computer code (Harold) was used to calculate
shock effects from an explosion in the center of an Hzo—filled cavity.
Since data on opacity of H20 were not <t available and since radiation
flow is not a dominant effect, it was decided to use the opacity of
air for the fluid as an input parameter in the code. The results of
this calculation, described ia Appendix A, showed that the shock over- )
pressure after reflection at the cavity wall {radius 200 m, yield 100 kT) z
was about 200 bars, and the pulse had a half-width of ~50 msec. This is a
lower pressure and longer time than the scaling prediction in RDA

Proposal 72-26 ([3].

After reflection at the spherical wall, the shock converges on and recompresses
the fireball, which has expanded very little. During this recompression,
the higher density steam surrounding the low-density fireball is decelerated

so that the boundary separating the two regions is Taylor unstable and
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mixing occurs. Estimates (shown in Appendix A) indicate that
disturbances of V10 meters or less are highly unstable and mix
rapidly. Since the shock reverberation time is v1/2 sec, the mixing
may be repeated several times before the fireball rises very far.

Long-Term Heating

The heating effect =Z the thermal pulse from the fireball on the salt wall

of the cavity is critically dependent upon the amount of impurities in
the salt, which determines how far the radiation penetrates. This
distance will in turn determine how much Noz or air must be added to
the steam to prevent melting appreciable salt. Since further optical
experiments are needed to determine the actual deposition length of
fireball radiation in salt dome material, this length was made a
variable parameter in a set of calculations modeling the deposition
and subsequent diffusion of heat in the cavity walls. The results,
given in Appendix A, indicate that very clear salt presents no problem;
but if the deposition length is less than a meter, the gas opacity must
te chosen to minimize the effect.

-8~
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PROJECT 3. ENGINEERING

The purpose of this project is the development of a complete conceptual
engineering design for a PACER facility, with primary consideratiom given

to safety and cost,

RESEARCH RESULTS

Primary Loop

Engineering studies, concerned primarily with the feasibility of generating
electrical power, were begun using the foliowing operating conditions

specified in the original proposal [3].

Cavity working fluid pressure 440 bars
Cavity working fluid temperature 500-500°C
Cavity depth 2 km
Power output 2000 Mw(e)

Preliminary examination indicated that the level of radioactivity

in the cavity working flufd would probably make it unwise to use the
fluid directly in the power producing turbines. Also it was evident
that the pressure was much higher than desirable for turbines and
that heat exchanger steam generators operating at 400 bars pressure
were undesirable. Another problem was the high cost of the 2 km

high-pressure, high-temperature pipes.

A solution to these problems is proposed and analyzed in the section
of Appendix B entitled "Throttled Steam for Power Generation." It
was concluded that if a two-phase steam (vapor-liquid) system was used,

it could be operated with steam pressure in the upcoming pipe reduced

-9~
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to about 170 bars at the surface. This pressure would be satisfactory
for the design of heat exchangers and steam generators. The drop in
pressure from 440 barz to 170 bars could be used to overcome friction

in the upcoming pipes and would result in a significant savings in the
cost of the pipes. Further, the workirg fluid could be returned to the
cavity as a liquid resulting in very little pumping power being required
to replace the throttling pressure drop from 440 to 170 bars.

It was concluded that a single pipe less than 3 ft inside diameter wculd
suffice and that the pumping power would be less than 100 MW. The thermal
efficiency of the cycle, using equipment similar to that developed for
pressurized water reactor systems, would be in the 30 to 33 percent

range.

For comple:-ncss, the possibilities of a gas turblin- er Bray:cu cycle
using a gas as the working fluid were investigated {see Appendix
Secrion B.2?! EHven with no pressurc los: due to pipe friction and

heat exchanger losses, it was concluded thai the 5G0-6DU°C tewperatury
1imit was toc low for gocd gas turbine perfommsnce. The best ¢ cle

efficiency obtainable would be less vhan 17 perceat.

Studies nf che possibiliries of single phass or gas systems are continn:d
in "Pipe Sizes and Pumping Power," Aprendix Section R.3. Generally,

it was concluded that unreasonably large pipes would be required if the
pumping power used to circulate the gas from and to the cavity was to be
a small fraction of the terminal power output. The following are typical

results for air as the working fluid:

Pump power, MW 45 135 450
(200 MW(e) output)
Pipe dlameter, ft 11 9 7
~10~-
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Cost estimates for pipes of this diameter and 2 km long indicated
the pipe cost would probably exceed the cost of all other items in the

power plant.

Continued emphasis of the necessity for using a two-phasge HZO system
suggested a review of the NaCl—H20 equilibrium conditicns as described

in the Souririjan and Kennedy paper [7]. It was concluded that for
NaCl—H20 vapor equilibrium (no liquid) the cavity pressure should be
lowered from 440 bars to 320 bars if the average temperature in the cavity
was to be about 550°C. Cavity depth was reduced to 1.45 km.

Previous estimates regarding feasibility were revised to include these
new conditions in "Preliminary Estimate of Size, Weight and Cost of
Primary Loop High Pressure Plpes," Appendix Section B.4. Results

are shown in the following table, assuming the pipes are similar to
stainless steel in quality amd cost.

Single Phase Two Phase
All Steam Pressurized Water
Maximum wall thickness, cm 5.0 5.0
Pipe inside diameter, cm 19.5 19.5
Number of pipes 129 36
Pump power, kW 115 x 10° 24 x 10°
Total weight of pipes, kg 120 x 106 ‘ 35 x 106
Total cost of pipes at $15/kg $1803 x 106 $525 x 106

It was concluded that since the cost of a 2000-Mi(e) plant would be about
$1400 x 106 ($700/kW) excluding the cost of the pipes, the cost of pipes
for a single-phase system was high enough to rule suvt use of such a system.
The cost of pipes for the two-phase pressurized water syetem, though
relatively high, was not prohibitive.

-11-
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The cost of heat exchangers was evaluated in Appendix Sections B.5 and B.6.
It was concluded that heat exchanger steam generators would cost about
$30 per kW(e) and that this cost was not a big item in total plant cost.

The thermal conversion efficiency for the pressurized water steam generator
systems 1s generally in the 30 to 33 percent range. This is somewhat
disappointing in view of the peak cavity temperature of about 550°C.
Various aspects of the factors which contribute to the determination

of the thermal conversion efficiency are analyzed in Appendix Section

B.7. it was concluded that 30-percent thermal conversion efficiency

is about all that can be expected from the pressurized water system and
that direct expansion of the cavity steam in the turbines will be necessary
if the thermal efficiency of the ecycle is to be improved significantly,
perhaps to 38 percent. But the problems of corrosion, salt deposition,
radioactivity and contamination indicate that further study is re-

quired before one can assume that such a direct system is feasible.

The continuing problem of relatively high pipe costs is again studied in
""Wariation of PACER High Pressure Pipes with Cavity Pressure,' Appendix
Section B.8. It is evident that lower cavity pressure and associated
reduction of pipe length should reduce the cost significantly. Results
are shown in the following table for cavity maximum pressure equal to

75 percent of the overburden pressure.

Cavity steam pressure

maximum, bars 408 312 240 192

minimum, bars 340 260 200 160
Pressurized water pressure, bars 170 130 100 80
Pipe inside diameter, cm 14 20 29 38
Depth, km 2.48 1.89 1.45 1.16
Number of pipes 155 52 22 9.3
Mass of pipes, kg 96 x 10° 34 x10° 14 x 10° 6.3 x 10°
Cost at $15/kg 1440 x 10% 510 x 10% 210 x 16® 95 & 10°
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It was concluded that the average cavity operating pressure should be
reduced to about 200 bars and that the pipe cost could be reduced to about

$150 x 106 or about $75 per kW(e).

Other Engineering Considerations

Questions about the possible interaction of steam with the cavity wall

are discussed in Appendix Section C.3. Ailr is again examined as

a possible working fluid, and in Appendix Section B.10 the costs

of the pipes are again evaluated. It was concluded that the cost of the
pipes using air as the working fluid is unacceptably high. CO2 is

studied as a working fluid in Appendix Sections A.10 and B.12. 1Its principal
advantage over air is that it can possibly be returned at a temperature

near its critical temperature and thus reduce considerably the gas pumping

power required and/or the cost of the pipes.

Reduction of the depth to slightly more than 1 km and realization that
most available salt domes do not extend upward to the earth's surface
made it necessary to consider reducing the cavity diameter from the 400 m
originally proposed. Increasing the operating pressure range to * 20
percent of the average pressure trom the proposed * 10 percent and
decreasing the yield per explosion from 100 to 50 kT would reduce the

cavity diameter to about 250 m.

The explosions in the cavity produce pressure pulses which may be trans-
mitted upward in the fluid in the pipes. This type of loading was

studied in "Attenuation of Weak Shock Waves in Pipes," Appendix
Section B.9. It was concluded that chere is a problem associated with

the pressure pulses and that means for attenuation must be provided in

the design of the pipes.

"PACER-Preliminary Engineering Criteria," Appendix Section B.1ll
addresses the current status and feasibility of various engineering

-13-




aspects of the PACER project. The general conclusion is that there are

feagible golutions to the various engineering problems which have been

investigated.

The estimated costs of various major items contributing to the capital
cost of a 2000-MW(e) power plant are shown in the following calculations.

Total plant cost would probable escalate to around $900 x 106 by the

300-m Diameter
Unlined Cavity

year 1980,
*
Capital Cost 2000-MW Power Plant
200 + 20 Bars
525 + 50°C
1.2 km Depth

Site selection and testing
Cavity and shaft formation
Pipes

Insertion system
Containment system

Waste treatment system

Site preparation, roads, buildings

Heat exchangers

Pumps .

Turbine generators
Condensers

Piping, auxiliaries, controls
Cooling towers

Shock isolation

Safety, security

Engineering, management

*
1973~74 dollars.

~1l4~

Solution~-Salt Dome

Cost
(Million Dollars)

10
100
150

25

75

15

25

50
10
100
20
60
50
20
10

30
770
385 $/kW{e)
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PROJECT 4. ECONCMICS
The purpuse of this project is to ensure the economic feasibility of
the proposed PACER systems and to estimate PACER's relative competitive
position in the energy and fissile material production areas.

RESEARCH RESULTS

Major Cost Elements

An effort has been made to keep cost estimates current for the major system
components, viz., for the pipes and heat exchamgers, cavity construction,
turbine-generators, etc. The way in which these estimates scale with
important system parameters has been a major influence in choosing cavity
operating conditions, particularly the cost of piping which increases with

the 3.5 power of the cavity pressure. This is discussed further under

Project 9.

Cost_Comparisons

Comparisons of PACER have been made with other electrical energy systems.
Results are shown in Figure 3. The data for these comparisons have been
collected at Oak Ridge [B] and used in the CONCEPT code. The compatitive
standing of PACER without breeding depends on the cost of the fuel charge
whereas PACER with breeding has a clear advantage over other systems. The

effect of varying the cost of the fuel charge is shown in Figure 4,
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PROJECT 5. SAFETY, ENVIRONMENTAL AND SECURITY CONSIDERATIONS

The purpose of Project 5 is to ensure that the design of every aspect of
PACER will provide safety during maﬁy years of operation, to assess the
impact of the system on the environment, and to analyze the safeguards

required for security against nuclear theft.

RESEARCH RESULTS

Cavity Inteprity

The basic integrity of the cavity is provided by the primary design
principle: no tensile stresses will be allowed to develop in the geo~
logical material. Cracking, in the usual sense, cannot occur in the
abeence of tensions; nevertheless, an effort was made to discover other
sources of cavity failure. One proposal was that NaOH and HC1 would be
found in quantity in a salt cavity, with resultant chemical deterioration
and sloughing of the wall. Fortunately, there is experimental proof that
this does not happen, at least in laboratory samples (7,91.

A thermophysical mechanism for crack propagation in salt has been proposed
for investigation. (This is planned as Experiment No. 7.) 1If, by some
unexplained mechanism, a long erack should form which protrudes from the
cavity, through the heated layer of salt and into the surrounding cold
salt, then it is possible under favorable circumstances for the crack to
propagate via dissolution of the salt., This is described in detail in
Appendix C, but it should be pointed out that a crack in the heated plastic
region will close unless the steam pressure is greater than the overburden.
It is planned to investigate the crack closure theoretically via computer

codes.

~18~
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Radioactivity

The main source:s of radioactivity in a PACER cavity are fission products

and tritium. Since the nuclear fuel derives wost of its emergy from

burning deuterium, the initial inpuc of fission products might be a

few percent of that from a fission reactor of comparable power level. It

is planned to filter the working fluid continuously to remove fission

products and other debris material so that no long-lived activities can

build up in the fluid. Although detailed studies have not yet been made,

this approach appears feasible at modest cost and will probably reduce the concen-
tration of fission products to roughly 1 curie per ton of sfeam, ot ~10™3

YCi/ml at atmospheric pressure. The inventory of fission products in a

FPACER cavity will probably be less than a tenth of a percent of the inventory

in a conventional power reactor operated at the same powexr level.

& 2000-MW{e) plant will produce roughly 100 gn éf tritium pex day. In a
steam-filled cavity it will build wp {(half life 1s 12 years) to a concen~
tration of ~1/3 uCl/mi {at atmospheric prassuve) after 3 or 4 years of
operation. Trictium emits a very low energy electron and 1s rot a partic-
ularly hazardous material; in addition, it will be bound to the water as

HTCO znd so carnmot leak out &s a gas.
Epvironmental

Abovn ground, an emergency containment and quenching arrangewent will be
designed, imcluding a wmall lake containing enough water to combine with
and quench any escaping steam in the event of a leak. Similar systems

have been designed already for light water reactors.

Seismic effects are small. Preliminary results indicate displacements of
a few centimeters at the cavity wall, corresponding to a few millinmeters
at the surface above the cavity. At a distance of a few miles from the

site, the wagnituae of the seismic effect would be acceptable.

19~
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Security

Normal security must, of course, be provided for enriched fissile
materials at the site. To make the facility more secure and economical,
a completely enclosed power complex is favored. Within the complex,
recovered materials would be processed and new parts fabricated so that

no highly enriched material ever leaves the complex.

If the facility is being used as a fissile material breeder, the pro-

233U is highly favored over 239Pu for security reasons.

duction of
During fabrication of fuel elements for use by fission reactors, the
233U will be mixed with natural U to an enrichment of a few percent--
a good reactor fuel but not explosible as a bomb material--so tlat

shipment to reactor sites can be made without fear of hijacking.

20~
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PROJECT 6. FUEL RECOVERY AND PROCESSING

The purpose of this project is to design a method of continuocusly removing
radioactive debris and fissile material from the PACER cavity and to assist

in the optimization of a fuel charge designed to produce 233y and/or 23%pu,

RESEARCH RESULTS

All work on Project 6 is in a very preliminary state, but the following

comments indicate our initial thoughts.

Analogy with scaled airbursts indicates that the Pebria will be largely
micron size particles wkich will remain suspended until striking a wall
or being filtered out. The fraction of the debris striking walls, and
presumably sticking, is not yet known. Solid particles which make their
way through the heat exchanger can be easily removed from the condensed

phase.

At present, no work has been done on the design of a breeding model of
the fuel charge, but it is easy to estimate the probable effectiveness
of such a design, based on production of two moles of neutrons per
kiloton of D-D yield. A 50-kT charge would produce about 11 Kg of

233y or 239Pu 1f half the neutrons could be captured in fertile mate-
rial. This seems a reasonable expectation, since capture can occur

at fireball temperatures where the capture cross section is large. The
great advantage of PACER over conventional fission reactor breeders is

shown in Figure 5.

It has been noted that 233y produced in a PACER faciiity is not contam-
inated with high-energy gamma ray sources, unlike 233U produced in re-
actors. This will be an important element, along with the security
advantages mentioned under Project 5, in making 233y a desirable fuel,

both for reactors and for use in PACER fuel charges.
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PROJECT 7. GEOLOGY, SITE SELECTION, AND CAVITY CONSTRUCTION

The purpose of Project 7 is to develop site criteria and select prime
sites for experimentation and development.

RESEARCH RESULTS

Geology and Site Selection

The geology of the Gulf Coast basin salt dome fields was reviewed, and
many pertinent references to this well-studied area have been assembled.
A perusal of the domes having a top surface at sufficiently shallow
depth to accommodate PACER cavities indicates ther~ a.'¢ about 166 domes
of which 26 are in use. 1t is believed that perhaps 70 to 100 of the
remaining 140 are large enough for the 300-meter diameter cavity., Of
course, some can accommodate more than one cavity, or a larger one, and
future fuel charge developments may cpen the possibility of using

smaller domes.

Other possible salt dome sites are portions of the Paradox basin in
Utah and Colorado, and possibly a newly discovered deposit in Arizona.

The probable sites available in the Gulf Coast region alone, large enough
to accommodate the "baseline" 20600-MW(e) plant, can account for an
additional 200-GW(e) of capacity--more than enough to meet the national

goals for increased nuclear-generating capacity.

Specific sites suitable for hard-rock cavities have not been tabulated,
but there are many and they are not limited to a single geographical

region.

23~
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Cavity Construction

A review of the Payette study (2] with a view to bringing the costs up

to date had made it clear that comstruction of the cavity in salt is

not a large part of the power plant investment, and so cannot influence
economic feasibility significantly. Technical feasibility was established
by the Payette study, insofar as that is possible without experimentation.

Construction of cavities in rock is more complicated s’nce the rock
must be supported as construction proceeds. Studies made in the early
60's are optimistic about technical feasibility (see Appendix D), but
cost projections are probably not reliable nor comparable with costs
at the Nevada Test Site. This subject received only cursory attention

during the first year.
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PROJECT 8., NUCLEAR TEST FACILITY

The purpose is to study the feasibility of using a large decoupling
cavity as a permanent test facility.

RESEARCH RESULTS

All the considerations regarding the geology and cavity excavation under-
taken for PACER apply to this application as well. Only preliminary con-
siderations have been made specifically to this project, and they are
presented in the PACER Program Documents DOS~1-81 and DOS-1-82 [1G, 11].

§
3
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PROJECT 9. SYSTEM ANALYSIS, COORDINATION AND PLANNING

The purpose of Project 9 is to ensure system self-compatibility, to plan

future work, and to investigate potential applications.
RESEARCH RESULTS

Choice of System Parameters

Early in the project, a review of Kemnnedy's experimental results [7,9] led
to lowering the cavity steam pressure from 440 bars to 300 bars to ensure
dry steam with.no 1liquid phase. Later, as the very semsitive pressure
dependence of the cost of piping became apparent, the pressure was further
reduced to 200 bars. The cavity size was decreased to 300 meters in diawm-
eter and the device yield to 50 kT to keep the depth below the surface not
less than 4 cavity diameters, somewhat arbitrarily. The nominal choices

for the critical PACER parameters are now as follows:

Cavity dismeter 300 meters

Cavity depth 1200 meters

Device yield 50 kT

Steam pressure 200 * 20 bars

Steam temperature 525 + 50°C

Nominal power level 2 cw(e)

Explosion per year 804 (@ 80% of peak)
@ 2 GW(e)

As mentioned in ’roject 4--Economics, the dependence of the major cost
elements of the system on the system parameters was determined, at least
approximately, so it would be possible to choose these parameters to
minimize the cost of electric power (see Appendix F). These optimizations
are forced in the direction of large cavities at shallow depths because
the cost of piping quickly dominates as the depth, and, hence, the

pressure increases. The above choice of pressure and yield represent
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minimum cost assuming a fixed 300-meter diameter cavity and $100K fuel
charge cost. All this is very rough but does give assurance that the
system choices are not only reasonable choices technically, but also

tend to minimize power costs.

Planning

Detailed plsns for Phase I have been made through RDA inputs to DOS-1-81 [10],
the PACER program document. This includes detailed laboratory experiment
planning, as well as planning theoretical and design work.

Preliminary planning for a Phase II experimental program was begun (see -
Appendix F). Basically, the plan is to negotiate for the use of part of

a salt mine for initial tests in a 10-meter diameter cavity and proceed
immediately to a 100-meter cavity construction by 1976. The ccst, in-
cluding construction and non-nuclear testing and instrumentation is 20

to 30 million dollars.

Potential Applications

An application of PACER technology leading to the most rapid buildup of
nuclear-based electric power has been suggested.

As already pointed out, the abundant neutrons available from the D-D
reaction make possible the operation of a PACER facility primary as a
producer of reactor fuel with power as a by-product. The nominal 2-GW(e)
PACER could supply fuel for eight 1-GW(e) reactors. By utilizing thorium as
the fertile material, the fuel wovld be in the form of clean 2330 which
would then be made secure from theft (as pointed out in Project 5

by dilution to a few percent with natural uranium. This would all be
accomplished at a single site, while the reactors which burn the 2330

could be located close to the users of power, thus eliminating transmission

problems. The design and construction of these reactors--burners, not

-27-
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breeders--would be relatively simple because neutron economy 1s not an
issue. In this mode of operation the approximately 100 available salt
dome sites could provide for 1000 GW(e) of additional nuclear power,
200 GW(e) in the south provided by PACER plants, and the remaining

800 GW(e) from 2330 burner reactors.
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APPENDIX A. PROJECT 2--CAVITY PHENOMENCLOGY

A.1 LOW-TEMPERATURE RADIATION PROPERTIES (F. Gilmore, R. Turco, R. Lindgren)

A preliminary qualitative look was taken at the low~temperature radiation
properties of various possible working fluids, since these properties are
critical in determining the thermal radiation pulse that gets to the
cavity wall. Judging by their electronic states, hydrogen, helium,
nitrogen, sulfur vapor, argon, steam, and carbon dioxide will all be
quite transparent to visible radiation at temperatures up to several
thousand degrees, and methane also up to almost as hot. Accordingly, the
thermal pulse will probably penetrate these gases and melt some of the
cavity wall. (Moreover, sulfur is a liquid at the desired steady-state
temperature and pressure, which makes it quite unsuitable for this appli-
cation.) Air is different because when heated it forms nitrogen dicxide
(NOZ), which is opaque in the visible. Using air opacitiés based on
equilibrium NO2 concentrations, LASL has calculated a very small thermal

pulse at the wall, We have verified qualitatively that this result is
reasonable, and that the N02 reaction rates in this situation are fast
enough to keep the air opaque, even though photodissociation can reduce

the NOZ
one wishes to minimize the thermal pulse on the wall one should use a

concentration to 20% of its equilibrium value. In general, if

i o o

mixture like nitrogen/oxygen, nitrogen/steam, nitrogen/carbon dioxide, or
possibly nitrogen/graphite dust or argon/graphite dust.
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A.2 RADIATION PROPERTIES OF WATER VAPOR RELEVANT TO PACER (F. Gilmore)

To heat salt from 800°K to its melting temperature of 1073°K requires

4.1 kcal/mole, while the latent heat of melting is 6.7 kcal/mole [1].

Since the molecular weight of salt is 58.4 and its density is 2.17 g/cma,
one can easily calculate that to heat a layer around the outside of a

200 m radius cavity to melting requires 0.8 kilotons/cm, and to melt it
completely requires an additiomal 1.2 kilotons/cm. Hence, if a few percent
or more of the energy of a 100 kiloton burat were emitted as thermal radiation,
penetrated the colder gas to reach the wall, and were absorbed in the first
few centimeters of salt, serious changes in the cavity size and shape

due to melting would occur after a few hundred bursts. If instead,

as seems more likely, the absorpiion mean free path for thermal radiation
(mostly visible radiation) in the salt is of the order of a meter, the
firat few bursts would not be enough to cause melting, but the heat would
build up over many bursts, since the thermal diffusivity of salt is only
about 1 m2/10 days, so that the long~term melting rate would be almost

as great as if the salt were more absorptive. (We are planning some
numerical calculations to verify this conclusion.)

Accordingly, it is important to determine if a significant fraction of the
energy of a fireball in dense water vapor is emitted as thermal radiation,
and if much of this penetrates the colder vapor outside of the fireball.

The behavior of the fireball before radiative cooling becomes important
depends upon the thermodynamic and radiative properties of the working
fluid at temperatures so high that the molecules are completely dissociated
and most atoms are multiply fonized. Since air and water (as well as
carbon dioxide and most other gases of interest) have roughly the same
number of atoms per molecule and electrons per molecule (within a factor

of 1.5), and the same average atomic number of the high-Z atoms (within

20 percent), the corresponding fireballs will have roughly the same size
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and temperature history. Thus, we can use the temperature profiles calculated

for a fireball in dense air {2,3] to estimate the thermal radiation from a

fircball in dense water vapor.

At early times the fireball is small but very hot, while later it is larger
but less hot, so that we cannot immediately guess vhich time period contri-
butes the most to the thermal radiation. However, at thesc densities the
gas opacity becomes so large at several thousand degrces (see below) that
this linits the fireball surface radiating temperature. Accordingly, the
thernmal pulse is dominated by the emission after the fireball expands to
near pressure equilibrium (about 0.1 sec under PACLR conditions), because

then the surface area is much larger and the duration is longer. -

Table 1 shows the equilibrium composition of water vapor at 320 bars
pressure and temperatures between 2000 and 8000°X [4]. These calculations
include a mole fraction of 7.2 x 10-5 salt, which is the equilibrium amount
that would dissolve in the water vapor at 775°K and 300 bars (before the
burst), according to the measurements of Sourirajan and Kennedy [5]). Except
for a few isolated Na lines, the only important absorbing species in the
visible at temperatures below 6000°K are the negative ions H, 0, OH™ and
0; (C1™ absorbs only in the ultraviolet). These ions have large photo-
absorption cross sections throughout the visible wavelengths, as shown ir
Fig. 1. By multiplying these cross sections by the corresponding cenc. - -
trations one can readily show that the visible mean free path is many neters
at 2000°K, several meters at 3000°K, and rapidly becories less than a meter
above 3800%K, primarily due to the photoabsorption of OH™ (where the
attached electrons corme from ionization of the sodium). According to the
fireball calculations for corpressed air [2,3), after pressure equilibriuz
the edge of the fireball has a temperature gradient d £n T/dr = 0.15 m-l.
Inteprating inward through this gradient, we find the one mean-free-path
point to occur at about 3950°K. Since the radius at this point is GO m,

the total blaci-body emission rate in the visible is 0.03 kilotons/sec.
Hence, in the few seconds befor~ the fireball cools due to mixing, probably
only a few tenths of a kiloton of thermal cnergy is radiated by the fireball.

A-3
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In order to verify this approximate result, multifrequency radiation-
hydrodynamic calculations should be made for a 100 kiloton burst in dense
water vapor. TFor this purpose, values of the absorption coefficient at
temperatures of a few thousand dcgrees are required. In calculating the
absorption cocfficient it is most important to include the absorption of
08", B, 0" and to a lesser degree 0;, and to include the ionization of
sodium from the salt, which increases the concentrations of these cpecies.
The absorption of other molecules, like "20' ot, “2' 02 and KaCl, is

very small in the visible, and probzbly can be neglected even in the ultra-
violet, because the ultraviolet absorption of the negative ions at the
lover temperatures and of neutral atoms at higher temperatures is already
so great as to prevent appreciable radiative transfer. 1In the infrared,
HZO and OH are so opaque that rough estimates of the absorption coefficicat
should be adequate to cut off radiative flow. Thus, by considering the
purpose for which the opacity results are to be used, the labor involved

in obtaining them can be greatly reduced by not striving for accuracy in

unimportant regions.

The thernal pulsE/jrom the fireball may be further attenuated on passing
through the outer 140 » of water vapor at about £00°K and 0.12 g/cma. The
infrared absorption table of Ludwig [9] for water vapor at low deasities

and several tempcratures shows that all radiation of wavelengths greater
than 1.1 wmicrons would be attcnuated by over an order of magnitude by

this much water vapor. The effect of the higher vapor density in the
cavity, which can cause formation of water dimers, etc., will be to incrcase
the opacity, as shown by comparison of Ludwig's values for water vapor at

room temperature with those of Hale and Querry [10) for liquid water.

The absorption coefflicient of water vapor between 0.2]1 and 1.1 micromns is
very small, and I have been unable to find any published measurcsonts.
Resuvlts for the extinction cocfflicient K of liquid water have recently
been compiled and evaluated by Hale and Querry {10}, and their recorzended

valucs are showm as the solid curves in Fig. 2. Since the absorption
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cocfficient equals 471K/), where X is the wavelength, a K value of about

2 x 10—9 correspoids to one mean free path through the outer fluid in the
PACER cavity. Thus, if the dense warm vapor behaves like liquid water at
room temperaturc, there will be a "window" between about 0.4 and 0.55
microns through which about half of the thermal pulse discussed earlier
will pass. The diiference in density may make this window a little wider
in the vapor. This effect is unlikely to be large because the absorption
rises so steeply on both sides of the window that halving the absorption
would hardly change the window width, and because even in the liquid the
"bumps" in the curve at 0.6-1.0 microns occur where the overtones of the
free H20 molecule would be expected while below 0.2 microns the absorption
coefficient agrees quite well with that measured in the gas [1]. The
increase of temperature from the 300°K measurement situation to the 800°K
cavity situation probably makes the window only slightly narrower, since
theo;etical considerations suggest that absorption from electronically

or vibrationally excited levels will still be negligible compared to
ground-level absorption throughout the visible, leavirz only rotational

broadening of a few hundred wavenumbers at the most.

It has been suggested that a high-temperature absorption cell be built

and measurements be made of water vapor at 800°K and 300 bars with a path
length of 2 m. Unfortunately, assuming that 2% absorption could be
measured, this would not allow determination of the depth or ezact width
of the expected opti:al window, since this sensitivity corresponds to

4 x 1{)"9 on the scale of Fig. 2. In view of this experimental limitationm,
the probability that the window is nearly the same as in liquid water, and
the estimated cost of the experiment ($100 K), it cannot be recormended
at the present time. A much simpler though not so obviously relevant
experinent is suggested: observe room-temperature liquid water in a

spectrometer cell (which L. Jones of LASL has already done) and compere

it with hot liquid water.
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10.

11.

A bipger optical uncertainty in the PACER program concerns the absorption
and scattering of visible radiation by the salt. It seems very desirable
to design and carry out an experiment to measure these properties for
several samples from actual salt domes. Because scattering is probably
much larger than absorption for rock salt, this ezperilment would not be

trivial.
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Table 1. Equilibrium Composition for Water Vapor with 7.2 x 10'5 Mole

Species
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He
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NACL
NAQ
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02~
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02+
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OWe
NAQH
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H20
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Fraction of Salt, at a Pressure of 320 Bars.

"Concentrations in partic1es/cm3

Temperature (%K)
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Improved values were published later, but these are adequate
for present purposes.
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A.3 PACER WORKING FLUID AND NEW OPERATING CONDITIONS (H. Hubbard)

During a meeting at RDA on 21 September 1973, the use of water as a
working fluld was discussed both from the standpoint of its thermo-
dynamic properties in equilibrium with salt, and the corrosive properties
of the solution in contact with steel. The attendees were

RDA - LASL

D. Dee A. Nett

F, Gilmore R. Shreffler
L. Gore

D. Griggs (Consultant)

R. Hubbard

G. Kennedy (Consultant)

A, Leatter

R. Lindgren

E. Martinelli

R. Turco

The principal source of information discussed was a paper by S. Sourirajan
and G. C. Kennedy in the American Journal of Science, Volume 260, February
1962, on "The System Hzo—Nacl at Elevated Temperatures and Pressures.”
Tbis work shows that the working pressuiz within a salt cavity is limited

at a given temperature by the presence of the salt. Additfion of Hzo
increases the pressure up to the point at which liquid salt solution be-
gins to form and no further increase in pressure occurs. Lower pressures

are admissible without involving the presence of any liquid.

A.3.1 Corrosion

During the course of the experiments described in the paper mentioned
above, Kennedy states that his stainless steel piping suffered no corrosion
at all. He was so surprised at this result that he decided to find out
why, and discovered that a spinel coating forms on the pipes which protects
them. This result 1s significant for PACER in that stainless steel becomes
the logical piping material.
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A second byproduct of the Kennedy~Sourirzian work was that no formation
of NaOH and HCl in measurable (by pH *ests on samples) «.amounts was formed.
There are thus no excess OH radicals to penetrate grain houndsries and

damage the salt integrity.

These two results have romoved the major objections to the use of Hzo

as working fluid, which is otherwise very desirable. We therefore

propose to consider EZO’ tentatively, and with the probable additionm of air
to facilitate noz production, as the choser working fluid.

A.3.2 Operating-€onditions

The operating temperature {s chosen as high as 18 consistent with maintenance
of strength in good stainlegs steels; which is in the nefghborlicod of 525°

to 550°C. This allows some temperature swing. The operating gressure is
now constrained by the thermod:namics of the an:l-Hzo gystem to lie below
360 to 330 bars if we are to avoid condensation on the caviey walls.

We have chosen an average operating point which keeps thie expected pressure
and temperature excursions well within the gas phase. The salt concentration
is so low that the density (which was not measured by Kennedy) has been

taken from the steam tables with very little ervor expected. (Values near the
critical point, p = 220b, T = 375°C are expected to be jincorrect by large
factors even with a fraction of a percent of NaCl present.) Our chosen

conditions are as follows:

Mean temperature 525 to 550°C

Temperature swing + 27°¢

Mean pressure 320 bars {4700 psi)

Pressure swing + 22 bars

Density of steam 0.115 gll,’t:ll3

Depth of center of cavity 1.45 km = 4760 feet
A~11
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Cavity volume 3.0x10 m
Mass of uzo 3.4 x 1012 gm
Energy yield per pulse 100 kilotons

These new conditions will result in decreased costs for piping and for
cavity mining, but will result in a slightly increased seismic effect.
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A.4 PACER SHOCY REFLECTION AT CAVITY WALL (R. Lindgren)

The state of the gas behind the reflected shock wus deterpined as a
function of tiie pressure behind the incident shock. Representing the
ambient state by subscript 0, the state behind the incident shock and

in front of the reflected shock by subscript 1, and the state behind the
reflected shock by subscript 2, the Rugoniot relations expressing the

change of state across the shocks can be written as
=1 -
el(pl’vl) - eo(po'vo) N 2(pl+po)(vo vl)’ 1)
1
e (Ppa¥y) =) Py V) = 3pptp ) (V) -V,), @

where p is pressure, V specific volume, and e specific internal energy.
The difference between tiuid velocities on the two sides of the shock is

given by

1/2
2y, = [(pl-po)(Vo-Vl)I .

The boundary condition for reflection at a rigid wall requires that the

velocities satisfy Auo1 = duy,, OF

(PZ‘PI)(Vl—Vz) = (pl-po)(Vo-Vl). &)
For the ambient conditions given on the following table, the calculations
were carried out by specifying Fy and solving (1) for Vl. Knowing
P and Vl. (2) und (3) were solved simultancously for p, and VZ‘
Exanination of the HZO'SaC1 system described by Sourirajan and Kennedy

shows that the gas behind the shock waves would be unsaturated and that

neither solid NaCl nor liquid could form. Since the s.lt content is
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relatively small and the state of the system is far removed from the
liquid region, the gas may be treated as pure steam in evaluating its
thermodynamic properties. Data for e(p,V) of steam were obtained from
reference (1) for p < 1000 bars and from reference (2) for p > 1000 bars.

The internal energies. from these two sources were related by

“e(Keenan) - e(Sharp) = 10? joules/gm. This difference in energies is

primarily attributable to different choices for the zero of energy but
is somewhat arbitrary as a result of discrepancies between the two data
sources., The values of internal energy in the following table assume

the internal energy of liquid water is zero at the triple point.

HUGONIOT RELATIONS FOR REFLECTED SHOCK

Ambient conditions:

Q
To = 525°C
‘p_ = 320 bars
° 3

Vv, = 8.677 cn /gm

Py = 0.1152 gm/cm3

e, = 2876 joules/gm

ho = 3154 joules/gm
Y oy | & P, V2 2 T €
360 7.94 0.126 546 2898 406 7.27 0.138 568 2923

400 |7.36 0.136 566 | 2922 498 | 6.29 0.159 608 2970
450 16.78 0.148 589 | 2949 626 [ 5.37 0.186 653 3023
500 6.29 0.159 610 | 2974 767 | 4.68 0.214 695 3075
550 {5.89 3.170 629 | 2997 921 | 4.16 0.240 734 3120
600 |5.55 0.180 647 | 3019 1084 | 3.74 0.267 764 3171
€50 |5.27 0.190 664 [ 3041 1271 | 3.46 0.289 806 3215
700 {5.02 0.199 680 | 3042 1479 | 3.23 0.309 849 3257
750 (4.81 0.208 €95 ] 3083 1695 | 3.04 0.329 3a2 3293
800 |4.61 0.217 709 | 3103 1909 | 2.86 0.350 908 3341
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A.5 EFFECT OF SALT EVAPORATION ON REFLECTED SHOCK (R. Lindgren)

The following calculations are made to determine whether evaporation of
salt from the cavity wall during the time the shock encounters the wall
is sufficient to affect the strength of the shock or to evaporate a
significant amount of salt. The length of interest is denoted by £, and
it may be the length of the pressure pulse, the region of wmaximum tempera-
ture, or the thickness of the shock front. Its magnitude is not of
particular importance, because the time of contact with the wall and the
volume of disturbed gas are both proportional to £, and it cancels from
the problem in determining the net effect on the disturbance. Throughout
the calculations conditions are chosen to msximize the effect, and hence
the results are conservative estimates.

In obtaining an upper bound on the time the shock is in contact with the wall,
the shock velocity 1s assumed to equal the sonic velocity at 525°C. For a
perfect gas with constant heat capacitiea, ¢ = (Yll‘l‘/!l)ll2 = 6.9:104 ca/sec.
In estimating the evaporatior rate from the wall, limitations imposed by

heat transfer from gas to wall are neglected, and the wall temperature is
Loken as 925°C. Calculations of Hugoniot relations in Section A.4 show

this temperaturs to be attained by the reflected shock only when the pressure
of the incident shock is greater than 800 bars. Ideal-gas calculations

show that the NaC vapor pressure at this temperature would yield an
equilibrium gas concentration of N = 2.731016 noleculeslcma. The evaporation
rate from the solid is the same as it would be in an equilibrium situation

in which evaporation was balanced by condensation. The flux to the wall

18 given by J = Kv/4 where v = (8xr/mm) /2 and would equal the condensation
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rate if every molecule hitting the wall were to stick. Taking J as the
evaporation rate and assuming a temperature of 925°c. the values
Ve 6.6210" cm/sec and J = 4.4:1020 molecuies/cu’~sec are obtained.

Arsuming the evaporated NaCt to be uniformly distributed over the region
of length £, the additional concentration produced in a time t = t/c
is given by

15

AN = Jt/t = J/c = §.3x10 noleculeslcls.

17

Since the concentration of NaCt in the steam is 3.2x10 noleculeslcla at

525°C and 320 bars and increases in proportion to pressure in the shock, the
maximum fracticral increase in concentration is about (.008. For solid
NaCt with density p'. = 2.165 gn/cma, the thickoness § of NaCt removed is

given by
sa Bt M0,
°D 3 0p 8

where M is molecular weight and No is Avogadro's number.

The effect of evaporation on the shock temperature can be cezlculated from
values of the heat capacity C_ of stem'-nd the heat of vaporization

X of NaCt. C_ s about 0.64 cal/gm-"C, A = S0000 cal/mole at 925°C, and
a maximum effect is achieved by choosing p « 0.115 gn/cns. Then

- AJT
pcPAT _“oz

or

AJ )
AT » ———— = (0,007 C.
Nocpcp
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This is the maximum average temperature change that could occur in a layer

of thickness % as a result of salt evaporation.

Conclusion

The calculated effect is negligible and would 1ikely be less by orders of
magnitude if heat transfer limitations were imposed and if the evaporation-
rate determination did not assume that every molecule to strike the surface
would condence. The effect increases rapidly with temperature, but the
Hugoniot calculations (see Section A.4) show that the temperature increases
rather slowly with incident shock pressure. At a temperature of 1413°C
(boiling point of salt), che effect would be greater by about three orders
of magnitude.
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4.6 FORIATION OF LIQUID NaOH IN PACER CAVITY’ (R. Lindgrea)

This discussion is presented to summarize our present knowiedge of the
formation of liquid NaOH in the salt cavity with steam as the working
fluid. The pregentation below is based on a comparison of ideal-gas
calculations with NaCf solubility data and on a certain samount of
speculation and experimental evidence. No serious investigation of the
matter has been undertaken at RDA, but it was thought that a brief
presentation of the comsiderations involved might add some perspective

to the problem.

A.6.1 Equilibrium Relations
The major chemical apecies in the cavity are involved in the reaction

nzo + NaCtz==HCL + NaOH.

At equilibrium the concentrations of the speciea obey the relation

(HCL) (NaOH) a X w
(R,0) (NaCt)

vhere K ia virtually independent of composition. Since NaC is in
equilibrium with the solid phase, its concentration is given by

(NaCt) = K. (¢))

Also, condensation of liquid NaOH places an upper limit on the gaseous
NaOH concentration, which is consequently constrained by the relation

(Na0W) < K,. 3)

Liquid NaOR is present only if (NaOH) = Kz. These relations together with

equations for the conservation of elements determine the concentrations.
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A.6.2 Ideal-Gas Calculations

Ideal-gas calculations predict HC? and NaOH concentrations somevhat in
axcess of the NaCt concentration at our nominal conditions (T = 525°C,

p = 0.115 ga/ca’). Liquid NaOH would be formed, but the total amount of
s0lid KaCt dissolved would be small (about 1013 -oleculnlcn3 compared to
8 wvater concentration of 4:1021).

A.6.3 Real Gas Behavior

The actual solubility data of Sourirajan and Keunnedy predict a such higher
value of NaCt with K1/R1 1deal > 105. This effect can be represented in
thermodynamic relations as a modification of tine chzalcal poteantial of
NaCt arising from attraction of the polar molecules NaCt and 820. Intro-
duced into Eq. (1), this effect reducea the equilibrium constant below its
ideal value by the same. factor by which (NsCf) is increased. Consequently
the values of (HCL) and (NaOH) are unchanged, but they are very small
relative to the value of (NaCt). However, HCL and NaOH are also polar
molecules, and it is expected that their interaction with H20 would affect
their cheaical potentials in a similar manper. While this effect would
tend to increase the ccncentration of NaCil in the gas phase, it would
decrease its tendency to condence to liquid NaOH. Without experimental
evidence it cannot be determined vhether liquid NaOH would form under the
conditions in the salt cavity.

The evidence presently availsble consists of information by Kennedy on
experimental work done in preparation of Reference 1. In the two-phase
region (gas and salt-water solution), the formation of large amounts of
HCSL and RaOH would lead to excess HCL in the gas and excess NaOH in the
liquid. Quantitative calculations of this partitioning have not been
made, but Kemnedy's pH measuremente of samples taken from the 1iquid acd
the gas phases showed no measurible deviation from neutrality, indicating
that the amount of HCL and NaOH in rie system could not greatly exceed the
ideal~gas prediction (about 6x1012 noleculel/cna).
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A.6.4 Conclusions

The availably evidence indicates that the amount of HCL and NaOR in the
c;ﬂ:y does not greatly excred ideal-gss predictions. It is not known
vhether or not tha gae is saturated with NaOH, whethar the sasll amount
present would condanse 1f supersaturated, or whether liquid Ra0H would
be forwmed directly at the cavity wall. Depending upon the concern over
liquid NaOH, further invaatigation is probably warrentad.
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A.7 PF-CENTERS IN NaCz; A SUMMARY OF FACTS RELEVANT TO PACER (Diana Dee)

Color centers, or F-centers (F standing for the German word Farbem) can
be produced in all crystalline alkali halides. An F-center is a
negative-jon vacancy that has trapped an electron; this model is based
on che results of experi. ats which have looked at polarized light
sbsorption, ESR, ENDOR, crystal expansion, addition of rutal atoms, and

roperties of the F'=center (an F-center that has trapped an clectren).
prop

when F~centers are produced in NaCk, the crystal appears red. (In KCE,
kBr, KI, CsBr, and Csl, the coloration is blue.) Of course, the absorp~
tion maxiuum {at energy €, of wavelength Am) and the peak width at half
maximum (H) are functions of temperature, pressure, and sample trearment
subsequent to F-center formation. At reom temperature, ‘n is 2.67 eV
(km ts 465 nm) and H is 0.46 c¢V. Upon increasing the temperatute, the
violet absorption edge cnergy remains constant, while cm shifts to lower
energy and H increases. An increase in pressure of less than 1 kbar has
practically no effect on € Quantitative mcasurvments of € and
especially of W are very difficult to perform accuracely, because F-band
radfatlon destroys the F-center. All experimeatal work dome so far has

been performed using single crystals of alkali halide.

Production of F-centers may be accomplished by a variety of methods,
which may be broadly classed into three types: electron injectiorn,

additive coloration, and irradiation,

tlectron injection is accomplished by applyling scveral humdred volts to
4 pointed platinum cathode (relative to the crystal). The optimun
tempetature for this process in Rafl is about 640°C; when the colored
ceystal s cooled to room tempurature, it bocomes black due to the
precipitation of La atoms. [t the crystal is in cvquiisbrium with Mo
netal vapor or embedded colloid, F-centers may be forved; thls pracess
is hnown as additive coloration, Buth clectvon injection and additive

coloration are probabily of little intercest te PACLE.
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Many different types of irradiation may lead to the formation of
F-centers. To knock a €L~ ion completely out of a Nalf crystal

(thereby creating a negative-ion vacancy) requires 25 eV, but it is not
necessary to supply radiation of this energy to create F-centers. There
are always some vacancies present at the beginning of the irradlation,
and high intensity irradiation creates more vacancies, although the
mechanism of this process is unknown for radiation which imparts less
than 25 eV of energy to a €2~ ion upon cellision (i.e., a <645 keV
photon or a <400 keV electron, assuning & head-an collision}.

The final concentration of F-centers produced depends upon the temperature,
the length of irradiation, the type, energy, and intensity of the radiation,
the purity of the sample, and the previous treatment of the sample. For
experimental convenience. bulk Fe-center concentrations usually range from
the order of IOISICc to 1017/cc; bulk concentrations from 1013/cc to
lolalcc way be easily produced. (The Na atom concentration in “pure®

NaCf at room temperature 1is 2.2x1022/cc.) Concentrations are calculated

using Smakula's equation:

-]

17 _HUn n
N, = 1.3x10 RN

(2+n")"

H, the half-width, and ane the maxiounm absorption coefficient, depend on
the temperature; n is the index of refraction; and f is an effective

absorption e¢scillator strength. In order to deternine a, one aust kaow
the effective thickness of the colered portion of the crystal as well as
the reflection losses. Dificrent workers assume different values for £,

ranging from .7 ¢to 1.

Bombardment of a finC& crystal with 25 keV electrons at room temperature
{for 10 minutes with a beam current of 1.7 uA/cmz) produced Fe-centers in

a layer 12 to 18 p thick with 3 density of lxlolalcc. Another study using
5 keV electrons at vemperatures from 00°K to 500°K resulted in coloration
in a layer only 580 nm thick but with a rolor-center density of leolgicc.
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Thin surface layers of F-centers may also be produced by exciton generation.
Excitons are formed by irradiating the crystal in the u.v. region where
strong absorption starts (~4.4 eV), thereby exciting electrons from the
valence band to the conduction band; an exciton is the excited electron
coupled to the hole (missing electron) that it left behind. Vhen the
exciton interacts with a negative-ion vacancy (sometimes called an F+-centcrL
an F-center may be formed. The holes are presumably extremely immobile;
they are probably trapped at other types of crystal imperfections. A few
tenths of an eV above the absorption threshold the absorption coefficient

is high; thus the radiation does not travel very far into the crystal
bufore it is absorbed, and a thin surface layer of F-centers results.
Conversely, for radiation a few tenths of an eV below the absorption edge,
the coloration extends much farcher into the crystal. In either case the

resulting density of centers 1s only about 1015/cc at room temperature.

Water vapcr does not absorb at 4.4 e¢V; of the molecules of possible
interest to PACER, 03. soz, and KO, are the strongest absorbers there.
Thus F-center production by 4.4 eV (290 nm) u.v. irradiation may be

important.

F-centers are also produced by x- and y-irradiation. The concentration
(1015 to 1017/cc), depcth (on the order of 1 cm), and uniformity of the
resulting F-center layer depends upon the temperature, irradiation time
and Intensity, sample purity, and applied stress. It is difficult to
quantify the results due to this type of irradiation, because the nature
oI the bremsstrahlung differs from laboratory to laboratory. Of interest
is the fact that F-centcrs are produced by x-rays at 10°K, although
creation of an ion vacancy pair is a prerequisite; this indicates that

vacancy pair productivn is somehow assisted by the radiation.
+2 . . .
The €a ” ion is the most abundant soluble impurity in naturally-occurring
+
NaCR. Although the addition of Ca 2 to NaCf crystals should create positive

. . +2
rdatuer than negative ilon vacancies, addition of Ca increases the

A-26

148




colorability of the crystal and increases the rate of production of the .
color centers. These effects are not Seen when Cd+2 1s used instead.

The presently accepted explanation for the rate and concentration
enhancement by Ca+2 ion impurity centers is that these ceaters trap

holes, decreasing the probability of excited electron-hole recémbinution,

.and thus increasing the probability both of trapping an electron at an

-t .
F -center and of producing defects. Crystal expansion measurements have

implied that two ion vacancles are produced per F-center formed.

The behavior of the F-center upon irradiation with light within the
F-band region of the spectrum is by no means simple. At low temperatures,
this bleaching results in the destruction of F-centers and the formation
of F'-centers (the result of released electrons being trapped by other
F-centers). The F'~band is very bread (H=2 eV) and peaks at about

2.4 eV {~520 nm; this at 1463°K). Bleaching of F'-centers with F'-1light
leads to the re-formaiion of the F-centers. Another result of F-center
irradiation detectable only at low temperatures 1s luminescence, with
peak intensity at 1.1 eV (1120 nm) at 77°K. Other absorption bands due
to different excited states of the F-center are detectable to the violet,
of the F-band but their maximum absorption is less than 52 of that of
the F-center. They are called K (Kleinschrod) and Ll' L2, and L3 (Luty).

lrradiation at room temperature (RT} produces bands to the red of the
F-band which do not arise from the same puint imperfection {as does the
F'-band). One obtains an almost featureless, broad absorption band at
RT, but upon cooling the irradiated crystal to 77°K (Y1) one can see the
structure of this band. Very short irradiation times preduce the A~ and
B-bands, which appear right next to the f (making Y difficult to measure
accurately). Formation of these absorption bands is probably due to

impurities in the crystal.

Longer irradiations produce the M-band (Molnar) at 1.73 eV (measured

at NT). Even longer exposure results in the appearance of either two
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or six bands between the M and F; these are called R because they appear
to the red of F. The set Rl-R2 appear when the absorption coefficient
-1 -1
k=20 cm *, but the set Ru~RB-RY-R6-RE RC appear for k =2 cm .,
Irradiation with K- or M-light enhances the R absorpcion. Warming to

250°C rcduces R absorption and enhances F and K absorption. Irradiation

-at one of the two (or six) R maxima reduces absorption of all the R's;

the M, F, and K absorptions are suddenly enhanced, then gradually decrease
to their final equilibrium values. Other complex structures, the N- and
O-bands, appear to the red of M. Figure 1 shows these bands in KC2 (on
which it seems that much more work has been done than on NaCf); Table 1
lists £, and Xm values for the bands in NaCi.
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Table ). Energies (cm) and wavelengths (Am) of Absorption
Maxima for Various Color Centers in NaC:

Center epiev) b (om)
F 2.74 (1) 452

2.67 (RT) 465

2.63 {400°%) 472
F -2.4 (HT) -520
Ry 2.271 " 46
R, ‘ 2.08 * £56
R, 2.3 530
R 2.23 55€
R 2.1€ 574
R, 2.07 600
Ry 1.99 623
R 1.87 663
a
n 1.73 * n7
N 1.50 g27

NT is nitrogen temperature, 77%K.
RT is room temperature, -20%.
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because these bands do not appear when the F~centers are bleached at low
temperature, it is speculated that these other color centers are
associated with crystal imperfections and aggregates of imperfections.
Work with KCX has shown that F-centers are in thermal equilibrium with
aggregates of F-centers and ion vacancies; heating KCZ in the dark
produces complete conversion of F-centers to aggregates at about 300°C,
while neating to 500°C secems to dissociate the aggregates and give the
original spectrﬁm. Another experiment has indicated that the rate of
bleaching (wit'. white light) is increased by subjecting the colored NaCf
crystal to a shock wave (.5 usec, 30 kbar); the plastic deformation
increases the number of "traps,' speculated to be clusters of fon
viacancies, that absorb the electrons which have been optically excited
from the F-center to the conduction band. (Thotoconductivity work has
showm that release of the electron from the first electronic excited
state of the F-center to the conduction band is a two-step process. The
first step has a lifetime of ].0"6 sec (two orders of magnitude longer
than expected); the second step, which is the alternate pathway to
luminescence, involves a net loss of about .1 eV but has an activation
energy of about .1 eV.) Recent experiments have led ro the conclusion
thi: the M-band is due to the Fz-center. First, an F+-center and an
F-center combine to form an F,+-center, with an absorption maximum at
abcut 1000 na (1.24 eV). The;. the F2+-center traps an electron, forming

the F,-center with an absorption caximum at 715 nm.

bleached crystals "remember"” that they have been colored; all truces of
coloration can be reroved only by heating the crystal to 300°-400° above
the tesiperature at which coloration was produced., This plus the fact
that ion vacancy pairs are produced by less-than-25 ¢V energy implies
that diffusion-controlled processes are involved in the forrmatiosn,
aggregation, und destruction reactions associated with the color centers.
The rates of all these processes thus are found to depend upon trace

impurities, irradiation temperature, and dose rate. For example,
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increased hole mobility leads to decreased F-center production efficiency
in NaC% above ZOOOK; but mobile holes cannot permaneatly destroy

+
F-centers unless the F ~centers so produced can move tu "annihilation

sites."

‘No experiments have reported significant heating accompanying visible
radiation absarption. A simple calculation, assuming extreme conditions
(density of centers = 102°/cc, 1.0 eV of energy released as phonon energy
per absorption event, a heat capacity for NaC® of .2 cal/gm/deg, and all
1020 centers/cc absorb at once), predicts an increase in temperature of

the absorbing layer of 10°.

The large number and complexity of all the processes involving color
center formation and destruction and imperfection diffusion and aggrega-
tion make the prediction of the behavior of impure, polycrystalline NaCi
at high temperature and irradiation uifficult, if not impossible. Thus
in order to predict the behavior of the PACER cavity wall, experiments
should be performed using appropriate samples of naturally-occurring
NaC& and subjecting these to temperature, pressure, and irradiation con-

ditlons most likely to prevail during operation.

There have been many recent articles dealing with the effects of crystal
defects and impurities on work-hardening, radiation-hardening, surface~
hardening, high~temperature creep, and many other similar phenomena.
These effects are probably of relevance to PACER; pcerhaps soméone who is
familiar with the field of the mechanical properties of solids should

review these articles.
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A.3 COMPOSITION AND THERMODYNAMIC TABLES FOR THE

HZO-NaCE SYSTEM (R. Lindgren)

The following i1s a list of computer output that has been generated for
study of conditions in the salt cavity.

1. Hzo + NacCk
T(OK) = 600(50)750(25)800(50)550
o, = 0.115 gm/cma; p/po = 0.2(0.1)1.2

Real-gas behavior

2. 0.98 HZO + 0.02 Air + NaCe

Conditions same as above

3 0.98 HZO + 0.02 Air + NaCR
T and p same as above

Ideal-gas behavior

4o Hy0 + 7,2x107 NaCe
T(OK) = 1000(1000)16000(2000)24000
3' - -
LI 1 go/em”; log10 p/po 4.5(0.5)0.5

Tdeal-gas behavior

5. 1,0+ 7.2%107° NaCt
T and p same as above

Real-gas p-V-T behavior

A-33

155

i
&
i
S
H
#

i b e e £

AR BT N e e o

=

i



6. 0.99 H,0 + 0.01 Air + 7.2x107% Wact

Conditions same as above

7.037%0+mMAh+7Jﬂfshm

Conditions same as above

8. HyO + 7.2x107% Nact
logloT(ok) = 2.8(0.1)7.2
3‘ R Y
po =1 gm/cm”; lozlop/po 4.5(0.5)0.5

Real-gas p-V-T behavior

9. 0.9 H,0 + 0.01 Air + 7.2x10™° NaCt

Conditions same as above

5

10, 0.97 H,0 + 0.03 Air + 7.2x107 NaC

Conditions same as above.

The mole fraction NaCf of 7.2::10'-5 assigned in the high-temperature runs
is the equilibrium amount present at T = 775°K and p = 300 bars.
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A.9 COMPOSITION AND THERMODYNAMIC TABLES FOR PACER WORKING FLUID
(R. Lindgren)

The following tables are a selection from those generated for study of
conditions in the salt cavity. With relative amounts of nzo. NaCZ, and air
specified as input material, the equilibrium chemical composition, pressure,
and thermodynamic functions of the gas mixture were calculated at gilven
temperatures and densitiea. For clarity ¢f description the tables can be

conveniently divided into two sets.

The first set simulates conditions representative of typical cavity operation.
Temperatures were from 600 to 950°K, and the gas phase was assumed to be
in equilibrium with solid NaCfL. Gas imperfections were represented in the
calculation by the second virial coefficient. Under these conditions of
high density and relatively low temperature, the second virial coefficient
alone is insufficient to adequately describe the real-gas behavior, and
consequently an effective virial coefficient dependent upon temperature
and denesity was obtained from the p-V-T data of Holser and Kennedy to
simulate the HZO—HZO interaction. Similarly the amount of NaCi in the gas
phase under such conditions greatly exceeds the ideal-gas prediction, and
an effective virial coefficient for the uacz-uzo intexaction was chosen to
match the gas-phase solubility data of Sourirajan and Kennedy.

The second set of tables represents conditions which may occur in the

fireball. No condensed phasesg wevre considered, and the NaCl present was
the equilibrium amount occurring at a temperature of 775°% and a density
of 0.115 gm/‘cm3 {p=300 bars). The second virial coefficient for Hzo was

obtained using data for the Stockmeyer potential in Hirschfelder, Curtiss,
and Bird, No virial coefficient was included for the HZO-NaCE interaction.
Nonideal charged-particle interactions were taken into account through the

Debye-Hucke! correctionm.
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SPECTES

NC2e
NC2
N2
LLL1s}

£03=

D3

H12C3
N204
N2Cs
KAC2 (L)
WHE2 173
rNCY

(Y2 ]

NACL (C)
NACH (C)

10t

-

EQUILIBRIUM COMPCSITION FOR 0.98 WATER + 0.02 AIR + NACL (9000K)
CCNCENTRATIONS IN PARTICLES/CH3

LCG10 OF CENSLITY RATIO (STANDARD DENSITY = 1,15000«0) Gh/CH3)
70 s 52 - 80 a 30 w22 LT =,10 -y 05

14066006 7.01F07 0,91E=07 3,73E=07 2,99E«07 2.4BE=07 2,12€=07 1,85E=07
2.00€¢05 §,706405 1,50F¢05 1,33E¢05 1,210 1,12E¢05 1,00F¢05 1,01E+0%
20056002 2.776¢02 3.32E002 3,00E002 N,39E¢02 4,.91E002 S5,43£002 S5,00E002
3,33E400 2,50€¢0t 2,12E901 J,0SEeD]  1,05E¢03 3, 89E001 1,37E401 1.20EeD)
L1.0RE¢0B 1,23F¢08 1.,48EenR 1,70E008 1,89Fe0b 2,06Fe08 2.21£¢08 2,35E¢08
2,070408 2,29b004 2,a6f008 2,60Ev08 2,72E404 2,83E¢00 2,93F¢08 3,01E+04
2,78Ee1l  2,2SCell 1. B2E~pt  1,55E=1) 1,30E=11 1,22E=11 1.11E=11 1,03E=~11
R,TUEX0T 3 3SE007 L ETFe07 & 3NE007 &, TUECOT S5.12E4¢07 5.47E¢07 5,80£407
8,90F000 ,10EeQL T7,04EvDs 7,87E«06 O8,02E=00 G, 31E«06 9,95F00 1,00E=0%

ToTabe1S 3,G1E016 1,08E¢17 1,92E¢17 2,S3E€17  2,90E¢17 3,37E417 @, 03E¢17
1420E005  1,35E¢05 1.316405 1,30E005 1,30F¢05 1.30E¢05 3,316405 1.336¢0%
2,00E01Y  2.6URv1Y 3.3TEe)) G,10EelY &,TTE1S S 81E0\3  b,00E¢13 h 56E+1)
14037202 1,02€=02 9,22L203 8,02€=03 B8,21F~03 7.93E«03 7.74E=03 7,51E=03
2,626405 3,00E¢05 d,94E0CS  H,52Ee0S  B,00L¢05 9,81E¢05 3. 01E006 1,25E¢08
1.30F=080 1,03E«08 7,32t=09 S,71E=00 4&,74E~09 &8,10E=09 3,85€-09 3,32E=09
14276205 1,256e05 1,17EenS 1,11F=05 1,076=05 1,04E«05 §,01£«05 9,91E«00
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EQUILIBRIUM COMPOSITION FOR 0.98 WATER + 0.02 AIR + NACL (9500K)
CONCENTRATINNS TN PARTICLES/TMY

SPECIFS LCG10 OF CERSITY RATIN  (STANDAKD DEASITY 3 11500808 GH/CKS)
370 -,h2 ., 40 «330 w22 1%

E» SL128+0S I, T6E=0S 2,80E=05 2,22E-0% 1,80E=05 " §,51£05
NA 2,35F000 2,14E006 1,93t906 1,70Eede 1,54F008 1,82F406
Nhe 1776003 2,150003 2,60Fe03 2,95E403 3,29€403 3.43E403
Clw B 2rbe02 6,78E402 S.80L002 5,20€002 G.72E¢02 4&,34Ee02
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H 2.26E005 2,50E005 2,08L405 2,04E005 2,97E¢05 3,096¢08
0e 2,61E=00 2,34E=09 2,06E200 {,79E«09 1,59E<0% 3, 4GE=08
Q 1576408 1.93FeN8 2,22F¢08 2,00F008 2,72E+08 2,84f408
N 1.38E208 §,09L=00 §,95E«08 2,18E=04 2,30t-08 2,58f=00
NACL 2.00b018 1,07E017 3.SOE017 B.20Ee17 1,83€418 2,08Ee1d
N 1.26F 006 1,81E006 1,87€006 1,80E¢06 1.03E¢00 {,a3E006
oL T.05Fet3 8,70F013 1,05Ee18 1.200e18 §,S50E¢18 §,72Ee1a
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02 3,21E018 a.81Ee18 §,G2E418 8,02Ee18 9,02E018 §,12E¢i9
w2 215F 410 2,63E€10 3,03E010 3,30E¢10 3,72E+18 &,01E*30
OFe SeTeEwNY 5.75E=03 S,80E=03 &, 99E=03 4,60E=03 4,36E~03
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Ny S,00E018 8,50E¢16 6,00E004 7,50Ee1h 9,00E¢14 1.05E¢1%

» NM Lo03E=05  1,39E«08 1,73F=05 2,04E~05 2,34Ee05 -2,62E=0S

t

& Naow ToOMEe13 B8,71Fe13 O, 78E€13  [,02Ee18  {,05E¢18 1, 09E414
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NG2 3,3aF 01X . 10Ee13  0,4SEe43  1,50Ee)a 2,TAEei4 2,19fet0
N20 3025F010 SOTENR0 9,19E010 1,2REel1 L AEe1l  2,13Ee1y
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["F15.3 ©.12F¢03  1,60E008 3.00L¢08 §,05Ee08 9.358E008 Lo80E40S
nNaCa 2.15€002 7,20E402 1,72E¢03 3,356403 S,79E003 €,20E403
Kars 1o16E001 Q,088F=D1 1,326¢00 2.87C¢D0 S5.84E+00 @, 33Ee00
. PNC2 (D) 1,90F012 3,94E012 6,50E442 9,63C012 4 ,33E413 ), 7aE13
WNC2 (T) 2,5TE¢12 5,23E012 8,65t012 1,28Ee13 14765413 2,30€¢13
HNU3 Se602010 1,39F001 2,00Ee11 @,8nFel1 6403E011 9, 38Eeq]

NH3 To98Ee12 1,32E003  1,09E443  2,50E013 3.14E413 3,81€413
NACL €C)  3.S9Ee17 a,62Ee17 13,9917 1420E01T =2,9C447 «7 ,12E017
NAQH (€Y 0, Qe To20ke12  2,69E013  4,526¢13 §,20E013

TOTAL  7.99E020 1,14E021 (,526621 1,906421 2,208021 2.6AE421
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3
i
5

L97

500

1718
800

950

T.507E+07
8,400E409
9,280E409
1.015E+10
1,05RE+10

1,102E+12
1.190E¢10
1,278E+10
1.368E+10

EMERGY (ERG/GM) OF 0.98 WATER + 0.02 AIR + NACL

LCG1Q CF DENSITY RATIO

=52

7.0S8E+09Q
8,0152409
£,941E+09
9,845E+09
1,029E410

1.074E+10
1.364E¢10
1.250E¢10
1,384E+10

~s40

T.633E+09
8.599E 409
9.537E469
9,997E+09

1,005E+10
1.138€440
1s250E¢10
143206410

(STANDARD DENSITY m 1,1500E=01 LM/CH3)

30 22 .15 =~ 10 -, 05

Te246E+09

B.258E409  T7,9)90409 T S82E409 T,20G4E¢00 N
9.230E+09 B8,926E409 B,620L+09 8,322E+409 8,018E409
9.703E409  9,G12E+409 9,12UE+09 A8,B3ISE409 B,54SE409
1.018E410  9,903E+409 9,620E¢09 9,353F400 9,077E409
141128480  1,086E¢10 1,061E¢10 1,030E410 1,010E410
1.206E¢10 1,182E+10 1,150E+10 1,13GE¢10 1,110E+10
1,295E¢10 1,270Fe10 T

Entries omitted where liquid phase exists.
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PRy o

FQUILIBRIUM cOMPOSITRON FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL (60009K)
CCNCENTRATIONS IN BARTICLES/CMY

"C610 OF LENSITY RATIN  (STANDARD DENSITY ® 1,0300E400 GM/CNI)
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EQUILIBRIUM COMPOSITINN FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL (8000%K)
CONCENTYRATIONS In PARTIZLES/CHY
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EQUILIBRIUM COMPOSITION FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL (10,0000K)
CONCENTRATIONS IN PARTICLES/CM3
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EQUILIBRiUM COMPOSITIQN FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL (39,810°K)
CUNCENTRATIONS TR PARTICLES/Cuy

6,50 4,00 ®3,%0 ®3,00 *2,%0 2,00 1,50
S,MEe1A 1 00E01® 2,00Le17 B8,07Le]® 2,09Fe20 5,23£020 1,395421
1378032 7,09E002 4,2%E013 2,00E018 |, 8%E01% T,01€418 2,79(¢8n
0,B8E013 2,20C018 7,08E018 2,13E015 $,0PE019 1,0%0016 4, TTE01N
S.NEO12 M U5ES12  9,01E012 1,30E013 2,33E013 S.0LE013 2,08f0)8
1o3REG08 9, 0VE00T 3 05E007 §,10E007 8,31E007 1,198408 1,11E400
342380t T, 18Ew02 2,18E=02 1,20Ew(0? 1,71Ew02 B,17E=02 3,09Ee0D
1.00000 8, 156007 | TNECOY  3,99E010 7,08Leit 1.08E01Y 1,05Ee1s
1158011 54006013 1, 10E018  B,78E014 A, T3E01S 1,02E010
9,86E032 3,208018  1,35E015 4,05L018 1,39E014 3,75€¢1a
5.81E013 8, 07E01a  9,02E018  2,02t015 S5,216415 1,91643%
T.58te12 14016013 1,20E01)  2,25E¢13  6,99E¢13 6, 4TEN
1.08E 019 $,01E000  2,50E008 4, 8AE000 2,81E010 1,08E0)1Q
8,3% e02 0,52E403  8,335003 9,53F¢03 1,20600% 4,908E007
1,8CEe12 6, 0118 1,0%E056 |, 3AE4]T 1,50E018. |, 4SE10
5.95ka10 24376018 1 ,u3E010 T, 55E010  $,27Ee20 1,20Ee0
2.02E018 1,8aE018 5, 188010  §,32CezD  3,200620 4,008420
493641 2425E0 18 4,00E01S 3, TULe16 $.5%E01T $,51E01D
1.59E+10 0,03E017 S, S1Ee1A 3, 0MF+41% | ,40E020 5,200020
S, 8TE 1Y B TVEIA 2,03 019 T,18F050 §,0SE20 8,97E020
3.81601? 8006017 1, 28E010 2,13E018 M,01E¢10 1.06E¢10
3,43ke1s 1,00E01E  1,27E018  1,020018 8,21E¢10 3,081Ee38
1,778 «0N 1,03L007  9,26£006 1,22E007 H,89EeCTY 2.35E+00
1.71E002 3,95Le08 §,7SEw08 2,91Ew04 3,27Ee03 1,24€400
1,60Fe 18 1138016  7,58Ee1h &, 386417 2,03E018 7,72Ee18
TouhteldS J,a5E 016 1,20E017  0,00E01T7 1,15E418 3,05E018 §,256018
S,80E019 (,0%E016 2,90E016 A,00% 016 T7,3V%Ec18  1,50L41T 5,00E1Y
2,95t013  2,218013  1,61E013  1,00ke1% 2,01Z¢13 S5,35E413 4,90Ee14
9,00E007 2,97E007 1,08Ee0Y 4,50E000 B,926436 8,11E407 1,7AE4 00
2,08Ee01  3,93E202 §,00E003 3, 00E003 0,56E003 7,50C002 2,91E¢01
0.00E418 2,00E41% 4, 0%E918  {,000020 5,230020 {,52C42% 4,520t

LHGI0 OF NENSITY MATIO

C(ETANDZAD DENgiTY ® 1,0000E000 GM/CNS)




EQUILIBRIUM COMPOSITION FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL (63,0950K)
CONCENTRATIONS I PARTICLES/CHY

SPECIFS LNGEO OF RENSTTY 2aTL0  (STANDARND OENSITY a £,0000Fe00 GM/CMY)
«a,50 ey, 0n «3,50 «3,00 2,50 2,00 of,50 w],00
T Ee T G,ubEels 1,32E019 3 906010 1,12E020 3.00Fe20 T7,90E020 2,04Ee21 ¢,3SEe21
LY U,07E010 S,66E011 5,176012 T,u2E013 O,9REPId 0,07Eet8 2,31E016 T,90E¢1n
nbe p, 36012 9, 3VEe1d 2. STERRU  §,2%E¢15 U G9ESIS  1,0REeln U4 19Ee16 1,)0Ee1?

niee 5.6SE6LY 1.90E0108 G, BTESLA  1,0PEel8 2,1TES1S 8,03E01% 1.0AFe1b U 9GESLH
Ay U 76€417 5,2REe17 5,500012 S.T1Ee12  8,73te12  1,09E41) 3,25E¢13 e 3Ttele
. NAey . 9,36E€0N G 0NE008 1,830¢0R 9,78E¢07 T7,0TE20T 1 ,ZAEGO0A T,00E¢08 §,37E¢})
NBoS  B,79EeDY 1,SUEeD1 3 1600 9, 73Ee01 §,231e01 1,3%E¢00 1,9%€401 §,82E¢08

tLe 9,20E002 1,01E6CS  5,80E406 3,30Ee08 1,5TEe1) &, 31E11 00558012 2.14ak013
tL 2,U2be0A  V,02E009 1,60E011 3,51E612 6,03E013 0,37E01a 3,78€¢19 3,95E448
CLe 1.63E01t 2,80E¢32 3,2TE013 2.51Ee10 1,36E21% 5,45E01% 183616 1,47E01 .
CLae T.0%ke32 S,GNEeld 3 02E018  1,27E415  4,31Ee15 1,32Ee16 3,03E016 5,08kt

e GLe3 G,206013 ,4TEC1G  3,82691Q 8,2TEN10 1 ,76E01S A MTEe|S §,SOEe5e $,4TEe1s
CLeu 2.50E41Y  3,07E¢)3  3,95E01T  &.GTE¢13 G S8EeLS  1,70keid  1,12E415 b, 00Fe1p
CLes 5.15°611  2,88Eeil 1 SHEe1S  P,00Be10  1,1SEelt 3,00Ee1) 6.79Ee12 9,3SEeiS

He 24126001 3.TAEC12 6, 00E¢1S 1, JME01S  2,4SEe1b  3,3TEe1T7 3,788¢10 4,22E¢10
H 2401E036  1,56€037 B 81ELTY  G,7TECIS  U,00Ee10 2,33F020 1,01E°21 3,eufe2}
[ 2,05E04A 0,L2E018 1, 90E019 5,00Ee1® 1,0UEe20 4,25Ee20 1,00Ee21 2,67E02t . '
0= 1,328009 6,9CE10 2 TRE412 1,00te18  F,33E015 S.85E016 7,5R€417  T,.81€018 .
<] 2,45641Q  3,36E¢15 5, 76Er1e  8,08E01T7 Q,QREN18 §,11E010 3,0T7E20 9,93te20
» Ge GoT2E018  3,7CEC1T 2. ARENIA  1,50E01® S,30E¢190 1,70E020 5,09E¢20 |,2%E021
& Oes 6, T8E017 2,a7Ee4A  7,36E018 1,B0E01Y 4, 1AEe10 O,15E418  2,23E420 9,73Ee2n
.~ [123.] SLURELT G, QUENIT S UIERLT  0,45E01T B U0Ee1T  |,GATe18  &,S1E¢18  B,2AEe10
ney 1,20E01S  6,76E014 3 .56E018  2,10Ee18 L QTE418 3,A7Ce)8 §,05E018 3,34E417 «
[ 11 1 2,326410 S,10FeQ9 § 2%E00% &,34€008 3,31E0008 T,01ke08 1,07E¢30 &,53E41)
[T 1,92E60% §,70L002 2,07K001 4,61E000 3,08E000 1,13E001 6,93E002 1,01E40n
~ Cat1Ee12 W, 31601 &, JaE4 8 @ 23E4(%  1.0S€eLT B8,08E01T 4 IRE4L8 1 28Ee10
Ne G, 90C010 A, UNEe1S 1 INEeIh  1L,TVESLY  7,51E41T7  2,99Ee1d  7,71Ee1B |, 78ke10

L12] 8,30L¢15 3,53Ee16 § 18E+17  3,18E47 TobOE21T  1,79C¢18 4, 40E218 ,85E¢10
el T7,60€018  1,256030 1,T1E016 2,228036 3, 14Ee1d S5,.8SCe3h  1,08E417 3,206018
e NOG 9,328 013 5,96E013  3,.51E013  2,38EelY  2,29E013 B,29Ee1Y 2,48Ee18 4,27E01e
NeS 1,07E#30 2,77C000  7.80E008 2,08E000 2,23E008 5,350 08 §,42€¢0% 3,37T013

70740 T.6GE018  2,31E419  7,08E019 2,118020 $,20E020 1,79Ce2t 3,15E421 1,03E022
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Nhe}
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Nhety
CLe

CLe

Cleo
CLe3
CLed
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[{LXY

NeS

TOTAL

EQUILIBRIUM COMPOSITION FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL {99,999%K)

wd,50

S,81E¢18
Te67€007
P IRESLD
6,04Ee12
S.39Ee13
1,57E¢13
J,1bee 10
1,5%E=02
1.26E004
Y.02E07
2,07E*10
1,85E012
2,17E¢13
5,2%€e13
3.50E¢10
138010
2.C7E¢18
Jo36E00S
2.9%€+1¢
3,71€+14
3456410
4 uRENLY
S,50Le17
2.20E¢1p
2,328 +1%
2,07E¢00
2,8RE4+12
3,20E% 14
Se12€418
1,02E¢1s
9,u2t014

8,95E+18

ANGIO OF NENSITY NAYTIO

4,03

1,72E019
2,56E909
1502
4,80Le13
1,72Fe14
1.81E¢33
1,u%t019
8,4tke0?
1,806E+06
3,55E¢09
5,65E¢11
1.7REe43
1,03Ee40
1.135e10
6,152 11
3,00E¢1h
6,50E+18
S,06E407
1,09Ee1Y
8,04E415
3,U3E+1T
2,01 ¢tR
9.73E¢17
1.50Ee18
§.9%Ee¢12
1,25€01 14
7.98E¢18
1,73 015
2.00E018
2,10E¢15
T.udEers

2.T1E¢19

COWCENTRATIONS IN PARTICLES/CMY

=8,90

S, 0bk419
4 08Ee10
1,00842%
2,84F 414
4,35€3a
1,02E01%
S,k e09
8,55Ek+02
s 2iEe07
1,98€011
1,08€+13
1,4nEetd
G4, 12k+14
1,90€e14Q
15076013
4,19k
2,038019
3,18E400
3478000
1378417
2.40E018
6 58E010
1.23Ee1R
8,2nke1s
1.39E¢42
3,93E¢12
1.46E¢]S
1,04Eets
14015017
T,26E0 16
9, 75Ee)8

8,21E419

*®5,00

l1eaTEe20
1442E12
{e00E41 8
1.30E¢18
9,00E014
146REe1Y
2.50L+09
24996405
Ta30E 000
Y.88E012
1.21E¢18
T473F010
le216015
2eBHECLU
2.59E034
3,982418
6.18E410
[ TS LIZ2R]
1.05E416
1,09E18
1.33£¢18
126RES19
Tatifieys
4,84g-15
3.T8E+Y
1271644
1.76E¢16
14TAE«4Y
248SEet7
Uy21E«1
2.90E4)0

2e4T7E020

2,50

$10E420
Ja2Skets
1.08E015
[ P22 X3}
12676018
12666413
1a50E 08
Sel1E007
G, 49€e1Y
4.766433
5,8% ¢34
3415E048
3,06t 018
GaalEeyd
Ssu6Eel1S
22956019
1.79E¢20
3.68E913
4,058 57
14126019
5,498019
303t 03V
1o0SEe]A
3,051
12708 ¢
SelUEe1s
Lol 1E41Y
T,8uk ey
6e73E 017
Sc3TE+ 16
24196030

7330020

. a2,00

1.15Ee21
4,Tukeya
S.o6Le1S
Lobhteld
3,18E418
2,24E413
1,70E¢09
4,09E000
1,31€+13
3,80E414
4,15€¢1%
1,04Ee16
8,026¢18
1a01Ee18
9,28E¢ 10
1,82E¢20
4,758¢20
1s03E418
Te1®Ee18
6,42Ee19
1,80€¢20
EN T (XL )
2.47€41A
3,838¢15
2118411
8,918¢18
8,53¢417
2,70€+18
1,51E918
8,0SE¢148
2.95E04 8

214828

1,50

J,06E021
8176425
SoUdlelo
Y 06L016
758415
S,bite1d
6,37€%09
Jed9€e1!
1,5%€e 18
2,09€¢4%
1018E416
2291E0 1A
2, TUES 1S
‘5,06E41%
fed0bed
118020
Le1TE42)
3.99E0 0
0.60€949
2,90E+420
4,96E°20
1.86E¢20
GonTEe)8
1.50416
1,50E+12
8,50E17
4,028+18
Tob3EetA
3, 82E18
RJUBE*YY
$,208¢35

8, 216021

{$TANDARD DENSITY 3 §,0000€400 GH/CHY)

1,00

9,4aEe2)
1.88E¢16
&,50E006
1,43E017
d,17€¢16
Jo10Ee1S
8,20E01¢
3136418
1.21k¢10
9,04L¢10
5,48€18
RASESIA
9,32E416
1,1aE¢1)
1576010
316k 21
2.02E021
5,05€¢17
2,10E¢20
6490020
1e27TEe21
9,40E420
1216420
1.T6E+18
FISLILEL ]
3,20E18
8,90E¢18
1,81k419
1,79€419
400803
$4JE?

1,94E422




EQUILIBRIUM COMPOSITION FOR 0.99 WATER + 0.01 AIR + 7.2E-5 NACL (158,4899K)
CUNCENTRATIONS [N PARTICLES/CHY

SPECIES LNG1O OF DENSTITY RATIN  (SYANDAHD DENSITY ® §,0000Ee00 GM/CHI)

g, 50 i, 00 v}, 50 3,00 2,50 2,00 =1,50 1,00 =,50
te T.uakeIR 2,2%E019 6;5l50|° 1492E620 !.Sb[iio ToSAES2L  O,UUE®QY  1,U0E4R22  7,.26E622
LT3 S.86E03 B USESOS 1 ,SSE407  1,96E609  1,476e01 04136012 {,31E014 0,79Eela  5,b3E0¢
Nie 4,53L007 2,85E€09 1,14E%11  2,75E412  3,61E¢1) U 30E01d U 0DEeIS  1,32Ee16 B,81Ee1Dd
nhee 2o6TLe10 0,45E01t  §LO0REXLS  1.26Eei8  1,01E045 5,05E19 2,33Ee16 5,55E¢16 2,10E+12
LIY3 2.29te12 2,25E¢1%  1,05E01U 9,00Ee10 3, TUESIS 1,2uEe16 F,01E018 9,96Eels 1,18E¢14
P 131 3,25L01Y  1,47€000 4, 0NE01d  1,24E015  2,076015 Y 31E015 1 428E16 6, SRE4LA  1,27E016
NAe§ U,0RESLY B,94Ee13 9,1%E01Y 1. 01Ee§l¢ 1,056010 1,31E¢Ja 2,99E¢18 &,25Ee18 7,4uaEe1?
L B 116wt L, 17Ee02 5,83E¢03 1,62E400 3J,u6Ee08 3,23E410 1,04Ee12 2,30ke12 3,32£¢408%
CLe 1,0AEe0a  J,55E000 9,5VE007 S5.INEe00  1.23E¢41 2,49E012 3,3SEe1Y 3, TIEe1Y  5,UNEQS
CLee 2,66E407 1,05€009 S,03E010 B UREN1] 1 3RENLY  1,2PE418 G N2ECI0  3,09Ee10  3,09E¢0A
CLed 2.95E410 U 1RE¥1] 5,1RE912 S5,23E413  3,00L010  J,99Ee(S 5,63E¢15 2,99E¢15 7,67E410
CLed S.9SE012 3, IBEX1S  1,09E010  T.2TEe1D  2,90E01S O,03E415 2,87E16 4,010l 1,51E01Q
CLes 6.97E401Y 2.07E01U S, 91E014  1,61E615  U,26E415 1.19E918 4 0PEG1S  1,98Le17  T,54E017
He TLORE409 1, 33E¢11  2,5TL¢12 6,90E¢43  1,51e1S 2,9ME4)b (o TOE#1T  6,9UE¢18  1,11E420
[ T.6SE*1& G UGEelh 2,90E017 2,S1E)B  2,016019 J.40E*20 8,02E020 3,00E621 1,Q4ke22
ne 2,0764.8 6,53E418 2,0%E019 5,33E419  1,8RE020 S,1TEe20 1,28Fe21 2.8AFedy 9,201
Qe 3.,01E000 2.%5B403 U 9PE4QS  2.4BEDB  4,07E010 9,0UEe)}2 S,BLEIL },J0Eele  2,95£408
—e DL 1,20E007 2,00E400 1, 7SEell  3,02E413 2,79E418 1,34E417 3,09Ee18 |, BEEe19 O,SUE1D
0e B,33EOIN O,12E012 S.OAENLA  1,90803h 3,1UENLY G 0tECL8 G IESLY | 28E420 $,9VE03t
> [«12} 6,05E01% 2,498015 o MMEeLE Q735017 O, 20Fe1A  5,6RMENLY  2,.31E020 S, 07Ee20 1.55Ee1)
w I3 T,03E03S 1,15E017 1.2%E018  B,TAEG18 G ,31Ee19 [ ,59E¢20 4 B85Ee20 1,16E421 1,09E415
o 04 1,50Ee1? 1,07t 1R S, 21E41R  1,7T0E¢19 4 00E019  1,00E020 2,57He20 1,18E421 1,80E017
[o13] 0,30E01T  1,BUF18  3,716418 5,55E018 7,10E¢18 1,02E019 2,50€419 3,15keR0  0,0%E019
_— . . Qe 2,50E017 2,76E017  2,22E0)T  1,Q7Ee1T  Q,88520)b 9,85Eelb 2,00E417  1,50Ee19 ), QuEeR2
N 1,A1E005 3156407 2,26E400 &,00Ee11 3,8AL013 1,95€01% G 01ES]6  2,05E417 2,56E¢1Y
Ne 1,27E008 1, 1AE011 b5,90E412  2,3RE418 U 10EeLS 6,01E016 6. LBESIT  1,73Ee4R  |,70Ee012
Nt 9,87k451 3, 3AEA1T B 17EC1Q  1,2BE16 S ZTESLT T OBESLT7 3.28E018 4, 00EeiA  3,97E¢1)
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