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containment Prospectus for the PIANO Experiment 

PIANO is a dynamic, subcritical, zero-yield experiment intended for 
execution in the Ula.lO2C drift of the Ula  complex at the Nevada Test Site (NTS) 
(Figure 1). The data from the PIANO experiment will be used in the Stockpile 
Stewardship Program to assess the aging of nuclear weapon components and to 
better model the long-term performance of the weapons in the enduring stockpile. 

The PIANO experiment is composed of one experimental package. The 
experimental package will have high explosive (HE) and special nuclear material 
(SNM) in a subcritical assembly. 

The containment plan for the PIANO series of experiments utilizes a two- 
containment-vessel concept. The first Containment vessel is formed by the primary 
containment barrier that seals the Ula.lO2C drift. The second containment vessel is 
formed by the secondary containment barrier in the UlOO drift. 

The PIANO experiment is the final experiment to be conducted in the 
Ula.lO2C alcove. It will be an "open" experiment - meaning that PIANO will not 
utilize a confinement vessel as the previous OBOE experiments in this alcove did. 
We expect that the SNM from the PIANO experiment will be fully contained 
within the first containment vessel. 
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Figure 1. The PIANO experiment is located in the Ula.102C alcove, 
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PIANO Containment Objective and Goal 
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The LLNL containment objective for the PIANO experiments (and for all 
LLNL subcritical experiments) is to assure that no SNM will be released to any 
uncontrolled environment as a result of the experiment. The specific PIANO 
containment goal is to confine all SNM to the zero room and/or the alluvium 
surrounding the zero room. 

The PIANO containment design will use the time-tested concept of two nested 
containment vessels to assure this objective. The first containment vessel (Vessel #1) 
includes the zero-room in the Ula.lO2C drift, the primary containment barrier, and 
the alluvium surrounding the zero-room. The second containment vessel (Vessel #2> 
includes the volume of Vessel #1, the volume of the Ula.lOO drifts inside the 
secondary containment barrier, the volume of the Ula.101, the secondary 
containment barrier, and the alluvium surrounding these drifts. Figure 2 illustrates 
the two containment vessels. 

A primary containment barrier, the fibercreted walls of the zero-room, and 
the alluvium on the face of the zero-room will be used to contain the SNM in the 
zero-room. The primary barrier has been designed to contain the PIANO 
experiment. We fully expect that no SNM will be released into the diagnostics 
rooms outside the primary containment barrier. 

The secondary containment barrier in the Ula.100 drift will protect the rest 
of the Ula  complex from contamination if the primary containment barrier fails to 
provide containment. This is unlikely in the PIANO experiment series since the 
primary containment barrier has been designed to withstand the shock and/or gas 
pressure from the experiment. The secondary barrier has been designed to fully 
contain the HE gases and SNM debris, as if the primary containment barrier did 
not exist. 

The two nested containment vessels provide assurance that the LLNL PIANO 
coiztainment objective (Le. no SNM will be released to any uncontrolled environment 
as a result of the PIANO experiment) will be achieved. 
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PIANO Experiment Description 

The PIANO experiment will have a single assembly of chemical HE and 
SNM, which will be put inside an experiment cube in the zero-room. The PIANO 
experiment will have less than 5 lbs. of LX-14. Some of the experimental energy 
will be used to destroy mirrors in the optical beam lines immediately after the 
experiment. 

The diagnostics data from the experiment will be recorded outside of the 
zero-room. Some data will be transmitted over electrical or fiberoptic cables to 
recording instrumentation outside the zero-room. Other data will exit the zero-room 
through optical viewing ports. 

The ebb leatures of the PIANO experiment for containment are: 
1. Experimental HE weight is less than 5 lbs of LX-14 (or its equivalent). 
2. The two-nested-containment-vessel concept will be utilized. 

The PIANO experiment is p 
placed on an experiment table, which will be about 11 ft from the primary 
containment barrier and about 40 inches from a shrapnel shield (see Appendix 7)  
The shrapnel shield protects the optical ports in the primary barrier from 
experimental debris. The location of the shrapnel shield can be seen in Figure 4. 
The size of the shrapnel shield prevents any shrapnel from the experiment from 
directly impacting the optical ports in the primary barrier. 

iue an experiment cube (Figure 3). The cube is 
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uasi-Static Gas 

We want the primary containment barrier to contain the shock and quasi- 
static gas pressure produced by the HE detonation. The BLASTX code Version 4.0 
(Britt et. al,, 1998) was used to estimate the shock and quasi-static gas pressure in 
the zero-room. BLASTX results indicate that following an initial short-lived shock 
with peaks which range from about 65-100 psi, a quasi-static gas pressure of about 
3.7 psi would be formed. This pressure would rapidly drop due to thermal 
conduction and porous flow of the detonation gas into the face of the zero-room. The 
BLASTX calculations were made without the shrapnel shield, with an LX-14 HE 
equivalency of 1.2, and without the moderating influence of the experiment cube 
itself, The absence of the shrapnel shield in the calculations means that our 
calculations are conservative because the shrapnel shield would both reflect the 
shock away from the primary barrier< and consume some of the energy from the 
shock front. A typical pressure profile is shown in Figure 7. 
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Figure 7. Pressure on the primary containment barrier at closest approach to the 
experiment. 
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The zero-room volume used for the calculation was 12,366 cubic feet; the 
actual zero-room volume is about 12,838 cubic feet. No attempt was made to 
calculate the effect that the experiment cube has upon the pressures; however, it is 
obvious that the pressures are reduced by the experiment cube since it takes energy 
to break the cube apart so that the shock and gas pressure can escape. Both of these 
assumptions about the calculations also make the calculated pressures conservative 
for barrier design purposes. 

The HE equivalency of LX-14 has been re-examined by John Pastrnak of 
LLNL. The BLASTX manual gives a HE equivalency of 1.8 for LX-14. This value 
seemed to be rather large. Pressures smaller than predicted (using a HE equivalency 
of 1.8) were observed on BAGPIPE. Recalculation of BAGPIPE pressures with a 
smaller HE equivalency gave estimated pressures which are in general agreement 
with the measured BAGPIPE pressures. TNT equivalency tables from the DOETIC 
and TM5 manuals give a value of 1.17 (see Appendix 2). Pastrnak contacted the 
BLASTX developers; after discussion with them, they decided to run the SAIC 
RAGE hydrocode for us to obtain peak pressure and shock impulse ratios as a 
function of scaled distances. From these calculations and from consideration of 
experimental and empirical data from LLNL Site 300 and from previous LLNL 
subcriticals, we decided that a HE equivalency of 1.2 for LX-14 would be a 
conservative value for the PIANO experiment. The Pastrnak memo on the TNT 
equivalency for LX-14 is included in Appendix 3. 

PIANO cannot realistically produce any shock pressure on the secondary 
containment barrier. The shock must first escape from the PIANO zero-room. The 
most probable failure mode would be a failure of a glass optical port. After the 
shock escapes through the failed port, it would then have to go around two right 
angle corners and travel a considerable distance before meeting the secondary 
barrier. Any shock, which escapes from the zero-room, would be rather small by 
the time it reached the secondary barrier. An estimate of the quasi-static gas 
pressure on the secondary barrier was made by assuming that the primary 
containment barrier was absent. BLASTX was used to calculated the gas pressure in 
a large room whose volume was the same' as the drift volume inside the secondary 
barrier. The initial gas pressure was calculated to be 0.15 psi; the pressure would 
rapidly fall to 0.02 psi. The pressure is very small because the volume of the 
secondary containment vessel is very large (363,770 cubic feet). 

There will not be any gas bottles in the zero-room during experiment 
execution. The Mega-SunTM flash lamps will contain a negligible amount of gas. 
Each flash lamp (a 2-inch-diameter 10-inch-long plastic tube) will contain 
0.018 cubic feet of xenon at a pressure of about 40 psi. Lighting requirements for 
PIANO are being currently determined; it is anticipated that two flash lamps will 
be used during the experiment. The worst case scenario would involve 6 flash 
lamps. Bursting 6 flash lamps in the zero-room would provide an additional 
pressure rise in the zero-room of less than 0.001 psi. 7 
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Primary Containment 

The primary containment barrier is the structure in the Ula.102C drift which 
"seals" the drift forming the zero-room. This barrier is a duplicate of the primary 
containment barriers used for BAGPIPE and CLARINET with only a few minor 
modifications. This barrier was used as the primary containment barrier for the 
OBOE series of experiments in this alcove. The primary barrier has never been 
challenged during the OBOE series of experiments. The barrier has not been 
stressed with either shock or gas pressures from an OBOE experiment, as the OBOE 
experiment vessels successfully confined all HE products within the experiment 
vessel, 

The primary containment barrier was constructed from steel I-beams, 1-inch 
steel plate, and fibermete* The primary barrier was firmly attached to the drift 
walls by a grout keyway and to a steel pedestal captured by grout under the drift 
invert. The drift invert is covered with six inches of concrete. The penetrations 
through the primary containment barrier include a 42-inch-I.D. manway (crawl 
tube), six 16.38-inch optical LOS pipes, and one airline/grout tube. There are no 
other penetrations through the primary containment barrier. The main drawings for 
this barrier are included in Appendix 4. 

The 42-inch manway will be secured prior to detonation using two Class 75- 
TB closures. These closures are rated for 175 psig at 250°F. On BAGPIPE and 
CLAHNET, we used a modified closure for the inner closure on the manway. For 
PIANO, the manway with the two closures has been built as a unit by the 
manufacturer with the inner closure designed to be closed from the inside of the 
tube, The manway system is being used in its rated condition, We believe that this 
will provide a greater assurance that the manway will perform as rated. 

The six optical LOS pipes will be used to transmit optical diagnostics data 
from the zero-room to the diagnostic recording equipment on the other side of the 
primary containment barrier. Minor modifications have been made to the optical 
LOS pipe design when compared to the BAGPIPE and CLARINET optical EOS 
pipes. These design changes were implemented for the OBOE experiment. The 
details of the modified design will be discussed in a later section. 

For the OBOE experiments,. the airline/grout tube was constructed from 10- 
inch Schedule 60 pipe. During an OBOE experiment, the 10-inch pipe was closed 
with a IO-inch butterfly victaulic valve and a blind flange, For the PIANO 
experiment, a modified blind flange with redundant valves will be used to close 
this opening. A Class 300 10-inch blind flange is being modified to hold two 4-inch 
Schedule 80 pipes. On the portal side of the barrier, the $-inch pipes will be closed 
with two 4-inch Class 300 valves on each pipe. The weight of the valves and of 
the valve support structure have been included in the analyses of the barrier 
conducted for the PIANO experiment, 
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All seams in the one-inch steel plate are continuously welded. The crawl 
tube, the optical LOS pipe assemblies, and the airline/grout line are continuously 
welded to the 1-inch steel plate. The steel plate will be spot-welded to the I-beam 
structure on the diagnostics room side of the primary containment barrier. All 
welds were inspected. The pressure integrity of the primary barrier was tested by 
overpressurizing the zero-room to 2 psig. Any leaks in the weld discovered during 
this pressurization test were rewelded and then retested. 

All welds on the zero-room side of the 1-inch steel plate were covered with 
GluvitTM. This material is a waterproof epoxy sealer. It is commonly used to seal 
leaky rivets on aluminum and steel ships. The GluvitTM moves with the ship’s hull 
as it vibrates and flexes and does not part from the members to which it is bonded. 
When used to seal steel ship hulls, a 10-mil coat will withstand greater than 
4000 lbs per sq. ft. water pressure (-28 psi). 

The barrier is attached to the alluvium via a grout keyway that securely 
fastens the barrier to the formation. A 2.5-foot-wide steel channel (part of which is 
formed by the 1-inch steel plate) was secured by rockbolts to the formation behind 
the keyway to secure. The keyway is approximately 2.5 feet side and 4 feet deep. 
The grout pipes in the keyway were carefully monitored to insure a complete fill of 
the grout ring with grout. After the grout had set up for 28 days, the other grout 
pipes in the grout ring were used to pressure grout around the keyway grout ring* 
Pressure grouting should fill any voids in either the alluvium or voids that might 
have formed at the interface between the keyway grout ring and the alltiviurn. 
That being the case, the absolute minimum unimpeded path length through the 
alluvium around the primary containment barrier exceeds 8 feet, 

Finally, fibercrete was applied in a minimum thickness of six inches in two 
3-inch passes over the primary containment barrier, the exposed portion of the 
keyway, and the zero-room walls. This is done before the invert is poured in the 
zero-room, In essence, we are forming a fibercrete ”bottle” in the zero-room whose 
opening is on the face of the zero-room. A dense pattern of 1/2-in.-diam 5-in. long 
Nelson studs were welded to the steel plate before fibercreting to help secure the 
fibercrete to the steel plate and prevent spalling of the fibercrete after detonation. 

The primary containment barrier has been designed to withstand blast and 
gas pressures during the PIANO experiment. Dynamic and static analyses have 
been conducted on the design including individual components of the design. The 
steel used in barrier construction has been tested and inspected to assure that the 
steel meets specifications. The analyses of the barrier were conducted at LLNL, 
(Noble, 2000 - see Appendix 2). The finite element model used in the analysis 
builds upon the computational model used for the BAGPIPE experiment. That model 
was in good agreement with experimental values from the BAGPIPE experiment 
and with modal testing conducted on that barrier. The major conclusions of the 
finite element modeling are the following. 
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Every structural component, with the sole exception of the fibercrete and 
grout while they are in tension, has a safety factor equal to or greater 3.0. In most 
cases, the safety factor is considerably larger than this. All weld loads are below 
the allowable resistance set by the American Welding Society. It should also be 
noted that for the steel materials, the dynamic yield was used to calculate the 
safety factors. This is a conservative assumption. 

The fibercrete on the front of the barrier is expected to be damaged during 
the experiment; it is intended to absorb some of the energy from the blast. Hence, 
high tensile stresses are seen in some portions of the fibercrete in the calculations; 
however, this is not a containment concern since the fibercrete is doing exactly what 
it was designed to do. It is protecting the steel structure from the blast pressures. 
On the portal side of the barrier just below the manway at the girder-grout 
interface, there is a very small localized region of high tensile stress in the 
calculations. This tensile stress occurs in the grout for only a very short time period. 
The local tensile cracking does not affect the load-carrying capability of the 
structure. The region of high tensile stress only penetrates about 1/3 of the 
thickness of the grout. These calculations used an elastic model to simulate the 
grout. If a more sophisticated grout material model, which included strain rate 
effects, were used in the calculations, it is very likely that no damage would be 
predicted in the grout. This is because at high strain rates, the tensile strength of 
grout can increase by a factor ranging from 1 to 6. In summary, this is not a 
containment concern and is also not a structural concern. From a containment 
viewpoint, the structural failure of the primary barrier during the PIANO series of 
experiments is simply not a credible event. 

As an additional containment measure, the diagnostics room side of the 
primary containment barrier will be covered with Versi-FoamTM. The foam will act 
as the additional containment barrier for plutonium particulates. We view the 
possibility of seepage as extremely unlikely since the barrier has been designed and 
carefully constructed to withstand the pressure challenge from the PIANO 
experiment. However, with the amount of expensive diagnostics equipment in the 
nearby diagnostics rooms, the Versi-FoamTM should be an effective yet inexpensive 
additional barrier assuring containment within Vessel #1 



PIANO Optical Ports 

The primary containment barrier will contain six optical. ports. The PIANO 
experiment will utilize all six optical ports.. During the PIANO experiment, all 
ports will contain either of two glass window assemblies. The PIANO optical port 
design follows the optical port design successfully used on HOLOG, BAGPIPE, and 
CLARINET. The PIANO optical port assemblies follow a pedigree that was 
documented in the HBLOG prospectus. The fundamental design features of the 
assembly have been thoroughly field- and laboratory-tested. For PIANO, there are 
minor changes to the spool piece into which the optical port assembly is mounted. 
This change was fully documented to the CRP for the OBOE series of experiments 
which are being conducted in the alcove. The changes were done to facilitate the 
alignment of the port assemblies during construction. 

The optical ports are housed within steel circular housings which are 
welded into the primary containment barrier (see Appendix 6). The PIANO design 
uses optical port assemblies that are directly mounted to the steel circular housing 
that is welded into the containment barrier. Each optical port assembly is mounted 
on a steel circular housing made from 17-inch OD steel pipe with 1.5-inch wall 
thickness). The optical assembly is bolted to the steel circular housing with twelve 
bolts using two Buna-N O-rings to seal this connection. Each working optic port in 
the containment barrier will have two port assemblies. 

The optical glass in a port assembly is made from 2-inch-thick 9-inch- 
diameter BK-7 glass. The optical glass is supported by two BJG #9 bell jar Buna-N 
gaskets in the optical port assembly. A Buna-N O-ring supported by two backup 
rings is used to complete the sealing of the optical glass in the optical port 
assembly. 

The optical port assemblies will be mounted in the primary containment 
barrier using a procedure which has been written to assure that the O-rings have 
been properly installed. The assembly procedures follow those developed for 
HOLOG include optical measurements to determine whether stress concentrations 
have been induced in the glass during the assembly process. 

All optical port assemblies are protected from direct shrapnel impact by 
shrapnel shields. A large shrapnel shield is positioned about 40 inches from the 
PIANO experiement and occludes all optical ports from direct shrapnel attack. In 
addition, the optical ports have a snout to help protect the glass from reflected 
shrapnel. The snout was deployed previously on BAGPIPE and other open 
subcritical experiments. 
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Secondary ~ Q r n t ~ ~ ~ ~ e r n ~  Barrier 

A secondary containment barrier was constructed in the Ula.100 drift for the 
HOLOG experiment. We intend to use this barrier as the secondary containment 
barrier for PIANO. The tunnel volume between the PIANO primary containment 
barrier in the Ula.lO1C drift and the secondary containment barrier in the Ula.lOO 
drift will house the PIANO experiment’s diagnostics instrumentation. The 
secondary containment barrier, the tunnel drift volume between the secondary and 
primary containment barriers, and the alluvium around the drift form Vessel #2 in 
the two nested containment vessel concept. 

The PIANO experiment could, with absolute and total failure of the primary 
barrier, produce a maximum pressure of 0.14 psi on the secondary containment 
barrier. The secondary containment barrier was designed to withstand a 7.6-psi 
static design load. This design load was selected during the construction of HOLOG 
and was based upon the maximum load the barrier would see given a 50 lb HE 
experiment in the tunnel volume that then existed. The Vessel #2 volume is now 
considerably larger and the PIANO experiment is considerably smaller than 50 Ib. 

No significant changes have been made to the secondary barrier since it was 
constructed and used for HOLOG. The details of the secondary barrier design were 
presented in the HOLOG prospectus and will not be repeated here (see Appendix 
5). Two wheels were added during the OBOE series of experiments to the bottom of 
each door to ease the door closing process during final button-up. The wheels do not 
support any of the door weight after the door is bolted shut. 

The following is a short summary of the design and operational features of 
this barrier: 

The secondary containment barrier has a large passageway to 
allow normal access to the 100 drift complex. These passageways will 
be sealed by two steel doors that are supported by a late-time beam, 

No cables pass through the secondary containment barrier& All 
cables pass through Vistanex boxes located in the tunnel invert on the 
working point side of the secondary containment barrier. All cables are 
either factory gas-blocked or discretely gas blocked in the Vistanex 
box. 

The penetrations through the secondary containment barrier 
include a hatch (for late-time man access), chilled water lines (for 
cooling of diagnostics equipment), and ventilation and air lines. The 
hatch through the secondary containment barrier will allow access to 
the 100 drift complex during button-up and reentry operations. This 
hatch will be bolted and gasketed tight during button-up operations. 
The water lines using for cooling electronic equipment in the 
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diagnostics room will each have two redundant valves to close the 
water lines before zero-time. A large tank of chilled water in the 
diagnostics area will be used to circulate chilled water between the 
button-up and event reentry. The valves in the water lines will have 
up-hole readout of the status of valve closure so that the closure of the 
water lines can be positively assessed from the surface before zero- 
time. The valves are pressure-rated for 600 psi. The ventilation line 
through the secondary containment barrier will be interrupted during 
the button-up operations, The ventilation line will be closed with a 
blind flange and the butterfly valve in the ventilation line will be 
closed. 

We intend to operate the secondary containment barrier on PIANO as we did 
on HOLOG, BAGPIPE, CLARINET, and the OBOE series. The secondary barrier 
will be pressure-tested before final button-up. This pressure test has been conducted 
on each LLNL sub-critical which has used this barrier as the secondary containment 
barrier. Occasionally, very small bubble-type leaks have been detected at the sill 
beam/grout interface. Liberal application of GluvitTM has been used to seal these 
leaks. The leaks are believed to be caused by the heavy equipment, which 
traverses through the barrier during normal mining operations in the Ula.lOO drift. 
The pressure testing provides assurance that the barrier will perform as designed 
and intended during the PIANO experiment. 



sntainment Vessel. #I and #2 Wall1 Treatment 

The walls of the zero-room and the diagnostics room are completely covered 
with fibercrete; the sole exception is a portion of the face of the zero-room. It is 
covered with fibercrete in order to provide the HE gases from the PIANO 
experiment with a path to porously flow into the alluvium away from the primary 
containment barrier and reduce any residual gas pressure in the zero-room. The 
fibercrete was installed in two passes to minimize or eliminate cracking in the 
fibercrete. The fibercrete was reinforced with a steel fiber. The fibercrete has a 
minimum compressive strength of 6000 psi in 28 days. 

The fibercrete helps improve drift stability and reduces the potential of dust 
contamination for the complicated optical diagnostics which will be fielded on 
PIANO. In the zero-rooms, the fibercrete was troweled to embed the steel fibers 
and to eliminate the fibers as both a dust collector and a safety hazard. To further 
reduce the possibility of dust contamination, all fibercreted walls are covered with 
an elastomeric coating. As a by-product of treating the walls in this fashion to 
reduce dust contamination, the permeability of the fibercreted walls is reduced 
from the alluvial permeability of about 2 darcies to a permeability in the milli- 
darcy range. This helps increases the effective path length for porous flow from 
the zero-room. 

A portion of the face of the zero-room is not covered with fibercrete. A steel 
stud wall was constructed over top portion of the face; the steel stud wall was 
covered with a treated fabric (similar to furnace filter material) to reduce dust 
contamination for the optical diagnostics in the zero-room, 
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Cable Gas Blocking 

No cables pass through the primary or secondary containment barriers in the 
Ula.lOO drift complex. All cables which exit the PIANO zero-room will go through 
one of the Vistanex boxes placed in the tunnel invert. Cables which will also exit 
the PIANO diagnostics room will go through Vistanex boxes placed in the tunnel 
invert just inside the secondary containment barrier. The cable gas blocking 
techniques used on PIANO closely follow what was successftilly utilized on 
HQLOG, BAGPIPE,, CLARINET, and OBOE. The Vistanex boxes on the PIANO 
series of experiments will be filled with either Vistanex or Holt Melt, depnding 
upon the availability of either material at NTS at Vistanex box fill time. Hot 
Melt is a generic substitute for Vistanex. Information about this material was 
presented to the C W  during the LANL CIMARRQN presentation. 

All cables will be either factory gas-blocked or discretely gas blocked in the 
field. The discrete cable gas blocking methods follow conventional underground 
iiuclear testing practices. This includes the use of discrete blocks on multi-conductor 
cables and”birdcages” on delicate fiber optical. All gas blocks are located in the 
Vistanex boxes in the tunnel invert. Cable separators were installed to physically 
maintain cable separation of the cables in the invert when the cables were 
captured by the invert concrete pour. Table 1 lists the cable inventory and the type 
of gas blocking utilized for the cable which exit the PIANO zero-room. 

Table 1 

e (Gas blocklng) Quantity 
RF-44 (Factory gas blocked) 
MP-46 (Field gas blocked) 
3 Conductor #8 (Field gas blocked) 
Fiber optic cables (Birdcage) 
X-ray cable (Field gas blocked) 
“C” cables (Pressure feedthrough) 
Mega-Sun cables (Field gas blocked) 

66 
18 
4 
53 (4 birdcages) 
S8 
34 
<4 

-T- 
The PIANO zero-room Vistanex boxes are placed in the drift invert on the 

working point side of the primary containment barrier. The Vistanex box itself is of 
typical DNA design; this typical design has been successfully utilized for many 
years on horizontal underground nuclear tests and eliminated the transport of gas 
and/or particulates down the cables and/or cable bundle past the box. The tubes 
which carry the cables into the Vistanex box will be totally filled with Sulfaset. 
This helps block the cable bundle and confines the Vistanex to the box. The 
Vistanex box will be placed below the drift invert on the working point side of the 
barriers. If gas and/or particulates migrate through the cables to the Vistanex box, 
the gas and/or particles will be still contained on the zero-room side of the 
primary containment barrier. The Vistanex box will be filled from the zero-room 
through two fill tubes to ensure a complete filling of the box. Pipe caps will then be 
reinstalled on the fill tubes in the zero room. 

-v 

-r 

-- 
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Containment 

The containment goal is to keep the SNM from the PIANO experiment 
contained within Containment Vessel #1. The containment design must address the 
containment o€ any solid, liquid, and/or gaseous plutonium compounds. 

The plutonium will be melted and blown to smithereens. The molten 
plutonium will react with the high explosive gases and the zero-room air producing 
a solid-phase plutonium aerosol and particulates. However, the size distribution 
and the chemical compositions of the resulting plutonium-bearing debris are 
somewhat uncertain. 

The transport of gaseous plutonium compounds is not a credible threat on the 
PIANO experiment. The LLNL Isotope Sciences Division provided the following 
expert opinion regarding gaseous plutonium compounds and the possibility of 
plutonium aerosol transport in Ula alluvium €or the HOLOG experiment. Their 
opinion is also applicable to the PIANO experiment (and probably all other 
subcritical experiments in Ula). 

The possibility of producing volatile Pu compounds, which could 
be transported through the surrounding media in Ula experiments, is 
not consistent with the properties of any known volatile Pu compounds. 
The few volatile organo-plutonium compounds that are known are air 
and moisture sensitive and can be produced over only a fairly narrow 
temperature range in inert atmospheres* The HOLOG chamber will 
contain normal air with 50% or greater humidity. The surrounding 
media has 10 wt% or greater water content and is quite porous. There 
are no known actinide organo-compunds with high enough vapor 
pressure at room temperatures to migrate through the media at 
ambient temperatures. In the first subcritical experiments, the released 
energy will cause the majority of the plutonium to melt, thus 
precluding the formation of any organo-metallic compounds due to the 
high temperatures and the presence of water vapor and oxygen, The 
residual products of the high explosive, which have been calculated 
to reach 4000 O K  contain only small amounts of organics such as CH,, 
CH,, etc., compared to large residual €$Q (gas), CO (gas), C (solid), 
H, (gas), etc. Some of the hot PU metal will undoubtedly react with 
oxygen-containing gases to form PuO,, a small amount of which may 
volatilize as PuO, (gas) or PuO,(OH), (gas), if the temperature 
exceeds 1273°K. As this Pu-containing gas cools, Pu vapor species will 
decompose to form fine particles of PuO, (solid) which will be in the 
form of an aerosol. Although this type of aerosolized material can 
easily transport in a flowing gas, the bulk of the finely-divided solid 
should quickly coat out on the internal surfaces of the zero-room; any 
residuals will be trapped in the porous ground as the supporting gas 
(N,, CO, etc.) slowly permeates through it. Porous, damp ground 
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should act as a thick HEPA filter, and should prevent aerosolized Pu 
from reaching access drifts or the surface. 

, -.* 

11 

We conclude that the transport of gaseous plutonium compounds is not a 
credible threat on the PIANO experiment. The data from the KISMET experiment 
supported by experience on the other subcritical experiments in Ula support the 
contention that the alluvium will act as a thick HEPA. 

The impeded path from the PIANO zero-room face to the PIANO diagnostics 
drift is about 50 feet. If the fibercrete failed near the primary barrier (permitting 
the HE gas to have direct access to the alluvium near the primary barrier), the 
impeded path would be about 8 feet. The keyway for the primary barrier has been 
designed to take most of the pressure loading from the barrier in compression and 
minimizes our reliance upon the shear and/or tensile strengths of the grout. This 
design helps insure that the keyway grout will remain essentially impermeable 
after the experiment. Most of the plutonium will be deposited as soot on the 
fibercrete or alluvium. Any plutonium that is swept into the drift walls will be 
very effectively filtered from the HE gas by the alluvium (Wohletz et. al., 1996). 

The experiment produces blast and gas pressures, which the primary barrier 
has been designed to withstand. The optical ports in the primary barrier are 
protected from direct shrapnel attack by a shrapnel shield close to the experiment 
and by a shield on the front of each optical port. The two most probable pathways, 
which could lead to a containment failure, are 1) through pinholes in the welds in 
the primary containment barrier and 2) around the primary containment barrier 
through enhanced flow channels in the alluvium. 

The primary containment barrier has been engineered to withstand the 
dynamic and static loads that the PIANO experiment will place upon it. The 
structural components have large safety factors. The primary barrier will not 
massively fail during experiment execution. Pinholes in the welds, if they exist, 
would be a credible pathway that could lead to a containment failure. During 
construction, all welds were inspected; all welds not meeting welding standards 
were rewelded. After the steel barrier was constructed, the zero-room was pressure 
tested. All leaks were identified and those welds were rewelded. After the welds 
were pressure-tight, all welds on the zero-room side of the primary barrier were 
covered with G1uvitTM. The diagnostics-room side was covered with Versi-FoamTM. 
Both of these coatings also seal the primary barrier so that if any welds develop 
pinholes during the experiment, the welds themselves will either remain sealed 
(by GluvitTVI) or will have another barrier behind them (the Versi-FoamTM) to 
stop seepage from entering the diagnostics area. A 6-inch-thick layer of fibercrete 
(sealed with an elastomeric coating) was emplaced across the front of the steel 
barrier to add more strength and further protect the welded seams and the steel 
structure. We believe that this barrier has several levels of redundancy built into 
the design that will help prevent seepage from occurring through the barrier. 
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We have not found any flow channels that would enhance SNM transport 
through the alluvium around the primary contairunent barrier. We have pressure- 
grouted around the keyway in order to fill any small voids, which might have 
existed. We have found nothing in the geology that was abnormal for the Ula 
alluvial environment. The alluvium in the walls of the PIANO zero-room looks 
similar to the alluvium in other SCE zero-rooms. 

We conclude that, while the transport of SNM outside Containment 
Vessel#l is a credible threat on the PIANO experiment, the likelihood of this 
occurring is very small. There are redundancies in the design of Containment 
Vessel#l that will prevent any SNM from reaching the diagnostics room. We fully 
expect that the LLNL containment goal (to keep the SNM contained within 
Containment Vessel #I) will be completely achieved. 

- 

__ 
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A Blast Analysis of a Steel Barrier Design 
Used for Subcritical Experiments 
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FIGURE 1. U1 A. 102C barrier configuration: a) elevation looking towads working 
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The resulting Bagpipe predicted stresses and safety factors are summwized in Table 1, 

iier, the stresses sho redicte 
Since the peak refl lower UlA.102C bw- 

Two other methods were used to check the results obtained by BlastX. Blast pressures 
were determined using both the military blast manual TM5-1300 <and ALE3D, an Arbi- 
trary L,agrangian-Eulerian three-dimensional hydrocode program developed at LLNL. The 
majority of the blast effects data in TMS-1300 pestains to the blast pressures output of 
bare spherical TNT explosive. However, the data can be extended to include other poten- 
tially mass-detonating materials by relating the explosive energy of tlie effective charge 
weight of the material in question to that of an equivalent weight of TNT, Using the cor- 
rect TNT equivalency Fe f  41 for the experiment in question, the peak reflected pressure 
and reflected impulse was determined to be 90.18 psi and 0.06 psi-sec. TM5-1300, how- 
ever, does not take into account the effects of confinement. For a confined explosion, such 
as the one being studied, the actual distribution of tlie blast loads is highly irregular 
because of the multiple reflections and time phasing that occurs. Therefore. one can only 
compare the data obtained by TM5-1300 with the first triangular pulse determined by 
BlastX, which has a peak reflected pressure of 100 psi and a reflected impulse of 0.13 psi- 
sec. 

In order to properly capture the blast wave propagation through die alcove, the ALE3D 
hydrocode was also used for this study. ALE3D has the ability of modeling high explo- 
sives using equation of state formulas, the ability to model the propagation of shock waves 
in various media, and the ability to handle problems in which gross deformation of objects 
would normally tangle a lagrangian mesh. A finite element model of the alcove, barrier, 
air, and explosive were modeled in order to calculate the blast pressures imposed on the 
barrier {see Figure 3). Due to the difficulty of modeling the actual shape of the alcove in 
ALE3D, the model .was simplified. In actuality, the room opens up to the left resulting in 
an alcove that is L-shaped with a total volume of 12,366 cubic feet. The finite element 
model assumes it opens up on both the left and right sides with a total volume of 10,320 





The DYNA3D finite element model of the UlA.102C barrier consisted of approximately 
120,000 brick elements and 25,000 shell elements. The three-dimensional model is shown 
in Figure 5. A summary of all of the material propei-ties used in the finite element models 
have also been provided in Table 2. These inaterial properties are the same as those uscd 
for the previous barriers. The primary model used to analyze the Bagpipe barrier was con- 
siderably more simple than the one being used in this study. The reasons behind using a 
higher fidelity model for this analysis was the following: 

I. Although the final aialysis of Bagpipe used a simple beam model, two other molU 
detailed finite element models were used in coiljunction with the beam model, 

2. More accurate concrete and alluvium stresses can be determined using a more complex 
three-dimensional model. For Bagpipe, find concrete stresses were determined using a 
simple hand calculation based on beam forces. 

3. By using a more complex model, the concrete and alluvium could be modeled exactly. 
This resulted in a better approximation for the boundary conditiolis than what was used 
in the Bagpipe beam model. 

model to be used in this study. 
4. The computational speed of an SMP version of DYNA3D allowed fa.. 

Because the pressure load 
different pressure time his 

uniform over the face of the barrier, 20 
the loading in the anal- 



ysis (see Figure 6). The Bagpipe analysis, on the other hand, used the peak presswe to 
This was a rawr comgwative assumption. 

e $ome minor differaces 
mier used a 42 inch outer $ 

h-outer diameter manway. 
i, while the UIA.102C 

04, the beam depth for the U 1 A 
used for Bagpipe. 

barrier. The mumption of usm 
components were not viewed as critical members. Every 

mete is fastened to the 
placed moss  the wark- 

TABLE 2.,Matyrid properti~ysed?f~ra~al~sis 

Mass 
Density 

(lbs-se& 
in.? 

7.324E-04 



b). mass density iacreasect to accomnnodatc 
for two v a k s  ( W = 90 Ibs approx. for each valve) 
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The finite element model and fimdamental modes are shown in Figure 7. The finite ele- 
ment model used in the eigenvalue analysis does not include Oie alluvium material. The 
alluvium was removed in tliis case because it is difficult for NlKE3D, m implicit finite 
element code, to solve a problem of this size. Therefore, instead of the alluvium, the con- 
crete keyway and pedestal outer boundaries were assumed to be fixed. The resulting fun- 
damental frequency matched very well to the experimental data. The computed value was 
142.7 hz, while h e  experimentally determined frequency was 143.7 hz. Table 3 compares 
the data with the previous Bagpipe model. 
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FIGURE 9. Strain comparison between experimental values, computed values using Bagpipe 
model, and computed vaiues using current model. 
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A summary of the peak stresses and resulting safety factors for the UlA.102C barrier are 
given in Table 4. To account for strain rate effects, the allowable stress has been increased 
by a third [Ref 31. It should be noted that an allowable stress of 36,000 psi was chosen for 
all steel materials except for those inaterials which had material certifications. The allow- 
able compressive stress values for the concrete, alluvium, and shotcrete were provided by 
Burkhard [Ref 11. The tensile stress values for the concrete and shotcrete were determined 
using the ACI Code equation 

This is a conservative approach since the shotcrete has significantly greater strength due to 
the fact that it is fiber-reinforced. The requirements allow for a minimum safety factor Tor 
steel based on dynamic yield of 2.0 [Ref 31. All of the safety factors for the ductile materi- 
als are greater than the allowable value, with the grouttube having the lowest safety factor 
of 3.0. The only materials that do not achieve the allowed safety factor is the concrete ped- 
estal and shotcrete. The concrete pedestal peak tensile stress occurs on the portal side at 
the pedestal-barrier interface (see Figure 12). This high stress is not viewed to be of great 
concern due to the fact that this stress occurs in a very localized region on a very short 
time scale (see Figure 16). Furthermore, the model does not account for strain rate effects, 
which can significantly increase the coiicrete tensile strength. Figure 1 1 through Figure 15 
show the locations of the maximum stresses for the different barrier components. In addi- 
tion, stress time histories for llie elements which had the maximum stress are included in 
Figure 16. 

TABLE 4. Summary of peak stresses and safety factors. 

Maximum Stress and 
Time of Peak Stress 

8,000 psi (t = 0.03 ,see) 

8,980 psi (t = 0.003 sec) 

Barrier Compoiient Allowable Stress 

1” Aluminum PI 

TS 3x3x1/4” tubing I 
112” saddle plate 

- less than allowable 
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FIGURE 14. Maximum compressive stress for alluvium. 

FIGURE 15. Maximum von Mises stress locations for: a). 1” aluminum plate; b). grouttube; c). 
saddle plat ing; e). manway and f). optical port lid (assumed steel material). 





I he weld stresses for critical sections, or those interfaces that would be stressed the great- 
est, were also aiialyzed. The critical locations studied are shown in Figure 17. The meth- 
odology for analyzing the welds consists of first extracting the shell resultants at the 
location of the weld from the post-processor. For the weld at the grouttube-faceplate inter- 
face, for example, the shell elements at the interface were selected and time histories were 
gathered for each membrane resultant described in Figure 18. Once the resultants at the 
weld location were extracted, the forces are combined by vectoiially adding all the forces 
that occur at the same position in the welded joint. For inst'ance, if there are three forces, 
each at right angles to each other, the resultant is equal to the square root of the sum of the 

\'Y -, 

For ease af computing and to make sure that the maximum force was calculated, four dif- 
ferent calculations were completed r each selected element 

I 

.- 

After this calculation is complete, the maximum fr value is determined, which is the 
maximum load on the fillet weld in units of lbdin. This value must be less than the allow- 
able load recommended by AWS: 

- e  - nnn 

whei-e t ,  is the effective throat di 
f the weld metal assume 

eld joints are given in Tab 





critical joints choseii for weld analysis 





blelow the allowable resistance set by the American Welding Society (AWS). It should be 
noted that for the steel materials, the dynamic yield was used to calculate the safety factor. 
Furthermore, in previous subcritical experiments, a safety factor of 1.5 was allowed A 
lower safety factor was allowed because materials were certified and detailed calculations 
were used. The shotcrete on the front of the barrier is expected to be damaged during an 
event such as this and it is intended to absorb some of the energy from the blast; therefore, 
a high tensile stress i s  not of great concern Moreover, the high tensile stress in the grout is 
not of great concern because it occurs on a short time scale in a very localized region. The 
region at which tlie high stress occurs is on the portal side of the manway at the girder- 
concrete interface. Some local tensile cracking at this location will not effect the load car- 
rying capability of the structure. Furtheimore, an elastic property was used to model the 
concrete. If a more sophisticated concrete material model, such as one tliat included strain 
rate effects, were to be used, it is likely that no damage would be predicted in the concrete. 
This is because at high strain rates, the tensile strength of concrete can increase by a factor 
ranging from 1 to 6. In addition, the finite element model correlated well with experimen- 
tal values for both the Bagpipe experiment and the modal testing, which gives us increased 
confidence that the finite element can predict or simulate the strucmral response with good 
accuracy. 
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Inrerdepartmental letterhad 

Mail Station L-125 

September 25,2000 

Ext: 28403 

To: Distribution 

From: John Pastrnak 

Subject: 

While looking over the BlastX Manual (written for version 3) I noticed an uiusually large TNT 
equivalency for LX-14. "lie value given was 1.8. Normal structural and blast calculations lhat I 
have been involved with in the past normally use an upper bounding equivalency of 1.3, This is 
usually conservative since most of the explosives tested at Site 300 in terms of their effects on 
structures are considered to have a lower blast equivalency, nominally in the 1.1 to 1.21 range, 

hereto referred in shorthand as the DOEIIC and TM5 manuals respectively: 

1) "A Manual For the Prediction of Blast and Fragment Loadings on Strucixres", DOE 
Albuequerque Operations Office, July 1992 w/9/93 addendum, DOE/TIC-11268, 

2)  "Stibucmes to Resist the Effects of Accidental Explosions", Departments of the Aimy, 
Navy, and the Air Force. November 1990. Army TM5-13oO/Navy NAVFAC P-3871AIR 

Update status of LX-14 /TNT Equivalency for BlastX Calculations 

Attached for reference are TNT equivalent tables from 2 references I normally use, 

FORCE AFR 88-22. 

The DOETIC gives a LX-14 equivalency of 1.117 whereas TM5 gives heats of detonation that 
can be ratio-ed (2.2E+06/1.97E+O6) to give an equivalency of 1.117 as well. 

I have contacted tlie BlastX folks (the ARMY at Wateiways Experiment Station) and was 
referred to one of their contracting experts ; Bob Britt (601) 634-4238 of SAIC, also an author 
of the BlastX 4.0 Users Manual. He suggested that an equivalency of 1.8 might be valid in 
certain regimes, particularly for the higher pressure regions. ( I take this to mean very close-in 
to a charge, typically Z< 1 Wlb In). He suggested and offered to run a SAIC hydrocode 
(RAGE) calculation for rX- 14 and TNT and plot out peak pressure and shock impulse as a 
function of distance. We could examine and if need be select an appropriate TNT equivalency 
based on our desired distance. In the interim, he sent me this attached email 

From: "Bob Britt" i j  .robert.britt@saic.com> To: "John Pastrnak" 
<pastmakl@llnl.gov> Subject: Re: Undeliverable mail 
Date: Tue, 8 Aug 2000 09:51:20 -0500 
Organization: SAIC 
X-Priority: 3 

At the present time, use the tabular PBX-9404 in B l a s t X  4.0 for 
LX-14. These explosives are almost identical. PBX-9404-3 i s  94% 
HMX, 3% NC, and 3% CEF. LX-14 is 95.5% HMX and 4.5% Estane. 

BlastX lists a TNT equivalency value for PBX-9404RNT as 1.2 which is also consistent with 
my previous calculations. 

P University of Ca/ifurnia 
Lawrence Liwermore 
~~~~~~a~ Laboratory 



Bob Britt's subsequent RAGE hydrocode cdculation (Fig's 1 & 4) do appear to back up his 
earlier recommendation that the blast performance of LX-14 is very similar to that of' PBX-9404 
and that from a blast standpoint the use of PBX-9404 tabular values in BlastX may be more 
appropriate. 
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Figure 1 
Plot coutzesy SAIC, Bob Britt 8/9/2000 

By reploting Bob Britts data the ratio of the peak pressures versus distance can be 
observed in Figure 2. Thus from a shock or blast standpoint, for 1 kg of LX-14, the TNT 
equivalency can be as high as 1 S very close to the charge (-less than 0.5 m> and falls off 
quickly to less than 1.2 for distances greater Ban -1.75m. 

overly conservative TNT equivalency be used for shock pressure loadings when running the 
BlastX code, The value of the TNT equivalency for LX- 14 previously published in the BlastX 
manual of 1.8 appears to be overly conservative, 

At present, this new data along with the DOETIC and T'M5 manuals suggests that a less 
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* Per RAGE calculations courtesy Bob Britt, SAlC 8/9/2000 

Scaled Distance (ft/#' ' 3 )  

Data replotted fiom Figure 1 - data courtesy SAX? Bob Britt 8/14/2000 

From a pressure standpoint, for scaled distances greater than about 4 ftllb '' a safe TNT 
equivalency would be 1.2 for either LX-14 or PBX-9404. 
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Plot courtesy SAIC, Bob Britt 8/14/2000 

5 



Eqluh!detla 'BNT Shock 1 pu!se Equiwallencies" for L 
PBX-9404-3 scaled to '1 kg 

* Per RAGE calculations courtesy Bob Britt, SAC 8/9/2000 

Data replotted from Figure 4 - datu courtesy SAIC? Bob Britt 8/I 4/20Oo 

Similar equivalencies based on impulse are also seen in Figure 5 where the ratio of the impulses 
versus distance can be observed, For LX-14 the TNT shock impulse equivalency peaks at about 
1.25 but falls off faster; ie., less than 1.1 at 1 meter. At distances between15 to 20 meters the 
equivalency is limited to no more than 1,126. This also very closely matches the DOETIC and 
TM5 equivalency of 1.1 17. 

6 



r- 
Equivalent TWT Shock ~~~~~~~ Eqwivalencies" for hX-14 and 

PBX-9404-3 calculated for 1 k 

' Per RAGE calculations courtesy Bob Britt, SAIC 8/9/2000 

Scaled Distance (W#1/3) 

Data replotted from Figure 4 - data courtesy SAIC, Bob Britt 8/14/2000 

From a shock impulse standpoint, for scaled distances greater than about 2 ft/lb 'I3 a safe TNT 
equivalency would be 1.1 for either LX-14 or PBX-9404. 

7 



I I 

- Scaled Distance (ft/#1/3) 

Data replotted from Figures 1 8r. 4 - data courtesy SAIC, Bob Britt 8/14/2000 

Bob Brit had made the preliminary recommendation when using BlastX with LX-14 to use the 
tabular value model of PBX-9403-3 as a stand-in since the explosives are very similar in a 
chemical composition sense. To check the validity of this preliminary guidance, the ratio of LX- 
14 divided by PBX-9404-3 was plotted first for pressure then for impulse as a function of 
scaled distance. The results of this ratio are shown in Figure 7. The conclusion based on 1 kg 
detonation is that for scaled distances greater than 1 ft/lb ''' (non close-in), pressure calcs using 
using the same amount of PBX-9404-3 would be valid since the ratio is essentially unity. 
However, BlastX impulse calcs based on PBX-9404-3 would under predict by about 5%. The 
recommended procedure would then be to then increase the BlastX impulse results by a factor 
of 1.05 and use the peak pressure results without modification. Alternatively, one could go 
back to using the earlier BlastX procedure of a fixed TNT equivalency factor. A conservative 
TNT equivalency factor that conservatively envelopes both pressure and impulse results in this 
regime is 1.2. 
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J 

BX-S404/TNT 
ressure impulse 

0.8549041 0.8399375 
0.8835361 0.6309764 
0,8584795 0.6022428 
1.3346597 0.5913242 
1.3927517 0.5810628 

1.441244 0.6074175 
1.3878667 0.6057969 
1.4637057 0.6184442 
1.4663652 0.6358032 
1.4507765 0.6761902 
1.4714675 0.7247877 
1.4971468 0.7928094 
1.4751693 0.8755935 
1.50131 12 0.963371 9 
1.5106966 1.0599542 
1.4676692 1.1 31 1627 
1.433771 3 1.137403 1 
1.4310711 1.1418706 
1.4803982 1.1123088 
1.4134898 1.0748465 
1.356213 1.0872936 

1.3096021 1.1493503 
1.2927928 1.0933358 
1.2760972 1.0550331 
1.3035406 1.0228725 
1.2677689 1.0443276 
1.253047 1.0209931 

1.2600185 1.0277285 
1.2390453 1.0228705 
1.2218609 1.0155024 
1.1911 616 1.0179882 
1.1911371 1.022726 
1.1804148 1.0273206 
1.1675749 1.0327428 
1.1 542499 1.0344873 
1.145616 1.0351102 

1.1411226 1.038229 
1.1411172 1.0361768 
1.1495292 1.0406632 
1.15141 83 1.0409859 
1.1450749 1.0394205 
1 ,1395687 1.0395301 
1.1386615 1,0405638 
1.161 21 68 1.0354234 
1.1440262 1.0418298 
1.1374053 1.0400978 
1.1223077 1.0391245 
1.1 379634 1.0451733 
1.1402901 1.0528159 
1.1448754 1 .OS94356 

1.155625 1.0533859 
1.1 693596 1.063993 

1 
1 

ca!ed dislanca 
tlff"(ll31 . 
0.141 727397 

0.1 591 41 32 
0.176535068 
0.201 759408 
0.226963572 
0.2521 8791 1 
0.2824561 09 
0 317783123 
0.355592066 
0.396464869 
0.44890346 
0.5043859 1 

0.564912219 
0.633004317 
0.71 11 641 33 
0.798929737 
0.89528499 

1.008771819 
1.127302508 
1.260964774 
1.417324406 
1.591337545 
1.765350884 
2.017543639 
2.269736599 
2.521929548 
2.829604953 
3.175109301 
3.583486452 
3.997258334 
4.483990737 
5.043859096 
5.646600259 
6.335087025 
7.106797467 
7.974341232 
8.947808037 
10.08771819 
11.26545929 
12.60964774 
14.18080985 
15.91337545 
17.65350684 
20.17543639 
22.69736593 
25.21929548 
28.29804953 
31.75109301 
35.60964522 
39.97258334 
44.83990737 
50.43859096 

i 1 

0.8541868 0.6678405 
0.920544 0.6749282 

0.89274 0.6440537 
1.3323323 0.6175799 
1.3822416 0.6272267 
1.4510367 0.6356983 
1.3676667 0.6450734 

1.439573 0.6663583 
1,4491817 0.6957699 
1.4258824 0.748562 
1.4697218 0.8 
1.4857332 0.8628379 
1.4680211 0.9339349 
1.4772727 1.013177 
1.4901465 1,0967317 
1.4448622 1.1488306 
1.4070382 1.1408829 
1.4210226 1.1674704 
1.4610097 1,1803544 
1.4027149 1.1691187 
1.3459798 1.0974048 
1.3053833 1.2498291 
1.2824589 1.1335588 
1.2714382 1.1034547 
1.2892919 1,0688658 
1.2712046 1.0812672 
1.2524055 1.0854768 
1.2497227 1.085765 

1.2083748 1.0724097 
1.1864478 1.0744135 
1.1878484 1.0789943 
1.1786991 1.084401 
1.1653043 1.0881038 
1.1523103 1.0831015 
1.1418218 1.0896454 
1.1310755 1.0903184 
1.1366922 1.0907334 
1.1439333 1.0944326 
1.1437887 1.0946192 

1.1328309 1.092672 
1.1299779 1.0935029 

1.1554828 1.0946615 
1.1515152 1.0919315 
1.1384615 1 .OS89193 
1.156658 1.0940594 

1.1587788 1,1018493 
1,1601423 1.1051553 
1. 1.168: 1.11608741 

18719 1 1.1151466 

i.2is583a 1.078e962 

i .la98739 1.0931885 

1.1606648 i.0876427 

Tabular Qata used in Figures 1-7 
HE Mass = 1 kg pressure and impulse values provided courtesy 01 Bob Brit, (SAIC) U 4 n O  RAGE Hydrowde. 

2.943 
2.175 
1.554 
1.158 

0.9794 
0.8005 
0.8686 
0.5683 
0.5008 
0.4481 
0.4053 
0.3707 
0.3385 
0.3055 
0.2689 
0.2288 
0.1918 
0.1651 
0.1505 
0.1613 
0.1937 
0.2392 
0.2266 

0.197 
0.1668 
0.1425 
0.1275 
0.1136 
0.1035 

0.09598 
0,08888 
0.08171 
0.07573 

0.0693 
0.06285 
0.05709 
0.051 47 
0 04645 
0.04173 
0.03731 
0.03345 
0.03027 
0.02857 
0.02357 
0.02127 
0.0 1899 
0.01689 
0.01503 
0.01 344 
0.01176 

PBX-9404-3 
inge pressure impulse 
I PSI psi-ms 

0.056198 619.72 5.082 
0.063103 

0.07 
0.080002 
0.089996 
0.099998 

0.112 
0,128 
0.141 
0.158 
0.178 

0.2 
0.224 
0.251 
0.282 
0.316 
0.355 

0.4 
0.447 

0.5 
0.562 
0.631 

0.7 
0.8 
0.9 

1 
1.122 
1.259 
1.413 
1.585 
1.778 

2 
2.239 
2.512 
2.818 
3.162 
3.548 

4 
4.467 

5 
5.623 

6.31 
7 
8 
9 

1 0  
11.22 
12.59 
14.12 
15.85 
i 7.78 

123.43 
60.188 
53.333 
47.841 
45.183 
41.636 
38.393 
34.049 
30.829 
26.972 
22.562 
19.805 
17.175 
14.335 
11.712 
9.493 

7.5336 
8.2458 
4.9981 
3.8964 
3.0278 
2.4395 
1 ,8899 
1.5095 
1.1808 

0.89856 
0.68167 
0.50615 
0.37951 
0.28302 
0.21369 
0.16514 
0.12855 
0.10117 

0.080617 
0 06485 

0.052092 
0.042728 
0.035314 
0.029082 
0.0241 93 
0.020587 
0.016788 

0.01398 
0.012011 
0.010213 

0.0087168 
0.0074689 
0.0064342 

0.005547 
20 0.0047478 0.0104l 

si-ms 
0.0562 619.2 5.302 
0.0631 

0.07 
0.08 
0.09 
0.1 

0.112 
0.126 
0.141 
0.158 
0.178 

0.2 
0.224 
0.251 
0.262 
0.316 
0.355 

0.4 
0.447 

0.5 
0.562 
0.631 

0.7 
0.8 
0.9 

1 
1.122 
1.259 
1.413 
1.585 
1.778 

2 
2.239 
2.512 
2.818 
3.162 
3.548 

4 
4.467 

5 
5.623 

6.31 
7 
8 
9 

1 0  
11.22 
12.59 
14.12 

17.78 
15.85 

126.6 
62.59 
53.24 
47.48 
45.49 
41.03 
37.76 
33.65 
30.3 

26.94 
22.39 
19.51 

16.9 
14-14 
11.53 
9.316 
7.476 
6.164 
4.96 

3.867 
3.018 

2.42 
1.883 
1.493 
1.184 

0.8981 
0.6761 
0,4982 
0.3747 
0.2819 
0.2131 
0.1849 
0.1283 

0.101 
0.08035 
0.06462 
0.05189 
0.04251 
0.03508 
0.02893 
0.02405 
0.02043 
0.01676 
0.01412 
0.01216 
0.01036 
0.00886 
0.00759 
0.00652 
0.00561 

3.148 
2.326 
1.623 
1.25 

1.025 
0.8524 
0.7204 
0.6219 
0.5544 
0.4946 
0.441 1 
0.3954 

0.356 
0.3161 
0.2731 
0.2295 
0.1961 
0.1 752 
0.1 637 
0.1628 
0.2106 

0.248 
0.237 

0.1996 
0.1 727 
0.1515 
0.1347 
0.1 198 
0.1093 
0.1013 

0.09377 
0.08625 
0.07979 
0.07296 
0.06616 
0.06007 
0.05418 
0.04885 
0.04388 
0.03924 
0.03516 
0.03181 
0.02791 
0.02477 
0.02233 

0.0199 
0.01768 
0.01573 
0.01402 
0.01 248 

2 0  0.00682 O.OlO9l 

inge pressure impulse 
MT 

I J si-ms psi 
0.0562 7.9451 
0.0631 

0.07 
0.08 
0.09 

0.1 
0.112 
0,126 
0,141 
0.158 
0.178 

0.2 
0.224 
0.251 
0.282 
0.316 
0.355 

0.4 
0.447 

0.5 
0.562 
0.631 

0.7 
0.8 
0.9 

1 
1.122 
1.259 
1.413 
1.585 
1.778 

2 
2.239 
2.512 
2.878 
3.162 
3.548 

4 
4.467 

5 
5.623 
6.31 

7 
8 
9 

10 
11.22 
12.59 
14.12 
15.85 
17.78 

724.9 
139.7 
70.11 
39.96 
34.35 
31.35 

30 
25.23 
23.22 
21.25 
18.33 
15.07 
13.29 
11.44 
9.489 

7.98 
6.621 
5.261 
4.219 
3.536 
2.873 
2.312 
1.887 
1.481 
1.158 

0.9314 
0.7171 

0.541 

0.3106 
0.2376 
0.1794 
0.1399 
0.1101 

0.08765 
0.07037 
0.05683 
0.04565 
0.03717 
0.03067 
0.02538 
0.02123 
0.01808 
0.01444 
0.01222 
0.01056 
0.0091 

0.00766 
0.00655 
0.00562 

0.4085 

4.6642 
3.6115 
2.628 

1.9929 
1.6124 
1.3214 
10811 

0.89383 
0.74082 
0.61825 
0.51122 
0.42337 
0.35137 
0.28822 
0.23772 
0.20116 
0.16797 
0.14843 
0.14002 
0.14835 
0.18853 
0.21878 
0.21478 
0.18674 
0.15972 
0.13957 
0.12408 
0.11106 
0.10192 

0.094284 
0.086905 
0.079537 
0.073329 
0.066991 
0.060717 
0.055094 
0.049673 
0.044635 
0.040087 
0.035895 
0.032178 

0.02909 
0.025661 
0.022628 
0.02045 

0.018275 
0.01616 

0.01 4278 

0.0048 0.011164 O.O1 26881 
20 0.00408 0.0097745 

0.9924542 1.079447 
1.0067946 1.046559 
0.9854453 1.064834 
0.9835126 1.077475 
0.9882816 1.094318 
0.9828408 1.107028 
0.9988136 1.10377 
0.9923766 1.08832 
0.9951543 1.06663 
0.9839884 1.05169 
0.9883969 1.03469 
0.9844604 1.01561 
0.9813547 1.00305 
0.9923543 1.02241 
0.9889032 1.0611 
0.9923771 1.08770 
0.9924546 1.00929 
0.9967833 1.08724 
0.9920068 1.03678 

0.996349 1.04589 
0.9890692 1.045026 

1.00271 1.03537 
0.9994881 1.06315 
0.9918289 1.05647 
0.9842932 1.05457 
0.9873258 1.05603 
0.9960427 1,05542 
0-997239 1.0550 

0.9985487 1.05556 
0.9980552 1.053611 
0.9983197 1.052813 
0.996688 1.052665 

0.9984534 1.052198 
0.9961222 1.05265 
0.995132 1.051668 

0.9933737 1.051521 
0.995458 1.051728 

0.9940892 1.051121 
0.9923738 1.050875 
0.9995229 1.050432 
1.0100143 1.050912 
1.0124053 1.049835 
1.0143934 1.0479 
1.018428 1.046773 

1.0162139 1.046573 



Table 2-2 Heat of DetonatLon und Paat o f  Combustion 

Heat of 
mi bbd 

Expbos Lve Heat of 
Name Symbol ( ft - lb/lb Combustion ( f t - lb/lb ) 

Baratol 
Borac i to1 

Composition B 
Composition C-4 
Cyclotol 75/25 

Octo1 70/30 

Pentolite 50/50 

BTF 
Comp B 
Comp C-4 

DATB/DATNB 
DIPAM 
DNPA 
EDNP 

HMX 
HNAB 
HNS 
LX-01 
LX-02-1 
Lx- 04 
LX-07 
Ix-08 
LX-09-0 
Lx-10-0 
WI- 11 
Lx- 14 
NG 
N9 

PBX- 9007 
PBX- 9010 
PBX-9011 

FEFO 

PBX- 9205 
PBX- 9404 
PBX-9407 
PBX- 9501 

PETN 
RDX 
TETRYL 
TNETB 
TNT 

1.64 E+06 

2.37 E+06 
2.15 E+06 

5.59 E+06 

2.22 E+06 
2.20 E+06 
1.76 E+06 
1.89 E+06 
1.48 E+06 
1.72 E+06 
2.03 ~+06 
2.27 E+06 
2.06 E+06 
1.99 E+06 
2-41. E+06 
1.99 E+06 
1.99 E+06 

2.24 E+06 
2.17 E+06 
1.92 Ec06 
2.20 E906 
2.22 E+06 
1.49 E+06 
2.20 E+O6 
2.18 E+06 
2.06 E+06 
2.14 E+06 
2,04 E+06 
2,18 E+06 

2.22 E+06 
2.14 Ei06 

2.27 E+06 
2.11 Ei06 
2.34 E+06 
1.97 E+06 

2.08 E+06 
2.77 E+O6 

2.24  E+06 

2.31 E+06 

3.91 E+06 

3.68 E+06 
4 . 0 8  E+06 

2,26 Ed-06 
2.79 E+06 
3.81 E+06 

3.31 E+06 

2.70 E+06 
3 -20  Et06 
4.08 E+06 

5.,05 E+O6 
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Appendix 4 

Primary Barrier Drawings 
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GENERAL NOTES MANWAY NOTFS: 
1.0 MATERIAL 

35. I .  HINGED CLOSURE SHALL BE'TUBE TURNS EO.. CLASS 150-TB 
AS SPECIFIEO 

2. MANWAY PIPE SHALL BE A S T U  A501 
OR ROLLED FROM ASTM 6-36 PLATE. OR ASTM 6 3 .  

SHOP PAINT I N  3 -  
TYPE E OR 5.  GRADE B HIGH BLACK LETTERS 

UIUNTING RING 

SPEClAt  4 4 -  CLOSURE N/ 

I OPENS TOWARDS 
LEFT R I B )  

I161 1 ,I* DIA BOLTS 

----------____-.__.____ 

1: 
' c  . .- 

CLOSURES ARE MADE TO USERS 
SPECIFICATIONS B Y  TUBE TURNS 

4 4 "  OD MANWAY - PLAN 
SCALE: 1 -  = l ' - O -  

WENCH FLATS 7 

.- . 

1.1 ALL STEEL SHALL BE AS INDICATED BELOW UNLESS 
OTHERWISE NOTED: 
0 1  ALL STEEL SHALL BE ASTM A-572 
D l  ALL P I P E  SHALL BE ASTM A53. &ADE B I F y = 3 5 . 0 0 0  PSI,. 

1.2 ALL STEEL USED IN FABRICATIOH IPLATE bELD F I L L E R  &TAL O ~ C .  1 
SHALL BE IN ACCORDANCE WITH THE APPLiCABLE STANDAROS AN; 
TRACEABLE TO THE MILL/MATERIAL TEST REPORT I U T R i  C O P I E S  
THE M T R ' S  ARE TO BE SUBMITTED TO THE PROJECT ENGiNEER 
PRIOR TO THE START OF iABRICATION.  

GRADE 50 fFy=5O.M)(3 P S I ! .  

YP 

2.0 E L O l N C  REWIRELENTS 

SECT ION 
SCALE: 1 *  = i'+- 

2.1 E L D I N G  PROCEDURE W A L I F I C A T I O N  - O D ~ U ~ N T A T I ~  OF THE 
WELDING PROCEDURE S P E C I F I C A T I O N  f WPS) AN0 PROCEDURE 
W A L I F I C A T I O N  RECDRD ( P O R I  ARE REOUIRED I N  ACCORDANCE WITH THE 
AWS STRUCTURAL WELDING C W E  01.1. LATEST EDITION.  

2 .2  WELDER OUALIFICATION - EACH hXLDER/*ELDINC WERATOR SHALL RE 
OUALIFIEO AND SHALL HOLD A CURRENT WELDERS CUALIFICATION STATUS 
I N  ACCOADANCE WITH THE AWS STRUCTURAL WELDING CODE 01.1 .  S E C T I W  
4 .  LATEST EDITION. 

2.3 COPIES OF THE WS AND POR FOR EACH PROCESS AN0 THE WELDERIS,/ 
WELDER W E R A T W I  5 I CUAL I F  ICAT IW RECORDS ARE TO BE SUBMITTED 
TO THE PROJECT ENGINEER FOR REVIEW PRIOR TO START OF FABRICATIDN. 

3.0 E L D I N G  INSPECTION REOUIRELFNTS 

J . 1  VISUAL INSPECTION I V T I  

3.1.1 ALL ROOT AND F I N A L  WELDS SHALL BE VISUALLY INSPECTED I V T )  BY THE INSPECTOR 

3.1.2 ANY ONE OR A C O U B I N A T I O N  OF THE FOtLOWING OISCOVERED 

PRIOR TO THE APPLICATION OF UACNETIC PARTICLE I M T I  EXAMINATION. 

DURING THE VISUAL INSPECTION SHALL REOUIRE REPAIR: 
0 1  DI ALL ALL CRACKS HOLESKRATERS 

c1 UNDERCUTTING GREATER THAN 2 -  I N  ANY 12' LENGTH. AND 
DEPTHS EXCEEDING 36". 

3.2 MAGNETIC PARTtCLE EXAYIHCTIOY 1YT: 

3.2.1 ALL R W T  AND F I N A L  WILDS SHALL BE 100% MAGNETIC PARTICLE INSPECTED 

5.2.2 PERSONNEL PERFORMING MAGNETIC PARTICLE IN5PECTIOII SHALL 

5 .2 .3  ALL MT EXAMINATION SHALL BE C W L E T E D  USING CONTIMUDUS 

3 - 2 . 4  EVALUATION OF THE UT EXAMINATIDN SHALL BE I N  ACCDRDANCE 

I N  ACCORDANCE WITH NOT SECTION PROCEDURE L-FS0.209P.  

BE OUALIFIED I N  ACCORDANCE WITH NOT SECTION PROCEDURE 
L-FJ0.206P. AS APPLICABLE FOR THE TECHNIWE AN0 UETHOO USED. 

CONTRASTING COLOR D R Y  POIDER. AC. Y O * €  LETHW. 

WITH THE REOUIREMNTS OF THE STRUCTURAL *ELDING CODE. ~ f i  
01.1. SECTION 6.10. LATEST EDITION.  

3 . 3  ALL WELO AREAS THAT DO NOT SATISFY AWS 0 1 . 1  SECTION 6 .10  SHALL 
BE GROUNO our. REWELDED ( IF REWIRED) AND RE-INSPECTED. 

4.0 INSPECTION 

4 . 1  T I T L E  I l l  INSPECTION IS REWIRED.  

4.2 F I N A L  ACCEPTANCE SHALL BE BASED ON THE FOLLOXING: 
0 )  VISUAL 
D )  REVIEW AND ACCEPTANCE OF THE UT TEST REPORTS 
c )  V E R l F l C A T l D N  THAT THE COLPLETED ASSEL8LY N E T S  THE 

INSPECTION AND ACCEPTANCE OF ALL WELDS 

REWlRELENTS OF THE DESIGN DRAWING. 

5.0 Olh€NSlDNAL TOLERANCES ARE +"a -0 UNLESS OTHERWISE NOTED. 

6.0 OD NOT SCALE ORAWING FOR CONSTRUCTIDN PURPOSES. 

DIWNSIONAL TOCERANCES FOR WELDS ARE -0 UNLESS OTHERWISE NOTED. 
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Secondary Barrier Drawings 
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Optical Port Drawings 
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Shrapnel Shield Sketch 
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