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SUMMARY

& presram vas conducted to simulate wiill detonable gases the seismic
prenor2na associated wi .o widerground nuciear explosions.
conducted in tWo pinses,

ihe vrograr was
The flrst pphase, an engineerirg design study
{vASa 2_lu!l, prescuted the system Jdesign required to meet the physical
aspecis of cavity created by the SALMON Event in the Tatum Sait Dome,
Hattiesburg, HMississippl, an Atomic Energy Commissior installation.

Tne second phase ~onsisted of & series of three detonable gas events
to be conducted in the SALMON cavity. This series of detonable gas events
were called MIRACLE PLAY TEST SERIES. The three events were pamed res-
pectively: DIODE TUBE, HUMID WATER, DINAR COIN.

This report describes departures in the enginsering design, procedure,

and results of DIODE TUBE and HUMID WATER. The third event, DINAR COIN,
has been cancelled.
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The MIRACLE PLAY Series was conducted at the Tatum Dome Test Site
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SECTIOR 1

The General American Research Division participated in a series of
anderground detonable gas explosions code-named MIRACLE PLAY, a part of
Project VELA-UNIFORM. This planned series consists of three experiments
in simulating seismic phenomena associated with underground n:clear explo-
sions. Two tests (DIODE TUBE, RUMID WATER) were perfcrmed in the under-
ground cavity created by the SALMCN Event in the Tatum Salt Dome near
Hattiesburg, Mississippi. The third test, DINAR COIN, was cancelled.

This cavity is approximately 110 feet in diameter with the center about
2700 feet below the surface. (Sese Appendix C.)

The planned explosive ylelds for the three experiments were: DIOLE
TUBE - 315 tons, HUMID WATER - 315 tons, and DINAR COIN - 890 tons. The
first two explosiona, with similar yields, would serve as a means of
evaluating the repeatibility of data. It was anticipated tnat large amounts
of water vapor would be released by the first explosion (DIODE TUBE) and
might saturate the cavity walls. This saturation might e£:.c2t the cavity's
respongse characteristics. If so, the data from the second experiment

(HUMID WATER) should quantify that change. Yield predictions may be found
in Appendix B.

The third experiment (DINA" COIN) would provide vaiuable(i?gormation
on the effect of decoupling. 1tecoupling is defined by Latter to mean
any method for reducing the seismic signal from underground explosions at
constant yield, particularly through the use of a large cavity.

The first experiment (DICDE TUBE) took place February 2, 1969. The
objective of DIODE TUBE was to match the equilibrium pressure increase
{over initial static pressure) of the STERLING Event which was also con=-
ducted in the SAIMON cavity. The eguivalent energy release for the detonsable
gas explosion would therefore be nominally 315 tons. The observed pesk
amplitude of seismic data from DIODE TUBE was about cne-third that observed

from STERLING. A review of these results is included with this report
as Appendix A.

Later analysis of the DIODE TUBE Event revealed that the gases were
not completely mixed. Those considerations evolved from an extensive
technical analysis, details of which are in Appendix F.

The basic engineerirg design for HUMID WATER(§§S essentially the same
as DIODE TUBE which has been previously reported. The design is des-
criptive of the systems actually used on HUMID WATER. Specific changes are

* References noted at the end of this report.




referenced in the body o this report. Majcr changes will be found in tie
instrumentation system because of the discovery during DIODE TUBE that the
cavity ambient conditions were far more adverse than anticipated. For

HUMID WATER, a fully enclosed, pressure tight, ecic and tempersture resistunt
system was designed for the cavity that housed those ¢lements necessary for
the cavity monitoring, firing and data acquisition functions. These changes
resulted from an extensive series of environmental tests performed by  GARD.

HUMID WATER incorporated those sysitem and procedural charges inilicated
bty the results from the environmental tests, gas mixing analysis, cnd an
engineering analysis of the DIODE TUBE Event.

HUMID WATER was detonated during a sudfen and intense electrical storm
on 19 April 1970. Diagnostiz data were not recorded because the recorders
vhich were programmed to start at & fixed point of time during the scheduled
countdown had not yet been i1nitiated when ignition occurred. The ignition (3)
of the detonable mixture shead of schedule has been attributed to lightning.
All instrument circuits were functionally monitored on a continuing basis
from the time the probe was inserted into the cavity until the detonation
occurred. Ro anomalies were noted. Background noise was being monitorad
at several seismic gage locations at the time of ignition so that some seismic
data were obtained, confirming a full scale detonation.

The objective of this report 1s to present the results of the two tests
with special emnhasis on the techrical and design considerations of conducting
underground detonable gas explosions.

Section 2 of this report contains conclusions and recommendations.

Section 3 describes, in detsil, changes tc the experimental equipment
used for the HUMID WATER Event; 1.e., the piping valving system, casing plug
assembly, casing head assembly, data acquisition system, firing system, time
reference system, valve controller system, and the trecer gas system,

Section 4 describes the procedures used during the HUMID WATER Event.
Handling large quantities of methane and oxygen, more particularly at high
delivery rates, requires exacting procedures and firm control. The techniques
were developed for the MIRA?E? PLAY Series as part of the basic engineering
design previously reported.

Section 5 of this report will describe the results obtained from the
HUMID WATER Event. These may be compared to the results from DIODE TUBE,
described in Appendix A.




SECTIOR 2

SUMMARY , CONCLUSIONS, AND RECOMMENDATJIONS

The purpose of th=2 MIRACLE PLAY Seriss was to determine experimentally
if it was possible to simulate seismic phenomena assaciated@ with nuclear
explosives by detonable gaces. Data generated by these experiments would
be used to gain useful information on the theory of decoupling.

The General American Research Div:.sion (GARD) participated in this
series in cooperation with Advanced Research Projects Agency (ARPA), Atomic
Energy Commission (AEC), Defense Atomic Support Agency (DASA), Vaterways
Experimental Station (WES), U. S. Coest and Geodetic Survey (USC & GS), Air
Force Technical Applications Center (AFTAC) Vela Seismological Center (VSC),
Environmental Research Center (ERC), Isotopes, Inc., and Physics International.

Tasks for GARD were:

1. l!asign, procurement and fabrication of a gas delivery system.
2. Procurement and handling or detonable gases.

3. Necessary site preparaticn and systems installation.

4, Diagnostic data acquisitiocn and cystems evaluation.

5. Post-ghot examination and analysis of diagnostic data.

2.1 Technical Summary

Regarding the first four tasi's, GARD designed and fabricated a Piping
and Valving Sysctem, a Casing Plug Assembly, & Casing Head Assembly, a Data
Acquisition System, a Firing System, and minor associated equipment.
Additionally, GARD developed procedures necessary t0 operate those systems
in a safe, precise manner affording necessary control over large volumes of
detonable gases. Other sections of this report detail those systems (Section 3)
end procedures (Secvion 4) i1n their current state of development.

The acccmplishment of the task is somewhat frustrated by three even-
tualities, First, the unfortunate loss of diagnostic data in boih DIODE TUBE
and HUM1D WATER; second, the cancellation of the final event (DINAR COIN);
and lastly, that although planned at similar yields, DIODE TUBE and HUMID
WATER actually detonated under such dissimilar conditions as to make direct
comparisons difficult in most material respects,

The results of DIODE TUBE, when analyzed, revealed the need for certain
corrections before HUMID WATER. The sources of the problems were two-fold.
First, the assumption before DIODE TUBE was that the cavity, located in a
salt dome, would be dry and free from a corrcsive atmosphere. The highly
corrosive atmosphere actually found crzated problems with the Firing and
Data Acquisition Systems. Re-design of those systems for the HUMID WATER
kvent completely eliminated those problems.
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The second problem source in DIODE TUBE was the phenomena of gas mixing
that requires the heavier gas to be loaded after the lighter gas. This (2)
phencencn vas discovered as part of an independent study after DIODE TUBE.

By reversing the order of loading gases for HUMID WATER (oxygen over methane)
the seismic signals wer: much larger.

2.2 Conclusions

It is eatablished that the current state-of-the-art in conducting under-
ground detonable gas explosions is well developed. All the systems used in
HUMID WATER demonstrated reliability and flexiovility. Although the Firing
System and the Data Acquisition System were never actually used in the HUMID
VATER Event, prior envirommental teésting programs proved their essential
serviceability. Wurther, in the actual experiment, periodic checks of those
circuits revealed no deterioration in function up to one hour before detonation.
It is therefore reasonable to assume that the entire system would have functioned
entirely as planned, had the gases not been detonated ahead of schedule by an
extraneous source of ignition energy believed to be a lightning strike.

2.3 Recommendations

The bect approach to the problem of reducing the risk of a lightning
astrike is selecting a site and sched%&ng the event in ereas and periods of
low risk. A study was made by EG&G, Albuquerque, New Mexico which recomménds
several improvements to the system thet would further reduce the risk.

The overall design concepts and procedures for producing underground
detonable gas explosions are well developed, and are recommended for future
use in similar applications. Any recommendations from the EG&G study that
would result in reducing the vulnerability to natural hazards should be
~onsidered in future experiments.

It appears from the seismic results that the behavior of surface waves
from decoupled nuclear explosions and from underground gas explosions are
not related in a simple manner. To obtain a metching of the results the
following three phase program is recommended.

a) Obtain experimental data on the behavior of gas detonations in a
model spherical cavity. This may be sccomplished using small
scale laboratory apparatus.

b) Using appropriately scaled source date obtained in the above
experiments and known nuclear source data, make a detailed analytic
prediction for seismic results relating the behavior of the surface
waves to known source parameters.

c¢) Confirm the theory generated by the analysis with a full scale
experiment. ,
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SZCTION 3

ENGINEERING DESIGN

This section discusses the design of the various systems used for the
HUMID WATER Event. Differences hetween the systems used on DIODE TUBE and
BUMID WATER are noted. Except as noted, all design details of HYM}D WATER
are identical to those reported in the basic engineering design, ™ and
subsequently used in DIOD); TUBE.

3.1 Piping and Valving System

The piping end walving system was designed to safely permit remote
control of the large volumes of cxygen, methane, and nitrogen gases loaded
into the cavity. The oxygen and nitrogen was delivered to the site as a
liquid in tanker trucks. The methane was supplied from a natural gas pipe-
line located approximately three miles from the test site, and transported
to the site through a six-inch pipeline constructed for c¢his purpose.

The riping and valving system design used for HUMID WATER was the same
es that used for DIODE TUBE. A schematic of the piping and valving system
is shown in Figure E-2. Changes in the basic engineering design occurred in
the oxygen delivery system and the nitrogen delivery system. These changes
are discussed below. The methane delivery system and the fiare and vent
system were the same design for HUMID WATER as they were for DICDE TUBE.
Details of these systems may be found in Reference 2.

3.1.1 Oxygen Delivery System

The purposes of the oxygen delivery system were to deliver oxygen rapidly
and eafely to the cavity, and tc insure alequate mixing of the gases in the
cavity. To insure complete mixing of the gases, it was determined from the
fas mixing analysis that the flow of oxygen should be as high as safety
would permit. The high velocities produce a turbulent plume which entrain
the gases in the cavity. The entrainment increases with increasing inlet
Jet velocity.

An upper limit to the inlet flow 1s dictated by the safety of handling
oxygen. Based on the analysis, and safety in handling, 1t was elected to
load the oxygen after the methane and at an increased delivery rate. The
AEC provided a guidel%ne for maximum fluw velocities for oxygen of 350 feet
per second (1.26 x 10° ft/hr), which corresponded to a flow rate of 734,000
SCFH for the oxygen fill and 440,000 SCFH for the oxygen purge.




The purpose of the oxygen purge was to remove loose material and burn
any combustibles in the oxygen pipeline prior to methane fill. Consistent
with chis purpose, the maximm flow velocity set for gas fill operationas
must be exceeded to test the delivery systems and the lines. A flow
delivery rate of 600,000 SCF/Hr wos established for 3-1/2 minutes at the
end of the purge. This test established that 445,000 SCF/Rr rates can be
physically realized within delivery capabilities, and that at that rate,
suto-ignition is not likely to occur. Four hundred thousand SCFH was set
as the upper limit for gas fill operations.

The delivery system permitting these high flow rates was provided by
Union Carbide Corporation, Linde Division, under contract to GARD. This
system consisted of a large steam boiler, heat exchanger, liquid gas tanker
and a 1liquid gas pumper truck. The heat exchanger was equipped with over-
pressure safety device. This device eliminated the need for the rupture disk
vhich vas incorporated in the oxygen line for DIODE TUBE and removed for
HUMID WATER. A schematic diagram of HUMID WATER oxygen delivery system is
ghown in Figure 1.

3.1.2 Nitrogen Delivery System \

The purposes of the nitrogen delivery system were to provide an inert
gas to purge the gas lines so that methane and oxygen would not come in
direct contact with each other before they were mixed in the cavity and to
provide a safety btackup in the event of a system failure such as a pressure
leak. A slow nitrogen purge would permit repairs in relative safety.
Another purpose of the system was to provide the high gas pressure necessary
to actuate remote equipment below ground, nesr the cavity.

All purging nitrogen used in HUMID WATER wes delivered in transport
trailers and vaporized through the same system used for the oxygen.

The high pressure (1500 psi) nitrogen required to close the shifting
sleeve valve, which discontinued gas comrunication with the cavity, was
obtained by using a high pressure nitrogen pumper truck connected to the
high pressure nitrogen system. (See Figure E-1.) The high pressure pumper
truck contained liquid nitrogen which was vaporized by iis own system before
being injJected into the high pressure nitrogen line.

3.2 (Casing Plug Assembly

The purpose of the casing plug assembly was to limit the effects of the
explosicn to the cavity. It consists of two separate subassemtlies identified
as the first cnd second operation components assembly respectively. Each
componert assembly was lowered and positioned within the wellhead casing in
seperate and distinct operations. Only those components that were changed
Trom those detailed in the basic engineering design are discussed below.
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3.2.1 PFirst ratior. Components

The first operation components consist of the casing packer, a langth of
6-5/8 inch diameter, heavy wall casing threaded to the bottom of the packer
and a bellmouth fixture threeded to the bottom of the 6-5/8 inch casing.

(See Figure 2.) The purpose of the casing packer is to create a firm seal
with the inside of the wellhead casing. The purpose of the 6-5/8 inch
caging is to transfer the gases from the packer to the cavity. The bottom
four feet of the 6-5/8 inch casing contains holes through which the gas will
flow during gas fill. The purpose of the bellmouth fixture is to restrict
lateral movement of the inetrument probe during gas fill.

The first operation components are lowered into the wellhead casing
on 2-3/8" drill pipe. The packer is "set" in the wellhead casing at a pre-
determined depth using a setting tool.

Based upon the analysis, which suggested obtaining maximum gas flow
rates within the cavity to insure good mixing, a change was made from the
original design. This change consisted of making the total area through
vhich the gases must flow directly into the cavity equal to the minimum area
at any point in the system. This design would assure the maximum allowable
velocity (350 ft/sec) was occurring as the gases entered the cavity. The
original design, calling for slots, was amended to provide a series of
18 holes whose total area was 18.25 square inches. With due regard for
friction effects, this area corresponded with the minimum restriction area
located at the packer. This new configuration is shown in Figure 2.

3.2.2 Second ration Components

The second operation components provide the electronic communication
with the cavity for monitoring, firing, and recovoring diagnostic data.

The second operation components (often referred to as the instrumentation
string) received a great deal of development effort subsequent to DIODE TUBE.
The following items will be discussed in detail:

1) Detonator Probe (Package) and Detonator Support
2) Instrument Probe

3) Instrument Probe Support

4) Crossover Assembly

5) Wellhead Connections

6) Main Instrument Cable.
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Two main problems with the second operation components were cbserved
during DIODE TUBE. They were: (1) insufficient envirommentel protection
to the instrument and firing circuits, and (2) prolonged in-field assembly
of components. These priblem areas defined overall design considerations
for HUMID WATER. The first design consideration was to provide sufficient

-envirommental protection. The second design consideration was to modularly

construct the second operation components in the lah.

The overall approach to provide as much enviromuental protection as
possible to the active circuits within the instrumentation string can be
descrived as a completely pressure-tight encrsement of the entire downhole
assembly contained within the wellhead, wellhead casing, and cavity.

The ambient cavity conditions were discovered arter DIODE TUBE to be
far more corrosive than anticipated. (See Appendix C.) The resultant re-
design effort centered upon achieving the highest possible reliability of
systems in this enviromment. Acid resistant materisls and finishes were
specified on all downhole systems. As a second leyer of protection, in the
event of a gas or acid entry anywhere in the system, & matrix of mechanical
seals and potting compounds were used that isolate the effects to a purely
local area. The third layer of protection was provided by designing and
encapsulating individual critical electrical systems so as to offer the best
available expectation of withstanding the pressure, temperature and acid
enviromments independently. The detailed discussion of the circuitry will
be found in the system descriptions of this section.

The extreme smount of protection afforded to the instrumentation string
is a critical requirement. After gas fill, when the cavity is stemmed, no
other means of communication with the cavity remains for control and firing.
Mechanical and electrical integrity of the instrumentation string must be
maintained, dictating huge safety factors, extreme care in the emplacement
and continued monitoring until successful detonation is achieved.

All individual components and subassemblies were submitted to extensive
environmental tests within the laboratory. These tests simulated the
envivorments anticipated for DINAR COIN which are more severe than those
anticipated for HUMID WATER. Final engineering approval was based upon the
resultsof these tests. The systems described herein were used during the
HUMID WATER Event and performed satisfactorily in all respects.

3.2.2.1 Detonator Probe and Detonator Probe Support

The detonator probe, shown in Figure 3, contains the circuits
necessary to arm and fire the detonators upon command. Additionally, a static
pressure transducer was also included on the detonator probe to provide
ambient pressure data up to the moment of detonation. A back-up, hot-wire
ignitor system a2lso on the probte provides a totally independent means for

10
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detonating the cavity in the event of failure ir the dual-channel primery
system. This back-up ignitor was incorprrated in the system as a result
of events occurring on DIODE TUBE,

The detonator probe presaure case is made of cadmium plated, chromate
finished steel. The slightly tapered nose permits the probe to pass over
any suriace irregularities during tize insertion to the final location at
the geometric center of the cavity, 270Q feet below the surface. Addi-
tionally, the nose piece provides protectior to the exposed detonetor
asgsemblies. The four section assembl2d prcbe is approximately 3 feet long,
4 inches in diameter, with 3/16 inch thick walls.

The detonator probe support consists of a 31 foot piece of 3/k inch
high pressure, stainless steel, flexible hose. This hoge provides resistance
to mechsnical sbrasion to the cable within, and forms an integral part of
the overall pressure case.

"O" rings were used to complete the pressure seal of the detoratcr probe.
The "O" rings were packed ir silicone grease to prevent potting material from
entering the "O" ring grooves and disrupting the sealing mechanism. The
contents were encapsulated with a clear silicone resin (Sylgard 184).

A mechanicel seal was provided at the connection of the detonator probe
and detonator probe support, backed up by a potting compound (Hysol XCU-M150)
vhich has an adhesion similar to the yield strength of the cable. Although
the cable itself was not the load carrying member, the strain relief provided
by the potting compound, and the yield strength of the cable were adequate
to support the detcnator probe independently had the detonator probe support
failed.

3.2.2.2 Instrument Probe

This element, shown in Figure 4, contains dynamic pressure
transducers, amplifiers, a second back~up ignitor, two thermocouples, and
a location (pass~through) switch assembly. Lorated just below the bellmouth
assembly, on = line slightly below the extension of the cavity walls, its
main function is to provide diagncstic data of the detonation. (See
Figure 5.}

The Gesign of the instrument probe pressure case clasely resembles the
detonator probe, i.e., assembled in sections, each joined with "O" rings.
The modular construction facilitates assembly of interior ccmponents. The
instrument probe it approximately 90 inches long by 4 inches in diameter.

A slight taper at each end assures free movement over obstructions in
either direction.

12
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The location switch (pass-through) provides a positive, above ground,
lamp indication as the probe passes the restriction st the bellmouth.
Positive location of the bellmouth can be accurately deternined within
approximately 0.5 feet. The lamp indicatior confirms that the instrument
probe is not fouled somewhere within the 6-5/8" casing above tle bellmouth
assembly and detonator probe has also necessarily dropped free to the
cavity center.

Environmental isolation of the electronics within the instrument probe
is provided at both ends by mechanical seals and "O" rings at the sectior
Joints. The top seal is backed up with a strain relieving, high strength,
potting compound (Hysol, XCU-M150). The remaining interior volume is
completely filled with a clear silizone resin (Sylgard 184) as a back-up
barrier to the corrosive environment.

Environmental tests established that all the transducers and amplifiers
selected for HUMID WATER would function without external protection if exposed
to TOO psig and 180°F in combination while immersed in a salt water/acid
Path. This unlikely adverse enviromment could only occur during an actusal
experiment if both the instrument proove pressure case should fail, and
further that the clear silicone resin should somehow permit moisture entry.
Other laboratory tests developed a combinetion of mechanical seals, backed
up with a potting compound (Hysol XCU-M150), which would withstand 450 psig
and 225°F in a water bath. The combination also demonstrated that a load
greater than the yield value of the cable itself (about 350 pounds) could be
spplied to the seal assembly without damage to its integrity. This combina-
tion was used in the rigid 2" pipe section immediately above the instrument
probe.

3.2.2,3 Instrument Probe Support

Choosing a location, within the wellhead casing, for the packer
is basically an engineering judgement. In the HUMLD WATER case, the choice
was made primarily upon three types of evidence of the structural strength
of the 9-5/8" wellhead casing. These were: (1) a pass-through the casing
with a TV camera, (2) a casing density log made coincident with a temperature

log of the cusing, and (3) the results of the casing clean.ng operation prior
to DIODE TUBE.

Immediately prior to the emplacement of the first operation compcnents
within the downhole casing, the casing is cleaned by a combination of scraping
and brushing. During this operation on the DIODE TUBE event, severe corrosion
and mechanical demage was indicated in the section of 9~5/8" casing nearest
the cavity. This determination was made by inspection of the cleaning tool
assembly upon retrieval. from that level. The conditicn of the casing may be
Judged from the amount and type of loose material trapped in the wire brush




portions of the tool. From the available evidence, the casing was Judged
to be capable of sealing and supporting the downhole equipment weight if
+he packer were placed not lower than a depth of 2515 feet. This working
point was chosen for HUMID WATER., It was selected to place the top
transducer of the instrument probe at a depth of 2655 feet to reduce the
effects of reflections of the blast wave from the chimney area interfering
with the main blast wave pressure-time record. The chimney (fractured area
at the top of the cavity) extends from depths of about 2630 to 2645 feet.
(See Figure S.)

When the desired locations of both the packer and instruwent probe were
decided, the required length c¢r the instrumr.it probe supporti <.nnecting the
two was determined at about 140 feet (2655‘ - 2515' = ik0').

It was suspected that splices and connections contributed to malfunctions
in the electronics on DIODE TUBE. For HUMID WATER, it was determined that
the main instrument cable would be continuous and unbroken from the wellhead
to the instrument probe. Methods for shipment of the second operation
components assembly were considered to the test site, and it was determinec
to limit thne rigid sections of the instrument probe support to approximately
15 feet. This would accommodate the use of a 40 foot flat bed trailer. The
remaining sections of the instrument probe support were flexible.

The first section of the instrument probe support from the seal assembly
down to the first flexible section, consisted of two lengths of high strength,
rigid tubing. Each length was terminated with a mechanical seal, and filled
with a urethane potting compound (Hysol XCU-M150). The first mechanical seal
was fitted with a blow-out plug just beneath the seal ring. This blow=-out
plug was designed such that if grout from above the packer somehow entered
the annular area between the cable and the tubing, displacing the potting
compound, it would be routed outside the pressure case, isolating the
balance of the instrumentation string.

The remainder of the instrument probe support consisted of several
1engths of high pressure flexible hose of dual wall construction (Anaconda
BW21-1H-C). As a load carrying member, a 5/16 inch diameter aireraft cable
was suspended within the hose, attached by welding at each joint of the
flexible hose. The airecraft ceble limited stretch in the hose to accurately
maintain the emplaced length and eliminate possible strain on the instrument
cable within,

The top of the instrument probe support was connected to the crossover
assembly.

3.2.2.4 Crossover Assembly

The crossover assembly, ir combination with the seal assembly,
provides the means of attaching the second operation comporents to the

16
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first operation components. This assembly rests upon & shoulder within * e
packer s2d is designed to latch and provide a gas tight seal with the p cker.
The name "crossover" refers to the change in the main instrument cablr
position, which above the crossover is displaczed to one side to pass the
sliding sleeve gas valve located along the centerline. Within the crossover
assembly, the cable is routed to the centerline end continues along the
centerline everywhere below that point. (See Appendix A, Figure 3.)

The crossover assembly also allows the gases to flow from an annular ares
above to the 6-5/8" casing below. The crossover assembly also contained
remotely ccntrolled gas and cementing valves. The basic design(gs the
crogssover assembly was the same for HUMID WATER and DIODE TUBE.

For the HUMID WATER Event, the crossover assembly was modified to accept
a static pressure transducer and a thermocouple. These instruments vere
designed to survive the initial blast wave end monitor the pressure and
temperature decay in the cavity after detonation so that a gafe period for
cavity ree-entry could be predicted. These added instruments were connected to
the wellhead fiange by an independeat L-pair cabie to maintain the integrity
of the main instrument catle.

3.2.2.5 Main Instrument Cable

The main instrument cable was specially fabricated by Coleman
Cable and Wire Company for HUMID WATER. This new cable design was adequsate,
by test, to be used for DINAR COIN.

The cable consisted of 35 pair, Number 20 AWG tinned copper conductors
and 2 pair, Number 20 AWG Chromel-Alumel thermocouple leads. Each pair was
twigted and shielded. All pairs were Joined by two layers of high temperature
PVC jacketiag separated by a .005" bare copper tape. The entire cable was
void filled with a viscous material,

This improved, rugged cable design gave increased protection against
four hazards; ambient temperature, pressure, abrasion, and moisture entry.

Approximately 2700 feet of main instrument cable was used for HUMID
WATER., This cable %terminated at the instrument and detonator orobes con
one end and at the wellhead flange (above ground) on the other,

3.2.2.6 Welliead Connections

It was necessary to separate the main instrument cable into four
separate pair groups to pass through the wellhead flange because T4 cun-
ductor connectors capable »f withstanding e dynamic 3000 psi load (pressure
rating of the casing r=2a3) aud ccmpletely protected from moisture entry
were not commercially available. To provide the same degree of protection
as afforded by the original double jacket on the cable, two lsyers of
powdered silica filled polyurethane (DuPont L 100) was used as a flexible
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encapsulant. The assembly wss subjected to boiling salt vater and pressure
tests with no failure noted. These four cable branches, together with the
independent L-pair cable from the crossover assembly, were routed through
the wellhead connector flange using high precsure passthrough conneztors.
The entire flange/connector assembly was then encapsulated with a high
strength epoxy.

3.3 Data Acquisition System

The data acquisition system was designed to acquire eight dynamic pressure
measuremernts, twe static pressure measurements, and three temperature
measurements from within the cavity and wellhead. During the gas fill
operation, the static pressure in the cavity and at the wellhead was measured.
Temperature measurements within the cavity and at the packer were also
monitored.

During the detonation, peak reflected and incident blast pressure messure-
ments were to be made. From these dynamic data, wave velocities were tc be
computed as well as the pressure-time history at the cavity wall. After
the blast, the packer (crossover) pressure transducer and thermocouple were
to moaitor equilibrium pressure and temperature. A schematic diagram of the
data acquisition system is shown as Figure 6.

3.3.1 Temxperature Probes

Chramel=-Alumel thermocoupliss ware used in making the temperature
measurerents. The thermocouples were sheathed in stainless steel housings
and insulated with magnesium oxide fill. Two of the threge thermocouples
vere fed to high input impedance, zero reference, thermocouple amplifiers.
{See Note L, Figure 6.) One thermocouple was iocated in the packer for pre-
and post-shot monitoring, and two were emplacrd in the instrument probe for
temperature measurements during gas filling. All the amplifiers were gain
set to produce outputs from 0 to 100°C on panel meters. One of the amplifiers
was provided with the capability of prsducing full range meter output at
200°c, 300°c, h00°C, 500°C, ana 1000°7. es well &s at 110%:, The circuits
linearized the output to enable lirect -ecdingc.

The temperature measurement recording system was arranged so thet
during the blast, temperatures would be recorded by *he magnetic tape
recorders and arfter the blast on pressure sensitive paper recorders. This
post~shot recording would continue until cavity re-encry.

3.3.2 Detonetion Pressure Measurements

The pre-shot, temperatiure related, failure of the Bytrex pressure
transducers during the gas fill of the DIODE TUBE Event led to a search
for a more reliable detonation pressure measurement system. The search

18
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started by considering the bonded strain gage type of pressure transducer
manufactured by the Rorwood Gage Group of the American Standard Company,
in Honrovia, California. The gage was noted as bteing designed to perform
under the stringent operating conditions expected. However, the output
signal from these devices is only three millivolts per volt of excitation.
Without scme form of amplification, this output would have been too low
for use in HUMID WATER. Further investigation revealed that an amplifier,
used with the Norwood transduacers by the Sandia Corporation on sled tests,
might raise the output of the gages to a useful level above noise and
perform adequately. Laboratory tests at GARD indicated that these ampli-
fiers, made by Grant Electronics in Los Angeles, California, would survive
the environmeat and provide useful signals over the mile length of cable
at a high signal/noise ratio. The Norwood gages and Crant amplifiers were
used to measure detonation pressures for the HUMID WAIER Event.

The six detonation (dynamic) pressure trausducers were all located in
the instrument probe. (See Figures 4 and 6 for details.) The two peak
refiected pressure gages were located in the instrument probe nose piece,
facing the center of the cavity. Of the five gages located along the side
of the instrument probe, the bottom four were incident pressure gages. The
top gage, along the side, measures equilibrium pressure. An 1/8" thick
layer of ablative silicone resin covered the sensitive equilibrium pressure
gage disphragm to permit the gage to survive the initial detonation
temperature.

A typical detonation pressure measurement channel is shown in Figure T.
The pressure transducer, the high gain amplifier, a 50% shunt calibration
resistor, and a line matching network were encased in the instrurentation
probe housing. Six electrical conductors are required for each transducer
system. Two conductors allow module excitation, two carry the output
signals, and two provide for the 50% shunt calibration.

All six conductors terminate in ar assignod signal conditioner channel.
The signal couditioners contained differential input ampiifiers, flcating
pover supplies in each channel and a remote calibration capability. The
excitation conductors deliver direct current power to the Grant amplifier
from the signal conditioner power supply. The Grant amplifier incorporates
a voltage regulator from which the bridgc circuits of the Norwood gag. - are
excited. The gage outputs provide signals to the dirferential inputs of
the Grant amplifier. The amplifier output is fedl to a line matching network
which feeds the long transmission line ‘about 1 mile) leading to the signal
conditioner channei. The other two conductors from the Norwood/Grant com=-
bination are fed via a 50% calibration resistor tnrough the line to the
signal conditioner channel. The signal conditioner, on demand, provides
a short circuit across one leg of the sensing bridge of the Norwood transducer.
Electronically, this causes a gage output exactly equivalent to 50% of full
scale, permitting calibration checks, remotely and on demand, at any time
prior to the detonation.

20




TSUUBY) JUSWEMSBSH SINSSIAIg I88TY TeoT1dAy, - ) s.mnfrg

21

NOlivLiIOXT
2208 vy w ting
e T
MmN
’
2 )
MM TIMNENS i {
u3eN0d 30 V6104
2w JiuIweve ; -
\
3
!
i
i
D)
i h 4IMO4  Lnam
.
e
! i
) |
' |
|
.
| ] Wi Wl w08
T e ANAAN
\ I NOIAVNEIIYY  imANS
v -
,{\




The signal conditioner amplifier is gain adjueted vo precvide a 1-1/2
volt full scale signal for records on an FM channel on both magnetic
tape recorder.

3.3.3 Static Pressure Measurements

Static pressure measurements were made during gas fill. A Servouics
capsule trensducer with potentiometer output was used in two locations.
One unit was encased in the detonator probe, and another unit was mounted
at the wellhead. Each unit was used in a null bridge circuit. The circuits
are shown in Figure 8. A calibrated position-numbered-multiturn-dial is
mechanically coupled tc a matching potentiometer. 'The potentiometer arm is
moved to correspond to the relative position of the transducer potentiometer
arm so that a null current results in the mater circuit wired between both
potentiometer arms. Each system was individually calibrated so that the
number appearing on the multiturn dial corresponded to a pressure.

3.4 Firing Circuit System

The firing circuit system consists of two units: the above-ground control
unit, and firing circuit unit in the cavity. (See Figure 9.) Each unit
is redundent, affording the reliability of an independent, dual channel,
system.

3.4.1 Firing Circuit Unit

Two Firing Circuit Units, iocated in the center of the cavity, are
enclosed by the detonator probe. Each unit is independently controlled by
a separate firing channel. Each unit consists of a filter network, a neon
buib, a silicon controlled rectifier (SCR) firing unit. two parallel firing
capacitors, a Safe/Arm relay, and detonator. A typical channel is des-
cribed in the right hand healf of Figure 9.

Extensive filtering networks, designed into the circuit, guard against
premature firing due to spurious high frequency signals. Protection against
false firing by transient low freguency signals is provided by the neon bulb
which effectively blocks the passage of all voltage signals below its
illuminaticn level.

The charge capacitors store the detonator ignition energy at a level
of about 200 volts. Upon receiving the trigger pulse, the gate circuit of
the SCR opens, permittirz the SCR to conduct. Conduction of the SCR permits
the capacitors to discharge through the SCR, thereby firing the detonatcr.

The tyve of detonator used to explode the detonable gas mixture is a
Holex Type No. 4800 which contains 195 milligrams of equivalent PETN.
Ensign-Bickford Primacord (L00 gr/ft) was used as a booster for the
detonator. Total explosive charge is in the order of 140 grains of PETN.
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Twvo detonators and boosters are located in the detonater probe nose plece
as sssemblies in a stainless steel housing. Fach detonator esseroly is
linked independently to its correspondirg firing ~ircuit.

The complete firing circuit unit, less the pressure case and encap-
sulation, was tested in a methane/oxygea mixture at 15 and LO atmospheres
of pressure. In this test, the units functioned properly, detonating the
gas mixture. Other envirommental tests included boiling salt water and
static pressure of T00 psig. In the latter tests, the expicsives were
substituted by dummy loads. The unit successfully passed ali envirommental
tests, protected only by the encapsulart (Sylgard 184). The cuter pressure
case provided an additional margin of relisbility.

3 A o s VI P s aies

% 3.4.2 Ground Control Unit

The Ground Control Unit, located above ground 2000 feet from ground
zero (wellhead casing) consists of two identical channels, each having a
200 volt direct current power scurce, & charge-monitoring voltmeter, a
Safe/Arm indicator, a 2k volt direct current power source, and a trigger
circuit. A typical unit is shown in the left half of Figure 9. The
operational description can be followed on Figure 9. Unit operation
consists of the following sequence of control steps:

1) Initiel conditions: All power off. Charge line E is discharged.
Watervays Experimental Station (WES) timing programmed contactr
are open. Trigger line F is shorted to ground through 125
milliampere fuse.

2) Turan Arm pover on (24 volts direct current). Turn Charge power
on (200 volts direct current). Close key lock switch.

3) At -U42 seconds, WES provides a programmer start signal.

3 4) At -30 seconds, the programmer contacts on charge line E are
E closed. The firing capacitors charge toward 100 pevcent. The
- charge monitoring voltmeter indicates the state of charge.

5) At -3 seconds, WES prog.ammed contact on Arm line B is closed.
Energy to the Safe/Arm relay causes a contact closure that
lights the Safe/Arm indicator. Simultaneously, another contact
opens to remove the safety short circuit from the detonator.

6) At 0 seconds, the WES firing pulse opens the gate circuit of the
SCR, applying 200 volts across the 125 milliampere fuse. The fuse
opens, permitting the trizger pulse to be applied to the firing

E circuit via line F. The trigger level (200 volts) breaks down

- the neon bulb, raises the SCR gate so that the SCR conducts, thus

permitting the firing capacitors to discharge through the

detonator to cause detonation.

25




rv!m

3.5 Time Reference System

A time reference system was provided at the Teatum Dome Test Site by
the U. S. Army Corps of Engineers Waterways Experimental Station (WES).
The system is the Inter-Range Instrumentation Group Format B (IRIG B).
This series of coded signal: designates range time in milliseconds to an
accuracy of microseconds. The time was correlated witii transmission from
the NHational Bureau of Standards Station WWV located in Colorado.

An additional timing reference signal was supplied by GARD. This
10 kilozertz signal is produced by an accurate time-marker-generator unit.
Both IRIG B and the 10 kilokertz signal were fed to channels on the
recorders so that they would provide all reference timing required to
analyze the event data.

3.6 Valve Control System

The valve control system provided for remote, single location, control
over the piping and valving system. Power failures occurred during eritical
oxygen fill time during the DIODE TUBE Event. These random power failures
caused the GARD valve ccntrol system to lock up the valves even though oxygen
vaporization was continuing. Oxygen pressure continued to build up in the
delivery lines. To overcome this undesired operation, a new valve control
system was designed, fabricated, and installed for HUMID WATER. In case
of power failure, all valves continue to stay in their last ordered con-
dition. The manual overrides are still available to change valve condition,
if desired, in the event of power failure.

During the design of the new valve control system, additional features
wvere incorporated such as elimination of any possible overshoot on valve
operation commard. An improved local/remcte control lock-up arrangement
was developed and the display improved to clearly indicate valve status inu

bright lighting conditions. This new valve control system is shown in
Figure 10.

The system is segregated into three locatinns: the motor operators
which are mounted above the valves; a "local" control box near ground
zero; and the remote control box located in the GARD instrumentation shack.

The valve operators are reversible alternating current motors equipped
with end-of~travel limit switches. One side of each limit switch connects
to a steering diode at completion of an open or closed function. Connection

of the switeh to its appropriate diode provides the report-back informstion
indicating valve position.

The "local" control box contains the main circuit breaker and a key lock
switch that controls the selection of the valve control point, (i.e.,

local or remote). One latching relay per valve is included as well as
display lamps and the control switches.
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The remote control box contains a power "on" switch, four valve control
switch arrangements consisting of one "open" and one "close" switch per
valve and a lamp displsy that indicates valve condition.

During gas fill, the locai control box key swit~sh selector is set to
remote control. The valve open/close control is then accomplished in the
instrumentation shack. When control resides at one location the other
locaticn cannot override.

3.7 Tracer Gas System

The tracer gas used for the HUMID WATER Event was SF. provided by
Isotopes, Incorporated. This gas was to be used in DINARPCOIN as s means
of estimating damage to the cavity walls and was being utilized in DIODE
TUBE on a trial basis.

GARD provided an access in both the oxygen and methane gas fill piping
system. OCne access point was located neai the manual control valve in
the methane pipeline, and the other near the manual control valve at the
entrance of the oxygen pipeline.

The addition of SF,. to methane-oxygen mixtures pro?gses the same
degrading effects on detonation as the addition of 002. The limits of
flammability of methanfssn air are unaltered by up to"20,000 PPM concentra-
tion of CU, by volume. Therefore, the addition of 10 pounds (or 18 PPM)
of SF6 to %he HUMID WATER detonable mixture had no measurable effect.
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SECTIOR L4

SROCEDURE

The procedures used in the H.WMID WATEK Event were improved upon from
those used in DICDE TUBE. The besic program crganization was modified so
that arca {mechanical, elezirical, a2te.) responsibility could be assigned.
Log bouks were meinteined by each area, and procedures written for major
opera:ions. All assembly snd iezt of aguipment possible was accomplished
in tlre lsboratory, befcre goirg into the field.

Important changes were made in the gas fill procedure, in that the order
in wvhich the geses were loaded was reversed, end the oxygen delivery rates
greatly increased. These changes, combtined with changes in the eguipment
systems desccsibed in Section 3 of this report, account for the other differ-
ences in the procedure of the twn experiments.

A schedule of the maj~r activities for HUMID WATER is shown as Table 1.
The descriptive parsgraphs that follow explain the work content of the
activities shown on the schedule.

4,1 Pipeline and Valve Renovation

Between the DIODE TUBE and HUMID WATER Events, the pipeline system
suffered extensive damage due to a hurricere. This required major repsirs
to return it to its original coandition. In additicn to hurricane damage,
the climatic conditiots in the test site area vorroded the ball valve seats
such that repairs were necessary. The valves were renovated by the manu-
facturer concurrently with pipeline repair.

Required repsirs to the pigeline included replacement of severely
damaged sections, rebuilding weakened or broken support structures, align=-
ment of bent sections, removal of felled trees that bridged the pipeline,
and improvement of access roads.

4,2 Laooratory Preparation

The increased sophistication of the equipment described.in(Egis report
for HUMID WATER, as compared to the designs used in DIODE TUBE, and

the desire to reduce the in-field effort, made it necessary to complete the
assembly of all the systems within the laboratory, insofar as that was
practical. Further, this philosophy was adopted to preclude or limit in-
field problems and to provide a btetter enviromment for assembling and
potting. This had an additional value, as laboratory tests could be par-
formed on entire systems, verifying their proper function. In-field rre-
paration, other than for "installed" equipment such as the pipelines, etc.,
therefore was limited to making cable inter-connections, check-outs, and what
might be describec a "bolt-~together" operation.
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The entire second operation component assembly, described in Sectiorn 3,
was assembled und checked in the laboratory. The MIRACLE PLAY Console,
containing the firing system ground control units and the static pressure
and temperature monitoring controls, was constructed as a complete unit.
Also fabricated as complete assemblies, were the valve controllers and
signal conditioners.

The first and second operation component assemblies were packeged and
loaded upon a 40 foot flat bed trailer for delivery to the test site. The
other asssmblies were transported from the laboratory to the test site in
a 14 foot commercial moving van with the balance of the experimental equip-
ment needed that was not left in place arfter DIODE TUBE or shipped directly
from the manufacturer.

4.3 In-Field Preparation of Equipment

The pipelines were inspected, and repaired as necessary. Ail pipelines
were cleaned and pressure checked. All valves were re-installed and checked

for proper operation, both manually and remotely driven where such options
existed.

The casing head(gisembly, consisting of a blowout preventor and
associated hardware, was cleaned, checked for proper operation, and
pressure checked. See Appendix D for details of this procedure.

The 2-3/8" tubing string which was used to lower all equipment i+ the
welihead casing, was cleaned by sandvlasting and »nrotected from corrosion
by a single coating of automotive primer. This operation removed all of
the 0il preservatives that would be a potential fire hazard in an oxygen

atmosphere, and most of the loose particles that might creete statie
charge buildup.

Equipment systems, assembled in the laboratory, were installed, inter-
connected, and checked for proper operation. The oxygen purge of the oxygen
pipeline and wellhead casing described in Section 3 was completed usirg
approximately 140,000 SCF of gas. Following the purge, the cavity was
vented to equilibrium with the atmosphere through the venting systems.

4.4 PEmplacement Procedure

Most of the techniques used are standard within the oil field practice.
Advice, and supervision of the drill rig crew, was furnished by the con-
sultant firm of Fennix and Sisson, Inc., Las Vegas, Nevada. Detailed
descriptions of step-by-step procedures are included with this report in
Appendix D. They may be briefly summarized by:

a, Mobilize and degrease rig.
b) Pressure test casing head assembly.
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¢) Temperature log casing and cavity.

d) Clean wellhead casing.

e) Emplace casing plug assembly.

f) Demobilize rig.

g) <Jlose sliding sleeve valve after gas fill.
h) Stem casing.

4.5 Mandatory Full Pover, Full Frequency Test

This test was performed immediately prior to lowering the second
operation components. The test consists of all participating agencies
utilizing shot«dsay procedures to evalua*e timing and firing control systems,
and discover potential problems in communications or data recovery. For
this test, the detonstor assemblies, normally in the nose cone of the
detonator probe, were not in place to prevent damage to the probe. A
special set of detonators, sand bag covered, were counnected to the detonator
probe with a short patch cord. After successful completion of the test,
detonator assemblies were installed in their normal location, the probe
encapsulation completed, and the encapsulation permitted to cure over-night
before lowering the following day.

4.6 Gas Fill Procedures

The =2~ fill procedure may be summarized by the following sequence:

1) Kitrogen purge
2) Load methane
3) Nitrogen purge
4) Load oxygen
5) Nitrogen purge.

The initial nitrogen purge (2000 SCF) provides an inert atmosphere for
starting methane flow, thereby vreventing a possible detoneble mixture
developing sbove ground. Methane flow was continuous in the second step
above, stabilized about 150,000 SCF/Hr. Hourly readings were taken, after
stabilization, of flow rate and total delivery until approximately 100,000
SCF from the desiced total. At that point, methane flow was stopped, all
gas volume calculations reviewed and verilied, then the precise balance
added. Precisely 2,965,000 SCF of mettane was delivered in 21 hours total
elapsed time.

An intermediate nitrogen purge (25,000 SCF) removes all methane from
the portions of the pipeline system and wellhead casing that will be in
contact with the oxygen to follow. This prevents sabove ground detonable
gas mixtures.
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Oxygen flow was discontinuous as the arrival of liquid oxygen tankers
could not be s¢”eduled rapidly enough to supply a conmtinuous demand of
400,000 SCF/Hr. With the approval of the Test Director, after the cavity
pressure had increased sufficiently, flow rates were permitted to increase
approximately 10%. This, due to the increased pressure head, would not
result in exceeding any prior approved maximum oxygen velocity in the
systen. The oxygen fill wes completed approximately 13 hours ahead of
schedule, or in 29 of the 42 schedule hours for a total delivery of
4,561,000 SCF.

After the final nitrogen purge (50,00C SCF) minor leaks in the wellhead
flanges were nearly stopped by tightening the flange bolts. The net
pressure loss rate was then established to be at most 3 psi/hr. After
closing the sliding sleeve valve and stemming, the pressure was increased
to 230 psig (with nitrogen) in the area above the grout thereby creating a
pressure differential to insure that no cavity gas would flew upward during
the 24 hours required to cure the grout. The entire gas filling procedure
required 56 hours, including equirment change-over times.

4.7 Conduct Test

The control of the HUMID WATER initiation was to have been transferred
to & timer/stepping switch within the MIRACLE PLAY Ccnsole. This console
would have been started by a Waterways Experimental Station time marker
signal. The planned operation of all systems is described in Section 3.
Detonator zero was scheduled for 0500 hours (CST) 21 April 1970. Detonation
occurred, probably due to a lightning strike, about 1245 hours (CST),

19 April 1970. Therefore, these procedures were not followed. A discussion
of the actuesl events will be found in Section 5 - Results.

4.8 Re-Entry

After the cavity geses have cooled sufficiently to reduce the pressure
tc a safe level, gas communication to the surface is estatlished by milling
out the 2-3/8" tubing string. These gases are venied through a treatment
plant and periodic samples taken and analyzed. The balance of the procedures
listed below are to clear the wellhead casing to permit re-use of the cavity.

1. Pick up 1-7/8" mill with check valve on 1" tubing and run into
2-3/8" 0.D. tubing.

2. Mill cut cement, cementing sleeve, floating piston, and baffle
collars using conventional water circula“*ion. Switch returns
from water tank to filtration plant whenr communication is
established with the cavity.

3. Bleed down cavity through filtration plant.
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Pull 1" tubing and remove 2-3/8" 0.D. welihead equipment.

Cut 2-3/8" tubing at cement top. Bretk cables, pull tubing and
cables.

Run 7" washpive on 4-1/2" drill pipe and wash out cement. Cut
and retrieve tubing and cable in maximum length sections
permitted by hole conditions.

Attempt to disengage seal assembly. If unsuccessful, mill out.

Mill cut and attempt tc retrieve packer and 6-5/8" casing.
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SECTION 5

RESULTS

5.1 Evert Description

All of the procedures outlined in Section U4 were followed through the
stemming of the downhole casing. The stemming procedure was completed sbout
0230 hours, CST, 19 April 1970. The stemming would rzouire approximately
24 hours to cure. During this curing eycle, a minii'm work force would
maintain a continuous monitoring and control function. Basically this
force consisted of representatives of the AEC, DASA and GARD. Additionally,
there were safety and security teams. The safety team had members proficient
in Industrial Safety, Radiation Sefety, and Firefighting.

The last complete check of all GARD control and data acquisition cir-
cuits revealed no anomalies. This check was reported as of 1130 hours,
CST, 19 April 1970.

A sudden, bdut intense, local storm commenced sbout noon, accompanied
by frequent lightning strikes, one of which struck somewhere i=n the
general vicinity of ground zero and created & considerable &.. blast
within the monitoring and control building located about 200C feet from
ground zero. Tne time was observed to be 1245 hours, CST, 19 April 1970.
The GARD representative immediately went to a position from which he could
observe the GZ area. There were no anomelies noted, e.g., flying debris,
fires, etc. The DASA representative started inmediately to check to static
pressure and temperature resdings. Significant changes from the last
recorded readings were noted. A warning to evacuate the GZ area was given
to prevent injury to personnel pending a more complete analysis.

A GARD representative checked the Arm/Safe relsy circuit and found a
shorted indication. The absence of an open circuit made it mandatory that
power be removed from all circuits having potential communication with the
cavity until the exact status could be determined.

Later circuit analysis showed all circuits were somehow shorted to one
another. Small gas bubbles began to appear around the wellhead casing in
the wet soil. These were sampled and contained some carbon monoxide, but
mostly nitrogen. The <amples were indicative but inconclusive evidence
of a detonation.

It was determined that safety would permit the monitoring of thermo-
couples. These readings, presented later in this section, gave strong
indications of a detonation, but were not accepted as proof of a detonation
as they were consistent with a hypothetical fusing of the main cable at some
point above the cavity due to electrical arcing created by the lightning.
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A pogitive determination that a detonation occurred was made vhen a
preliminary report of a seismic recording, observed at the warehouse
lccation {about 5 miles northeast of ground zero) indicated amplitudes
much larger than normal for lightning induced ground motion and at the
sexe tize as the intense lightning strike.

Diagnostic data wes not recorded, dve to the detonat’on occurring
substantially before the scheduled event. Recording time is severely
limited, thus continuous monitoring of those data channels during the
24 hours required to cure the grout would not have been practical.

Enough facts were observed to verify most of the basic requirements
of the experiment. Large quantities of explosive gases can be loaded
separately and mixed in underground cavities safely and with precision.
They can be detonated, and will release large amounts of energy. Inspec-
tion of the residual cavity gases suggest that the detonation was thermo-
chemicelly near that predicted.

5.2 gCavity Temperature

Figure 11 is 2 plot of the temperatures reccrded by thermocouples located
at the packer and instrument probe. No readings were recorded from approxi-
metely two minutes after the lightaing "strike" for about five hours due to
equipment power down directed as a safety measure until the effects of the
lightning strike could be analyzed. A small positive bias on the order of
several degrees is expected in this data due to small induced volteges in
the relatively long lead lines (about ore mile). The data seems to indicate
a detonation occurred and rather rapid cooling to the equilibrium conditions
of the cavity. :

5.3 Seismic Data

Some seismic data was recovered due to the fortunate circumstance that
some of the seismographs, intended to record this emriment, were operating
at the time of the unintentional detonation. Johus repcrts the preliminary
analysis of the seismic data tzken at recording stations at about 7O km
from GZ. These gauges were recording during the time the gas detonated.

The first P wave signal amplitudes were not recorded, but only inferred from
comparison with other shot records. The amplitudes of the HUMID WATER Event
were, in most modes of comparison, larger than those in the STERLING Event.
A factor of 1.5-2 in the amplitudes would approximately describe the ratio,
but caution is advised since the spectral content of the signals in HUMID
WiTER wes slightly different from STERLING.

This data infers a detonation occurred, as no other phenomenon (e.g.

diffusion flame) would have produced ground motion of this magnitude short
of an earthquaske. An earthquake exactly coincident with other observed
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phenomena {e.g. lightning, temperature and pressure changes) is extremely
improbable. Analysis of this data is made more difficult by conciderable
background rnoise, due to the local storm, ouperimposed upon the seismic
records.

5.4 Analysis of Cavity Bleed-Down Gases

Subsequent to confirmation that a detonation hed in fact occurred, the
cavity wvas re~entered with techniques described in Seciion 4.8. The
cavity pressure upon entry wes 140 psi. Table 2 presents periodic analysis
of the venting gas samples which include about 60% CO,, indicating a rather
complete, full-scale, reaction. Differences in relat?ve percentages of
residual gases observed after DIODE TUBE (see Appendix A) are consistent
vith the difference in initial 0,/CH, ratios (DT = 1.96, HW - 1.6).

TABLE 2
GAS AFALYSIS
DATE/TIME (CST) H_S H, CH, co €0, ?g K,

2 May 1970/1100 8.6 11.0 2.5 k.o 60.2 1.0 12.5
3 May 1970/1100 8.0 13.7 3.0 3.8 57.1 1.1 13.3
S Msy 1970/1515 8.0 13.7 3.0 3.6 59.0 1.5 12.0
L May 1970/1000 5.3 11.5 3.5 k.5 62.5 1.6 11.9
4 May 1970/1700 5.2 10.6 3.5 k.0 62.0 i.b 11.3
5 May 1970/1600 5.9 10.3 3.8 3.7 €1.0 1.3 13.0

.The signifi?ant gmount of H § probably is due to(g)reaction with the
calecium sulfate impurity present in the cavity walls.

5.5 Evaluation of Experimental Procedu-e

The emplacement program discussed in Section " proceeded smoothly as
plsnned. All the equipment was conservatively designed, snd adequate in
all respects for its intended use.
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The gas fill procedures and eguipment performed in all respects equal
to, or exceeding, expectations. A flow rate demand 119% of that planned
f was placed upon the oxygen delivery system without evidence of stress.
‘ Methane delivery was maintained within approximately 1% of the desired flow
rate, without difficulty or sarvice interruptions.

A A e aeaa b

Sterming the wellhead casing went without incident. The casing plug
assembly functioned properly sealing the cevity, and there was no evidence
of any losz of stemming material into the cavity. Backup procedures are
] necessary as a precaution in the event a positive seal is not cbtained, but
: were not used in either HUMID WATER or DIODE TUBE. ieekage, ever after the
| detonation, was confined to small cracks in the grout outside the 9-5/8 inch
wellhead casing.

The second operaticn components, containing tne diagnostic instrumen-
tuwiion, was exposed to the cavity enviromment from the 15th to 19th ol
April. During that four days to the detonation, no evidence cf moisture
entry or system failure was noted. lnsulation resistance velm2s did not
shift. (A =hift would normally be observed if moisture entry uccurred.)

Periodic checks of above-ground equipment revealed no problems. The
Mandatory Full Power, Full Frequency Test was completed successfully on
the first try, verifying the ability of all systems to work together.

The detonation mechanism, probab%g)due to lightning, was studied by
E.G. and G., Albuquerque, New Mexico. ~° Analysis confirms it was due to
: lightning aithough tie exact mechanism is yet unkiown. No evidence, despite
a thorough search, was aver found of a direct st -ike on any component of
the syster. All hypotheses of mechanisms by which some part of the control
system itself was responsible have been rejected after evaluation of the
evidence.
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APPENDIX A

OPERATION MIRACLE PLAY

DIODE TUBE EVENT

Summary of Analytical Considerations

This appendix describes the analytical investigations conducted by General
American Research Division of General American Transportation Corporation
concerning the DIODE TUBE Event of the MIRACLE PLAY Series. Included are the
predictions of the theoretical pressure waveforms, the theoretical detonation
parameters, and summaries of inveestigation of the several hypotheses suggested
tc account for the observed selemic behavior.

cotoae ot

The DIODE TUBE Even? was an underground detonable gas explosion conducted
by the DASA Field Test Command for the Advanced Research Projects Agency
(ARPA). The detonable gas mixture, consisting of methane and oxygen, was
exploded in a 55-foot radius spherical cavity, whose center was 2700 feet
below the ground surface. The cavity is located in the Tatum Salt Dome,
near Hattiesburg, Mississippi, and was created by a nuclear explosion,
denoted as the SALMON Event. One objective of DIODE TUBE was to match
cervain parameters of a nuclear event (STERLING) previously detonated in
the same cavity.

Examination of the seismic records obtained from this detonation reveal
certain anomalies. Comparison of data from the DIODE TUBE and STERLING
Events reveals that, although the wave shape of the STERLING data was re-
produced in the DIODE TUBE Event, at least for the long range recording
H stations, the amplitudes of the DIODE TUBE signals are generally lower by
: roughly seventy percent. On this basis standard decoupling theory predicts
| that the magnitudes of the explosive yield of DIODE TUBE should be less than
5 that of the STERLING Event by the same percentage.

Several significant purameters describe and characterize the detonation
of a gas mixture or of a nuclear device. Among these are the peak reflected
: pressure at the cavity wall, the equilibrium pressure of either the humnt,

i detonated mixture or shocked eir and nuclear debris before heat losses occur,

the initial pressure, the difference between the peak reflected pressure .and

the initial pressure, the total energy released by’ the detonation, the s’ze
of the cavity in which the detonation occurs, and the periods between the

l successive shock reflections at the cavity wali. These last two parameters

may be combined and expressed as a mean long time oscillation frequency and

the mean sound velocity in the heated residusl gas mixture.

When matching of nuclear detonations and gas detonations is attempted,
no more than two of the listed parameters can be matched. When those two
are selected, the ratios of the remaining terms are fixed. Functional relation-
ships among the various detonation parameters exist, since the physical process
and its mathematical description are well known. The DIODE TUBE and STERLING
Events occurred in the same cavity, sc that the matching cf one of the parameters,
the cavity size, is imposed. The second parameter selected was the difference




between the equilibrium pressure and the initial pressure.

Tne DIODE TUBE Event was a nominal 315-ton (TNT energy equivalent) gas
explosion with its parameters chosen so that the d! fference between the
equilibrium pressure and the initial pressure matched that of the STERLING
Event, a 380-ton nuclear explosion in the same cavity. Figure A-l shows the
predictions of the pressures exerted at the cavity wail for these two events.
The gas caicylations are scaled from the detonation calculations of Ostrem
and Fugelso ' ¥ for the specific case of a mein&né~-oxygen-&ir mixture with
0,/CHy = 1.97, at initial pressure-equal tn 15.8 atmospheres including the
initial volume of air at 1 atmosphere. 'The detonation pressure to initial
pressure ratio was 20 and the detonation velocity was 8257 ft/sec. The
nuclear pressure profile was obtained b{ she application of standard cube
root scaling to Patterson's calculation'?’ of a 100-ton TNT equivalent
nuclear detonation in a 1k.S-meter radius cavity.

The theoretically calculated detonation parameters for the DIUDE TUBE
detonations are presented in Table A-1, where the detonation pressure, peak
reflected pressure, equilibrium pressure and other thermodynamic quantities
are calc?é§ted from the thermochemicai analysis described by Balcerzak and
Johnson . These nurbers are calculated for the gas mixture actually piped
into the hole. Three sets of data are presented since the pressure of the
gas in the cavity is known fairly precisely but the :avity volume is not.

The sets correspond to the mean and the probable extremes of the cavity
volume.

The gases for the DIODE TUBE event were loaded into the cavity, oxygen
first, followed by the methane. The drill hole was sealed. The arming device
for the down hole ignition system failed and the detonator proved inoperative.
The mixture was ignited by applying a high voltage current across the ignition
system, causing either a spark to Jump the arming system gap or to burn away
the insulation of the electrical leads. This emergency ignition system did pro-
duce a detonation someplace within the cavity.

Preliminary examination of the seismic data obtained by several agencies
(WES, AFTAC(VSC), USGS; indicates that according to standard deccupling and
seismic wave propagation theory, the apparent yield produced by the gas
explosion is on the order of cne-third the predicted yield. Figure A-2
shows two sets of comparable seismic records for the DIODE TUBE and STERLING
Events; the top record of each pair being that of the STERLING Event and
the bottom cne being the DIODE TUBE record. These particular records were
taken by the U.S. Geological Survey, using similar in7t;umentation at,
distances of 16 and 28 kilometers from the epicenter.'3/ The shape of the

*¥ GSee References at the end of this Appendix
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THEORETICAL CALCULATIONS

CAVITY VOLUME (FT3)

650,000 670,000 650,000
INITIAL PRESSURE (ATM) 15.8 15.54 1k.9
DETONATION PRESSURE (PSI) 6520 5320 6123
PEAK REFLECTED PRESSURE (PSI) 16805 16291 15781
EQUILIBRIUM MINUS INITIAL
PRESSURE (PSI) 2389 2338 2240
(BARS) 165 161 154
EQUILIBRIUM PRESSURE (PSI) 2635 2578 2472
(BARS) 182 178 170
MIXTURE RATIO:
MOLES 02/CHh 1.969 1.970 1.972
ENERGY RELEASED (FT.LB.) 10.33 x 10" 10.31 x 10" 10.26 » 10"
EQUIVALENT TNT YIELD
(TONS GF TNT) 335 33k 333

TABLE A-1

THEORETICAL PREDICTIONS FOR GAS DETONATION OF
OXYGEN AND METHANE IN DIODE TUBE EVENT
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seismic signs .3 received at both locations agree in most details for moat
of the period covered in the records. The amplitudes of these motious are
approximately in the ratios of 3 to 1, the STERLING amplitudes dbeing
larger. (Tne amplitude scale on the graphs 18 indicated by the calibration
signal to the left.)

Because of extensive modifications in the downhele circuits required
to cause jgnition, all source instrumentation designed to measure the
initial and equilibrium pressure and the transient explosive pressure in
the cavity were disconnected prior to detcnation to prevent damage to
secondary equipment. No direct verification of the source pressures during
the detonation was made. Frior experience with methane-oxygen detonations
obtained in the operation of a detonation shock tube facility, in a sonic
boom simulation facility, in surface explosions of the gas mixture in
balloons and in a preliminary detonability test at an initial pressure of

5 atmospheres indicate that the experimental pressure in th: cavity should
have been nearly equal to that predicted.

Several hypotheses were made to explain the drastically lowver seismic
signals. First, some of the gas mixture msy have leaked out of the cavity,
mainly through the several other instrumentation holes near the cavity.

These other holes were plugged and sealed prior to the gas fill; however,

the plugs could have failed. Second, detonaticn anomalies may have occurred
as small amounts of water vapor and H S0, were initially present in the

gas mixture. The possibility of a loger order detonstion preferentially
occurring at the actual initial mixture composition, initial temperature
(70°C) and pressure must be considered. Third, the gas mixture could have
been stratified during the gas loading and thus an incomplete mixing might
have occurred. A fourth pessibility is that gross errors in measuring the
gas loading could have beén made, either in 02 or CHj systems or in the cavity
pressure and temperature monitoring sys¥em. A fifth hypothesis is that

the actual ignition point of the detonation took place at a point other

than the center of the cavity. The final hypothesis notes the peak reflected
pressure for the STERLING Event is estimated as being about three times

that of the gas explosion, although the equilibrium pressures of thka two
explosions are about the same. The peak reflected pressures for both
explosions exceed the yield strength of the surrounding medium. Under this
condition, the seismic effects due to the rapidly decaying spike are

normally thought to be attenuated, this attenuation removing all effects of
the spike which might propagate to large distances. It is possible, though,
that the distant seismic signals are strongly affected by the spike pressures,
whose effect, in cases of this sort, is normally neglected because, (1) the
spike is of short duration and the resulting "high frequency" component
would repidly be attenuated during its propagation as a seismic wave and

(2) the spike pressure causes the cavity wall to yield plastically and the
wave energy would be absorbed in plastic deformation and thus uo sppreciable
signal would be propagated. Thus the last conjecture is that the spike
pressure and its effects are not so repidly attenuated and that the seismic
signal is in some manner proportional to the peak pressure of the detonation.
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Of tne several hypoth:.ses ventured, selection and verification ¢Z
those pertinent to this problem are precluded by insufficient explosive
sources data.

GARD has examined several features pertsining to these nypotheses.
These analyses are given below. The mixing analysis of the methane and oxyge.
in the spherical cavity is discussed in detail in Appendix F. In that apvéndi:x

the mixing procedure used in the DIODE TUBE event was predicted to be incomplet:.

Only a third of the volume wouid be sufficiently mixed to be ‘onsidered a de-
tonable mixture.

The prediction of thermochemical data was made under the sssumtions
that (1) the initial and final states of the explosive mixtur: van be re-
presented as perfect gases, (2) the detonation satisfies the Chapman-Jouguzt
condition, (3) the reactions in the detonation front take place with in-
finitely fast rates, (4) the burmt gas mixture is in equilibrium at the
detonation pressure and temperature. One term which enters into the calcula~-
tions is the adiabatic exponent. The detonation pressure is approximately
proportional to « 1; the values of for the burnt gas mixture therefore
must be known very precisely. Typical values of for the hot burnt gas
mixture are about 1.2 contrasted to values about 1.4 for the initial mixture.
The compu?ﬁ? valves of &re in agreement with those reported by Lewis and
Von Elbe. Experimental determination of the detonation pressure has been
made for several of these gas mixtures at initial pressures up to 5 atmospheres
in GARD's detonation shock tube facility, where the theoretical and experi-
mental detonation pressures agreed to within 10%. From this experience it
is conzluded that the thermochemicel calculations as presented here are an
accurate prediction for the detonation of the uniform gas mixture.

The next problem investigated by GARD was the accuracy of the amount of
gas actuslly loaded into the cavity. The gases were loaded into the cavity
from a gas supply at the swiface through a downhole assenmbly.

Figure A-3 presents a schematic representation of the downhole assembly
from the sliding sleeve valve down to the detonator package. The diagram to
the left shows the gas inlet port in the sleeve valve, the cable crossover,
the packer seal assembly, the packer, and the 6-5/8 inch inner casing. The
diagram to the right shows a continuation of the inner casing, the ports for
gas entry into the cavity, the instrument probe, and the detonator package.
The arrows designate the path of gas flow.

When gas flow into the cevity is complete, nitrogen pressure is used
to shift the sliding sleeve closed. Once the sliding sleeve has closed,
& pressure check valve in addition to a mechanical latch prevents the valve
from re-opening.

The instrumentation cable was potted into the crossover assembly using
high strength epoxy. This was done to form a seal around the cable to with-
stand the high temperature, high pressure cavity gases following the detona-
tion. The cable was potted for some distance into the crossover assembly and
additional potting waz poured onto the top of the crossover.
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The packer seal sssembly end packer are producticn items manufactured
by Baker 0il Tools, Inc. The packer seals against the existing 9-5/8 inch
outer casirg with a hard Bura ¥ seal. The packer seal asazembly latches
into the top of the packer and sesls using molded chevrons.

The inner casing extends for a dis.ance of approximately 125 fest to
the top of the instrumentation probe. Five feel above the probe are gas
entry slots which permit flow of gas into the cavity. As noted, these

slots are 1/2 inch x 12 inches and are 12 in number (U slote per rov, 3
rovs).

- The instrumentation probe contains the source verification ;r>ssure
transducers and the thermocouple.
package contalning the gas fill pressure transducer, the firing circuit
boards, and the 3 detonators. The detonszor package hangs some L0 feet

below the instrumentation probe, near thz c: ter of the cavity (working
point at 2700 feet below grade).

The gas was loaded into the cavity with the oxygen going into the cavity

first, followed by the methane. Figure A-lI shows the time history of gas
volume added to the cavity. Significant changes during the gas fill, such
as the start vime of the methane fill are indicated.
were brought to the site in tanks in the iiquid form, while the methane was
brought to the site via pipelina from the United Gas Company main line.
The nitrogen and oxygen are almost completely pure. Table A-2 presents

the chemical analysis of the natural gas as received from the United Gas
Company.

TABLE A-~2

ANALYSIS OF THE NATURAL GAS

GAS - % BY VOLUME
Methane 96.11
Nitrogen 1.66
Carbon Dioxide 1.13
Ethane 0.33
Propane 0.29
Isobutane 0.10
Normel Butene 0.1k

Suspended from the probe is thz detonator

The oxyger and nitrogen
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GAS $ BY VSLUME ]
Oxygen NIL :
Others 0.24 i!:
Specific gravity @ 1L.73 psia = 0.5872 ]
Line temperature = : - 18 deg. F

"‘The measured volume of gus pumped into the cavity was 8.4k million
standard cubic Zeet, of which 5.6 million standard cubic feet were oxygen.
The oxygen fill was completed in 51 hours and 20 minutes and the natural
gas fill took 21 hours and 45 minutes. Two methods were used to measure
the volume of the gas added to the cavity. First, the flow rate was
approximately measured; second, the cavity pressure was recorded and this
pressure together with the measured cavity temperature and estimsted cavity ] !
volume, gave a measure of the gas volume. The pressure transducers in
the cavity failed during the latter part of the oxygen fill, after which
time the pressures were monitored by transducers near the wellhead.

Figure A=5 presents actual test data taken during oxygen and natural
gas fill, During this period cavity temperature remained relatively stable.
The resultant curv: faired through the data points is a straight line,
vhich indicates that little or no cavity leakage of gas occurred during
£i11. The natur:... gas volumes obteined from the supplier were corrected
to the standard conditions of 1L.7 psia and 70 deg. F.

Figure A-6 presents sccuracies of the various systems used in computing
the volume of gas which has ente,.:d the cavity. The line labelled Pressure
Monitoring includes the accuracy of the gas £ill pressure transducer, gas
i1l pressure meter, and gas fill pressure transducer calibration. Based
on these estimates, +the pressure monitoring system is stated as being 3
accurate to within - 4 percent of full scale.

The center line, which shows the accuracy of the actual gas loading
systems, includes the following: during oxygen fill, either the liquid
level gauges or the liquid weight was used to compute volume. If the level
gauges were used, the accuracy is estimated to be about * 3 percent. If
the gauge was inoperable, the weight of the liquid oxygen in the tanker
excluding the amount left in the tanker (estimated) was used to obtain a
volume. The accuracy of this method, including the truck scales and quantity
remaining estimate is about 2.5 percent. During natural gas fill, s
meter certified accurate to within 2 percent was used to obtain gas volume.
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“Ln bottom line, which shows the accuracy of the temperature monitoring
systen, includes tuie accuracy of the thermocouple amplifier and “he thermo- ]
couple calibration. Accuracy is better than 2 percent of full acale.

Figure A-T shows the improvement in the solution to the cavity volume

as gas Till proceeds. The data appears to finally oscillate about a volume
of 660,000 feet.

)

Formula used to calculate cavity volume is derived from the perfect
gas law. Cavity volume calculations were made following the unloading of each
tanker of oxygen and at two selected iimes during natural gas fill.

In the absence of diag,nostic information on the detonation, it is
necessary to rely on data obtained during gas filling and some deductions

using previous esperience to ascertain that a detonation of the predicted
yield actually occurred.

PR pTen

It has been verified that 5.6 x 106 SCF of oxygen and 2.8l4 x 106 scF ]
(standard condition, 70 deg. F and 1L.T psia) were added to the cavity.
This is an oxygen-to-fuel ratio of 1.97 (by volume). The amog.nt of oxygen %

initially in the cavity prior to gas loading (about 0.13 x 10° SCF) does
not significantly alter this ratio.

It has been reported in the literature (5,6) that detonation will occur
for 1.5 0,/CH), 3.0. GARD experimental evidence shows & slightly broader ,
range for detonation: 1.25 0, /CH 3.5. It should be noted that the i
flammability limits are considerably broader. The stated mixture ratio

dces, however, insure a cetonation once ignition has been established in
the gas mixture.

The detonability limits for methane and oxygen mixtures are 1.25
Up/CH), 3.5 and the flammability limits are C.65 0,/CH 18. Using the
filling rates for 0, as 150,000 SCF/Hr and for methane as 130,000680F/Hr,
and using the total volumes of O, and CH) to be added as 5.6 x 10° SCF and
2.84 x 106 SCF, we find that it takes 12.3 hrs of methane fill to reach
! detongbility limits, if all the oxygen is added first. The flammabiiity
# limit of the mixture is reached after 2.3 hours of methane fill.

It is possible that some water vapor was present in the cavity prior
toc detonation. Since the saturation pressure for water vapor is only
2.2 psia at 138 deg. F (the equilibrium temperature of the gas mixture
prior to detonation), the detonable mixture could only contain less than ]

one percent (by volume) water vapor. This amount could have only a neg-
ligible effect on the detonation. (%)

i

PRSI

Because the oxygen and methane were delivered to the cavity separately,
} the quality of the resultaent mixture must be corsidered. The gas velocity
entering the cavity was sbout 72 fps (calculated from delivery rate). This
results in Reynold's numbers greater than 275,000 for oxygen and 140,000 for
methane. The probebility of turbulent mixing is therefore high. Experience
during DISTANT PLAIN with the 20-ton hemisphere explosion indicated no

A-1k
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difficulty with gas mixing. In that experiment, oxygen was also loaded

first and the fuel (propane) last. The loading rates were lower and the hold be-
tween fill completion and detonation was only about one hour. Data from that
experiment confirms thet the predicted yield was obtained. Extrapolation

of that experience to DIODE TUBE gives good evidence to expect that proper
mixing took place. Once mixing is complete, the possibility of stratification
due to gravity is low. ' .

The piocess of mixing of tlw ntihene-oxygen, besides being time dependent
in this case, invoives molecular dlffusion, thermal diffusion, and turbulent
flow. A complete analysis of the turbulent mixing was done at a later time
and is presented in Appendix F.

Because the methane and oxygen were loaded into the cavity as separate
units, the concentrations of the component gases initially would vary widely
over the cavity. This state gives rise to the moleculer diffusion process
wvherein mass transport results from a difference in a chemicel pctential in
the mixture. The diffusion coefficient, (T) the proportionality constant
between the diffusion flux and the gradient of the potential causing
diffusion, in a binary gas system can be estimated by

0.001858 732 (M, + M) / MM, 1/2

2
1

2

P 12 p

for equimolsar mi tures. There T is the absolute temperature (°K), M and

are the molecular weights of the component gases, P is the absolute
pressure in atmospheres and 12 is the molecular force constant while
is the collision integral. These last two quantities are given in tables
by Reid and Sherwood. The above expression, valid up to about 20 atmospheres
pressure, shows that the diffusion rate is inversely proportional to the
pressure.

The diffusion coefficient for the methane-oxygen mixture at 5 atmospheres
initial pressure, is sufficiently low, if the-gases are completely separated,
to preclude significant mixing by molecular diffusion in a weeks time.

In addition to the molecular diffusion process, the method of gas
loading provided another mixing mechanism. The flow energy possessed by
the incoming methane is sufficient to allow the methane to penetrate a
significant distance into the cavity. For a flow rate of about 130,000
cubic feet per hour through a 6-inch dismeter pipe, the jet formed by the
incoming methane reaches a diameter of about 25 feet (about 25 percent of
the cavity diameter) at the cavity midpoint. The induced flow at(§gis
position is calculated to be about 3 million cubic feet per hour.

Thirdly, the inlet tempersture of the gases was on the order of 60° F,

about 80°TF less than the cavity wall teuperature. Because of the large sur-
face area involved, thermael gradients may play a significant rcle in mixing.

A-16
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The absence of a cowpletely homogeneous mixture throughout the cavity may
not seriously impede the detomation procesa., The quentities of methane end
oxygen injected into the cavity yield an oxygen-to-methane mole ratio of
glightly under 2.0. A variation of this ratio from 1.5 to 2.5 causes a corres-
ponding three percent variatiou in the energy relesses and a five percent
variation in the detonation pressure. Detonation will occur at 15 atmospheres
initial pressure for mixtures within these composition limits.

From the analysis of turbulent mixing presented in Appendix F, it is concluded
that turbulent mixing is the dominant mechanism. Incomplete mixing is noted
vhen oxyger. is added first and methane second, vhile aimost complete mixing
is obtained vhen the loading sequence is reversed. In the former case, which
was the procedure used in the DIODE TUBE approximately one-third of the mixture
is within the detonable limits, with a layer of pure methane on top and a
layer of pure oxygen on the bottom.

Tl(ﬁ reaction rate of oxygen and methane at 130 deg. F and 215 psia is
80 low that no measurable reaction could take place within one week
(the time between termination of gas loading and detonation).

Vhen the DIODE TUBE cavity was re-entered, the pressure in the cavity
vas approximately 161 psia (Lt. Coi. Davis, Personel Communication, Lt. Col.
Reign, Personal Communication). The residual gas mixture in the hole was removed
at a rate of 300 scm and processed through a filtering plant where the gas
wixture is analyzed. A typical snalysis of the gas composition was 78% CO,,
0.5% CO, L% 0,, the percentages by volume. Water, in the liquid form, was

- being removed from the cavity at a rate of 40 gal/hr. The variation of the

gas mixture ratios was CO: TT7% - 80%, CO: 0.4% - 0.8%, 0: 2.4% - ».8%. The
pressure at the wellhead was 58 psia and the temperature ¢f the gas mixture
was 54OC = 3179K. The temperature in the cavity is siigiutly higher than 5kOC.
No initial re-entry temperature data was takea.

The composition of the analyzed residual gas mixture is quite different
from the burnt gas mixture anticipated at the detonmation fromt. A short
analysis of the anticipated gas mixture follows. The initial mixture is air,
methane and oxygen, including one volume of air at one atmosphere pressure
and a sufficient voiume of methene and oxygen to bring the total mixture
pressure to 15.8 atmospheres (for a cavity volume - 650,000 cu. ft.). The
initial temperature of the gas mixture was taken to be 3309K = 60°C, which
is the ambient temperature of the cavity. The molar methane-to-oxygen
ratio of the total mixture was 0.508 and the mole fraction of air was
0.0765. When this mixture was detonated the detonation pressure was calculated
to be 6520 psi ( = 4b atm) the detonation temperature being 4270°K. This
pressure and temperature combination occur at the detonation front. The
thermochemical analysis assumes that the burnt gas mixture is in equilibrium
behind the detonation fromt. Table A-3 gives the composition of the mixture
at the detonation conditions.
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TABLE A-3
EQUILIBRIUM COMPOSITION OF BURNT GAS AT p = Lil atm, T = 4270°K

Mole Fraction Mole Fraction
32 0.0709 02 0.0628
“2 0.041% OH 0.1096
co, 0.1009 NO 0.0179
co 0.1581 H 0.0315
H20 0. 3767 0 0.0302
CH, 0.000 1.0000

When the detonation wave and its subsequent reflected shocks have died down,
but before any heat has been conducted awey from the cavity, the pressure
of the burnt gas mixture is approximately 0.42 P_ = (0.42) x (6520) psi =
2750 psi (= 187 atm). If the mixture composition is frozen at that of the
detonation composition, the temperaturs in the gas mixture can be estimated
by the perfect gas law. In 1 cubic foot there are 0.0433 lb-moles of high
temperature detonation products. Thus

PoY 3 Oy /0.
T, - Ng - (2740(psi) x (1 £t7)) 5/9 K/ R = 380°Kk

(0.043 Moles) x (19.73 psi-ft3/°B-1b Mole)

This temperature is somewhat lower than the detonation temperature, but well
above the ambient. The temperature in the cavity is reduced to ambient
temperature in less than 48 hrs, if tke initial temperature in the cavity

is of the order of LOOO®K. Since the DIODE TUBE cavity had much longer to
cool before re-entry took place, we may assume that the temperature of the
cavity was reduced to ambient conditions, i.e., the final temperature of
the gas mixture should be about 60°C.

Two significant changes in the gas mixture will occur if the temperature
is dropped from 42T0°K to 340°K. First, the composition of the equilibrium
mixture will change drastically as the temperature is lowered. Second, any
water vapor present will condense. ILet us examine the first change. The
equilibrivm reactions affected most by the drop in temperature from 4270° to,
say, 3713°K are

2H H20
20 02
OH + 1/2 H2 H20
Co + 1/2 02 002
also NO 1/2 N2 +1/2 02
A-18




At T = 4270°K the equilibrium composition favors the left hand side of these
reactions. For temperatures below 2500°K the equilibrium strongly favors

the right hand side. For lov temperatures then all the atomic H, 0 and OH
disappear, as does the CO, if sufficient oxygen is available. Thus for_ the
indicated composition at 42T0PK, the equilibrium composition at T = 373K

is approximately given in Table A-4. The approximate composition is computed
by eliminating O, H, NO, and OH from the composition and replacing them by
their Bgespective products. Cne mole of mixture at 4270°K becomes G.79 mole
at 373°K.

TABLE A~}

APPROXIMATE EQUILIBRIUM COMPOSITION AT T=373°K

Mole/iole at 4270°K Mole Fraction

H, 0.016 0.020
N, 0.050 0.9063
co, 0.269 0.3h42
co 0.000 0.000
0 0.447 0.566
CH), 0.000 0.000
0, 0.007 0.009
OH 9.000 0.000
NO 0.000 . G.000
0 0.000 0.000

0. 789 moles/mole 1.000

The pressure of the gas mixture has dropped due to constant volume
cooling and due to the change in the number of moles present. From the
perfect gas law at T = 3280°K

o . or3 o

P 1 mole (3280°K) R3(p81 ft7/mole’K)  _ 2740 psi
Vn (ft°)

Vn = Voiume of 1 mole.

Now 373°K is the boiling point of Hy0 at a total pressure of 1 atm. At
total pressure of the order of 1T atm, the boiling point is 210°C. The
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partial pressure of the resultant gar taken from T = 4270°K or T = 333°K
is independent of the boiling point of the water. More precision about
noting where the water vepor condensed could be made but it would have
made no difference in the final pressure calculated. For calculat:lcm
purposes then, it is assumed thai the water vapor condenses at 373°K.

The pressure, P of the gas mixture at T = 373°K is calculated
similarly to the preéxare at T = 3280°K.

5 . {0.79 mole) (37K} R gggi-ﬁ:B[xwle k)

313 va (rt3)
From the two previous relatious
~ I ( 0. 2 hO — e
P373 5 psi = 2ko psi

At T 373K, the wuter vepor will condense, and with the assumption that the
liquid volume is negligible, the gas pressure will be further reduced, since
56.L4% of the gas mixture is water vapor

5373 = 246 x .436 + vapor pressure of B0

= 117 psi + PH2 0 = (117 + 15) psi = 132 psi

Further cooling to 60°C = 333°K yields final gas pressure 105 psi. The vapor
pressure is 3 psi thus

P, = 108 psi

Theresi&xalgasmixtureish“l{,lhsﬁn,78°8$CO and 2.1% 0,,.

A more precise ccrmputation of the mixture would posslbly yiel% smull amoun%s
of CO.

The total process of the detonation and cooling that we have considered
is:

Initial reagents (Po, T » no) Detonation
Products behind detonation front (P D’ n, ) Expansion to Equilibriup

Detonation products (P 2P, T, nD) Cool ng at constant volume
E E
by conduction of heat

Detonation products (P373, 373°K, nD) Reverse reaction
Final products including water (P373, 373°K, nF) Cooligg
Final state (PE, 333%, nF)

A-20
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A final pressure of 108 psi at T = 60° was computed compared with 161 psi
measured. If T = 100°C the computed pressure is 132 psi. The neglected

' neats should raise the calculated pressures slightly. If the computation

is valid, this indicates that no gas has been lost from the cavity by
leakage. The predicted compositions of the outfiowing gas agree very well.

Certain aspects of explosions in spherical cavities and their relation-
ships to the propagation of elastis waves in the surrounding medium were
revieved. First, the blagt source was characterized by the several para-
meters that would influence elastic wave propagation. Second, a review of
the spherically symmetric elastic wave solution comparing a step load and a
nuclear explosion illustratied typical qualitative differences in waveforms
that might be expected. Third, a brief comparison cf waveforms between
symuetric and asymmetric detonation initiation demonstrated the quelitative
difference that would be expected.

The seismic records expecced from this type of loading are expected to
be quite sensitive to the choice of the matched parameters. When the
difference between the equilibrium and initial pressure is matched, the
final displacement should agree closely. Also, the lower frequency com-
ponents of the motion should show agreement. By low frequency components,
it is meant those Fourier components with wave lengths long compared to the
cavity radius. For this chosen matching, the peak reflected pressure due
to the nuclear blest is larger then that expected for the gas detonation;
the peak nuclear pressure is a function of the initial air demsity in the
cavity. STERLING Event peak pressure expected was approximately three times
that expected in the DIODE TUBE Event. The mean period between successive
reflections for the nuclear shot considered here is roughly 2/5 that of the
gas detonation. The transient early phases of the motion and the oscillatory
part of the wave (which has a high frequency by the previous standard)
determine the high frequency components. These high frequency components
are normally noticed in the early phases of the wave train that would be
observed at some point in the elastic medium.

Tnis point is illustrated by a computation of Patterson (2) wherein
the elastic motion at the wall of a spherical cavity in response to a
nuclear pressure pulse was compared to the response generated by a step
pulse with the same equilibrium pressure. (See Figure A-8.) The presence
of the transient spike and subsequent pressure oscillations induces high
frequency components superimposed on the responsc to the step pulse. For
very small times after the signal arrival, the spike response is large
compared to the step response. At times larger than the initial spike
decay time, the step response is dominant, although a small oscillatory
component remains.

The firing circuits downhole also failed prior to ignition, presumably
due to the cavity environment. The detoration was effected by imposing a
high voltage across the detonator circuit leads, after about one minute of
application of about 2000 volts, detonation occurred. This voltage induced
current flow somewhere in the cavity. The two most probable locaticns for
this detonation point are at the original detonator or at the instrumentation
package near the top of the cavity.
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Posgsible variations of positioning 0f the detonator in the spherical
cavity leads to possible variations of the seismic source. Two nages, first,
the normal position of the detonator being at the center of the cavity and
second, the detonator being at the edge of the cavity directly over the
center are considered. Qualitatively exemining the types of load distri-
butions obtained on the cavity wall and for the specific gas and cavity
materials, some comments on the nature of the seismic phenomenon inititated
can be made.

Spherically symmetric placing of the detonator generates one elastic
wave, and a P wave which propagates symmetrically. The magnitude of the
peak driving pressure is 2.6 P,. A symmetric detonation, typified by
detonation at the top, yields both P and S waves. The strength of the
peak pressure at the cavity wall is, in general, significantly lower than
those expected in the spherical case.

First, let us examine the spherical detcnation case. After initiationm,
a spherical wave of constant velocity and strength propagstes outward. When
this detonation wave reflects from the wall, a converging shock wave is
initiated. This imploding shock wave converges on a point, interacts with
itself and continues as a diverging shock wave until it agaia strikes the
exterior wall, where upon another coavergent shock wave is generated. The
pressure profile at any point is a repetition of a spike decay. The pressure
on the first spike is roughly 2.6 times the detonation pressure, subsequent
spikes are smaller by a factor of 2 and the mean pressure is on the order of
0.42 times the detonation pressure. (See Figure A-9.) This pressure
generates one spherical elastic wave of the primary type (P-wave).

Now consider the detonator positioned at the top of the cavity. The
detonation wave again propagates spherically and at constant sirength and
velocity. Figure A-10 shows several steps in the evolution of the detonation
front and of the generated elastic waves. To determine the nature of the
emitted elastic waves, the phase velocity of the detonation froat of the
cavity wall and its peak pressure is estimated. The trace velocity along
the cavity wall is

_ D .
vV = ———9/2. . where & is the latitude
measured from the top. The instantaneous angle of incidence (on a regular

reflection and small amplitude of reflection assumption, i.e., no Mach
stem type reflection) is

T &
2 - 2

The angle of incidence increases as the detonation grows. For angles of
incidence less than 60°, the peak reflected pressure is almost the same as
the incident pressure which, in this instance is the detonation pressure.

As the detonation wave progresses from its initiation point, a number
of elastic waves are generated in the surrounding medium. A P wave is sent

A-23

et t ey d b i 4 5



CENTER IGNITION

SPHERICALLY SYMMETRIC WAVEFORM
P WAVE ONLY

SOURCE PRESSURE PBAK = 2.6 Py

: {ié- POSITION OF IGNITION

Figure A-9. ELASTIC WAVE PATTERN RADIATED
AFTER CENTRAL IGNITION

A-2L




TR & TSI IR S L T =

SYMMETRIC WAVE FORMS BOTI P % S5 WAVES
P WAVES PROPAGATE VERTICALLY
S WAVES PROPAGATE LATERALLY

SOURCE PRESSURE PEAK

P, IN TOP 2/3 OF CAVITY

2.6 Pp, IN BOTTOM 1/3 OF CAVITY

P /
T~
5. [ /
/
Py /é
D=2D
P, =2.6P)
a
P
S
’l S
/ //
D~1.4 D // /
Pr ~PD /
b a7
P

~mwmmee  STRONG FRONT
o == —  WEAK FRONT
- POSITION OF IGNITION

Figure A-10. GENERATION OF ELASTIC WAVE PATTERN
RADIATED AFTER TOP-CENTER IGNITTON

A=25




Lt e T BRSS! Py O

upwards. As the detonation sweeps over the cavity in the range 0° < o ¢ 180°
the trace velocity is transseismic, since D ac 8250 fps, C_ for salt is
14300 fps and C, == 8400 fps. The cavity pressure becomes superseismic at

® ~ 110°. For the transseismic conditions en apprecisble percentage of
seismic energy is generated as a shear wave with a very sharp front. The P
wave in the shadow zone from the detonating points is rather weak. In this
region of maxdmur. shear generation, the pressure at the wall is nearly the
detonation pressure. As the detonation wave progresses fw'ther, the trace
velocity becomes superseismic ( for & > 110°) and the pressure at the wall
becomes larger a: reflection conditions approach normal reflection. The
interface velocity now favors the generation of P waves, and since the source

presswre is increa3ed, the conclusion is that significantly larger P waves
are propagated eway in the vertical direction.

We thus see that detonation at the top of the cavity leads to the

redistribution of propagated seismic waves, both in direction and ir
character,

Conclusions From the DIODE TUBE Event.

Source data at ignition time is lacking for the DIODE TUBE event due to
failure of the ignition system. From pre-shot and post-shot data, the follow-
ing conclusions are warranted: (1) the correct portions and amounts of meth-
and and oxygen were added to the cavity, (2) no appreciable amount of gas leaked
from the cavity, (3) & combustion, detonstion or a combination of detonation
and compustion occurred, using up the entire initial contents of the cavity.

Two possible sources of the measured lower seismic yield are (1) an off-center
ignition point and (2) incomplete mixing.

From these latter two points, modifications 1a the ignition system to
ensure center detonation and in the gas loading sequence to ensure complete
mixing were recommended for the HUMID WATER event.
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APPERLIX B

HUMID WATER - GAS CALCULATIOES

B-1 Explosive Yield Predictions
Following is an explosive yield prediction for the HUMID WATER Event

besed on the final cavity conditions after filling with methane and oxygen.

Initial Conditions - The initlal pressure measured at the wellhead
prior to gas loading was 14.5 psia. This converts to a cavity pressure
of 15.C psia by compensating for a 2709-foot gravity head. (See paragraph
B-2.) The initial cavity temperature vas measured at 61°C.

It is assumed that prior to oxygen purge, the cavity contained a 20%-
oxygea and 80%-nitrogen air mixture at cavity pressure and temperature.
After purging with 139,000 SCF of oxygen, the cavity atmosphere contained
216,997 SCF oxygen (34.5%) and 412,546 SCF nitrogen (65.5%).

The following smounts of gases were in the cavity following the
filling operation:

initial "air" = 629,543 SCF
nitrogen purge = 75,000 SCF
added oxygen = 2,965,000 SCF
methane = ' 4,561,000 SCF
Total Volume = 8,230,543 SCF

Except for the initial "air" volume (which is calculated based on initial
cavity pressure and temperature), these are metered volumes.

It is assumed that at ignition time, the temperature of this gas
mixture was 61°C (tkhe initial cavity temperature). Based on this tempera-
ture and the totel gas volume, the cavity pressure is calculated to be
208 psia (14.15 atm).

The mole ratio of oxygen to methane (based on total oxygen in the
cavity) is calculated to be 1.613. Initial gas weight is 277.5 tonms.

Thermochemical Analysis - Computer results for these initial conditions
are shown in Table B-l. The equilibrium pressure minus the initial pressure
is 160 bars. The yield is calculated to be 317.5 tons (TNT energy equivalent).
Peak reflected pressure is 15,500 psia and the equilibrium pressure is
2525 psia,

B-1
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E - B-2 Wellhead Pressure Correction for Cavity Pressure
Equilibrium equation for gas column: wvhere p = pressure,
z = vertical height (ft.) ;
%5- = - o = =5 *
ft

3
%

1) perfect gas law
2) uniform temperature
3) uniform moisture in column ]

R R A
P=p5-T= oRT R =g i
e . _EB . =
dz RT where: Ro gas constant

M = molecular weight
T = degrees Rankine

Integration from center of cavity to wellhead:

h
Peav = Pun exp (RT)

Consider 3 cases:

é 1) Column contsins air at 140°F (.20 0, + .80 N2)

b edrRe e

M = ,2x32+.8x28

= 28.8
: R = -5;1% = 53.7
E Pegv = By &P (53.3 20 il
1)ca.v = 1.088 Pun
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2) Column contains methane at TO°F

M = 16.
1545 _
R = T = 96.5
_ exp (2700 )
Poav = Pyp *P 198.5 x 530
pcav = 1'055.pwh

3) Column contains O. at 50°F

2
M o= 32
n:%‘,—i=u8.3
Peav = Py o ( .goog 510
Peav © 1.116 Pen
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APPENDIX C

CAVITY DESCRIPTION

C-1 General

Figure C-1 shows the general representation of the cavity and environms.
The cavity walls are 90-93% Sodium Chloride, with Calecium Sulfate the
principal impurity.® The cavity volume is about 660,000 cubic feet, as
determined by GARD, and slightly pear shaped by melt and debris dropped
from the top to partly fill the bottom (see Appendix A). A "chimney" about
the area where the casing enters the cavity has been left by previous
explosions. The cavity major diameter is approximately 110 feet with the
center located near 2700 feet from the surface.

C-2 Chemical Analysis of Wellhead Water Samples

Two samples of water receivad from Isotopes, Inc., a Teledyne Company,
were analyzed for chloride, sulfate, and nitrate ions on January 5, 1970.
The resuits were:

a. Ssmple labeled "wellhead, 1700 hrs, 2-24-69, Process H20":

Chloride (C17) 6.5 g/1
Sulfate (S0, ) 3.8 g/1
Nitrate (NO_ ) none
pH (acidity§ = 2.6

b. Sample labeled "1300 hrs, 2-24-69, #1 Waste Tank":

Chloride (Ci_) 48.6 g/1
Sulfate (S0, ) 5.0 g/1
Nitrate (NO. ) none
pH (acidity} = 3.9

These samples, although quite different because they were taken before and

after the processing plant, indicate a highly corrosive atmosphere within
the cavity.

Significant quantities of water have been added to the cavity by
various methods, including the residuals from the DIODE TUBE deto?gsion,
resulting in a great deal more moisture than previously reported. Small
quantities of water have been added by milling operations during the DIODE
TUBE re-entry and perhaps smell leaks in the wellhead casing permitting
entry of ground water.

* Werth, G. and P. Randolph, "The SALMON Seismic Experiment," Journal of
Geophysics Research, Vol. 71, 1966, page 3406.
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C-3 Temperature Log of the Cavity

Figures C~2a through C-2n skow the observed temperatures from the
original log of the cavity and casing as cbserved via thermocouples affixed
to a centralizing fixture lovered slowly through the casing into the
cavity. Significant convection occurs within the cavity in its natural
state. Television lcgs have shown that gases rise up the casing where
they are cooled, condensed, and return back into the cavity. These con-
vection currents probably bias the temperature log down, at least within
the cavity. It is also probable that the motion of the thermocouple results
in measurement of transient temperatures rather than steady state. This
is particularly evident in the slowly rising temperature after the probe
is stopped in Figures C-2m and C-2n.

K ikl S

ok Tl

After emplacement of the instrumentation string, thus largely inhibiting
the natural convection, & stabilization temperature was observed of about
T2°C near the top of the cavity. This compares to the 61°C apparent stabi-
lization temperature observed during the temperature logging. A 12 hour
observation of the temperature decay after the detonation indicates that
cavity temperatures again appear to converge, while cooling, upon the
higher temperature (72°C - see Section 5).
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APPENDIX D

EMPLACEMERT PROGRAM

EVENT HUMID WATER

Prepared by

Fennix and Sisson, Inc.
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Revised 30 March 1970

HUMID WATER EMFLACEMERT PROGRAM

Move in and steam clean rig.

‘Mobilize rig over hole. Test blowout preventer in accordance with

approved procedure. Rig up logger and run temperature log.

Pick up 7-3/4" mandrel, one joint of 4-1/2" drill pipe, casing
scraper, and two wire brushes. Run acsembly on 2-3/8" tubing,
reciprocating several times as each joint is added. Use teflon
tape for thread lubricant. Run mandrel to 2645'. (All measure-
ments from ground level.) Pull back up and work scraper and

' brushee through pipe fram 2505' to 2525'. Reciprocate 10 to 15

times through this section, rotating tubing about 30° between each
stroke, Pull out of hole and stand pipe back in doubles taking
care that pipe is kept clean. Mske steel line measurement of pipe
while pulling.

Closé blind rams and purge casing witn oxygen.

Pick up 6-5/8" casing tail pipe as specified by GARD. Attach

tail pipe to Baker DAB 9-5/8" packer. Run packer with hydraulic
setting tool on 2-3/8" tubing. Position packer with locator shoulder
at 2515', Fill tubing with water to actuate top slips and pull up
to set packer as directed by Baker Engineer. Swab unit may be re-
quired to release setting tool from packer. Zull setting tool
taking care that pipe is kept clean. Make steel line meagsurement

of pipe while pulling and nmumber each stand in sequence pulled.

Place 6' diameter sheave against wellhead. Flace 3-1/4" diameter
flexible tubing of downhole module across sheave immediately above
instrument pod. At no time during handling should the flexible
tubing be permitted to bend less than a 3' radius. Close sheave and
attach to hnok or bails. Secure flexible tubing to sheave hangar by
rope so that the flexible tubing can't slide and sheave can't turn.
Secure the valve seal assembly on forklift and align and anchor
flexible tubing to same., Carefully pick up sheave until instrument
pod and detonator package are hanging over hole vwhile moving the
forklift forward aad manually controlling the flexible tubing to
prevent excessive bending and maintaining its clean condition.

Conduct full power test. The Test Director will install the
detonator nose cone.

Lower sheave allowing detonator package and instrument pod to enter
hole while moving forklift back from hole to control slack in
flexible tubing. Attach catline to flexible tubing on uphole side
of sheave, Unrope flexible tubing and pull toward hole with catline.
Move forklift toward hole to control downhole progress as catline
pulls toward hole. GARD will provide a special shoulder sub located

-1




D-9.

D-10.

D-11.

D-12.

D-13.

D-1k.

D-15.

approximately 45' below seal assembly. Attach flexible tubing clemp
under shoulder and support clamp on blowout preveater.

Lower sheave to ground while controlling flexible tubing to prevent
excessive bending. Remove flexible tubing from sheave. Put elevators
arcund pickup sub on valve seal asssembly. Tie cables to lift sub

and loop back to crossover sub.  Support loop to prevent bending
beyond 3' minimum radius.

Raige valve seal agsembly into derrick and pick up weight from
clamp. Remove clamp and lower assembly into hole. Untie cable
loop. Inctall spider and slips and hang assembly from landing sub.
Spider and slips must have open segment to allow clearance for one
1-1/2" cable and one 3/4" cable.

Place both cables over &' sheave and pick up sheave with crane.
Crient sheave to permit easy placement of cables against tubing.

Run agsembly on 2-3/8" tubing with centralizers at every fourth
connection. Support cables from centralisers with kellem grips.
Ingtall cementing valve at approximately 2L4O'. Thoroughly tape
cable to entire length of tubing. Have short pup joints in tubing
string at calculated landing depth so that minimum tubing head
height will be achieved. Do not attempt to release from packer
after stab-in because rotation could damage cable. Electrical
circuits will be monitored contimuously during lowering. Electrical
signalling system will indicate position of instrument pod while
passing throigh packer and bell-mouth. Pull on string after set-
down as directed by Baker Engineer to check latching.

Cable ends will be split into several flexible pigtails with pre-
ingtalled connectors. These pigtails will be brought out through
the northern outlet of the Y spool. Excess pigtail will be coiled
within that 6" outlet arm and the connectors will be fastened and
potted to the special flanged cover. If additional room for excess
cable is reguired, a spool extension will be connected to the outlet.
Land tubing on spider and slips. )

Close 2-3/8" pipe rams. Back coupling off tubing and install 2"
ball valve. Install 2" flow tee in ball valve and flanged ball

valve on side outlet of flow tee. Install companiun flange with
tapped bull plug on valve and connect 1/2" N, line. Last 20' of
line will be flexible hose. Install 1/2" vafve in flow tee top

plug. Leave both ball valves open and demobilize rig. Arrange

1/2" nitrogen line so that pressure cannot build up in it or be

unintentionally applied to it.

Fill cavern with gas as described in GARD's "Gas Fill Operation
Procedure”. (See Appendix E.) The Test Director, assigned by
TC/DASA, will be responsible for handling the oxygen, methane and
tracers (see Planning Directive, NVO=64) . The fill period will
end with N2 purge of the casing.

D-2




D-17.

D-18.
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At

D-16.

Smut off Mo purge to casing and begin to apply No pressure to tubing
through 1/2" line. Bring tubing pressure up to 1500 psi. Resume
flow of parge No to casing. Bring casing pressure up to LOO psi
and close off fill line. Monitor pressure on wellhead gauge to
determine if there is leakage into the cavern.

Close both ball valves on tubing head, open 1/2" valve on flow tee.
Remove top plug from flow tee and drop cementing valve tripping ball.
Replug tee and close 1/2" valve and let tripping ball pass into
tubing. Wait 10 minutes for ball to fall. Jpen flange ball valve
and bleed tubing down to fill pressure plus 50 psi. Close screwed
ball valve. Bleed annulus pressure back to fill pressure plus 50 psi.

Bleed pressure from 1/2" N, fill line. Remove flexible hose.
Install 1/2" tee between blowout preventer outlet gauge and gauge
valve. Install flexible hose between 1/2" tee and1/2" valve on top
of flow tee. Open gauge valve but leave 1/2" valve on top of flow
tee closed. Remove tapped bull plug from companion flange and connect
Dewell cementing line to flange. -

Prepare cement composed of 48% portland, 48% flyash, and 4%

bentonite by volume measurement in a Paddle mixer. Open screwed
ball valve. Pump two barrels of jelled water to open cementing
sleeve followed by approximately 178 cubic feet of cement to provide
L4OO feet of steaming. Close flanged ball valve and open 1/2" valve
on flow tee. (Exact volumes required in accordance with approved TNP
Contaimment Plan will be calcuiated when emplaced tubing tally is
available.)

Bleed N> pressure on casing down to fill pressure plus 50 psi and
hold 24 hours.

Fire vhen ready.
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BACKUP PROCEDURES

A. If small, but significuant leakage is detected in step #.6, proceed as
follows:

a. Complete step #.7 and #18 as described.

b. Pump 10 barrels of Jelied water into tubing. Close flanged ball
valve and open 1/2" valve on flow tee.

¢. Maintain N, pressure on casing at final fill pressure plus
approximately 50 psi for 2 hours. If no leakage is evident,
bring pressure up to 400 psi.

d. If no leakage is evident at the higher pressure, bleed pressure
back, reset valves, and complete steps #19 and #20.

B. If purge pressure does not build up in step #16 after pressuring tubing,
proceed as follows:

a. Repeat step #16 but bring tubing pressure up to 300C psi. If valve
closes, proceed with program as written.

b. If valve does not close, continue slow N, purge dowr casing.
Remove flanged section of 3" line between blowout preventer
outlet valve and flare. Connect cementing line to valve.

c. Pump coarse lost circulation material and jelled water into
casing through blowout preventer. Control purge gas pressure
within 50 psi above final cavity fill pressure until sufficient
volume of L.C. material has been pumped to fill all of 6-5/8"
casing and packer assembly.

d. Begin pumping fine L.C. material and heavy mud. Let purge
gas pressure rise to 400 psi as seal develops. Maintain 400
psi casing pressure for 8 hours after complete seal is developed
to obtain good compaction of plug.

e. Bleed casing pressure back to fill plus 50 psi and proceed with
steps #17,%8, #19 and #20.

D-4
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BLOWOUT PREVENTER TES?T
PROJECT MIRACLE PLAY

The Shaffer doudble gate preventer will be degreased and equipped with blind
ramg and 2-3/8" pipe rams prior to installation on the wellhead. Water
with good quality permanent type anti-freeze solution will be used as
hydraulic fluid. HNitrogen bottles will be installed on the Mydril accumu-
later for emergency use. The accumulator and control panel will be placed
approximately 100 feet soutneast of the wellhead. The blowout preventer
test will follow installation of GARD's 10" check valve and piping to the
south outlet of the 12" wellhead spool and the installation of GARD's 3"
line to the bottom cutlet of the Shaffer blowout preventer. The blowout
preventer test will precede downhole pumping of any oxygen or methane,

A blind flange will be installed on the north outlet of the 12" wellhead
spool for test purposes. The test will be conducted as follows:

Step 1 - Set retrievable bridge plug in 9-5/8" casing below 12" spool
and rill wellhead with water.

Step 2 - Install 1/2" tee between gauge and valve on GARD's 3" line from
blowout preventer. Close blind rams and GARD's 3" valve. Open 1/2" valve
below tee and pump water into wellhead with Baker hand pump. Bring pressure
up to 3000 psi and hold for 15 minutes. If leakage occurs, make repeirs
and retest until complete sealing is accomplished.

Step 3 - Close 1/2" gauge valve with 3000 psi on system and disconnect hand
pump. Inspect 1/2" valve for leakage.

Step 4 - Re-connect pump and open 1/2" valve. Place bullplugged tubing pup
in preventer and close pipe rams. -

Step 5 - Open blind rams and pump water pressure back to 3000 psi. Hold
pressure for 15 minutes and inspect for leakage. If leakage occurs,
make repairs and retest until complete sealing is accomplished.

Step 6 - Hleed off pressure, open rams, and retrieve bridge plug.

D-5
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APPENDIX E

HUMID WATER GAS FILL OPERATIONAL PLAN

E-1. Genersl Requirements

A. Two men (buddy system) will work together on all operations.

B. Communications will be maintained between all groups as-
sociated with this phase of the program.

C. During cavity gas £i11 operations the GARD Instrumentation
Shack will be the control point (CP) Telephone No. 794-6404.

e St e e - 5 oo S350t

E-2. Assumptions

A. The pipeline from the United Gas Co. mainline to the motor
CH4 valve, 6-MOBV-G-5 will be filled with CH4 at atmospheric pres-
sure.

B. The 8" line from the E-14 pad to the motor 02 valve,
8-MOBV-02, and the X section will be filled with 02 at atmospheric
or slightly greater pressure.

Lt

E-3. Preparation

A. Confirm all site valves are in a closed position.

B. Ingspect BOP for closure.

C. Position and set up the SF6 feed system for operation at
the bleed plug near the manual CR4 vaive, 6-MABV-G-4.

D. Purge the 02 line and X gectiorn through the flare vent
line with 1000 SCF of N2.

E. Remove HPN2 gage and open .50-MAV-N-4 and remove handle.
Open valves 2-MABV-N-5 and 2-MABV-N-6 at the BOP. Assure valve
.5-MAV-N-7 is closed.

F. Verify that all valves in the pressure monitoring manifold
on the 3" flare and vent line are open.

E-4. Natural Ges Fill

o A. Obtain permission of Technical Director and Test Manager
to proceed.

B. Verify that the United Gas Company's natural gas valve is
open and manned by U.G. personnel at the mainline distribution
point. Set for estimated flow rate of 150K SCF/hr.

C. Open Manual natural gas valve, 6-MABV-G-4,

] D. Open motor natural gas valve, 6-MOBV-G-5.

3 E. Open motor spool valve, 8-MOSBV-3.

3 F. Open and adjust SF6 feed system into the CH4 pipeline.

G. Establish flow rate of 150K SCF/hr; adjust SF6 inject rate.

E-1
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HUMID WATER Gas Fill Operational Plan

H. When cavity pressure is 75 PSIA, notify the Technical
Director.

I. Final adjustment will be made under the supervision of the
Technical Director.

J. Stop natural gas flow by closing the manual valve at the
United Gas Company's main distribution point when permission is
given by the Technical Director. Close the SF6 feed system into
the CH4 pipeline. Close the motor CH4 valve, 6-MOBY-G-5.

Nitrogen Purge and Venting of CH4 Pipeline

A. Prepare to begin nitrogen flow at station E-l4.

R. Open manual nitrogen valve .50-MAV-N-2. Reinstall 02
bleed plug.

C. Simultaneously, begin nitrogen flow and open manual nitro-
gen valve .75-MAV-N-1,

D. When N2 pressure in 02 lines is 120 PSIG, open motor oxygen
valve 8-MOBV-0-2.

E. Purge X section, wellhead, and downhole casing. Volume
of N2 vwill be at least 25,000SCF.

F. Shut down N2 flow and close motor spool valve, 8-MOSBV-3.

G. Close motor 0: valve, 8-MOBV-0-2.

H. Open motor vent valve, 3-MOBV-VF-6.

I. Vent CH4 pipeline to atmoshpere through flare stack by
opening motor CH4 valve, 6-MOBV-G-5. Ignite flare with sparker.

J. After gas flow roar from vent stack ceases, close the
manpal CH4 valve, 6-MABV-G-4.

K. Five (5) minutes after completing step J, close SF6 valve
and remove CH4 bleed plug. Uncouple the SF6 feed system from che
CH4 pipeline. Move the SF6 feed system to the E-14 pad and connect
to SF6 inlet to the 8" service pipeline.

L. Open the motor 02 valve, 8-MOBV-0-2.

M. Start flcwing N2.

N. Purge the X section, the vent line, and the section of the
CH4 pipeline between the manual CH4 valve 6-MABV-G-5, with nitrogen.
Volume of N2 will be at least 1500 SCF.

0. Close motor vent valve 3-MOBV-VF-6. Continue purge for
additional 1000SCF.

P. To stop nitrogen purge, simultaneously close nitrogen valve
.75-MAV-N-1 and stop N2 flow.

Q. Close manual CH4 valve, 6-MABV-G-5.

R. Secure nitrogen pumper.

S. When the pressure in the 8" pipeline reaches atmospheric
pressure, close the motor 02 valve, §-MOBV-0-2.

Oxygen Fill (Commence on approval from Technical Director and
Test Manager)

A. Check that valve .75-MAV-N-3 is closed. Verify that valves
2-MAV-N-5, 2-MAV-N-6 are open.

E-2
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HUMID WAYER Gas Fill Operational Plan

B. Insure SF6 feed sysiem is ready for operation.

C. Prepare to begin 02 flow.

D. Open manual 02 valve, 3-MABV-0-1.

E. Open motor 02 valve, 8-MOBV-0-2.

F. Slowly begin 02 flow. When pressure in 02 line exceeds
125 PSIG, open motor spool valve, 8-MOSBV-3.

G. Increase 02 flow to maximum as directed by Technical Direc-
tor. Oper and adjust SF6 feed system into oxygen flow. As necessary,
Linde may operate manual 02 valve, 3-MABV-0-1 during transfer of
1iquid cxygen..-

H. When cavity pressure is 180 PSIA, notify the Technical
Director. Final adjustments will be made under the supervision of
the Technical Director.

I. When permission is granted by Technical Director close
manual 02 valve, 3-MABV-0-1, and stop 02 flow. Close SF6 feed system.

Nitrogen Purge

A. Prepare to begin nitrogen flow at station E-14.

B. Open manual N2 valve, .50-MAV-N-2.

C. Simultaneously begin nitrogen flow and open manual N2
valve, .75-MAV-N-1, when n2 line pressure exceeds 02 line pressure.

D. Purge oxygen line, X section, wellhead section and down-
hole casing with nitrogen. Volume wiil he at least 50,000 SCF.

F. Shut down N2 flow and close manual N2 vslve, .75-MAV-N-1,
to stop nitrogen purge.

NOTE: Procedures for items 8 and § are complementary to the Emplace-
ment Plan and will require rlose coordination with the Site Manager
and his staff,

Sliding Sleeve Valve Operation

A, Prepare hi-pressure N2 pumper. (Commence with approval
of Technical Director)

B. Replace HPN2 gage. Replace handle and open manual N2 valve,
.50-MAV-N-4,

C. Open manual N2 valve, .75-MAV-N-3, to shift sliding sleeve.
Raise pressure to 1500 PSIG.

D. Close manual N2 valve, .75-MAV-N-3,

Downhole Casing Pressure Test

A, Start N2 pumper, build pressure to 250 PSIG; open manual
N2 valve .75-MAV-N-1 and increase N2 pressure to 250 PSIG.

B. Simultaneously close manual N2 valve, .75-MAV-N-1 and shut
down N2 pumper.

E-3
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HUMID WATER Gas Fill Operational Plan

C. Observe gagee LPN2 and wellhead pressure transducer for
any gross pressure decrease in casing and if a decreuse cccurs,
determine approximate rate of leakage.

D. Inform Technical Director of results of step C before
proceeding.

" E. Close valve .5-MAV-N-2. (Cautiously remove LPN2 gage. A
party of three (one rad safe) will take gage to GZ. At GZ close
all three pressure monitoring manifold valves. Cautiously interchange
gages. Open gage valve & pressure monitoring manifold valve. Leave
7alve to pressure transducer closed. All personnel return to sta-
tion E-14. Install wellhead gage on N2 manifold. Open .5-MAV-N-2,

F. Start N2 pumper. Build pressure to 250 PSIG: open manual
N2 valve .75-MAV-N-1 and increase N2 pressure to 400 PSIG.

G. Simultaneously close manual N2 valve .75-MAV-N-1 and shut
down N2 pumper.

H. Observe replaced IPN2 gage for any gross pressure decrease
in casing and if a decrease occurs, determine approximate rate of
leakage. ,

I. Inform Technical Director of result of step H before
proceeding.

J. Close motor spool valve 8-MOSBV-3 and motor 02 valve
§-MOBV-0-2.

K. A party of three (including one rad safe) will go to GZ
and closely monitor wellhead pressure gage and determine rate of
pressure decrease if any.

L. Inform Technical Director of result of step K bafore
proceeding.

M. Close motor spool valve 8-MOSBV-3 and motor 02 valve
8-MOBV-0-2,

N. Slowly & cautiously drop wellhead pressure to 250PSIG by
cracking manual vent valve, 3-MAV-VF-7,

0. Drop cementing ball (reference Emplacement Plan).

P. Open motor vent valve, 3-MOBV-VF-6 and open motor oxygen
valve, 8-MOBV-0-2 to bléed 02 line.

Q. Close manual N2 valve .5-MAV-N-2.

R. Bleed 2 3/8" tubing to 250 PSIG (HPN2 gage) by opening
manual N2 valve .75-MAV-N-1 and manipulating manual N2 valve
.75-MAV-N-3. Close both valves at 250 PSIG.

S. When N2 flow from vent stack ceases, close motor vent valve
3-MOBV-VF-6, and motor 02 valve 8-MOBV-0-2.

T. Proceed with emplacement plan. To bleed %" N2 line, open
manual N2 valves .75-MAV-N-1 and .75-MAV-N-3. To bleed annulus,
1se manual flare/vent valve 3-MAV-VF-7. After stem is in place,
check 02 line prescrure (LPN2), bleed if necessary, and remove 02
bleed plug.
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HUMYD WATZE Gas Fil1 Operational Plan

Emergency Procedures

A. In case of an emergency during the oxvgen fill:
1, Immediately stop the oxygen pumper at Scation E-14.

2. Ismmedixtely close the motor spool valve 8-MOSBV-3 and

the motor oxygen valve 8-MOBV-0-2,

3. Alert the 2mergency team.

4. Close manual oxygen valve 8-MABV-0-1.

£. If emergency is a fire or potential fire remove as
much as pogsible rhe combustibles from the area of the fire.

6. If emergency is a fire or potential fire, respond with
appropriate agent to control fire. '

7. Notify the Technical Dirvector, GARD Project Engineer
and AEC Safety. Do not proceed with oxygen fill until permission
is granted by these persons.

B. In case of an emergency during the natural gas fill:

1. Imnediarely close motor spool valve 8-MOSBV-3 and the
motor natural gas valve 6-MOBV-G-5.

2. If possilile have. the manual natural gas valve at the

. United Gas Company's nainline distribution point closed.

3. Alert the emergency team. .

4. Close the manual natural gas valve 6-MABV-G-4,

5. I1f emergency is a fire or a potential five, remove as
much as possible the combustibles from the area of the fire.

6. I1f emergency is a fire or a potential fir., respond
with appropriate agent to control fire.

7. Notify the Technical Director, GARD Project Engineer,
and AEC Safety. Do not proceed with natural gas fill until permis-
sion is granted by these persons.
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ABSTRACT

Tne mixing of gases in a large spherical cavity to obtain & detonable
mixture has been analyzed for several different loading procedures. The methods
analvzed make use of convection and mixing in the cavity produced by the action

of a turbulenf. buoyant source at the top of the cavity.

Excellent mixing is produced by the action of a heavy turbulent plume which
extends to the floor of the cavity. The plume entrains and displaces a large
volume flux of gas producing free convection in the cavity. If a large density
gradient exists in the cavity, the plume may not penetrate to the cavity floor.
In this case, the mixing takes place only to the depth of penetration of the

plume.

Relatively poor mixing is obtained by the a-tion of a light plume which
penetrates to a shallow depth into the cavity before it is reversed by buoyant
forces. The mixing established by the light plume is confined to & region near
ihe source. The efflux from the light plume displaces the heavier mixture
originally at the top of the cavity. This displacement forms & steep gradient
between the light gases at the top of the cavity and the compressed heavier

gas.

When alternate volumes of gas are loaded into the cavity, mixing is
alternately produced by heavy and light plumes. Excellent mixing is produced
by the heavy plume while the poor mixing by the light plume produces steep
density gradients. These gradients in turn confine the action of the next
heavy plume to the region above the gradient. For these reasons this method
of loading cannot yieid better results than the action of a single heavy

plume.
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THE MIXING OF GASES IN A SPHERICAL CAVITY

Background

General Aﬁerican Research Division participated in an underground gas
‘detonation experiment, Diode Tube Event of Miracle Play Test Series under DASA
Contract DASAOL-68-C-O177. The purpose of this experiment was to match the
seismic signals of a previous nuclear explosion, Sterling, using a gas detona-l
tion in the same cavity. Investigation of the seismic data from Diode Tube
Event indicates that the peak amplitudes of the seismic signals from Diode
Tube are one~third of what was expected. In reviewing the program, questions
were raised concerning the quality of gas mixing (implying an explosive yield
less than predicted) obtained in Diode Tube Event. Reported herein is an
evalu#tion of the aixing of gases which takes place in a large spherical cavity
for several different loading procedures, including those used for Diode Tube

Event and those proposed for Humid Water and Diner Coin Events.

The cavity, into which the gases were to be mixed, existed in the Atomic
Energy Commission's Tatum Dome Test Site near Hattiesburg, Mississippi. Its
roughly spherical shape (110 ft. diameter) had been produced by a previous
nuclear explosion, Project Salmon, at that site. A solidified pool of salt
on which rested a layer of rubble formed the floor of the cavity. At the top,
chunks of the ceiling had fallen out to form a chimney. A 6-5/8 inch diameter
steel casing protruded into the chimney, 2650 feet below the well head. This
casinrg contained a 1-1/2 inch diameter instrumentation cable and valving for
the gases. The gases flowed cut of the casing into the chimney area through

slots cut into the side of the casing.
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Methods of Loading

This analysis deals with the problem of mixing large quantities of gases
into an explosive mixture. A detonable mixture of methane and :..ygen was to be
obtained in a 110 ft. diameter sphericai cavity, spproximately one-half mile
underground. Safety considerations generally precluded mixing the gases at

ground level and transporting them down to the cavity. Thus, alternate methods

were devised.

In Diode Tube Event, the heavy gas (oxygen) was lcaded into the cavity first,
then the methane. Other methods of loading the gases to obtain mixing in the
cavity are: 1) to load all cf the lighter gas (methane) first, then the oxygen
or 2) to load methane and oxygen in alternate small volumes using an inert gas

{nitrogen) to purge the pipe line between volumes.

Method of Solution

The gases in the cavity are mixed by several different mec.anisms. The
method of solution has been to treat the problems of turbulent diffusion,
forced and free convection &nd uolecular diffusion individually. By this means
it can be shown that the dominant mixing mechanism during the loading process is

diffusion and buoyant free convection produced by a forced plume.

The gases enter the cavity through openings cut into the 6-5/8 inch diameter
casing which protrudes into the chimney of the cavity. The gas enters the
cavity with sufficient velocity to produce a turbulent jet (See Appendix 1)

which entrains cavity gas.
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For the flow conditions used in Dlode fubé Event the entrance momentum
flux was insufficient to support significant cgnééctive_velocities which
would mix the gases by large scale forced circulation (Seé Appendix 2).

The entering jet may be heavier or lighter than.the prcxim;te.éaviiy
gas. When the direction of mean motion is induced by buoyancy f&fces, this
type of continuous turbulent source is called a plume. The plume~tepas to
induce a circulation of the mixed gases in the cavity, The ax#entzég this
circulation depends on the direction taken by the plume due to iié buoyancy.
The gases entrained and mixed in the plume are transported to the posit{on that
the plume terminates. The plume gas issuing from the plume spreads laterally

at its density level displacing the cavity gases originally there.

ENTRAINMENT AND CONVECTION BY A FORCED PLUME

The methods analyzed make use of convection and mixing in the cavity
produced by the action of a turbulent buoyan’. source in the top of the cavity.
A model for turbulent buoyant convection frcm a source in a confined region,
introduced by W. D. Baines and J. S. Turner(l), is applied in this analysis,
Their model incorporates a turbulent plume which persists to and is terminated
at the boundary of the cavity. The gas miture issuing fr;m the plume spreads
laterally at its density level displacing the gas originally there. Mixing
takes place by turbulent diffusion in the plume. Convection outside of the
plume is produced by displacement by the gases issuing from the plume and by
entrainment into the plume.

The main differences between the model of W. D. Baines and J. $. Turner
and the one applied here is that in this case the displacement of the gases in

the cavity is accompanied by their compression as the pressure in the cavity

increases. This compression is directly related to convection in the cavity.
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In this analysis the source is finite and has an gsscciated muss and momentum
fiux. The molecular weights of the source and cavity gases differ initially by
a tactor of 2. Sources of mass mcmentum and buoyancy have been analyzed by

B. R. Morton(z)

who shows that they car be related to a virtuul point source

of buoyancy and momentum only. Increasing the mass and mosentum of the source
in a stably stratified atmosphere has the effect at rirs’ of reiucing the total
penetration of the plume. This indicates that the spreading .nd mixing cccur-

ring in & turbulent forced plume is affected by the initial momentum and mass flux.

In the analysis which follows, it is assumed that the momentum forces
associated with the iniet jet are insuificient to over balance the stabilizing
bucyant forces and drive the cavity gases into a large scale circulaticn.
Appendix 2 shows thet the momentum at the inlet, for the cases which will be
considered, is insufficient to produce rapid circulation, assuming Stokes flow,
of a uniform gas in the cavity. The calculated circulation would have been even

less if the stabilizing buoyancy forces were included.

Equations for the Axisymmetric Plume

The theory of turbulent gravitational convection from maintained sources

was developed by 5. R. Morton, G. I. Taylor, and J, S. Turner(3). The mean
velocity and mean density for an axisymmetric plume are given by
2,2
U(s, r) = U(s)e T /v (1)
2,2
, -r /b
[p-p, ] (1) = [p-pg] (7% (2)
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where U(s) iz the centerline mean velocity, p{s) and po(s) are centerline
mean densities inside and outside of the plume, respectively, and b{s) is a

characteristic plume radius.

The consarva‘ion of mass and momentum, where the ccordinate systems under

consideration is shown in Figure 1, are given by

2

& Wp-py) 1= Zo fe

A2 (83-%—23) cos 0] = g (0-p) (4)
P

%E [‘nzu2 (%—28) sino] = o (5)

where ¢ is the angle between the direction of the plume trajectory (s) and the

acceleration of gravity (g).

Batchelor's assumption that the entrainment at some position in the plume

is pruportional to & characteristic velocity at that position is given by

(b%u) = 2& bu (6)

Bl

where a is the experimentally determined entrainment coefficient. Equations

3-6 result from integration of the equations over the plume cross section.




Figure |. COORDINATE SYSTEM FOR AN AXISYMMETRIC PLUME
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Congervatiur of mass in the cavity outside of the plume is given by

op op
= U e, a0 )

whera U is the convective velocity and

2 \
R (1 'if) U =7 (- gR) u1b12 - Tub? (8)

The nomenclature for equation 8 is shown in Figure 2. R is the radius of the

cav: .y at the depth x,1ru1b12 is the irlet volume flux and Va/V is the ratio

of the volume above the swction at » ‘o che total volume of the cavity.

The transition of the jet mean velocity and mean density profiles from
being uniform at the nozzle exit to fully developed Gaussian at a position
downstream has been analyzed by C.duP. Donaldson and K. E. Gray(’*) using a
momentum integral method. The core or uniform property region decreases due
to turbulent diffusion with distance along the trajectory(s). The core region
is shown schematically in Figure 3 ending at a distance S, along the trajectory..
For low Mach number flow and density ratios of 2, the length of the core region
is found to be of the order of the nozzle radius (See Appendix 1). The change
of momentum of the jet due to buoyancy over the distance S, is negligible
compared to the assumed inlet momentum. In order to treat the transition

region,the momentum will be assumed to be constant and equal to the inlet

momentum.




Figure 3. FLOW TRANSITION AT THE NOZZLE EXIT.
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It is converient to assume that the characteristic . lume dimensirn for
tne density profile is given by b/A in the core region where A is a pare.2ter,

The mass and momentum fluxes at s = s, are given by

n( pdzpo) ub® )
2 = 9
(o] )‘2 +1

n(zp +2% ) o%°

W
2)

(10)
¢ 2(2 +2

If the entrainment over the distance 8, is given Ly Ec then the volume flux

Yc iz given by

Y =7b, " u, +E (11)

Z,=py b u tp E, (12)

W, =P %0 (13)

rn

>
[}

-1/2 +\[1/u + g-‘cl




These porameters in conjunction with equations 1! to 13 define the boundary
conditions for the Geussian axisymmetric plume in terms of known conditions

at ‘.he nozzle.

Initially, the cevity contains & known number of moles of gas. At the
beginriing of the comput&tion, it is assumed that the plume iz already established
in the cavity gas. The inlet gases issue from openings cut intc the side of a
6-5/8 inch dismeter casing at approximately 20° to the sxis of the cavity.. It is
assumed that loading the light gas forms four distinct plumes while loading the
heavy gas forme a single plume. In the case of the heavy gas, the individual

plumes quickly Jjoin up due to the rapid entrainment of the gas between them.

Numerical Solution

The differential equations in terms ol trajectory, (s), and time,(t), were
non-dimensionalized and -converted to pure difference equations. These were
progremmed in FORTRAN IV for the IBM 1130 computer. Mathematical singularities
in the problem were isolated and computed separately. Two cases of & finite | §
source were solved numerically; one with positive buoyancy and one with negative A

buoyancy. The cavity boundary was a 110 ft. diameter sphere truncated 3 ft.

from the top (ceiling) and 7 ft. from the bottom (floor). The entrance nozzle

was at the center of the ceiling.

The entrainment coefficient, @ , has been experimentally determined. Values
reported in the literature for 1liquids and gases range from 0.058 to 0.082(5).

(6)

4. Rouse, C. S. Yih, and H. W. Humphreys measured @ = 0.058 for plumes in
air. This value, used in this analysis, seems to be the one most generally

accepted.
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Light Plume; Methane Source

Laitially, the cavity contains 9 atmospheres of oxygen. Methane is
added at 336 lbm-moles/hr until the cavity pressu.e reachcs 15 atmospneres.
The methane issues int> the cavity at an angie of 20° off the axis of the

cavity from b nozzles with 1/8 ft. radii.

The computation shows that the plume initially penetrates only 1 ft.
deep into the pure oxygen. As the lighter plume gas sccumulates at the top
of the cavity, the penetration increases to a maximum of 3 ft. Meanwhile the
meghane added to the cavity continues to compress the pure oxygen deeper into
the cavity without further entrainment from the pure oxygea region. The con-
centrations of oxygen vs depth in the cavity at selected times during the

sethane loading are shown in Figure L.

Heavy Plume; Oxygen Source

For this case the cavity contains 6 atmospheres of methane. Oxygen is
loaded into the cavity at 336 lbm—mole/hr until the cavity pressure reaches
15 atmospheres. The oxygen issues into the cavity along the vertical axis
through a single nozzle with a l/h ft. radius. The plume extends to the floor
of the cavity entraining a large volume flux of cavity gas. For the initial
plume the entrainment is 311 times the volume flux at the :0ozzle. Outside of
the plume the first traces of plume gas reach 98% of the cav’ :y height in 1/3
hour. The pattern of mixing is unchanged after this first front approaches
the ceiling of the cavity. The concentration of oxygen vs depth in the cavity
is shown in Figure 5 for several selected times. The natural convection produced

by the plume provides a very effective means of mixing the gases. The fractional
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change in concentratiorn over Q8% of the cavity height is ler then 104 by

the time only 1/10 cf the total oxygen has been added L5 the zaviiy

Details of the plume are shown in Fizure 6. Initially the plume expands
rapidly as a turbulent momentum jet, then less rapidly, characteristic of a
turtulent buoyant plume. The concentration of oxygen is such that the weight
of the plume gases are always heavier than the cavity gas except uat the fioor

of the cavity where they are equal.

The buoyancy of the plume gas decreases rapidly downstream of thne nczzle.

If initially there existed a sigrificant density gradient with depth in the
cavity, the plume'buoyancy would reverse before reaching the cavity floor.
The position at which the plume terminates in this case canrot be predicted

by this analysis.
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Alternate Heivy and Lirht Plumes

Alternate heavy and light plumes formed by alternately loading small
volumes of the gases, can oe analyzed using the methods and model already
described provided one assumes that the heavy plume terminates at a position
of neutral buoyancy. In application to the mixing produced, this assumption
is probably quite accurate because observations of plumes in the atmosphere
show that the plumes penetrate only slightly into the layer where the

buoyancy reverses(S).

For this method of loading (alternate slugs), most of the mixing in the
cavity takes place by the action of the heavy pluite. Thus good mixing car be
expected above the position of the steep density gradient in the cavity while
the heavy gas is being loaded. Poor mixing occurs while the light gas is
being loaded. If the first volume added to the cavity is heavy gas it will
be compressed to the floor of the cavity and if the last volume is light gas,

it will be concentrated at the ceiling.

Discussion

The method of loading used in Diode Tube Event corresponds to that
described under the section: Light Plume; Methane Source. The results show
that very little mixing takes place from the action of the light plume,
resulting in a small volume of inflammable gas in a disk on a central plane
of the sphere (see Figure 4). During the methane loading time (one day)
molecular diffusion contributes very little to the mixing. However, in Diode
Tube Event, the gases remained in the cavity approximately 1V duys before

they were detonated. If one computes the mixing due to molecular diffusion
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over a 10 day period (see Appendix 3) one obtains 7% of the cavity volume
within the detonability limits with approximately 25% of the volume within
the limits of inflammability. This conservative estimate of the mixing
could account for the decreased yield of explosive implied by the seisaic

signal amplitudes obtained in Diode Tube Event.

The excellent mixing obtained by the action of the heavy plume occurs
because of the large volume flux entrained by the plume which penetrates the
full depth of the cavity. loading the oxygen last also has the advantage that

the individual gases are in contact over the longer oxygen fill time, 36 hours.

The mixing can be further improved by increasing the velocity of the
gas entering the cavity. Figure 7 shows the volume flux entrained by the
initial plume in the cavity for varying inlet velocities. The velocities
shown in Figure 7 straddle those pertaining to Diode Tube Event ( ~U40 ft/sec).
The entrainment of cavity gas due to the initial plume varies approximately
linearly in this velocity range. Inlet velocities are limited, by safety

regulations for oxygen handling, to approximately 400 ft/sec.

Recommendation

General American Research Division recommends loading all of the methane
into the cavity,then all of the oxygen for Hur’d Water and Dinar Coin Events.
The heavy turbulent piume formed by this method of loading takes advantage of
excellent natural mixing in the cavity. The simplicity of the method

provides safety in handling and has economic advantages.
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APPENDIX 1

MOMENTUM JET

Free jets become turbulent for Reynolds numbers (Rc) approximately equal

to 30(1):
. U
R, = 3

where U is the velocity, D is the diameter and v is the kinematic viscosity
of the jet source. Using the values pertinent to Diode Tube Event, one cbtains,

for the methaae jet,

rXx 103 <R. <25 x 10
et

J

3

This range of values is greater than R_ by more than a factor of 100, indicating

that the entrance jet is turbulent.

An excellent review article on the mixing occ.riing in a turbulent free

jet was given by W. Forstall and A. H. Shapiro(z). The theory originated by

(3)

H. B. Squire and J. Trouncer

(L)

has been extended by C.duP. Donaldson and
K. E. Gray to include the compressible free mixing of two dissimilar

gases. A simplification of this theory applies to the present probiem.

The axially symmetric turbulent free jet may be divided intc two regions
(see Figure 3): 1) the core region, and 2) the fully developed region. In
the core region, the momentum transfer has not diffused to the center of the
jet, so that at the center of the core region, the mean axial velocity is
essentially constant. At the start of the fully develcped regicn, the core

has diminished to zero and the radial velocity profile is Gaussian.
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Following Donaldson and Gray, ore can write for ary section of the jet,

d r* d r*
a-s-f purdr+u(r*)§§j purdr+re *=C (1)

This equation states that the rate of change in axial momentum is ecual Lo

the masa added at velocity u(r#*) plus the Reynolds stre:s acting at r*.

If the arbitrary radius r* is allowed to increase without Limit,

equation (1) becomes

T 2
J pa” r dr = constant. (2)
5 _

An equation which satisfies the species conservation and momentum
conservation simultaneously is given by

c = u/ul (3)

where C is the mass fraction of the jet gas and u is the mean velocity of
the jet. Assuming the perfect gas law for a mixture of ideal gases and a

constant pressure in the jet,one obtains

©
=lE

J

and

=)

i
—_
4
o

where p, ﬁ, P, T are the density, molecuiar weight of the mixture, pressure,

and temperature and R is the universal gas constant.
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The Reynolds stress is assumed to be given bys

T* = g o(r* - r ) u, gi‘- (6)

-

where r. is the core radius, u. is the centerline velocity and K is a constant

evaluated by experiment.

The velocities in the core and fully developed regions are given by
I

1"2 - rf;
u=u e ~Xr 2-—r 3 - > (72)
B 5 ¢ * 2l
2
AT /rq2
u=u e 7 (7)

7]

where r5 is a characteristic radius at which the velocity is given by

u

= oS
5 2

Substituting r* = rs in equation (1) and combining with equations 2 - 7a
ylelds an equation which can be solved in closed form for the length of the
core region (Sc).

One obtains

: 5 e
s = ‘1‘1?3_12 R Va1, "8 (8)
e 1) K a & 1. J~9~
a-1 a-1
where
M
5 = ‘-—2—-1)
‘Ml 5
b 3
[O*‘(Z +\’J)l"x 1+OJ
T S~ infl <5 )
and




Reference 4 gives K = .45 while for a methane jet into oxyger

s =1
CHh

and for an oxygen jet into methane,

Substitution of these values into equetion (8) yields the core length for an
incompressible momentum jet. These values are shown in Figure 1l,represented

by the straight line portion of the curve.
Equations 1 - 7b may be combined to obtain:

dx &5 (1 + v/2) 1 1

&v (L +v) kK (1 +6)1/2)3/° [v - (1 + V)] 372 [+ a1n(1 + v)]2/2

e

[ s
é;— and X-’-‘-i‘-
1

where vV

[

This equation was solved by numerical integration. (The program, written in
Fortran IV, appears at the end of this appendix.) The results of the compu-
tations are shown in Figure 1.1 which shows the mass fraction of the jet gas

as a function of distance along the jet, in jet nozzle radii.
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/7 FOR

2EXTEADEN PRECISIAN

#ONE wORN INTEGERS ’ .

SLIST ALL. e

SURRQUTINE HNLME (FeV)
— BV (1 v ) 8 =ALNG 1 V) ) ##(005) % (V=ALOG(1abeS5%V) ) /((1e6V/2e)
1#ALOG(1eGe50V))

END

// DuP

#STORE WS UA HOLME
/7 _FQR

#10CS(CARD»1132PRINTFR)

SEXTENDED PRECISION

#ONE “ORD INTEGERS

SLIST ALl .
& READ(2:1) DELTA

— READI2,118

FACTa=] :
— ] EORMAT (G lieb)—— =
WRITE (3435) DELTA
—— B FEORMATLIOX A LNELTA R LE b lensl)
X=40091
V.2 DELTA
DO 20 Isl,yl00
— 6 WRITE (342) XaV
2 FORMAT (1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>