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INTRODUCTION 

This issue of tiie Mechanical Engineering De
partment Quaricrl) Revim* covers the activities of 
Nuclear Test Engineering Division (NTED). The 
division consists of four sections: Diagnostics, 
Nuclear Explosives Systems and Energy, En
gineering Mechanics, and Mechanical Technicians. 
The Division's activities are carried out in three main 
areas: nuclear testing, energy-related programs, and 
reimbursable programs for the U.S, Nuclear Regula-
lorv Comm;'.sion. 

Nuclear Testing 

Our nuckar testing activities involve device 
systems, diagnostics, containment, and special pro
ject. We are responsible for the design, structural 
evaluation, fabric :::*in, and proof-testing of device 
canisters, which position and protect nuclear explo
sives in underground environments. We synthesize, 
procure, and certify the arming and firing system, 
and are responsible for Ihe necessary bunkers, cables, 
and interface with the control room. At the ground-
zero site, we enforce appropriate controls over the 
nuclear explosive and firing system to comply with 
the Department of Energy safety rules. The necessary 
diagnostic instrumentation is provided by us. and it 
requires the development and fielding of mechanical 
equipment and the designing of downhole emplace
ment systems. An article beginning on page 4 de
scribes our design of DCARR, a spectrograph for 
measuring low-energy x rays. 

We have the task of developing containment 
systems that meet zero radioactivity release require
ments. In addition, we are working toward ad
vancing the technology and improving the materials 
and hardware. This involves carrying out ground 
shock analysis, thermal fluid investigations, gas flow 
studies, and structural analysis. Several special pro
jects are being pursued. One, the development and 
fielding of a prompt post-shot cavity gas-sampling 
system, is discussed in an article beginning on page 
9. Another special project is the development of an 
Integrated Planning System, which will produce 
milestone charts optimize resources, and improve 
the logic in establishing the nuclear explosives test 
schedule. 

•Previous i<.uii:<, ut'rt- called Mtrlinniial EnpmwiR Dvpontm-m 

Energy Related Programs 

We arc participating in three major energy-
related programs: oil shale, coal gasification, and 
liquified natural gas spill effects. A principal objec
tive in the Oil Shale Project is the development 
and verification of a computer model of the Rubble-
In-Snu Extraction process. Our role is to provide 
the engineering design of several retorts and the 
necessary instrumentation for collecting the data for 
the verification. The engineering design addresses 
the retort vessels, gas control system, product 
collection system, and shale preparation. In an 
article beginning on page 14. we describe our re
cently completed thermal analysis of a retort to 
better understand the backheating phenomenon. 
Our forthcoming participation will include aclual 
commercial retorts. For the Coal Gasification Pro
ject, we are providing the engineering, well drilling, 
surface plant piping, and necessary instrumentation. 
We will also be providing test facility management 
and operational support during testing, We have de
veloped a traveling thermocouple probe, described 
in the article beginning on page 20. Our involvement 
with the Liquid Natural Gas Spill Effects Projecl 
includes the engineering for site selection a nd facility 
design for the planned 1000-m3 spill test at the 
Nevada Test Site. In addition, we are designing and 
fielding the instrumentation for the 5-m' test facility 
at China Lake, Other, less major, projects supported 
by NTED include Geological Waste Isolation, DN A 
Shock Tube Studies, and Geophysics. 

Reimbursable Programs for the I'.S. Nuclear 
Regulatory Commission 

The safety of nuclear power plants and asso-
a..nA facilities is Ihe major concern of the U.S. 
Nuclear Regulatory Commission (NRC). Over Ihe 
past five years, our interaction with the NRC has 
grown significantly. We have been involved with 
over 40 separate reimbursable contracts concerning 
more than 30 technical areas; the areas are listed 
in Fig. 1 with a diagram of the nuclear fuel cycle. 
Most of the facilities of the fuel cycle have been ad
dressed in our work. These include fuel processing 
and fabrication, power generation, interim waste 
storage, and spent fuel reprocessing. Our work can 
be grouped into three categories: seismic engi
neering, applied mechanics, and systems engineering 
and risk estimation. In seismic engineering. »e 
evaluate and develop analytical techniques, establish 
design criteria and design requirements, carry out 
dynamic structural analyses, assess the seismic 
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hazard at specific sites, and quantify the conserva
tism in the design of nuclear power plants. Our work 
quantifying conservatism is presented on page 26. 
Our applied mechanics aclivices include scale model 
testing, fluid-structure inaction studies, transporta
tion of hazardous materials investigation, and mis

sile impact effects studies. A current project 
analyzing casks used in transportation of nuclearfuel 
rods is described on page 29. Our work in systems 
engineering and risk estimation involves seismic trip 
studies, materials control (see article page 36), waste 
management, and reactor safety. 
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DCARR: A SPECTROGRAPH FOR MEASURING LOW-ENERGY 
XRAYS 

One of the more interesting challenges that is 
assigned to a diagnostic engineer is to be intimately 
involved in the design from conception to fruition 
of a new detector system,1 For the list 2 years, we 
have been involved in such a design with DCARR, 
the Differential Critical Angle Reflection Refraction 
detector system.-" This detector was designed to 
measure low-energy x rays. 500 to 5000 eV, with a 
high degree of resolution, 250 eV. DCARR was de
veloped becaused these low-energy measurements 
are of interest in the diagnostics of x-radialion in 
nuclear tests and available equipment could not 
make measurements at this low an energy in field 
tests. DCARR is a versatile piece of equipment that 
can also be used as a laboratory tool, such as in 
measuring the low-energy x rays emitted by lasers 
and various x-ray machines. 

The First DC ARR Design 

Our developmental work has involved the de
sign of two physics conf :urations for the detector, 
Delineation of the energy bin to be measured is 
accomplished principally by use of critical angle re
flection. Figure 2 shows the original design. The de
tector, also shown in Fig. 3. is approximately I00 
mm by I00 mm by 1.27 m. In this design. Point 1 
shows the representative continuous spectrum 
entering the detector system. Point 2 shows the first 
reflected spectrum determined by the mirror angle. 
Point i shows the second reflected spectrum deter
mined by the scintillator angle. E, must be less than 
E,. Point 4 shows the refracted spectrum, the 
difference between E, and Ej. and the part 
we want to measure. Notice how concise the ends are. 
Sharpness of the energy cut-off depends on both the 
fatness and roughness cf the mirror surface. With 
ihis detector system, E|-E, can be made as narrow 
or as broad as desired (within 4 keV) by selection of 
critical angles. When the reflection angle is small, 
x rays with energy from zero to a cut-off energy de
pendent on the reflectance angle are totally reflected. 
For the carbon mirrors used in DCARR, the cut-off 
reflectance engle varies from approximately 20 min
utes for 5-keV x rays to 1° for I keV. Reaching 
this lower limit was one of the most challenging parts 
of the design because it required working to angles of 
less than a degree holding to a tolerance of ±1 minute. 
(One normally work with angles greater than 5° with 
angular tolerance of 10 minutes.) Those x rays not 
reflected by the scintillator surface are absorbed by 
Ihe scintillator which fluoresces, with the amount of 

light produced recorded through the use of a photo-
detector and appropriate recording system, 

I n the design of the First detector, a plastic fluor 
is used as the scintillator and must be inside the 
vacuum. The photodetcctor -eilheraphoiodiodeor 
photomultiplier -must be outside the vacuum sys
tem. The plastic fluor has to be cemented to a glass 
substrate in order to polish the fluor flat and smooth. 
The substrate also acts as a light pipe, a vacuum 
barrier, and the surface for holding the scintillator 
angle. Tests have indicated that because of the differ
ences in thermal expansions between the plastic and 
glass it will cause the bond to break at about 46° C. 

For the first field application this September, 
it was planned to bury the detectors in grout which 
could reach a maximum temperature of 66cCduring 
the hydration process. This is unacceptable due to 
bond breakage. Also, grout has a tendency to move 
in strange ways as it solidifies. To reduce these 
effects, the detectors will be placed in sand plugs. 
A thermodynamics study" showed the maximum 
sand plug temperature as expected is 42DC. These 
detectors will be instrumented in the field test t" 
verify the calculations. 

The Alternate DCARR Design 

Because the photodetectors are extremely sensi
tive and the scintillator is susceptible to background 
radiation, the configuration shown in Fig. 2 was 
judged to be loo sensitive for the large signals ex
pected in nuclear tests. We decided to use an XRD 
detector for nuclear explosive tests and an alternate 
design (shown in Figs. 3 and 4) was conceived. This 
design is identical to the first one except for the XRD 
detector and that a filter is used to define the lower 
energy of the bin. The filter material and thickness 
control the cut-off. Note in Fig. 4 that the cut-off 
isr t as sharp as in Fig. 2. This is becauscattenuation 
(•'• the x rays by the filter is energy-dependent. 

The existing XRD detector design was incor
porated into the detector system. This design uses 
a beryllium cathode and a copper anode with two 
coaxial feedthroughs through the vacuum barrier. 
The anode has a positive bias voltage applied ^nd 
when the x rays are absorbed in the beryllium cath
ode electrons are emitted and collected on the anode, 
thus giving an electrical signal from the cathode 
proportional to the amount of x rays absorbed. 

Theoretically, use of the XRD detector in the 
critical reflection angle mode should be excellent. 
But, because the XRD detector is insensitive and 
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x-ray intensities produced by laboratory equipment 
are low, we have been unable to verify this in lab tests. 
Plans are to verify this principle on some future 
nuclear event by comparing results from the XRD 
detector to the original model DCARR detectors in 
the same energy range, which can be calibrated. 

During tests of XRD detectors in a reflection 
mode, it was found that the XRD efficiency im
proved to a maximum at an incidence angle of 3 r 

Common Design Features 

From an engineering standpoint, the crux of 
both detector systems is the carbon mirror and slits, 
not only in manufacture but also in placement. The 
slits define the incidence beam to eliminate scattering 
from surfaces other than the mirror. Also they pre
vent the incident beam from striking the detector 
which is particularly important in the measurement 
of higher energy x rays (smaller angle of incidence). 
It is important that the incident beam of x rays strike 
the mirror at the prescribed angle both during cali
bration and in the test application. So a base line, 
which passes through both slits and the center of the 
mirror surface, was established lor fabrication and 

alignment ol the detector system during calibration 
and in the field. For a 50-mm-lone mirror, the maxi
mum slit widths will range from 0.3 mm to 0.76 mm. 
depending on the incident ancle of the incoming 
beam to the mirror surface. We considered making 
the mirror small enough to act as a slit, hut this intro
duced other problems that were more venous than 
the manufacture of the slits. 

Slits used for laboratory experiments are made 
of thin tantalum and the slit openings approach the 
maximum 0.7(i-mm slit size. In the field units where 
the intensities of X rays are orders o! magnitude 
larger, slit widths are reduced to 0.U5K to 0.2S mm, 
with manufacturing and assembly tolerances of 
+ 0.0064 mm. Since the slit is made up ol seieia! 
materials approximately 7.6 mm thick, it will be 
necessary to have a taper of approximately II.I . 
Initial tests indicate that the slits 0.18 mm or larger 
may be made by the EDM process and those smaller 
will have to be made by grinding two "I." shaped 
pieces for each material. Assembly of the slits must 
be made using a comparator microscope. 

The slits can be aligned for detector calibration 
by taking the mirror out, turning the x-ray machine 
on. and adjusting the detector lor maximum beam 
intensity. For field applications, the initial alignment 
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is made optically, which requires the removaland re
installation of the slits and mirror. For the detector 
calibration to remain valid, the slits much be rein
stalled in their original positions and the mirror 
must maintain the prescribed angle, all within a very 
tight tolerance. This is accomplished by precision 
pinning. As a final alignment verification, the system 
is evacuated and a piece of film behind each slit is ex
posed by an w a y machine placed at the point of in
terest for the detector. After the film is processed, the 

two image sizes are compared. If they are the same, 
everything is ready; if not, the detector will be ad
justed until the image sizes are the same. 

Current Status 
We have built, calibrated, and installed at the 

Nevada Test Site the first eight detectors (see Fig. 3). 
These will be tested in a nuclear field event scheduled 
for early September. One of each type will be used to 

6 



Carbon mirror 

XRD anode 

XRO c?:!iode 

0 
Entrance 
spectrum 

© 
Filtered 

spectrum 

© 
Reflected 
spectrum 

Fig. 4. AlKmttc- DCARR physics configuration and spectral respuntf. 

measure background, and fivcof ihc alternate XRD 
detectors and one of the original design will be used 
for low-energy x-ray diagnostics. Following the field 

test, we will determine il any significant desisin 
changes are needed, and we will sti:dv mcilmd'. m 
simplify the design, thereby reducing costs. 
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GAS SAMPLING A POST-SHOT CAVITY 

We have designed a gas sampling sys'em that 
allows immediate recovery of radioactive gases from 
the cavity produced by a nuclear test at the Nevada 
Test Site. The samples arc analyzed by the Radio-
chemistry Department to determine a number of 
parameters about the test, such as: (I) the fast 
neutron flux inside the device by observation of the 
*"Kr (n, 2n)" K.r reaction, and (2) the device thermo
nuclear yield by determining the amount of 'He 
formed. 

While usable information can be obtained with 
gas samples from the post-shot drill hole, the short 
half-life of many of the gases being analyzed makes 
a system that can be used immediately after the test 
extremely valuable. This dictates that the channel 
for conducting the gases should be emplaced before 
the nuclear test. Designing a system which can sur
vive the violent ground motion associated with the 
test ?nd still present no change of cavity gas escape 
was a challenging problem which took many years nf 
development to solve. 

The first attemptsat gas sampling began in 1967. 
A number of different approaches have been used to 
carry the gas to the surface. Foi instance, initial 
systems used the emplacement pipe filled with steel 
balls or rock. Later, hoses filled with mercury were 
tried. Success rates with these systems were on the 
order of 30% and limited to the smaller shots. 

The Gas Sampling System 

We finally developed the present gas sampling 
system which consists of the dowjihole system that 
collects and t r a n s i t s radioactive gas uphole to the 
uphole system that pumps and stores it. Many suc
cessful tests have been carried out with this system. 

The DoHnholc System. The downhole system is 
shown schematically in Fig. 5. A nonrotating I-in • 
diam wire rope, encased in a l-l/4-in. heavy duty 
hose, extends down into the emplacement hole. The 
wire rope icoiJc the hose prevents it from completely 
collapsing. The sample gas is transported in the 
annulus between the wire rope and hose as shown in 
fig, 5. The wire roj.e extends to the probable cavity 
radius. It has a rated strength o r 350,000 N, which is 
well above the combined weight of the downhole 
system and stemming load. 

The l-I/4-in. high-pressure hose does not ex
tend all the way to the cavity. It was feared that the 
high temperatures from device detonation might 
melt the rubber in the hose and completely seal it off 
from the cavity gas. We reiy on the interstices within 
the wire rope and stemming material to carry the 

cavity gas to the end of the hose. The hose itself 
is segmented :nto approximately 10-m lengths. Each 
segment ends in 37° female flare fitting. The seg
ments are joined together by a special male union. 
These unions are in turn anchored to the wire rope 
by three set screws. The stemming load and weight 
of the hose are thus transferred to the wire rope. 

The next feature within the downhole system is 
the vacuum demand valve (Fig. 5), which prevents 
fainp'e gas fiom flowing in the hose unless it is 
actively drawn up by the uphole system. It is designed 
so that the pressure in the hose above the vacuum de
mand valve is always below atmospheric pressure. A 
simplified representation of the vacuum demand 
valve is shown in Fig. 6. Before the valve isemplaced, 
the reference chamber (1) is temporarily opened to 
the local atmospheric pressure at the test site. If no 
suction is provided by the uphole system, chamber 
(2) will also beat atmospheric pressure and the spring 
will hold the valve closed. As i vacuum is drawn on 
chamber (2), the net force between the two chambers 
eventually overcomes the spring force and the valve 
opens. Note that any pressure below the valve serves 
to make the valve harder to open. The lower vacuum 
demand valve isconfigured to open at approximately 
0.85 aim while the redundant upper vacuum demand 
valve is set at approximately 0.75 aim. 

Although the wire rope is more than capable of 
supporting the weight of the hose and initial 
stemming load, it can be broken if it is gripped 
at two places in the ground that have a relative mo
tion to each other during the nuclear test or subse
quent cavity collapse. Consequently, several special 
precautions are used to isolate the hose and cable 
assembly from the two rigid plugs used in all under
ground nuclear tests. (See Fig. 5. (The section of the 
hose which passes through the lower plug is covered 
with foam rubber and wrapped with tape. The low 
shear strength of the foam allows the hose to pull 
through this plug. In a like manner, the section of 
the hose that passes through the upper plug is coated 
with a highly viscous grease-like material called 
hydroseal. Its purpose is to allow the hose to slip 
through the plug but at the same time maintain a seal 
at the upper plug. 

Approximately a hundred meters of extra cable 
and hose arc snaked from the top of the emplacement 
hole as shown in Fig. 7. This slack allows the hose 
to be pulled into the hole during cavity collapse and 
keeps the hose from being pulled on during surface 
cralering, 
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The Uphole System, The uphole system pumps 
and stores sample gas from the nuclear-created 
cavity. Since this gas is a radioactive and explosive 
mixture of hydrogen, air, and inert gases, great care 
must be taken in handling it to assure that none 
escapes or is ignited. For instance, as much of the 
system as possible is maintained at below atmos
pheric pressure. For parts of the system operating 
above atmospheric pressure, bellows valves with 
redundant packed seals were used. 

The uphole system shown in Fig, 8. consists of 
three major modules: a containment skid., contain
ment tanks, and a sample-taking skid. 

A two-stage compressor is mounted on the con
tainment skid. It has a throughput of approximately 
21,'s which is ued to clean the downhole system and 
sample skid of gas from the previous sample. Since 
this gas is radioactive, it cannot be exhausted to the 
atmosphere but must be stored in containment tanks. 
These tanks are 1900-1 propane tanks typical of the 
type used by households with no natural gas supply. 
Although these tanks are rated to over 1.7 MPa, they 
are pressurized no higher than 0.7 MPa with excess 
sampling gas and are buried under ! m of dirt to 
minimize the radioactive exposure of personnel. Be
fore nuclear tests, the containment tanks are prefilled 
to one-third their capacity with a fire retardent gas 
(Halon) to prevent ignition of the hydrogen-air 
sampling gas stored in them. 

A schematic of the major components on the 
sampling skid is shown in Fig. 8. A three-stage com
pressor in series with a metal bellows compressor is 
used to pressurize the sample bottles to 3.4 MPa. At 
this pressure, these 300-1 bottles have a capacity of 
approximately 10 atmospheric liters of gas. 

A typical sample-taking sequence occurs about 
10 minutes after a nuclear test when the containment 
compressor is started and valve VA11 is opened (see 
Fig. 8). For 5 to 10 minutes, sample gas is bypassed 
through the sample skid and stored in the contain
ment tanks. When instrumentation indicates it is 
desirable to take a sample, Valve VAt9 is opened, 
Valve VA16 is closed, and the compressors on the 
sample skid are turned on. After a delay of approxi
mately 8 s to purge the high-pressure lines on the 
sample skid of any residual gas, Valve V A12 is closed 
and the first of the sample bottle valves (VAI) is 
opened. After the sample bottle is pressurized to 3.4 
MPa, the sample bottle valve is closed, Valves 
VAI2and VAI6areopened,and VM9'v .losed. The 
nitrogen flush (VA13) is then used to clean both the 
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Fig. 6, Vacuum demand valve. 
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sample skid and the containment skid of the radio
active gas. 

As a safety precaution, the system is thoroughly 
leak checked before the test using a SF6 sensitive 
leak detector. During the gas sampling experiment, 
air collected within the shelters housing the uphole 
system is continually monitored for leaks. After the 
nuclear test, the shelters housing the sampling 
skid were ventilated and all power to the system 
turned off Wore personnel were allowed in the 
shelters. 

Instrumentation and Command and Control, 
Various pressure transducers are u$ed in the gas 
sampling system to monitor system operation. Other 
instrumentation includes two radiation monitors 
located on the hose between the sample skid and 
containment skid. Their purpose is to determine the 
radiation level of the gas passing through the hose 
to determine whether a sample of this gas should 

he taken. During post-shot measurements, the radio
activity of the sample gas eventually decreases to 
make the radiation monitors unusable as diagnostic 
devices. They are then supplemented with a more 
sensitive ion chamber. 

The main command and control station for the 
gas sampling system is located in the command post 
at the Nevada Test Site. It consists of a control 
panel, a televised display and a series of analog 
meters which provide a backup for the TV display. 
On the control panel is a flow diagram of the system. 
Pushbutton switches controlling the valves and com
pressors are located at the appropriate location on 
the flow diagram. 

The colored flow dhgram displayed on the TV 
monitors has symbols representing the valves and 
sample bottles that change color to indicate their 
status. Readings from the instrumentation displayed 
at the appropriate place on the flow diagram are up
dated approximately every second. We have found 
that this command and control system, especially the 
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- Sample skid 

Downhole 

CHD-O 
Fig, 8. Schematic of gts sampling system. 

TV display, greatly facilitates safe and efficient 
operation of the gas sampling system. 

Future Gas Sampling System 
At the present time, the major problem with 

the gas sampling experiment is maintaining the in
tegrity of the downhole system during the collapse of 
the cavity. In the last fieldinp of the gas sampling 
experiment, samples were obtained np until the 
time of cavity collapse when the sampling hose broke 
somewhere between the upper and lower vacuum 
demand valves. Although usable gas samples were 
obtained from the post-shot drill hole after this 

time, it is still highly desirable to design the down-
hole system so it could survive the cavity collapse. 

The approach to be taken in future gas sampling 
experiments is to emplace two separate downhole 
systems. One will follow present practices and be 
placed in stemming material. The other will be con
tained within the emplacement pipe. It is hoped the 
different environments in which these are emplaced 
will improve the probability that at least one hose 
will survive. 

Two new gas sampling skids capable of taking 
10 samples apiece are being built. They incorporate 
a compressor which can handle both thj bypass func-

12 



tion of the containment sampressor and the sam
pling function of the high-pressure compressor. Gas 
flow will be measured by a turbine flow meter which 
is not sensitive to uncertainties in gas density as 

is the present suqare-edged orifice flow meter. 
In general, the new sampling skids are expected to 
be even more reliable than the present one. 
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THE ANALYSIS OF HEAT LOSSES AND THE DESIGN OF A 
BACKHEATER CONTROL SYSTEM FOR THE LLL 

OIL SHALE RETORT 

We have been supporting the LLL Oil Shale 
Program, an experimental effort aimed at obtaining 
a comprehensive understanding of the oil shale 
retorting process. The primary thrust of the four-
year-old program has been laboratory research and 
planning for expected field conditions. The goal is 
providing the technical base that will be required to 
develop a modified in-siw method to a commercial 
scale. 

In tests ai the Laboratory, a 0.3-m-diam, 1.5-m-
long retort is used to simulate the actual vertical 
underground in-siiu process. In the field, the vol
ume to be retorted is large so that the heat losses are 
small. Since the laboratory retort is small, the heat 
losses arc significant and must becompensated for by 
bacliheating the reactor sidewall. This has been 
accomplished with stationary electric heaters 
wrapped around the sidewali every 152.4 mm, The 
control algorithm for these heaters uses measured 
peak temperatures, temperature profiles calculated 
by a detailed one-dimensional process model, and 
lieat loss coefficients based ona previous steady state 
test. However, the heat loss through the wall is not 
steady state. 

We desired to improve the sidewall backheating 
control s ystem to better si m ulate the adiabatic insitu 
situation. Our goal was to modify the controlsystem 
so it did not require the use of temperature profiles 
generated by the process model and to make it fully 
automated. We performed a thermal analysis of the 
retort to obtain detailed information on reactor 
temperatures and heat flows. This analysis also pro
vides a tool needed in designing a new backheating 
control system. 

Thermal Analysis Model 
The 0.3-m-diam oil shale retort was modeled 

using the TRUMP thermal analysis code. The 
model, which is axisymmetric, is shown in Fig. 9. 
It is finite differenced using the FED computer code. 
The active retort length is divided into 70 increments, 
and the Vermiculite insulation is divided into four 
increments in the radial direction. The gas and shale 
nodes are coincident, but the gas flows downward 
from one gas node to the next. We used the param
eters from the latest test done in the retort, Run S11, 
as the problem input and compared the calculated 
results to this run. 

In the actual tests, the heat needed to decompose 
the kerogen in the shale to form oil is obtained 

by burning the residue carbon. This combustion heat 
is simply modeled by generating heat in each succes
sive Shale node as the flame front moves downward. 
No attempt is made to model the complex chemical 
processes. Instead, the magnitude of this heat genera
tion is adjusted to yield gas temperatures that agree 
with test data fi om Run SI I, The power from the 10 
electric sidewall heaters is controlled by the heater 
control analog used in Test Run SI I. 

Model Results and Discussion 
To compare to Run S11, the model was first run 

with the sidewa'l heaters turned on (Fig. 10). The 
shale combustion heat generation was adjusted to 
yield the Run SI 1 temperature levels. Theagreemsnt 
between the test and calculated temperature profiles 
is good. 

To yield some insights into the effects of sidewall 
heat losses, we ran the model wuhout heaters 
(Fig. 11) and with adiabatic sidewalls (Fig. 12). In 
both these runs, only the ignition heater is left on. 

Inlet 
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Steel 
plate 
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steel plate 

Inner stainless 
steel plate 
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Steel plate 

n , Steel pipe 
Outlet 

Fl(. 9. Thermit imljsb modtl o( oil shale ttlon. 
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Fig. 10. Centerline [is temperatures from the Run S l l test are compared with calculations using Sl l input d m . Inner and outer shell 
temperature calculations are alto shown. 

In the run with adiabatic side walls, all thermal 
connections between the gas and the inside shell and 
between the shale and the inside shell are severed. 
The connections at both ends of the retort and be
tween the ends and the side-wall remain intact. 

The comparison between the run with heaters 
(Fig. 10) and the runs without hr-ters (Figs. 11 and 
12) shows a decrease of 60°C in me maximum peak 
gas temperature. The comparison between the run 
with heaters (Fig. 10) and the run with adiobatic 
walls (Fig. 12) shows an increase of I70°C in the 
maTiimum peak gas temperature. 

The increase in the temperature of theadiabatic 
run is consistent with the overall energy balance 
of the calculational run with heaters (Table I). If 
the heater control analog were adequate, the cncrg> 
input from the heaters should equal the heat loss to 
the surroundings plus the heat needed to heat up the 
structure (the empty retort). Table I shows that the 
heaters should have supplied another 33.665 kJ of 
energy, which is a 33.7 % deficit. Given the heat 
capacity of the retort, this much additional energy 
would have resulted in an average retort temperature 
increase of I30°C. 
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Table 2 compares the calculated heater energy 
and heat loss with the actual test values. A direct 
comparison is difficult due to the additional length 
of the test run. In the model, the combustion front 
moves at a constant 2.69 m/day (Run SI 1 average 
peak advance rate). So, it takes 13.61 h to traverse the 
entire reactor length. The actual test run time was 
17.17 h. This difference is due to the additional time 
spent during test ignition and shut down. 

The energy balances in Table 2 show that the 
heaters in the calculation supply less of the required 
energy than do the heaters in the actual test. The 
heaters in the calculation supply 33.7 % too little 

energy, compared to 24.6 % too little energy in the 
actual test. This is due to a slight difference in 
the manner in which the heater control algorithm is 
applied, as well as the difference in run time. 

As a result of the heaters supplying 33.7% too 
little energy to the calculational model, the maxi
mum peak gas temperature in the adiabatic run in
creases by 170°C. To determine what the actual 
maximum peak gas temperature would have been it 
Run S11 were actually adiabatic, we used the 24.6% 
shortage in heater energy for the actual test. The 
maximum peak gas temperature is estimated to in
crease !20°Corfrom 1040°Clo 1160oC. This higher 
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Table t. Overall energy bilince front calculations! 
model. 

Heater Energy Input Heat | U ) 

ignition 

Sideiull 

8,917 

S7JI* 

Total 

Entity Output 

lies! loss 

Structure beat 

66,203 

74,219 

25,649 

Tola! nm 

temperature would have damaged the inner stainless 
steel retort shell. Thus, for most of the retort runs, 
some heal loss must be allowed near the combustion 
front lo maintain the integrity of the retort. 

Future Heater Control 

Since we gained an understand ing of the retort 
heat loss problem through the thermal study, we 
could improve the sidewall nackheatcr control 
system. Ideally, this heater control should minimize 
the local heat flow from the shale to the inner shell. 
However, the thermal studies showed that exact 
control is impossible on a local level due to: (1 > the 
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Table 2. Comparison of the calculated heater energy and heal loss with actual test values. 

Model (kJ) Sl l l « l (W) Diffci™«<U) DiflerenctW) 

Heiler energy 
Ignition 
Sldewiil 

Totil 

8.9S7 
57.210 

66,203 

8.987 
78.250 

87.237 

-III 
0 

-26.9 

•24,1 

Heat loss 74,21* 89.628 -15,409 -17.2 

Run lime1 13,0697 17.1667 -J.S57 -20.7 

In hours. 

axial hrat conduction along the stainless steel inner 
shell, and (2) the fact that the temperature changes 
at the flame front take place at a distance about equal 
to the 152.4-mm heater spacing. An additional diffi
culty is that the flame front may not burn in a hori
zontal plane. Since local control is impossible, we 
decided to control the global shale to inner shell heat 
loss ineach ofthe 10 i-lort sections surrounding each 
heater. Heat balances of the wall sre used to deter
mine this, shale lo inner shell hta^ loss. 

Figure 13 shows the thermocouple placement 
for a section of retcrt through the b'^ter wall. This 
pattern is repeated at the diametrically opposite loca
tions. The temperatures from each pair of thermo
couples is averaged. 

The heat flows necessary for the wall heat 
balance arc made using the control volume edge to 
center temperature differences. Between levels 5 and 
6, the axial heat flows in tht i:mer shell are deter
mined by the temperature differences (T,-T2) and 
(Tj-T2). The axial heat flow in the outer shell is 
negligible. In the insulation, the axial heat flows are 
determined by the temperaiuw. inference averages 

(1/2 T3 + T 4 +1/2 T7> - (1/2 T, + T5 + 1/2 T ?) 

and 

( l /2T 3 + T 6 + l / 2 T , ) - ( l / 2 T 2 ' - : 5 + l/2T 7). 

Since the axial heat flows in the outer shell are small, 
the radial temperature loss out of the wall is deter
mined by the temperature difference average 

( l / 2 T 4 + T 5 + l / 2 T 6 ) - T 7 . 

The change in stored wall heat is determined, 
respectively, in the inner wall, the insulation, and the 
outer shell by the time rate of change in the tempera
ture averages 

and 

and 

(I /2Tj+T 2 + l/2T 3), 

(1/2T 4 + T5 + 1/2T6). 

Using these temperature differences and rates of 
temperature change, an approximate value of the 
shale-to-inner shell heat loss can be determined by 
heat balance for each retort section. The objective of 
the heater control is to supply sufficient heater power 
lo make this heat loss leio. Since a minimum number 
of thermocouples is used, experimental constants 
will probably be needed to obtain the actual heater 
power required. 

This heater control system is planned for 
implementation in the near future. 
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THE DESIGN AND DEVELOPMENT OF AN AUTOMATED 
TRAVELING THERMOCOUPLE MECHANISM 

We recently designed, developed, and tested an 
automated traveling thermocouple assembly for we 
at the Hce Creek No. 2 In-Situ Coal Gasification 
Experiment. This experiment is part of a program to 
develop efficient and economical in->itu coal-to-gas 
conversion technology. To develop this technology, 
temperature is one of the data that must be recorded 
and studied during the coal gasification proces.. 

At Hoe Creek, temperatures as high as IOOO"C 
at depths over a hundred meters below the surface of 
the earth had to be reliably recorded. In addition, 
three-dimensional temperature data throughout the 
coal seam were required. Fixed thermocouples, 
which are emplaced before ihe coal gasification 
experiments, have been a problem because they often 
fail during the months-long experiments. Since there 
is no way to replace them, needed data is lost. The 
automated traveling thermocouple assembly we 
developed overcame this problem by having a 
replacable thermocouple tip. 

The traveling thermocouple assembly consists 
of a standard thermocouple probe (Fig. 14) attached 
to over a hundred meters of wire that is lowered into 
a thermowell-lined hole at the coal-gasification site. 
The thermocouple wire is attached to machinery 

(Fig. 15) at the top of the hole with a motor and drum 
mechanism for lowering the probe. This providesfor 
quick and efficient measurements. Special design 
features allow for recovery of all but the bottom 15 m 
of the wire in event of collapse of the thermowe'l or 
other hang up qf the probe. 

We designed the system to meet the following 
specifications and constraints: 

• Temperature repeatability to ±5%. 
• Temperature range of 0-IOOOCC. 
• Static temperature measurement with a 

±10% accuracy with respect tc 'ie point adjacent to it 
on the external surface of the thermoweli (measured 
by a fixed thermocouple). 

• Capability for both continuous as well as 
stepwise probe motion. 

• Frohe motion that is programmable and 
controlled both manually ?.:> well as automatically. 

• Probe depth readout with an accuracy to 
±15 cm. 

• Probe speed that averages 60 cm s for any 
given move. 

• Thermocouple junction that can be easily-
checked and easily replaced. 

Sinker chain 

Fifi, 14. Thermocouple cable shown wilh three different lype probe ciges. 
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Thermocouple probe -

Fig. IS. The mechanicil components of the traveling thermocouple. 

• Time response that is as rapid as possible — 
less than I minute. 

• Surface equipment easily movable from hole 
to hole. 

• System operation from a 115 V, 60 Hz power 
source. 

Engineering Design 

Downhole Equipment. 
The Temperature Probe, For the temperature 

measuring probe, we chose Inconel 600 sheathed, 
type K, 1/ 16-in.-diamchromel-alumelthermorouple 
wire with a grounded junction. Analysis showed that 
no special provisions for minimizing free convection 
or contact resistance are necessary for downhole 
ter.iperature Measurement during the tn-silu coal 
gasification piocess. Heat was therefore converted to 
the probe through an open air probe cage 
"grounding the thermocouple tip. This served to 
secure and protect the thermocouple wire. 

The cage was screwed to an extremely flexible 
conduit, shown in Fig. 14, Inside this flexible tubing 
ran the thermocouple wire. The conduit protected 
the thermocouple wire from any mechanical damage 

caused by an inadvertent tensile or compressive load. 
It could sustain a tensile load up to failure at 1600 N. 
After 15 m of conduit, we attached a specially 
designed downhole connector (Fig. 16) to connect 
the Inconel-sheathed thermocouple wire to a more 
flexible and less expensive Teflon-sheathed exten
sion wire. The connector was wrapped around the 
drum and terminated in a "cold junction." The 
connector was swaged to the flexible tub-ngin such a 
fashion that the tubing would break on the downhole 
side at 600 N of tension in case the probe or bottom 
15 m of wire got caught. This let us save the rather 
expensive connector and made it easy to recover. 
Such a design is needed since the thermowell will 
eventually fail during the long coal gasification 
experiment1: 

The connector, probe, and sinker were all 
designed to easily pass through the thermowell, a 
I-in. pipe with a 30-cm bend radius. 

Thermowell, The thermowell provides an 
appropriate environment in which temperature can 
be measured. It must be resistant to thermal as well as 
mechanical failure. Since the thermowell acts as a 
barrier from the corrosive gases, failure of the 
thermowell precludes further data acquisition. 
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Fig. 16. Downhol* connector is used it the [nconel'Teflon junction. 

Although it was desirable, a pressure seal between 
the thermocouple cable and the thermowell was not 
used due to budget constraints. Since IOO0°C 
temperatures were expected in a very corrosive 
environment, Inconel 600 was used foi the thermo-
well in the heated coal zone. For economic reasons, 
regular black pipe was used to extend the thermowell 
to the surface. Two 6.4-m lengths of Inconel pipe 
were welded together at the Lab and installed as a 
unit at Hoe Creek. The Inconel pipe was connected 
to the black pipe via a coupling. Ordinary pipe 
couplings were used as connectors forthe black pipe. 
A sleeve was used at every coupling to provide a 
smooth internal transition from pipe to pipe. The top 
of the thermowell was terminated with a ball valve. 

Thermal expansion of the thermowell was 
provided for at the bottom. The expansion joint 
which we designed allowed the pipe to grow 
longitudinally without bowing or blocking the 
thermowell. The pipe needed the ability to slip with 
respect to the coal seam and grout. This slip was 
assured by preventing the grout from attaching itself 

to the thermowell by lubricating the pipe with a 
silicone grease. Three identical thermowells were 
emplaced. 

Abovc-Ground Instrumentation. Figure 15 
shows the movable above-ground instrumentation. 

Rotary Mechanism. The Telfon-sheaihed ex
tension wire was wound on the rotary mechanism 
(Fig. 15), designed to drive the drum in such a fashion 
as to oscillate the probe in the coal seam. A closed-
loop servo positioning system, Index-Syn, accepted 
digital input to automatically control the traveling 
thermocouple. The rotary mechanism used thedrum 
to drive the level wind mechanism, The winch used 
the cable to drive a sheave which was attached to a 
resolver and counter. The revolver provided posi
tional feedback. 

Level Wind. The level wind mechanism worked 
very well. This was probably the most unique 
mechanism on the rotary winch system. Level winds 
which have a short length of cable between the drum 
and the first sheave usually are powered through a 
gearbox. Since the restoring force from the cable on 
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the sheave is high (shown in Fig. 17a). The gearbox 
drives the fork at the proper speed to lay tne cable 
efficiently on the drum. If, as in Fig. 17 (b), there is a 
large length of cable between the drum and the first 
sheave, there usually is no gearbox. The cable is 
moved by threads on the drum. Since the angle is 
small through which thecable is moved, the restoring 

force of the cable is small. The maximum possible 
force of the drum thread on the cable is larger than 
the existing restoring force. Therefore, the cable is 
wound efficiently on the dium. 

One objective of the traveling thermocouple 
winch mechanism was to wind the cable efficiently on 
the drum without a gearbox for the level wind and yet 

Restoring 
force 

(a) The cable restoring 
force is high. 

Restoring 
force 

[h) The cable restoring force 
is much lower. No level 
wind is needed. 

1 1 pi ̂
 

( 

Axis for 
the sheave 

(c) A two-degree of freedom 
sheave was utilized for 
the level wind. 

Fif. 17. Coapuiun of different level Hindi. We uted lit one in H id 
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keep the unit small and compact. In order to do this, 
a two degree of freedom sheave was used. Figure 17 
(c) shows thai the solution was 10 make one sheave 
axis collinear with the cable. By making the cables 
parallel to one another, no component of (he 
restoring force was seen. By allowing the sheave to 
rotalc co-axially with the line of action i.' the cable 
over the sheave, (he level wind wasformed. Tliecable 
was: powered by threads on the drum. 

This type of level wind works extremely well as 
long as it is kept lioruontal and the higher loads on 
the sheau- attaching bolts can be accommodated. 

Electrical Interface. Control for the traveling 
thermocouple was provided by a timer circuit. 
Through the timer, the dwell at each data point could 
be manually adjusted. The original concept called for 
digital computer control, but we were uncertain if it 
would he ready in time. Thus, a timing control 
system was designed to serve as a backup computer 
and was ultimately used in the experiments. 

Temperature Data Results and Discussion 

The traveling thermocouple wras used for over 
iwomonthstOctober-December I977)at Hoe Creek. 
Three inslrument holes placed at different areas of 

the burn front had thermowells in them and were 
suitable for using the traveling thermocouple. These 
three holes also had seven fixed thermocouples 
outside the thermowell to get data for comparison. 
Nine other holes were part of the temperature 
measurement scheme and had fixed thermocouples 
only. 

Our original plan was to move the traveling 
thermocouple as the burn front progressed and leave 
it in each hole '"permanently" until the front 
progressed to the next hole. In practice, the failure of 
the fixed thermocouples in the various instrument 
holes caused us to move back and forth between the 
traveling thermocouple holes to gel data. 

The majority of the data were recorded starting 
9 m from the bottom of the seam and going down at 
60-cm intervals. The thermocouple tip was held at 
each 60-cm point for 4 minutes before measurements 
were made. The dwell time was set based on tests at 
the Lab that showed the time constant was 48 s. 

Figure IS summarizes measurements made on 
several days at one well and is typical of our results. 
Note that temperatures as high as !I00°C were 
recorded by the thermocouple. Although the figure 
shows only data recorded as the probe rlescended. 
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H 
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data were also recorded while the probe was 
ascending. Comparison of these two data sets 
showed that temperature hysteris was present. This 
indicated that the time constant determined at the 
Lab was too short, and the dwell time should be 
lengthened or other corrections made. According to 
the Lab-determined time constant, after the 4-min 
dwell time the probe should have been within 99% of 
the steady-state temperature. The hysteris however 
showed that the probe was not this close to the 
steady-state temperature. Apparently, thermal 
energy was being stored in the flexible conduit, the 
sinker weight, and probe cage and was not allowing 
the probe to respond as quickly as predicted. In our 
design we bad minimized this mass as much as 
possible; further minimizing it would give a faster 
response. Another parameter which could be 
changed is using a metal with a lower capacity to 
store heat to surround the junction. 

Although this is an area where improvement is 
possible, it is not crucial to the results. Even though 
an ideal probe would show no hysteris, the 10% 
difference between the ascending and descending 
data did not hinder its value to the program. The 
probe was able to resp ond at a sufficiently fast rate to 

record temperature gradients as steep as l4.2°C/cm. 
The data is general appeared to be very good. 

The temperature peak could easily be determined. 
The accuracy for determining the peak is believed to 
be good since the average for the ascending and 
descending plots could be calculated. A good feel for 
the actual temperature is obtained by recording data 
while moving the probe in both directions. 

Conclusions 
The traveling thermocouple worked very well. 

All (he design constraints and specifications were 
met. The probe never hung up in the hole. The above-
ground systern responded to automated commands 
by quickly and efficiently moving the probe to the 
programmed vertical position. The traveling thermo
couple proved to be a rugged piece of hardware that 
outperformed the fixed thermocouples. 

Although the traveling thermocouple is a 
prototype temperature measurement system built 
specifically for Hoe Creek 2, the design was kept as 
flexible as possible to allow later use at other coal 
gasification sites. It is a very useful system where 
temperature measurments are critical since unlike 
fixed thermocouples it can be replaced if it fails. 
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SEISMIC ENGINEERING-QUANTIFICATION OF DESIGN 
CONSERVATISMS 

Seismic considerations play a major role in 
nuclear power plant design. Over the past five )ears, 
wc have helped the Nuclear Regulatory Commission 
(NRC) improve and update its technical basis for 
licensing of nuclear power plant facilities. Present 
seismic criteria set by NRC regulation, guides, 
standards, and licensing review procedures define a 
seismic methodology for power-station design. This 
same criteria forms the starting point for N'RCs 
review of all nuclear fuel cycle facilities. We arc 
involved in safety-related issues covering all the key 
methodology areas shown in Fig. 19. Shown is an 
earthquake source at some distance from the plant, 
the seismic wave' reaching the plant, and the plant 
responding to the ground motion. Designings plant 
to withstand earthquakes requires the employment 
of t he various methodologies embodied in the design 
sequence. The first four steps arc illustrated in Fig. 
19. The techniques of Step I. seismic input, express 
the earthquake hazard in terms of free-field seismic 
motions based on geological seismological consid
erations. From the free-field seismic motion, the 
methodologies of Steps 2, site response, and 3, soil-
structure interaction, provide plant basemat ground 
motion. The techniques of Step 4, structural 
response, are used to develop structural member 

forces and; or floor spectra from a given basemat 
motion. Step 5, seismic stress strain, encompasses 
the methods to calculate earthquake stresses from 
the member forces and or floe spectra. Nonseismic 
loads are determined by the methodology of Step 6, 
nonseismic stress/strain. Seismic and nonseismic 
loads are combined using the procedures of Step 7, 
combination of seismic and nonseismic stress* strain. 
The methodology of Step 8 (allowable failure 
stress strain Toad) provides suitable failure criteria. 
The evaluation of structural failure, Step 9, is carried 
out with appropriate techniques. In general, most of 
our NRC programs address the adequacy of the 
methodolgies of all nine steps, establish a technical 
basis for design methods, and provide recommenda
tions for improving the methodologies. 

For convenience, we categorize our seismic 
engineering projects under three headings: (I) the 
evaluation and assessment of methodologies used in 
the design of nuclear facilities. (2) the quantification 
of design conservatisms (including the quantification 
of the effect of compounding design conservatism), 
and (3) case review of specified plants and sites. In 
this article, we describe our efforts in the quantifica
tion of design conservatism. In quantifying design 
conservatisms, we address the seismic design 

Radioactive 
material 
release 

Reactor 

^ Earthquake) 
\ source 

HE 19 Ktr seismic methodology A-p. Shown in the fijurt .re (I) itiimk input, (2) site response, (3) uil-itrucliw interaction, »nd 
(4) stniciiirtl ntpona. Other fcy melhodolog, steps includes (5) seismic stress/striin. (6) nonsrismlc stiw/ilnin. (7) comn,Mt,»n ol 
« L l c .nd nonselsmte stress/slr.in, (») •llow.hl./f.lto/slress/str.ln/lo.d, .nd (9) ..nutation of fitful*. 
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methodology steps of Fig. 19 and focus on two 
different levels. One involves an individual quantifi
cation of conservatisms at the various methodology 
steps (Fig. 19 and Table 3) in the seismic design 
chain. The other involves developing a methodology 
to realistically combine such individual conserva
tisms and obtain an overall conservatism factor for 
the entire chain. 

Individual Quantif icat ion of Seismic Design 

Conservatisms 

fo date, our work on individual quantification 
has addressed seismic input, soil-structure inter
action, structural response, and mechanical systems. 
Table 3 lists the topics examined in each area. 

1VRC seismic input guidelines are developed 
with a large number of actual earthquake time 
histories. Conservatism in the design input comes 
from two sources: (1) the frequency band set by NRC 
guidelines encompasses the entire band of actual 
time histories, and (2) synthetic time histories which 
envelope the NRC guidelines are generally used for 
design. We study the first source by comparing the 
response of a typicai structure what iu( input metis:? 
is defined by NRC guidelines to its response when the 
input motion is defined by individual time histories. 
Source (2) is studied by comparing the response of a 
typical structure when input is synthetic time 
histories to its response when input is NRC 
guidelines. 

Our study of conservatism in soil-structure 
interaction design methodology concerns the use of 
linear solutions methods for nonlinear soil behavior. 
A commonly used example of this is embodied intne 
combined application of the computer codes 
SHAKE and FLUSH, which utilize iterative 
techniques to obtain "equivalent" linear solutions. 
The Humboldt Bay Power Plant is analyzed in our 
study since the only available usable seismic response 
records of a nuclear plant were obtained thereduring 
the June 7, 1975, Fcmdale earthquake. SHAKE/ 
FLUSH analytical results are compared using the 
NRC guidelines seismic input, and the actual 
seismograph records from the event. In thefuture we 
also plan to study the differences between linear and 
nonlinear techniques. 

Table 3 lists topics being investigated in the next 
steps of the Fig, 19 design sequence, structural 
analysis of the plant buildings and mechanical 
systems. Our work on the elastic-plastic behavior of 
power-plant braced frames is a good example of our 
effort to quantify id. conservatisms involved with 
structural analysis. We selected for study A braced 
frame, representative of those used in power plant 
construction. This was first analyzed using elastic 

methods, statica lly and dynamically. The threshold g 
values were calculated for the brace design limit for 
buckling ana for the thcore.icHl elastic or inelastic 
buckling loads. We found the reserve capacity in the 
structure's elastic response equaled the safety factor 
utilized in elastic design. 

The frame was then analyzed using two-
dimensional elastic-plastic analyses for eight time 
histories. In general, the buckling and yielding of the 
braces controlled the response. Based on a limiting 
strain criterion, we found that the ultimate capacity 
of the frame is a 30-cm displacement. From the 
results of our analyses, we determined the g-level 
corresponding to 30-cm displacement. This dis
placement is defined as the ultimate capacity of the 
frame. By comparing the threshold g values and the 
ultimate values, the reserve capacity of the structure 
was established. Results examined to date indicate 
that the frame can sustain an earthquake 1,5 times 
greater than the current design level. 

Overall Quantification of Seismic Design 
Conservatism 

The second level of our work on design con
servatism involves developing a methodology to 
realistically combine the individual conservatisms 
to obtain an overall conservatism for the entire 
seismic design chain shown in Fig. 19. Our activity 
was significantly increased in January, 1978, with 
the initiation of the Seismic Safety Mai gin Research 
Program, a sizable, multiyear effort sponsored by 

Table 3. Study areas for individual quantification of 
seismic conservatisms at the various methodology 
steps in the seismic design chain of Fig. 19. 

Seismic Input 
• Wide bind spectra 
• Enveloping synthetic lime-history 

Soil Structure Interaction 
> USNRC RcgulMory Guide 1.60 and sou-structure 

inunction 
• Nonlinear sail structure intcraclirn 

Structure! Response 
• Elastic-plastic 
• Dimplng vitues 
• Conservative operation basis earthquake 
• Statistical load combinations 
• Three input components 
• Structural resistance 
• Three directions of earthquake motion 

Mechankil System Response 
• Elastic-plastic 
• Mechanical resistance 
• Peak widening ot door spectra 
• Nonlinear structural analysis and floor response spectra 
• 5uDsjSteni/m?jor system interaction 
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the NRC.1 The major objective is developing 
mathematical models that realistically predict the 
probability of radioactive release from seismically 
induced events in nuclear power plants. Using these 
models, we will provide the NRC licensing staff with 
methods for determining inherent safety margins in 
the seismic design of nuclear power plants. This 
will allow the NRC to achieve an appropriate 
balance between construction costs, conservatisms, 
and the complexity of necessary analytical design 
methods. 

To achieve this, we will first develop a 
probabilistic-based system model (or models) to 
integrate the entire design methodology and an 
event fault tree characterization of the nuclear 
power plant. We will then perform systems analyses 
to calculate the probability of radioactive releases as 
a function of various earthquake source parameters, 
such as ground acceleration. The results of these 
analyses, in terms of release probabilities, will then 
be used as a measure for quantifying safety margins 
and improving design methodology. 

To estimate the overall conservatism in the 
seismic design methodology, we will develop and 
perform system analyses on two different integrated 
system models. One model will represent the current 
methodology (e.g., as defined in the NRC Standard 
Review Plan). The other will establish a basis of 
comparison (or reference base) lor judging the 

results of the current seismic methodology. To 
accomplish this, we will replace elements of the 
currently used methodologies with the most recent 
advances in the state-of-the-art, which are less 
restrictive. In addition, because no method of 
analysis yet available is completely general, addi
tional "ad hoc" improvements can be developed 
using several calculational methods and incorpor
ating available experimental data. 

All models developed will identify those struc
tures, systems, and components for which some 
combination of their failures could lead to a 
release. The interface between the seismic method
ology and the event-fault tree characterization will 
be curves or expressions which relate to the proba
bility of failure of identified structures, systems, 
and components as a function of a seismic source 
parameter. 

Phase I schedules, manpower requirements, 
and funding (S3 million) have been established. This 
20-month phase is currently underway. (For a more 
detailed description, see Ref. 4.) Seven tasks are 
being performed: (I) plant site selection, (2) sHsmic 
input characterization, (3) soil-structure interaction, 
(4) structural building response, (5) structural sub
system response, (6) fragility definitions, and 
(7) system analysis. Subsequent phases wili be 
defined by the results of Phase I. 
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ANALYSIS AND TESTING OF CASKS FOR TRANSPORTATION OF 
SPENT NUCLEAR FUEL RODS 

We are involved in diverse safety-related and analytical program. The major objectives of 
projects in applied mechanics for the Nuclear th:s program are to develop new analytical methods 
Regulatory Commission (NRC), including hydro- to augment and perhaps replace our reliance upon 
dynamic testing and analysis, vibration analysis. experimental methods fortheevaluation of puncture 
transportation of hazardous materials, and effects processes and seal performance, 
related to tornadoes. An example of our effort in Prior to our work, the evaluation of seal per-
applied mechanics is our project on transportation formance and structural resistance to puncture had 
of spent nuclear fuel rods, always been done experimentally. No effective 

Casks used for shipping fuel rods are massive, analysis techniques existed that could solve the 
weighing up to 54,000 kg. Large casks, as the one geometric and material nonlinearities of contact 
shown in Fig. 20. are transported on railroads, and surfaces, such as at a seal or punch interface. A 
small ones are transported on trucks. We are majorbreakthroughwasachievedbytheMechanical 
developing improved methods for the NRC to use Engineering Department's Code Development Group 
in their evaluation of such casks submitted for with the introduction of a slide line methodology 
licensing. Current regulations specify a set and into the dynamic explicit finite element code 
sequence of conditions thai a container must under- DYNA2D. For the first time, dynamic nonlinear 
go without excess leakage. These conditions include: contact problems could be solved with finite element 
impact on a very hard surface, attempted puncture, codes. However, the quasi-static nature of the forces 
fire, and then water submersion. Loss of radioactive associated with sealing or static puncture still could 
material can occur by leakage around the closure or not be attempted with any degree of success. In 
seals, or by loss of shielding, response to our need to tackle these problems. 

We are addressing the two critical areas of the Code Development Group successfully imple-
puncture and sealing in a combined experimental mented a slide line procedure into an implicit finite 

Fig. 20. Rill c u t for spent futl tnnipurt. 
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element code that can solve both dynamic and 
static problems. This computer code, NSAP2D. 
and its successor, N1KE2D. arc also more efficient 
nnd less costly to run than DYNA2D. Without these 
finite clement codes as an analytical tool, the major 
objectives of this program could not have been 
achieved. 

Puncture Analysis and Tests 

Spent-fuel shipping casks use either lead, or 
depleted uranium. U,w for radioactive shielding, 
sandwiched between sheets of stainless steel. Our 
objective was to test and analyze the puncture 
process of layered plates consisting of either lead or 
depleted uranium, sandwiched between two plales of 
stainless steel. 

Previous experimental evaluation of puncture 
has been based on an energy criteria. Static tests were 
made, and the integral of the force multiplied by the 
distance determined the energy required to puncture 
the plates. For dynamic puncture, the energy concept 
was extended by determining the dynamic energy 
required to puncture a plate. Multiplying the weight 
of a plate by the drop height required for puncture 
gives the energy required for puncture. In general, 
more energy is required to punclurea plate or layered 
plates under dynamic conditions than under static 
conditions. More energy is absorbed by structural 
vibrations, and by the punch during a dynamic drop. 
However, the energy required depends on the 
structure being tested and does not appear to be the 
best puncture criteria. 

In our work, we analyzed the structure being 
tested, predicted its response, and selected a satis
factory puncture or failure criteria that could 
be applied to any structure. Figure 21 shows one of 
the layered plates that was analyzed and tested. First, 
the puncture conditions were determined by tests. 
Second, the analysis of the same configuration was 
examined to confirm the agreement between the 
analysis and the test. Third, the stress conditions at 
failure, as computed by the computer code, were 
studied and compared with selected failure criteria. 
We performed this process for both static and 
dynamic puncture conditions. 

Srrrfi'c Ttsts end Analysis. For the static 
puncture conditions, excellent agreement was ob
tained between the measured lest parameters and the 
values predicted by the computer analysis. See Fig. 
22. We then needed to find a unifying puncture 
criteria to form a common base for determining 
when a plate would fail. Based on the analysis, we 
found that as the punch load increases the intensity 
of the shear stress on the failure surface increases. 
Failure consistently occurs when the critical shear 
stress contour teaches the opposite side of the lower 
plate. The value of >his shear stress is equal to 0.6 
limes the ultimate tensile stress. This shear failure 
criteria provides the unifying conditions that allow 
the puncture event '.o be accurately predicted for the 
lead-backed plate;. Figure 22 shows the comparison 
between the predicted static puncture conditions and 
the experimentally measured puncture conditions 
for lead-backed plates 

Stainless steel plate 

Initial configuration Experimental deformed 
shape contour 

I ij 21. tJiforaitd thipe of a 1.37-cm-thick stainless stctl plalc ai its tiperlmenlall) dcltimintd failure load. 
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For plates where uranium replaced the lead, the 
test results are different. Since lead provides little or 
no structural strength, the lower stainless steel plate 
must carry the load. The depleted uranium plate 
caries a significant structural load. When the strain 
in the outer fiber of the uranium plate exceeds 
approximately 6% to Wo, it fails. Sufficient load has 
been developed in tbe punch at this point that the 
shear failure criteria in the lower stainless steel plate 
is exceeded and puncture occurs. 

Dynamic Tests and Analysis. The static tests 
were a prelude to more extensive dynamic testing. 
The dynamic tests and analyses are being com
pleted, but initial agreement between test results 
and the computer predicted response is good. 
Preliminary results show that the puncture during 
dynamic impact is also governed by a shear failure 
criteria fox the lead-backed plates. No dynamic 
calculations have been made yet for the uranium-
backed plates, but a similar failure criteria to that 
found during the static tests is expected. 

Seal Test and Analysis 
A comprehensive program is underway to 

analytically and experimentally investigate the leak 
rate of five seal-flange configurations. The flanges 
are one-quarter and one-half the size of those used in 
spent-fuel railroad casks. This corresponds to 25.4-
and 50.8-cn-diam seals. Each seal configuration is 
shown in Fig. 23. These are: (I) Grayloc, (2) Cono-
seal, (3) polymer O-ring, (4) hollow metal O-ring, 
and (5) Batzer. Each seal uses a different principal to 
achieve a high seal-flange interface pressure. Al
though these designs are different, our computer 
code N1KE2D, can calculate the key interface pres
sures, This pressure is essential for good sealingand 
low leak rates. In addition, eacn seal has been used in 
applications wherea leak rate less than !0.. satmcc/s 
has been achieved. However, scale effects, tempera
ture effects, and large differential pressures across 
the seal may significantly affcst the leak tightness of 
some of these seals. Our test program is designed to 
measure these effects. Table 4 illustrates the test ma
trix that is being used with each of the seal-flange 
configurations for both the 25,4 and 50.8-cm-diam 

Each seal was designed with trial and error 
techniques while following general design principles. 
A leak rate model governing; ermeation-type leaks 
(not orifice leaks) has been proposed by Roth in his 
book on vacuum technology* and is shown in graphi
cal form in Fig. 24. The leak rate is plotted for helium 
tracer gas at 25°C with J-atm pressure differential 
across the seal. Other significant parameters that are 
fixed for this curve are the length of the contact 

surface (L), the width of the contact area (W), a 
measure of the seal hardness (R). and a measure of 
the surface roughness (A). For these fixed but 
significant parameters, it is obvious the leak rate is a 
strong function of the seal-flange interface pressure 
(Pl-

Ow finite element codes with slide surfaces can 
calculate this seal-fiange interface pressure, and the 
contact surface width. The behavior of each seal 
when it comes into contact with a sealing surface 
represents a nonlinear contact problem. An example 
of the computer calculated stress and deformation is 
shown in Fig, 25. These computer calculations, in 
conjunction with leak rate models similar to those in 
Fig. 24, are used toestimate the expected leak rate for 
a particular seal. The calculated leak rate is checked 
against the rate measured in the laboratory to verify 
and refine the analytical techniques. These analytical 
tools should provide an effective means to estimate 
the range of leak rates that could be achieved by any 
new seal design. In addition, our tests (Table 4) will 
provide hard data on leak rates on large seals under 
realistic operating conditions. 

Summary 
Our major objective has been to improve 

structural analysis techniques for shipping container 
components. In particular, we are concerned with the 
two major mechanisms associated with radioactive 
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(a) Grayioc seal fixture, 
made-up position. 

(b) Conoseal and 
fixture. 

O-fing installed O-ring under pressure 

(c) Polymer O-ring under pressure. 

Aluminum foil gasket' 

Contact surfaces 

(d) Hollow metal O-ring with a 0.25-mnvsilver coating, (e) Batzer flange and seal. 

Fit. J} . Virion kinds of seals. 
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P-f/lw, kg/cm2 

Fig. 24, Lnk rale n i (unction of seil-fline,* contact stress for i 
helium tracer u s i t 25°C. Vjlues, which ire defined more fully in 
iheintt.irj: AP = 1 i lm, R = 500kj/cm', L = 10cm, W = 0.2 cm, 
A = 1 X 10-'cm, ind one interhce. 

leakage, loss of sealing and loss of shielding from 
puncture. A recent development in fiiiite element 
analysis, slide surfaces, achieved by the Mechanical 
Engineering Code Development Group, has enabled 
us ioattack these two nonlinear contact problems for 
the first time with computer codes. Our comparisons 
to date with laboratory tests have shown excellent 
agreement and offer a great deal of premise for the 
use of these techniques in the future. The techniques 
open up new analysis avenues that can augment and 
potentially replace expensive tests as a method for 
evaluating the structural integrity of spent-fuel 
shipping casks. 
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Fig. 25. ('omputer-predicltd contact stress in a silver-coated hollow metal O-rtog in a compressed position. 
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MATERIAL CONTROL STUDY: A DIRECTED GRAPH AND 
FAULT-TREE PROCEDURE FOR ADVERSARY FVENT 

SET GENERATION 

Introduction 

The Lawrence l.ivermore Laboratory is con
ducting a Material C ontrol and Accounting Study 
for the Nuclear Regulatory Commission (NRC). 
Office of Nuclear Regulatory Research. As part of 
their duties, the NRC is responsible for the licensing 
of new nuclear facilities. Since the safeguarding of 
nuclear materials has become increasingly important 
in recent years, the NRC must be able to 
systematically evaluate the material control systems 
of proposed nuclear facilities and to guarantee their 
effectiveness to the public. Each facility has a 
material control system to protect against the theft of 
special nuclear material, such as plutonium and 
uranium 2.15. Jn the two-year-old study, the 
Laboratory has been developing an assessment 
procedure to evaluate the effectiveness of a potential 
nuclear licensee's material control system.'' 

The assessment procedure, shown in the block 
diagram in Fig. 26. draws upon two types of data: 
license applicant information and the NCR/LLL 
data base. Applicant data include the plan of the 

facility physical plant, operational procedures, 
descriptions of special nuclear material processing, 
and the details of the material control and 
accounting system. The NRC LLL data base will 
contain the mathematical models (such as models of 
the performance of the special nuclear material 
detection monitors) necessary to evaluate an appli
cant's submittal. 

The first step in the assessment procedure is to 
identify targets within the facility that contain theft-
attractive special nuclear material. The second step is 
to determine the adversary actions and conditions of 
the material control system that could allow 
successful diversion of special nuclear material, that 
is, generate the adversary event sets. Simulation is 
required for those adversary event sets where 
timeliness ,-ind ordering of events is important for 
successful diversion. The qualitative and quantita
tive analysis of the event sets and the simulation 
results allow the effectiveness of the material control 
system to be determined. 

Applicant's 
facility |~i 

description 
I t 
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data base 

Adversary 
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Performance of 
material control and 
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l it . 26.The I.I.I.as««meiil procedure. 
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Adversary Even! Set Generation Procedure 
The key in the LLL assessment procedure for 

evaluating the effectiveness of a material control 
system is the generation and analysis of adversary 
event sets. We have developed a procedure based on 
a directed graph (digraph) and fault tree methodo
logy by which the event sets can be generated and 
analyzed. This methodology has been used by Lapp 
and Powers' to assess the safety of chemical 
processing systems. We extended this methodology 
to model intentional diversionary or malevolent acts 
by an adversary so that these acts appear in the event 
sets. 

The procedure for the generation and analysis of 
the event sets is described below, in detail, step by 
step, as delinated by the block diagram in Fig. 27. 

General System Schematic. The first st?p in the 
procedure (Fig. 27) is the formulation of a general 
schematic for system modeling. Information from 
piping and instrumentation diagrams, the physical 
plant layout, and material control related procedures 

is used to formulate the schematic for system 
modeling. The general schematic delineates the unit 
model digraphs needed to model the system and the 
overall system interactions. The unit models include 
models of adversary movement in the facility, 
monitors, process equipment, and procedures. 

Unit Model Digraphs. In step 2 (Fig. 27), unit 
model digraphs, the basic building blocks of the 
procedure, are generated. As described in R«fs. 7 
and 8, digraphs are functional cause-and-effect 
network models that describe the relationship 
between various system variables and the conditions 
that are necessary for these relationships :o exist. 
In addition, digraphs can show events such as 
adversary actions that may nullify or change the 
relationships between variables. Digraphs are 
useful since they are multivalued network models 
and they can readily model the dynamics of the 
relationships between variables. The advantage of 
generating unit model digraphs is thai a separate 

General schematic 
for system modeling 

Unit model 
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Time data 
for events 

in fault tree 

System 
digraph 

Fault 
tree -0 

Boolean 
manipulation 

of events 
in fault tree 

' 

\ 
Qualitative 
evaluation 
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Fig. 27, Procedure for generation and analysis ot adversary event seis. 
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analysis can be performed on system components 
without performing an entire systems analysis. 
These unit models are analogous to mini-fault trees 
described by Fussell ct al.« 

System Digraph. The third step in Fig. V is 
the generation of the system digraph, which is 
constructed from the unit model digraphs for a 
selected (op event variable (the top event is the 
variable being modeled). The system digraph is 
obtained by deductively following the information 
flow given in the general system schematic. The 
material control system is modeled as a control 
system designed to counter the actions of the 
adversary. All the potential ways the material control 
system may respond to prevent special nuclear 
material theft are modeled in terms of "adversary 
cancellation loops" on the system digraph. These 
loops are similar in concept to the negative feedback 
and negative feedforward loops designed to cancel 
disturbances in process variables. 

System Fault Tree. In the fourth step (Fig. 27), 
the system fault tree is generated from the system 
digraph via a synthesis algorithm, The top event in 
the fault tree corresponds to a disturbance in the 
top event variable of the system digraph. The top 
event variable for the material control study is M^y, 
defined by 

!

+l if successful diversion of 
special nuclear material occurs 
0 otherwise 

A zero value for a variable on the system digraph 
corresponds to a true or expected value. Any other 
value, hence, corresponds to a deviation or dis
turbance. The top event in the system fault tree 
for the material eontroi study is MDIV = +1. All 
loops in the system digraph that model thecorrective 
actions of the material control system must fail for 
a disturbance in the top event variable to exist. 

For successful diversion of special nuclear 
material to occur, all adversary cancellation loops 
must fail. These loops fail as the result of: 

• random monitor failure 
» inadequate monitormeasurement sensitivity 
• human error, including slow guard response 
• adversary activity, including equipment 

tampering and collusion, 
The synthesis algorithm creates at AND logic gate 
in the fault tree each time a cancellation loop in the 
system digraph fails, 

Once generated, the fault tree can be evaluated 
qualitatively and quantitatively to assess the vulner
abilities of the safeguard system. 

Qualitative Analysis. The qualitative analysis 
of the fault tree provides much valuable information 
without using numerical data. It includes performing 
Boolean manipulations of the basic events, gener
ating the adversary event sets, structurally ranking 
the basic events, determining the collusion require
ments, and evaluating the effect of power loss on the 
material control system. 

A structural ranking of the basic events in the 
eveni sets helps to identify important basic events 
for further analysis. Thistype of ranking isa function 
of the number of event sets in which a basic event 
appears in and the relative length of those even; sets. 

Common cause analysis is used to determine 
the collusion requirements (how many and who)and 
the effects of power loss of key components of the 
material control system for successful special nuclear 
material theft. In addition, a vital location analysts 
can be performed to determine the locations which 
must be visited for successful tampering. 

The computer codes Fault Tree Analysis 
Program (FTAP)"1 and the Set Equation Trans
formation System (SETS),11 designed to generate 
and handle numerous, high-ordered minimal cut 
sets, are used to perform the qualitative analysis. 

Quantitative Analysis. To further identify the 
weaknesses of the material control system, a 
quantitative analysis is performed. This analysis 
assesses the impact of material control system 
components with various failure rates and detection 
probabilities, the effect of maintenance policies, and 
the ease with which component tampering can occur. 
The IMPORTANCE computer code12 is used to 
perform the quantitative assessment. 

Inputs required for (he quantitative analysis 
are a listing of all event sets, probability data for the 
basic events, and the assumption of statistical 
independence of the basic events. 

The probability of successful theft of special 
nuclear material can be calculated for four specific 
cases: 

(1) No material control system tampering, no 
alarm signal generated. 

(2) No material control system tampering, slow 
safeguards response. 

(3) Material control system tampering, no 
alarm signal generated. 

(4) Material control system tampering, slow 
safeguards response, 

A sensitivity analysis of the probability of 
successful theft for the above cases as a function of 
the amount of special nuclear material stolen is also 
done. Quantities of special nuclear material investi
gated are 0,5 g, 200 g, and 5 kg. The maximum 
expected performance of the .laterial control system 
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occurs when there is no system tampering. However, 
clever adversaries may tamper with the material 
control system to render it ineffective. In the 
tampering analysis, the following adversary attri
butes and material control system characteristics 
are considered: 

» Type of tools and resources required for 
tampering 

• Accessibility of components to potential 
adversaries 

• Monitoring of equipment for tampering 
• Availability of tools and resources required 

for tampering 
• Personnel required for tampering. 

The probability of successful tampering is then a 
function of the probability that each of the above 
can occur with either no or slow material control 
system response. 

Demonstration of the Event Set Generation 
Procedure 

The event set generation and analysis procedure 
has been applied in the assessment of the material 
control system in a prototype nuclear facility, the 
Test Bed.13 

The Test Bed is based upon the plutonium 
nitrate storage area of the AGNS facility in 
Barnwell, S.C., but with substantial modifications. 
These modifications are added to further develop 
and test the assessment procedure and are not 
criticisms or"fixes"to the AGNScurrent design. The 
modifications include the addition of check valves, 
limit switches on valves, a computer controlled 
access system, computerized material control and 
accounting and procedure monitoring logic, and 
other safeguards components. 

The general form of the system digraph for the 
Test Bed is shown in Fig 28, The arrows represent 
information flow with regard to (1) movement of 
special nuclear material and people and (2) the 
material control system response which acts to 
prevent the theft of special nuclear material. The 
initial conditions of the Test Bed assessment are 
shown on the left of Fig. 28. 

The fault tree generated from the system 
digraph by the synthesis algorithm contained 125 
gate events and 113 basic events. The qualitative 
analysis of the fault tree generated 814,042 event set 
sets for a the case of a slow safeguards response and 
4,736 event sets for the case of no safeguards 
response. 

The collusion analysis established that 
successful diversion can occur only if three particular 
plant personnel r̂e in collusion or two persons if 
random failures occur. 

The IMPORTANCE computer code 
determined the probability of each basic event in 
contributing to the probability of successful 
diversion. The ranking of these basic events found 
the following vulnerable points in the Test Bed: 

• computer hardware and software 
• remote control pane! 
• crash door alarms 
• maintenance policies 
Although the Test Bed is a facility with an 

automated and sophisticated material control 
system, the assessment has found several basic 
weaknesses. A similar assessment can determine the 
effect of strengthening the Aforementioned areas. 
Thus, the Test Bed demonstration has shown the 
directed graph-fault tree procedure (Fig. 26) is not 
only an effective assessment tool but also a valuable 
design tool. The procedure can also be used for safety 
and reliability analysis. 

Future Activities 

In the future, the adversary event set generation 
procedure described in this article will be used to 
assess the effectiveness of an existing nuclear facility 
handling special nuclear material. In addition, the 
assessment procedure will be automated as much as 
possible. Fault tree computer codes FTAP, SETS, 
and IMPORTANCE currently exist to qualitatively 
and quantitatively evaluate fault trees. Computer 
codes to perform the front end of the procedure, i.e., 
the manipulation, storage and generation of unit 
model digraphs, system digraphs, and system fault 
trees, are currently in the developmental stages. 
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PUBLICATION ABSTRACTS 

P.F. Durbin, Radiographic Inspections at the 
Calipatria Geothcrmal Test Site, Lawrence 
Livermore Laboratory, Rept. UCID-17734 (1978). 

The Lawrence Livermore Laboratory (LLL) 
Nondestructive Evaluation (NDE) section of the 
Materials Engineering Division is making radio
graphic inspections to estimate the extent of corro
sion and scale buildup at the Geothermal Test Site 
in Calipatria, California. This study, begun in early 
1976, in continuing The NDE section developed the 
radiation exposure techniques using w C o and " 2 l r 
isotopes; Hazards Control and NDE established 
radiography safety procedures. Five radiographic 
evaluations were mads of the Geothcrmal Test Site 
from May 1976 to February 1977. Estimations of 
scale buildup from radiographs of operating plant 
pipes, valves, and tanks correlated closely with our 
actual scale measurements from used plant sections. 

R.H, Toland, B J . Sanchez.and D. Freeman, Stress-
Rupture Life of Kevlar I Epoxy Spherical Pressure 
Vessels, Lawrence Livermore Laboratory, Rept. 
UC1D-I7755, Fan 1 (I97.i>. 

We are conducting a study of the life of Kevlar/ 
epoxy spherical pressure vessels subjected to a con
stant, sustained pressure in time until vessel failure; 
i.e., stress-rupture. This study has two objectives: 
to generate baseline data on the stress-rupture life of 
Kevlar.'epoxy pressure vessels, and to apply statis
tical reliability theory to vessel and strand data to 
define vessel life statistics and reliability at given 
pressure (stress) levels. This report, the first of 
three, describes vessel design, fabrication, and static 
burst performance, as well as the stress-rupture test 
plan and test facility. 

M J . Burger, Document Control Program 
(DCP), Lawrence Livermore Laboratory, Rept. 
UCID-17746 (1978). 

D.F. Arthur, R.G, Don(, R.C. Murray, T.A. 
Nelson, P.D. Smith, and L.H, Wijht, Evaluation of 
Methods for Seismic Analysis of Nuclear Fuel Re
processing and Fabrication Facilities, Lawrence 
Livermore Laboratory, Rept. UCRL-52159 (1978). 

This islhe third and final report in a series aimed 
at <•••. luating methods of seismic analysis for critical 
structures and equipment in nuclear fuel repro
cessing plants (NFRPs) and mixed oxide fuel fabri
cation plants (MOFFPs). The series was requested 

and the work funded by the Nuclear Regulatory 
Commission's Office of Standards Development. 
Our purpose in these reports is to provide the NCR 
with a technical basis for assessing seismic analysis 
m.thods and for writing regulatory guides in which 
methods ensuring the safe design o( nuclear fuel cycle 
facilities are recommended. The present report eval
uates methods of analyzing buried pipes and wells, 
sloshing effects in large pools, earth dams, multiply 
supported equipment, pile foundations, and soil-
structure interactions. 

E.K. Collins and W. Lai, Final Air Test Results 
for the l/5-Scale Mark I Boiling Water Reactor 
Pressure Suppression Experiment. Lawrence 
Livermore Laboratory, Rept. UCRL-52371 (1978). 

A loss-of -coolant accident (LOCA) in a boiling-
water reactor (BWR) power plant has never occurred. 
However, because this type of accident is particularly 
severe, it is used as a principal basis for design. 
During a hypothetical LOCA in a Mark I BWR, air 
followed by steam is injected from a drywell into a 
toroidal wetwell about half-filled with water. Injec
tion occurs below the water surface in a vertically 
downward direction through open-end pipes called 
downcomers. Energy from the reactor is dissipated 
as the steam mixes with the water and condenses. 

During the LOCA, a downward load is induced 
en the toroidal wetwell as water that is initially in
side the downcomers is forced into the water pool 
below them. The magnitude of this downward load 
increases until just after gas bubbles appear in the 
pool. The water surface inside the toroidal wetwell 
liter r>- ̂  • - upward, particularly in the region adja
cent i'' tue outside of the downcomers, as water is 
displaced by the gas bubbles. The gas bubbles over-
expand, because the flow of gases from the down-
corners is not sufficient to counteract the upward 
displacement of the water. The direction of the net 
load on the toroidal wetwell then shifts upward and 
reaches a peak of approximately half the magnitude 
of the maximum download. The vertical load then 
decreases to static conditions. 

Sponsored by the United States Nuclear Reg
ulatory Commission, a complete three-dimensional 
facility was designed and constructed. A series of 
consistent, versatile, and accuate air-water tests 
simulating LOCA conditions was completed in the 
Lawrence Livermore Laboratory 1/5-Scale Mark I 
BWR Pressure Suppression Experimental Facility. 
Results from this test series were used to quantify 
the vertical loading function and to study the 
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associaicd fluid dynamic phenomena. Detailed 
histories of vertical loads on the wetwell are shown. 
In particular, variations of hydrodynamic-gencrated 
vertical loads with changes in drywell pressurization 
rate, downcomer submergence, and the vent-line loss 
coefficient are established. Initial drywell over
pressure, which partially preclears the downcomers 
of water, substantially reduces the peak vertical 
loads. 

Scaling relationships, developed from dimen
sional analysis and verified by bench-top experi
ments, allow the I /5-scale results to be applied to a 
full-scale BWR power plant. This analysis leads to 
dimensionless groupings which are invariant. These 
groupings show that if water is used as the working 
fluid, the magnitude of the forces in a scaled facility 
is reduced by the cube of the scale factor; the time 
when these forces occur is reduced bythesquareroot 
of the scale factor. 

H.G. Patton, I.F. Stowers, W.A, Junes, and 
D.E. Wentworlh, Status Report on Cleaning and 
Maintaining laser Disk Amplifiers, Lawrence 
Livermore Laboratory, Rept. L'CRL-52412 (1978). 

This report describes the activitiesand advances 
in engineering and technology made by the Solid 
State Mechanical Maintenance Group within the 
laser program at Lawrence Livermore Laboratory. It 
includes design and operation of clean rooms, con
tamination control on optical surfaces, cleaning 
techniques, and glass damage mechanisms. This 
report, a much expanded version of a section in the 
laser program's 1976 annual report, covers work 
accomplished from July 1976 to April 1977. It has 
been used as the source for five papers presented at 
various national conferences. 

C.E, Cummings, Dynamic Response of a 
Cylindriccl Shell Immersed in a Potential Fluid, 
Lawrence Livermore Laboratory, Rept. UCRL-
52464(1978). 

A numerical solution technique is presented for 
determining the dynamic response of a thin, elastic, 
circular, cylindrical shell of constant wall thick
ness and density, immersed in a potential fluid. The 
shell may be excited by an arbitrary radial forcing 
function with a specified time history and spatial 
distribution. In addition, a pressure history may 
be specified over a segment of the fluid outer bound
ary. Any of the natural shell end conditions may be 
prescribed. 

A numerical instability prevented direct solu
tions where the ratio of the hydrodynamic forces to 

shell inertial forces is greater than two. This insta
bility is believed to he the result of ihe weak coupling 
between the equations describing the fluid to those 
describing the shell. To circumvent this instability, 
an effective mass was calculated and added to the 
shell. 

Comparison of numerical to experimental re
sults are made using a 112 scale model of a nuclear 
reactor core support barrel. Natural frequencies and 
modes are determined for this model in air, water, 
and oil The computed frequencies compare to 
experimental results to within \Vit. 

We illustrate the use of this numerical technique 
by comparing it to an analytical solution for shell 
beam modes and resolve an uncertainty in the 
analytical technique concerning the proper effective 
mass to use. 

YV.M. Shay, W.C. Brough, and T.B. Miller, 
Instrumenting a Pressure Supression Experiment 

jor a Mark I Boiling-Water Reactor—Another 
Measurements Engineering Challenge. Lawrence 
Livermore Laboraiory, Rept UCRL-8058MI978). 
Submitted to the Spring Meeting of the Society for 
Experimental Stress Analysis, Wichita, Kansas. 
May 14-19, 1978. 

A I /5-scale test facility of a pressure-
suppression system from a Mark I boiling water 
reactor was instrumented with seven types of trans
ducers to obtain high-accuracy, dynamic loading 
data during a hypothetical loss-of-coolant accident. 
A total of 27 air tests have been completed with an 
average of 175 transducers recorded for each test. An 
end-to-end calibration of the total measurement 
system was run to establish accuracy of the data. 
The instrumentation verified the analysis of the 
dynamic loading of the pressure-suppressionsystem. 

T.T. Chiao, Some Interesting Mechanical 
Behaviors of Fiber Composite Materials, Lawrence 
Livermore Laboratory, Rept. UCRl-80908 (1978). 
To be published in the Proceedings of the US-USSR 
Seminar on Fracture of Composite Materials, Riga, 
USSR, September 4-7, 1978. 

In the course of our studies of the mechanical 
behaviors of aramid/epoxy and the high-strength 
S2-glass/epoxy composites, we have observed two 
interesting but puzzling behaviors. First, when a 
sustained tensile load is removed any time before 
stress-rupture failure, the composites retain almost 
their full originalstrengths. Second, thecontribution 
of a high-elongation, low-modulus matrix to the 
performance of a simple glass composite seems to 
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be surprisingly little. These results have raised 
questions about the validity of the strength reten
tion test as well as the usefulness of a low-modulus 
matrix in fiber composites, 

M.A. HamsUd, Nondestructive Testing of 
Fiber Composites: Appfcatiun of Acoustic Emission 
Inspection, Lawrence Livermore Laboratory, Rept. 
UCRL-8IO04 U978). To be published in The Pro
ceedings of the Fourth Composites in Manufac
turing Conference, the Society of Manufacturing 
Engineers, Los Angeles, California June 7-9, 1978. 

Valid nondestructive test results must be quan
titatively correlated to the required engineering 
performance properties of the fiber composite 
article. We discuss the relationship of the currently 
unknown defect structure in fiber composite 
articles with respect to nondestructive testing. 
Examples of quantitative nondestructive testing of 
fiber composites are cited from the open literature, 
including acoutic emission inspection and ultra
sonic testing. The unique application of acoustic 
emission inspection to the location and determina
tion of real flaws in fiber composites is discussed 
in detail. 

B.G, Monahan, V.P. Cede, P.R. Landon, C.A. 
Colmenares, and TJ. Bid, Materials Compatibility 
Study of 316 Stainless Steel at the LLL Tritium 
Facility, Lawrence Livermore Laboratory, Rept. 
UCRL-8102S (1978). To be distributed at the 
American Nuclear Society Meeting, Santa Fe, New 
Mexico, May 8-12, 1978, 

We are conducting stress corrosion tests on 316 
V1M/VAR stainless steel as part of the Tritium 
Facility's Quality Assurance Program. Initial results 
under severe conditions indicate earlier-than-
expected failure. We are expanding our tests to 
further examine this problem. 

W.L, Server. D.M.Norris.Jr.,and M.E.Prado. 
Ductile Crack Initiation in the Charpy Y-Notch Test, 
Lawrence Livermore Laboratory, Rept. UCRL-
81034 (1978). To be published in the ASM Pro
ceedings of the 107th AIME Meeting, February 28. 
1978, Denver. Co. 

Initiation and growth of a crack in the Charpy 
V-notch test was investigated by performing both 
static and impact controlled deflection tests. Test 
specimens were deformed to various deflections, 
heat-tinted to mark crack extension and broken 
apart at low temperature to allow extension mea
surements. Measurement of the crack extension 
provided an estimate of crack initiation as defined 
by different criteria. Crack initiation starts well 
before maximum load, and is dependent on the 
definition of "initiation". Using a definition of 
first micro-initiation away from the ductile blunting, 
computer model predictions agreed favorably with 
the experimental results. 

N.J. Brown and R.T. Miney, Optical Fabrica
tion of FluorophosphaK Laser Glasses, Lawrence 
Livermore Laboratory, Rept. UCRL-81083 (1978). 
Submitted to the American Ceramic Society Annual 
Meeting, Detroit, Michigan, May 10,1978. 

This paper discusses the grinding and polishing 
of a new family of fluorophosphate laser glasses. 

CA. Calder *nd WAV. Wilcox, Acoustic Velocity 
Measurements Across the Diameter of a Liquid 
Metal Column. Lawrence Livermore Laboratory, 
Rept. UCRL-81124 (1978). Presented at the SESA 
1978 Spring Meeting, Wichita, Kansas, May 15-19. 
1978. 

A method is described for the measurement of 
the acoustic velocity across the diameter of a I mm 
diam liquid metal column before instability and 
breakup of the column occurs. 
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