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CONCEPTUAL DESIGN OF A DIGITAL CONTROL SYSTEM FOR
NUCLEAR CRITICALITY EXPERIMENTS

by
Stephen Paul Rojas

ABSTRACT

Nuclear criticality is a concern in many areas of nuclear engineering
including waste management, nuclear weapons testing and design, basic
nuclear research, and nuclear reactor design and analysis. As in many areas
of science and engineering, experimental work conducted in this field has
provided a wealth of data and insight essential to the formulation of theory
and the advancement in knowledge of fissioning systems. In light of the
many diverse applications of nuclear criticality, there is a continuing interest
to learn and understand more about the fundamental physical processes
through continued experimentation. This thesis addresses the problem of
setting up and programming a microprocessor-based digital control system
(PLC) for a proposed critical experiment using. among other devices, a
stepper motor, a joystick contro! mechanism, and switches. This
experiment represents a revised configuration to test cylindrical nuclear
waste packages.

A Monte Carlo numerical study for the proposed critical assembly has
been performed in order to illustrate how results from numerical
calculations are used in the process of assembling the control system and to
corrobor : previous experimental data. This study involves modeling a
solution system of urany! nitrate in cylindrical geometry (two cylindrical
"slab" tanks approximately 28 inches in diameter and 4 inches thick) with
the Monte Carlo Neutron Photon code written at Los Alamos National
Laboratory, New Mexico. The results of this study yielded the sensitivity
effect of varying the distance between the tanks: information used as design
criteria to size various control system components. In addition, the software
necessary for experiment control was developed.

In summary, a control system utilizing some common devices necessary
to perform a critical experiment (stepper motor, push-buttons, etc.) has been
assembled. Control components were sized using the results of a
probabilistic computer code (MCNP). Finally, a program was written that
illustrates the coupling between the hardware and the devices being
controlled in the new test fixture. .

Xix



Chapter 1.

INTRODUCTION

1.1 Background

1.1.1 Nuclear Criticality

The term "criticality” gererally refers to the study of fissioning systems that
approach a state of equilibrium between the number of neutrons being produced and
the number of neutrons "dying.” Neutrons are produced by the process of nuclear
fission. In a Los Alamos National Laboratory report [15], Hugh C. Paxton defines the

fission process as:

The disintegration of a nucleus (usually, Th, U, Pu, or h=avier) into two

masses of similar order of magnitude, accompanied by a 'arge release of energy
and the emission of neutrons. Although some fissions take place spontaneously,
neutron-induced fissions are of major interest in criticality safety....

Thus, the area of major interest in nuclear criticality is in the generation and death of
neutrons. The same diffusion theory that has successfully been applied to heat transfer
and fluid mechanics has also been successfully used to model the process of nuclear
fission. In addition, as will be seen in chapter three of this document, probabilistic
approaches have proven extremely useful in the design and analysis of fissioning
systems.
1.1.2 Multiplication Factor

The multiplication factor is denoted with the symbol "k" and is defined as
follows [9]:

number of fissions in current generation
number of fissions in preceding generation




So if the multiplication factor is less than one, then the system is called "subcritical”
and the number of fissions occurring in the system is decreasing with time. On the
other hand, if ths multiplication factor is greater than one, then the sysicm is said to be
“supercritical" and the number of fissions increases with time. If the muitiplication
factor is equal to one, then the system is said to be exactly "critical" ar:d the nuinber of
fissions occurring is constant with time. In a critical assembly, the ratio of the number
of neutrons produced to the number of neutrons disappearing is commonty controlled
by the use of "poison"” control rods (material that absorbs neutrons). Typically there
are two basic manners in which neutrons may vanish:
1. Absorption during a nuclear reaction

2. Leakage from the surface of the reactor
There are many methods used to model the fission process:

« diffusion theory (Fick's law; differential equations): a deterministic approach

using finite differences
e Monte Carlo: a probabilistic approach using statistics
o transport theory (integral equations): a deterministic approach using discrete
ordinates

The simplest, most fundamental approach and the approach used early on in nuclear
system design is diffusion theory. However, the Monte Carlo method offers improved
accuracy in modeling complex geometries and it has been the adapted method in the
current study.
1.1.3 Fissile Material

A material is said to be fissile if it is capable of fission at low energy levels (i.e.,
slow neutrons with low kinetic energy). 238U, which is abundant on the planet, is

used to "breed" fissile plutonium by bombarding the 238y with neutrons. Another



method used to create fissile material is the refinement process used to enrich the
percentage of 235U in naturally occurring uranium.
1.1.4 Prompt and Delayed Neutrons

More than 99 percent of the neutrons emitted in a tissioning system are emitted at
the instant fission occurs; these neutrons are called "prompt.” That fraction of a
percent of neutrons that are emitted at a relatively long tinie after the initial fission
event are called "delayed" neutrons. The average number of prompt and delayed
neutrons released per fission event is given the symbo! v.
1.1.5 Cross Sections

A cross section is an experimentally determined paramester with units of cm?2 which
indicates the probability of a certain event occurring. Different types of cross section
data used in nuclear engineering include scatter cross sections, absorption cross
sections, or fission cross sections. Cross sections take on the units of "barns" where
1 barn = 1x10-24 cm2. In essence, the nuclear cross section is the "effective” cross
section of the nucleus that a neutron sees when it is traveling near the nucleus. The
total cross section is the combination of the fission cross section, absorption cross
section, scatter cross section, etc., and is a measure of the probability that any type of
interaction occurs when a beam of neutrons impinges on a target composed of many
nuclei.
1.1.6 Moderators and Poisons

A moderator is a substance which tends to slow down ("thermalize") neutrons.
Typical moderators include water and polyethylene. A poison is a substance which
tends to absorb neutrons. Typical poisons include boron and cadmium. Poisons may

be of the "burnable” type [14] which means their absorption cross section decreases as

time progresses (thus increasing the reactivity of the system).



1.1.7 Over/Under Moderated Systems

A system is said to be "overmoderated" if the multiplication factor decreases (i.e.,
critical mass increases) with decreasing density (i.e., increase the amount of
moderator). On the othe. hand, if as the density is decreased the multiplication factor
increases (i.e., critical mass decreases), then the system is said to be
“"undermoderated.” This information is typically illustrated in a plot of multiplication
factor vs. density (or equivalently, a plot of critical mass vs. hydrogen to uranium
ratio).
1.1.8 Prompt and Delayed Criticality

Delayed criticality is used to describe the state of a fissile material iz which
the multiplication factor is unity from the contribution of both delayed and prompt
neutrons. Prompt criticality is a term used to describe the state of a fissile material in
which the multiplication factor is unity solely from the contribution of prompt
neutrons. Thus there is a "window" in between delayed criticality (the steady-state
condition) and prompt criticality.! This window is given the symbol B and it follows
that the fraction of fission neutrons that are prompt is 1-B. This can be seen by

considering that a k of unity is due to both prompt and delayed neutrons; therefore,

& N
< 7
p<0 p>0
] L N
J 1 7
k=1 k=1/(1-B)
Delayed Critical Prompt Critical
p=0 p=B

Figure 1-1 : Criticality Window

11f not for this window, bombs would be rather easy to build while nuclear reactors would be more
difficult; as it is, the reverse is true.



to get rid of the delayed neutrons, we subtract the reactivity amount . One may
question the validity of subtracting these two values since at first sight they appear to
be different units; however, at closer inspection it is apparent that the units are dentical
since the reactivity P is simply the change in k which has been normalized in ccordance
with value of unity at delayed critical. Therefore, the multiplication factor considering
only prompt neutrons is (1-B)k. When this value is unity, the system is said to be
prompt critical since a muitiplication factor of unity is reached with only prompt
neutrons.

1.1.9 Reactivity

Reactivity is defined as the percentage the system is above delayed critical:

k-1

Tk

Thus, negative reactivity indicates a system that is below delayed critical while positive
reactivity indicates a system that is above delayed critical. Typically, the reactivity is
expressed in "dollars” (or fractions of a dollar: "cents”) by using the conversion factor:
B reactivity = 1 dollar. The value P is the difference in reactivity between delayed
critie ality and prompt criticality . Thus, if a system is prompt critical, then p=P
(remember, if the system is delayed critical, then the multiplication factor is one, and
the reactivity is zero). Typically, the term "adding reactivity" is used when the system
is already at delayed critical (i.e., k=1, p=0).
1.1.10 Atom and Number Densities

Typically, number densities are used for Monte Carlo input files to define the

material characteristics. The number and atom densities are defined as follows:



N = PMﬂ = atom density = atoms | cm’

atoms
barn-cm

number density = (N)(1x107% cm? / barn) =

where:
NA = Avogadro's Number
M = molecular weight

1.1.11 Scram System

A scram system refers to an electro-mechanical system which produces a prompt
decrease in reactivity due to physical movement. For example, a scram for the uranyl
nitrate experiment would consist of quickly moving the two fissile slab tanks apart
from one another to quickly decrease the multiplication factor. Typically both
automatic and manual scram systems are designed into criticzl experiment apparatus
(the automatic mechanisms are coupled to particle detectors located around the
experiment). In addition, for the experimeat proposed in this study, an additional
gravity assisted scram mechanism may be incorporated. Although this document
focuses only on the primary manual scram mechanism (a hydraulic cylinder), it should
be noted that two such redundant scram systems will also be incorporated: one
automatic, and one gravity assisted.
1.1.12 Historical Perspective: LACEF

The urgency of World War II that spurred the Manhattan Project also demanded
that a site be established at the Los Alamos National Laboratory which would serve as
an area for experimental work as well as isolate the population from radiation in the
event of a criticality accident [12]. The area chosen was in Los Alamos' Pajarito
Canyon and came to be known as "Pajarito Site.” Before 1947, critical experiments

were performed at the site by hand. This changed when, in 1946, Louis Slotin was



killed as a result of a component of an assembly slipping into a more reactive position
producing a superprompt-critical pulse of radiation. As a result, the site established
much more exacting rules governing the operation of critical assemblies, one of which
was the policy of performing most critical experiments remotely. Such experiments are
now performed in what are called "kivas":? buildings housing critical experiments that
are controlled from a remote location. The control system outlined in this document
will serve as the main control system for the original "kiva" which is now referred to as
KIVA 1. Figure 1-2 displays a plan view of Pajarito Site. Today LACEF (Los Alamos
Critical Experiments Facility) houses the most significant collection of critical
assemblies in the western hemisphere. The assemblies that may be operated at LACEF
can be divided into three categories:
o Benchmark Assemblies are configurations containing precisely known
components that have interchangeable or adjustable fissile cores and reflectors.
e Assembly Machines are general purpose platforms into which fissile,
moderating, reflecting, and control components may be loaded for short range
studies of the neutronic properties of the materials. The assembly machine
described in the following section falls into this category. Itis worth noting
that assembly machines do not actually contain fissile material; they only
manipulate it.
o Solution Assemblies allow critical operations with fissile solutions. The
experiment proposed in this study is a solution experiment mounted on an

assembly machine.

2The Hopi Indian name for a round ceremonial chamber



1.2 Objectives

The main goal of this project is to create a numerical model of a fissioning system
("critical assembly") using a well-established computer code and then bring together a
system for controlling the assembly based on the results of the numerical study.
Although the numerical results will be specific to a certain critical experiment, the
control system will be inherently general and may readily be used to control other
experiments (specifically, an experiment involving a stepper motor and hydraulic
system). In order to address the specific details that must be considered when sizing
and selecting control components, a complete sizing analysis for the proposed system

is given in chapter seven. An introduction to the proposed experiment follows.

Blogm: Pojarflo -
' = A\ Rood
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Figure 1-2 : Pajarito Site (TA-18)



1.2.1 Mechanical System

The system chosen for study is a uranyl nitrate solution system in cylindrical

geometry. The experiment consists of two “slab” tanks filled with highly enriched
urany! nitrate, UO2(NO3)3_ that must be pushed together remotely. The general
mechanical setup for achieving this is shown below [11]. Note that the detailed design
of mechanical components (e.g., support brackets or translation tables) has been
omitted in order to focus attention on the two systems of primary interest from a
control system point of view: the stepper motor/lead screw combination and the

hydraulic system.
Poison Material for Gravily Assisted Scram

|
Movabic slab tank v l { Fixed siab tank

— S

lydraulic cylinder (Support frames omitted for clasity) (Support frames omitted for clurity)
— :
= o (2 X2 | I i [ >~
Side View Front View

Figure 1-3 : Systems Overview
A hydraulic cylinder is used to push the movable cart toward the stationary tank.
Once the air gap between the two tanks is decreased to a preset distance, the hydraulic
cylinder is shut down and the final approach to critical is made with a stepper motor
and lead screw that drive a linear translation table (upon which the moving tank sits).
The stepper motor/lead screw combination is used in favor of the hydraulic system for
final closure in order to increase resolution (as will become evident in the following
chapters, such a system is extremely sensitive to small changes in the air gap). This
document focuses only on the control of the stepper motor/lead screw and hydraulic

systems. A complete specification of all the syster< necessary to perform the



experiment would involve designing the framework for the secondary gravity assisted
scram system (general concept illustrated in Figure 1-3) as well as all of the detail
design for components such as mounting brackets or mechanical interfaces (e.g., the
lead screw/translation table interface).
1.2.2 Hydraulic System

Figure 1-4 below shows the simplified hydraulic system circuit that is used to
control the hydraulic cylinder portion of the assembly [10]. Basically, the pressure
differential in the cylinder is controlled by running line pressure through a series of

three normally open or normally closed control valves.3

PS2

—N.C.2 —0——

N.O. ACC.

SCRAM @ PS]

Figure 1-4 : Hydraulic System

3Normally open: when power is of*, the valve is open
Normally closed: when power is off, the valve is closed
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1.2.2.1 Valves

A total of three valves are used to regulate the pressure throughout the system.
When N.O. is open and N.C. 1 and N.C. 2 are closed, the system is scrammed. When
N.O. is closed, either N.C. 1 or N.C. 2 can be opened depending on the speed desired
(speed is set by needle valves associated with N.C. 1 and N.C. 2). When all of the

valves are off, the hydraulic cylinder is inactive.

1.2.2.2 Accumulator

The accumulator serves as a power source to the hydraulic cylinder in the case of
power loss. If power is lost, the normally open valve connecting the accumulator to
the scram line will open and N.C.1 and N.C.2 will close, causing the assembly to
automatically scram.
1.2.2.3 Pressure Switches

Two pressure switches, identified by PS1 and PS2, are used to check the
accumulator pressure range and the scram line pressure range. When a limit is
reached, the switch is activated on.
1.2.2.4 Pump

The pump provides the pressure necessary to move the hydraulic cylinder and
pressurize the accumulator. For the purposes of the control system that will be
discussed in the following chapters, it is assumed that control of all hydraulic system
components requires 10-60 volt DC power. Therefore, as will be made clear in the
following chapters, the only type of control system output device needed is a DC

output "module” to send the appropriate DC voltage to the desired valve or pump.
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1.3 Scope of Study

This study completes the preliminary conceptual work necessary for conducting a
critical exper.ment involving uranyl nitrate in cylindrical geometry using a horizontal
split table and, in essence, proves that such an experiment is feasible by outlining the
hardware and software necessary for conducting the experiment. The scope of this
study includes the conceptual design of the main mechanical components as well as the
system needed to control these components. Detailed design of mechanical
components is outside the scope of this study and is taken as a "given."
1.4 Report Outline

This report begins with a numerical study of the physical system to be controlled.
Next, the mechanical design requirements are outlincd and the conceptual mechanical
design that fulfills these requirements is illustrated and briefly discussed. The
hardware needed to control this physical system is the next general topic addressed. In
these chapters ( chapters four, five, and six), the approach to control and the control
system components are discussed and introduced. In chapter seven, the results of the
numerical study are used to size hardware components for the experiment. In chapters
eight and nine, the software used in conjunction with the control hardware is
discussed. Finally, in chapter 10, a cost analysis for performing the experiment is

presented and discussed.
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Chapter 2.
THE NUMERICAL STUDY

2.1 Introduction

Numerical studies (as well as any available experimental results) will give an idea
of the characteristics of the physical system being controlled and yield such design
information as: how fast the system can be moved together, what kind of torque is
needed, and what kind of control system hardware is needed to satisfy all of the
specifications. Used for this purpose, the Monte Carlo method (MCNP) is briefly
discussed here and numerical results for the experiment introduced in chapter one are
generated. The data generated here is used to size a stepper motor and the peripheral
electrical devices needed for the uranyl nitrate experiment. An admittedly simple
model of a uranyl nitrate solution system in cylindrical geometry has been created;
however, at this level of design, it is sufficient to corroborate general trends in data
from a previously conducted experiment involving uranyl nitrate and similar
geometry. This numerical study is the first step in the following progression of events:

e MCNP studies to determine values needed for the sizing of basic control

system components

e control system component sizing: stepper motor, stepper motor drive

e component installation

o programming and debugging
2.2 The Monte Carlo Method

The method of solving governing equations by statistical accumulation (playing a
"game") is used in many areas of science and engineering including conductive and
radiative heat transfer, turbulence, and most pertinent to this paper, neutron physics.

The Monte Carlo method involves a physical process that inherently exhibits some

13



form of randomness. The terms "random walk" or "Markov chain" often arise in the
discussion of such processes. Strictly defined, a Markov chain is a series of sequential
events for which the probability of each succeeding event is uninfluenced by prior
events [16]. From this definition arose the term “random walk": an expression
describing the randomness with which a drunk man ambles down the street. This
random walk phenomenon is present nearly everywhere in nature:
o the direction a bundle of photons is emitted during a radiative heat transfer
process can be modeled as a random process
o the generation and death of vortices in turbulent fluid flow can be seen as a
random process
» the life and death of a neutron during the fission process can be modeled as a
random process
Thus, any seemingly random process can be modeled as long as one critical piece of
experimental data is available: the frequency distribution of the event or events. For
example, in a game of darts, the frequency of a dart hitting at some radial position on
the dart board may be graphically displayed by plotting frequency (i.e., number of

times the dart hits) vs. radial position on the dart board.

LT T Frequency Vs. Radid Position
;T TN e 6
’ s T \
‘ . /," \\ ' . a 5 f(i) /\.’/./.
’ AN ® o o €4
, s b . ' (] /
o9 _ o0 1
‘._\\ N '\'.«.—/‘// //'l /,/. 0 _I
N \. ) 1 2 3 4
. S 4
L S Radid Position

Figure 2-1: A Dart Game With a Hypothetical Frequency Distribution
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Typically, the frequency distribution is mathematically manipulated in terms of more
convenient functions such as the "probability density function” or the "cumulative
distribution function." For instance, if the frequency distribution is denoted by f(£)
then the probability density function is found by normalizing the frequency distribution

(i.e., dividing by the area under the f(E) curve):

P(§)= b f(&)

[rede

So if random numbers are chosen for £, the resulting distribution must resemble that
defined by the equation shown above. In other words, we may create a probabilistic
model that repeatedly plays the same "game" utilizing random numbers and physics.
However, those random numbers must agree with the probability density function that

is observed in physical reality and defined by the general equation shown.

2.3 Los Alamos National Laboratory and Monte Carlo

The Monte Carlo method emerged from work done at Los Alamos National
Laboratory during World War Il and the invention of the method in general is
attributed to Fermi, Von Neumann, and Ulam. This initial work on the Monte Carlo
method eventually led to what is now known as MCNP: the Monte Carlo Neutron
Photon computer code {6]. MCNP is a general purpose Monte Carlo code that can be
used for neutron, photon, or coupled neutron/photon transport and is generally
recognized as one of the best codes in its class since it incorporates state-of-the-art
physics, data, and mathematical methods.

MCNP follows the entire life of many particles from life to death; the "game™

(fission process) is started by a source of fixed strength specified by the user. When
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run in neutron transport only mode, there are four possible events a nzutron can see
during its lifetime:

1. Neutron scatter

2. Fission

3. Neutron capture

4. Neutron leakage
MCNP simply follows the entire life of each particle by randomly selecting one of the
possible events (and, if scatter is selected, a random direction) based on a set of rules
(physics) and probabilities (transport data) governing the processes and materials
involved. As the lifetime history of more and more neutrons is followed, the
distribution of neutrons is better known. Typical fission cross section data for 235U
and other fissile materials is shown on the following page [15]). In addition to fission
cross sections, other cross section data is used by MCNP including scatter, absorption,
and capture data. As seen on the plot, 235U has a much higher probability of fission
occurring when the neutrons are in the "thermal” (i.e., ambient temperature) region
rather than the "fast” (i.e., greater than ambient temperature) region. In between the
thermal and fast regions, the probability for fission fluctuates greatly; because of this,
nuclear systems are commonly referred to as being in one of two distinct states: "fast"
or "thermal” (the system is forced to be thermal or fast by design).
2.4 Input File Overview

A typical MCNP input file is composed of four major sections; each section being
composed of a number of input "cards” (horizontal rows of data). The four major
sections are:
o Geometry specification cards

o Surface specification cards
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e Importance cards
o Material specification cards
e MCNP "mode" cards
o Tally cards

Each of these sections is discussed in more detail in Appendix A.
2.5 Urany! Nitrate Solution System

A simple model of a urany! nitrate solution system in cylindrical geometry has been
created. The geometry used in the study is shown in Figure 2-3 and the rnaterials used
in the model are defined in Table 2-2. This geometry was created by defining a total
of 13 surfaces, nine of which were planes normal to the Y axis; three were cylinders
centered on the Y axis, and two were spheres centered about the origin. The cells
were created by defining the appropriate intersection and union of surface senses as
explained in Appendix A. The two cylindrical slab tanks were surrounded by a
spherical shell of six inch concrete; air was placed inside this sphere and around the
tanks. The importance of the spherical region of interest was assigned a value of one
while everything outside that region was assigned an importance of zero. The number
densities used for the uranyl nitrate solution were calculated assuming the data shown
in Table 2-1 (see Appendix B for the calculations) [4] while the number densities for
the remaining materials were taken from published literature [17] (in reality, atom
fractions were entered; but as explained in Appendix A, this is equivalent to number
densities). While not to be used in practice, the concrete shell was used in order to

crudely model any reflection effects from surrounding walls.
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3.81" Uranyl Nitrate
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Spherical sheil made from two spheres

Figure 2-3 : Slab Geometry

Table 2-1 : Assumed Values for Number Density Calculations

Solution Concentration: 405.2 g/1

Nominal Overall Density of Uranyl Nitrate: 1.558 g/cc

Solution Acid Content: .32 Molar (HNO3)

Enrichment: 93.1 % 235U

59% 238y

1% 234y

B for 235U = .007
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Fission products such as 236U were not included in the model since the affect on
the fission process has been assumed negligible. In addition, other extraneous
elements that might be present in solution such as Fe, Na, or Al were not modeled.
The general goal of this study was to determine the system sensitivity by varying the

air gap between the two tanks, thereby revealing limitations and characteristics that

must be considered when assembling the control system.

Table 2-2 : Model Materials

Material Composition Number Density
(atoms/barn-cm)
Uranyl Nitrate Solution 234y 1.0433x10-5
235y 9.6719x10-4
238y 6.0521x10-5
H 054439385
o 03600846
N 00226872
Stainless Steel C 000317
Cr 016471
Mn 001732
Fe 06036
Ni .006483
Si 001694
Concrete H 1.4868x10-2
C 3.814x10-3
0 4.1519x10-2
Ca 1.1588x10-2
Si 6.037x10-3
Mg 5.87x10-4
Fe 1.968x10-4
Al 7.35x10-4
Na 3.04x10°4

(table continues)
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Air Ni 784
O 211
Ar .005
30 wt% Borated Poly H 5.19x10-2
C 2.06x10-2
B 3.54x10-2
2.6 Results

Figures 2-4 and 2-5 show the results of the air gap study. All values of keff shown
are at the 68% confidence level. The ke values shown have been calculated by
combining three separate estimation techniques that MCNP employs (collision,
absorption, and track length estimates). The following general characteristics of the
model are noteworthy when a comparison with experimental data is made:

o model does not include fission products or other elements such as iron,

aluminuin, or sodium that could be present in solution

« model geometry may differ slightly due ambiguities in some experimental

dimensions
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Figure 2-4 : Koy Vs. Air Gap
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Figure 2-5 : Reactivity vs. Air Gap

The results shown are within two percent of similar experimental results for uranyl
nitrate in slab geometry. Although this error might iaitially appear small, it is
enormous in terms of criticality. For example, a 1.426 percent error in keff translates
into approximately two dollars difference in reactivity: a difference between the system
being well subcritical vs. the systcm being delayed critical; refer to air gap = .45" on
Figures 2-4 and 2-5. While the experimental reactivity at this separation distance is

zero, the reactivity from the MCNP study is calculated as:

( key —l) ( 1 dollar )
p= X ;
key B reactivity

_ (.98574 - l) 9 1 dollar
98574 .007 reactivity

= -2.07 dollars




Due to the extreme effects of small changes in kegf, any model that will be used to
predict criticality must precisely account for the effect of each material in the general
vicinity of the fissioning system. This was not the case for the experimental data
referenced here; the model does not precisely account for all materials present in the
actual experiment. So why model the system in the first place? Although the
information shown in the two figures cannot (and absolutely should not) be used for
criticality prediction, it can be used for sizing the control system. This is because,
althon~™ the MCNP results are offset froi the experimental results. the slope of the
MCNP data is in approximate agreement with the expenii..c.. . .lts. In fact, the
Monte Carlo results yield a 4.5 % conservative estimate for the slope of the plot. This
means that the maximum rate at which the assembly will be allowed to move (as
defined by the conservative estimate) will be slower than the actual maximum speed
allowable (as defined by the experimental results). In this case, we were lucky since
there were experimental results with which to compare the numerical results. If an
experiment were to be performed without such a luxury, we would need to
painstakingly ensure that the model resembled the physical system as accurately as
possible by modeling each material present in the experiment exactly (e.g.: exact
dimensions, exact solution composition!).

Nominally four to five million collisions were banked with approximately 140,000
neutrons generated per run. In assessing the results of these Monte Carlo calculations,
a distinction is made between precision and accuracy. Precision is the uncertainty in
the average value calculated by the program itself. Accuracy, on the other hand, is a
measure of how close the calculated result is to truth. Ir other wor s, results may be

precise and not very accur: 'v v onv:.»ly ma, be i rate and ol very precise. In

lncluding the possible presence of unvented radiolytic gases



this case, since we know that the truthful value is approximately 10.89 cents/mm based
on previous experiments with the uranyl nitrate packages, we may conclude that the
model prediction of 11.38 cents/mm is very accurate (.49 cents/mm conservative)
despite the lack of highly detailed modeling. The precision of the data shown is at the
68% confidence level; in other words, if 100 runs are performed, then 68 of the values
(one standard deviation) will fall within the precision bars shown on the plot. While
the data shown is not extremely precise, the number of cycles performed (50 cycles
with a nominal 3000 neutrons generated per cycle) is considered large enough to result
in adequate accuracy. Therefore, the numerical results shown here corroborate the
slope measured from experiment and suggest a more conservative estimate for sizing
the control components. This is the estimate that will be used in chapter eight.
2.7 Summary

The Monte Carlo studies performed indicate that approximately 11.38 cents of
reactivity are added for each millimeter of closure between the tanks. This value
conservatively corroborates the experimentally measured value of 10.89 cents per
millimeter and, in general, provides an estimate for how much excess reactivity is
present in the system (i.e., how sensitive the system is to small displacements). As will
be shown in chapter seven, these values set the maximum allowable velocity, the

stepper motor and drive type, the lead screw pitch, and the gear reduction ratio.
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Chapter 3.
CONCEPTUAL MECHANICAL DESIGN

3.1 Basic Mechanical Requirements

While it is not the goal of this study to provide the detailed drawings for
manufacturing experimental apparatus, the mechanical design aspect of the project
must nevertheless be addressed on a conceptual level. The fundamental mechanical
requirements for the experiment include the following:

o Two frames must be designed that will hold each of the two cylindrical tanks.
Reflection from these frames must be held to a minimum; therefore, a minimum
amount of material that still provides the greatest stability and reliability must
be used. Since the mean free path of aluminum is relatively large, this material
is somewhat transparent to neutrons and would serve well for the application.

o A translation device must be designed or purchased that will be driven by a
stepper moter upon which the moving slab tank will rest.

o Adjustment devices must be designed or purchased in order to adjust the
relative slab tank positions.

The main requirements can be summarized by the need to secure both slab tanks on
each cart with the maximum adjustment capability (positional fine tuning) and the
minimum neutron reflection. Since these goals are contradictory in nature, a number
of design iterations will be necessary; a conceptual design to begin the process is
offered in this chapter.

As seen in Figure 3-1 on the following page, the "honeycomb” structure is a lattice
of extruded aluminum tubes that were placed together for a previous experiment on

the horizontal split table referred to as "Honeycomb."
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Figure 3-1 : Current Experimental Configuration (""Honeycomb'')

This is the current configuration of the experimental assembly; as shown, the extruded
aluminum tubes are held in place by four clamp »ars. The next section discusses the
options available in fit'ing this split table for the slab tanks experiment.
3.2 Options for Performing the Slab Tanks Experiment on Honeycomb

There are two options that may be considered when approaching the conceptual
mechanical design. The first is to mount the tanks on the existing split table with the
honeycomb structures in place. The second option (Figure 1-3) is to take the
honeycomb structure off of both tables and design space frames for each tank from
scratch (as opposed to retro-fitting a design to the existing honeycomb structure). The
latter of these two options is preferable since positioning of the slab tanks may be
accomplished in a much more precise manner using this approach. As the numerical
study clearly indicated, the system is extremely sensitive to small changes in tank
position; therefore, relatively small tolerances on the order of .001 inch must be
imposed on the mechanical design. Although this avenue is more costly, it provides
for greater experimental accuracy since positional adjustments may readily be designed
into the structure from the outset. The advantage of removing the Honeycomb
material is particularly evident when considering that locating any single point within

the lattice is achieved at best with large uncertainties due to the structure's
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construction and the original experimental intent: to mockup relatively large critical
systems with inherently loose tolerances. As seen in Figure 3-2 below, the tank would
ideally have adjustment capabilities in the X, Y, Z, THETA X, and THETA Z
directions in order to ensure proper tank alignment and increase experimental
flexibility. While this goal is ideal, cost and fabrication constraints practically limit the

adjustment features to a minimum: the X and Y directions.
z

CDTHETA z

<

/-\THETA X - X -
\_/ "
-

Y

Figure 3-2 : Adjustments Ideally Available for Slab Tank Alignment (Slab Tank on
Movable Cart)

Adjustment in the Y direction allows for final closure via a stepper motor/lead screw
attached to a translation table while adjustment in the X direction offers fine
adjustment to ensure the tanks are not offset with one another. The remaining
adjustment axes shown must be fixed accurately by the mechanical design itself or
adjusted with shims.
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3.3 Mechanical Design Concepts

Table 3-1 displays the general design philosophy from the most essential, basic
functions at the top, down to the less essential but no less desirable detailed functions
at the bottom. Included in this table are likely hardware solutions to the desired

functions.

Table 3-1 : Mechanical Function and Solution From Most to Least Essential

FUNCTION SOLUTION
Tank security and stability Rigid aluminum space frame
Rough tank movement over a relatively Hydraulic cylinder

long distance

Fine tank movement over a relatively Stepper motor/lead screw
short distance
Tank alignment adjustment in the X Micrometer head/lead screw device
direction (figure 3-3)
Tank alignment adjustment in the Z Micrometer head/lead screw device
direction (figure 3-3)
Rotational adjustments Rotational table/micrometer head device

Figure 3-3 : Micrometer Adjustment with a Lead Screw Concept
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Figure 3-4 below illustrates one possible mechanical configuration for achieving the
minimum requirements. In this option, two translation tables are essentially stacked on
top of one another in order to provide for the X and Y translation. A micrometer head
is used as the means for adjustment in the X direction while a stepper motor is used to
achieve final closure in the Y direction. Figure 3-4 presents one feasible option for the
mechanical hardware configuration and is not intended to be exclusive of other
configurations that may be equally viable such as different space frame designs or slab
mounting methods. The following chapters discuss how such a system will be

controlled remotely and assume a given mechanical configuration.
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Figure 3-4 : An Option for the Mechanical Configuration
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Chapter 4.

APPROACHES TO EXPERIMENT CONTROL

4.1 General Mode of Operation

After determining the basic system parameters (namely, the system's mechanical
design and change in reactivity with linear position), we are in a position to consider
the control system. Typically, the control system used for critical experiments will not
operate using PID type automatic control and will not require the extremely fast
response found in high performance servo-type control systems [8,19]. Instead, the
system will incorporate simple feedback to verify the state and position of output
devices; this is the simplest system that achieves consistent and reliable mechanical
control. Although feedback is present in such systems (optical encoder,
thermocouples, etc.), it will generally not be used for proportional type control of an
experiment (as indicated by the dashed line in Figure 4-1 below). This restriction is

dictated by current DOE enforced technical specifications.

Control Control ge.n_lotc _____

System ritical !

Panel Experiment |

! |

| ]

I !

Lo - - ] Feedback | . _ . _ _ _ _ !
Devices

Figure 4-1 : Block Diagram of the General Control System
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4.2 Digital Vs. Analog

In the past, control of critical experiment remote assembly machines has been
achieved through the use of hard wired control systems. Although such systems have
proven reliable, the advent of the powerful, dependable, low cost, microprocessor has
made digital systems a very lucrative option. Unlike hardwired systems, a digital
control system offers the flexibility of quickly and easily changing the controller
characteristics by simply re-writing the control program. For example, if the estimate
for the slope calculated in the previous chapter is later found to be too conservative,
the closure velocity may be easily changed simply by re-writing a few lines of code.
This flexibility, combined with increased power and reliability, has propelled the digital
control system past its hardwired counterpart for critical experiment control
applications. There are two avenues that might be pursued when controlling a system
digitally: a custom designed system, or an off-the shelf purchased system.
4.3 Custom Digital Systems

The first option involves designing the entire control system around a single
microcontroller chip. Typically, such chips contain on-board memory, timers, ports,
and other support functions that would normally require separate I1C chips.
Customized microcontroller-based systems offer the following advantages to the
potential uscr:

o control of the system and software at the machine language level

o increased flexibility to meet exotic demands
On the other hand, customized systems involve the following drawbacks:

o the system is harder to maintain due to its increased complexity

e to construct such a system requires a PROM bumer and other additional

peripheral hardware investments
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« debugging, maintenance and construction requires specialized knowledge and
experience

Thus, for specialized applications demanding a large degree of flexibility in control, a
customized system may be appropriate.
4.4 Purchased Systems

The other alternative is to purchase a pre-manufactured microprocessor based
system, typically referred to as 2 Programmable Logic Controller (PLC) [13], from a
vendor. This alternative is preferred in the nuclear criticality arena because in-depth
documentation and verification of control system reliability is greatly simplified.
Unlike most customized systems, pre-purchased digital systems offer relatively simple
programming software and allow for more efficient and thorough maintenance. For
these reasons, it was decided to purchase a PLC system from the Allen-Bradley
corporation rather tr  creating a customized control system. This control system is

introduced in the following chapter.
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Chapter S.
CURRENT CONTROL SYSTEM HARDWARE

5.1 Intreduction

Currently, Control Room One at LACEF is fitted with a digital control system
that was originally installed to control the SHEBA (Solution High Energy Burst
Assembly) experiment (see Figure 1-2). Snecifically, the system is manufactured by
the Allen-Bradley corporation and incorporates convenient system modularity with a
simple graphical programming language. An overview of the typical physical system

to be controlled is seen below in Figure 5-1.

MICROPROCESSOR CONTROL PROGRAM

HYDRAULIC SYSTEMS  SCRAM SYSTEMS MECHANICAL SYSTEMS

Valves R Stepper motor
Motor glna‘l:s:smm cylinders Encoder/Resolver
Limit switches Table

Pressure switches Mounting brackets

Control switches

Figure 5-1 : Typical Critical Assembly Control Device Requirements

The main goal of this section of the study is to assemble a functional control system on
a test bench that will allow for program development and hardware testing without
intrusion on the current system in Control Room One at LACEF. With such a system,
the following types of devices may be tested:

e DC stepper motors (with two different approaches to their control as discussed

later)

o digitally controlled relay contact devices

e AC synchronous cc astant speed motors
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The devices shown in Figure 5-1 are basic to controlling many types of critical
assemblies. An assembly that requires rotational or translational motion will employ
one or all of these devices in addition to the peripheral components that form the
backbone of the control system: these peripheral components make up the test bench

control system that is described in the following pages. In chapter seven, expansion of

Local control
Plan selector Addll ; module rack
i ond indicator light ona
Closed-circuit IV nd indicator lights doto aoquish
~—_\ \ T

nn
\
i

4
L e e ™\

Loser
sCam  intercom intes \
stor chonnels Computer-generated pAnte:
ont-up contiol cisplay

channels

Figure 5-2: Current Control Room One Configuration
the control system that is already in use in Control Room One to include experiments
in KIVA 1 is discussed. This chapter, as well as the next, form the groundwork for the

eventual expansion into KIVA I (note in Figure 1-2 that the SHEBA building is
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separate from KIVA I; the SHEBA building currently employs an Allen-Bradley

system while KIVA 1 does not). Figure 5-2 on the previous page shows the current

configuration of Control Room One.

5.2 Test Bench Control System

Shown in Figure 5-3 is a schematic of the control system test station that has been
setup at Pajarito site. This system has been created from spare parts available from the
SHEBA system; when it is required to expand the current Control Room One system,
parts from this system may be used. The purpose of the setup that currently exists is to
provide a platform for on-line programming and testing that can be used to write and

debug "ladder logic" programs which will eventually be uploaded to the processor

RPN
LOCAL VO CHASSIS; 8 SLOTS. 4 GROUPS (1771-A2B) REMOTE VO CHASSIS: 12 SLOTS. 4 GROUPS (1771-A3B1 A)

g input: joysack AC Power in

7 of 31 2] 3] 4] 5| 6] 7] 8] Spop1 p2
DC outputs: lights. etc.

DC inputs' swilches. etc.

0»> 1771 ASB REMOTE O ADAPTER
ﬁgrﬁwzmn 1-1) => EMPTY O MODULE SLOTS

12 => 120 VAC POWER SUPPLY

0 => 1785 PLC-5/13 PROCESSOR

I => 1774-18D DC INPUT MODULE (10-30V)

2=> 1771 OBD DC OUTPUT MODULE (10-60V) Smmm&“ MOTOR
3 => 1771-1FE A ANALOG INPUT MODULE

4-6 => EMPTY YO MODULE SLOTS

7 => 120 VAC POWER SUPPLY
HNOTE: REMOTE O CHASSIS 1S NOT WIRED TO LOCAL CHASSIS SINCE NO

DC OUTPUT MODULES ARE CURRENTLY AVAILABLE FOR THIS PURPOSE
Figure 5-3 : Program and Hardware Test Station

currently used in Control Room One. In addition, such a test platform serves as a
center for the test and evaluation of hardware that might eventually be used for the

KIVA I system. This separate system allows for on-line programming and hardware
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Figure §-4 : Control Hardware at Pajarito



