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CONCEPTUALDESIGNOFADIGITALCONTROLSYSTEMFOR

NUCLEAR CRITICALITY EXPERIMENTS

by

Stephen Paul Rojas

ABSTRACT

Nuclearcriticalityis a concernin manyareasof nuclearengineering
includingwastemanagement,nuclearweaponstestinganddesign,basic
nuclearresearch,and nuclearreactordesignand analysis. As in manyareas
of scienceand engineering, experimentalworkconductedin this fieldhas
provideda wealthof data and insightessentialto the fommlationof theory
and the advancementin knowledgeof fissioningsystems.In light of the
manydiverseapplicationsof nuclearcriticality,thereis a continuinginterest
to learn and understandmore about the fundamentalphysicalprocesses
t’hroughcontinuedexperimentation.This thesisaddressesthe problemof
settingup and programminga microprocessor-baseddigitalcontrol system
(PLC)for a proposedcriticalexperimentusing.amongotherdevices, a
steppermotor,a joystickcontro!mechanism,and switches. This
experimentrepresentsa revisedconfigurationto testcylindricalnuclear
wastepackages.

A MonteCarlo numericalstudy for the proposedcriticalassemblyhas
been performedin order to illustratehow resultsfrom numerical
calculationsare used in the processof assemblingthe control systemand to
corrobor : previousexperimentaldata.This studyinvolvesmodelinga
solutionsystemof uranylnitratein cylindricalgeometry(twocylindrical
“slab”tanks approximately28 inchesin diameterand 4 inchesthick) with
the MonteCarloNeutronPhotoncode writtenat Los AlamosNational
Laboratory,New Mexico.The resultsof this studyyieldedthe sensitivity
effect of varyingthe distancebetweenthe tanks:informationused as design
criteriato size variouscontrolsystemcomponents.In addition,the software
necessaxyfor experimentcontrolwas developed.

In summary,a controlsystemutilizingsomecommondevicesnecessary
to performa criticalexperiment(steppermotor,push-buttons,etc.) has been
assembled. Controlcomponentswere sized usingthe resultsof a
probabilisticcomputercode (MCNP).Finally,a programwas writtenthat
illustratesthe couplingbetweenthe hardwareand the devicesbeing
controlledin the newtest fixture.

xix



Chapter 1.

INTRODUCTION

1.1 Background

1.1.1 NuclearCriticality

The term “criticality”gerlerallyrefers to the studyof fissioningsystems that

approacha state of equilibriumbetweenthe numberof neutronsbeing producedand

the number of neutrons “dying.”Neutrons are producedby the process of nuclear

fission. In a Los AlamosNationalLaboratoryreport [15], Hugh C. Paxton defines the

fissionprocess as:

The disintegrationof a nucleus (usually,Th, IJ, Pu, or heavier) into two
massesof similarorderof magnitude,accompaniedby a ‘argerelease of energy
and the emissionof neutrons. Althoughsome fissionstake place spontaneously,
neutron-inducedfissionsare of major interest in criticalitysafety....

Thus, the area of major interest in nuclearcriticality is in the generationand death of

neutrons. The same diffusiontheory that has successfullybeen applied to heat transfer

and fluid mechanicshas also been successfullyused to model the process of nuclear

fission. In addition,as will be seen in chapter thee of this document,probabilistic

approacheshave provenextremelyusefulin the designand analysisof f~sioning

systems.

1.1.2MultiplicationFactor

The multiplicationfactor is denotedwith the symbol “k”and is defined as

follows [9]:

k=
numberoffissions in current generation

numberoffissions inpreceding generation



So if the multiplicationfactor is less than one, then the system is called “subcritical”

and the numberof fissionsoccurringin the system is decreasingwith time. On the

other hand, if the multiplicationfactor is greater than one, then the sys:cm is said to be

“supercritical”and the numberoffissionsincreaseswithtime. Ifthemi!hiplication

factor is equal to one, then the system is said to be exactly “critical”ar:dthe number of

fissionsoccurringis constantwith time. In a critical assembly, the raticlof the number

of neutronsproduced to the numberof neutronsdisappearingis commonlycontrolled

by the use of “poison”control rods (material that absorbsneutrons). Typically there

are two basic mannersin which neutronsmay vanish:

1. Absorptionduring a nuclear reaction

2. Leakage from the surface of the reactor

There are many methodsused to model the fissionprocess:

. diffusiontheory(Fick’slaw; differentialequations):a deterministicapproach

usingfinitedifferences

. MonteCarlo: a probabilisticapproachusing statistics

● transport theory (integralequations): a deterministicapproachusing discrete

ordinates

The simplest,most fundamentalapproachand the approachused early on in nuclear

system design is diffusiontheory.However, the MonteCarlo metho~ioffers improved

accuracyin modelingcomplexgeometriesand it has been the adapted method in the

current study.

1.1.3FissileMaterial

A materialis said to be fissile if it is capableof fissionat low energy levels (i.e.,

slow neutronswith low kineticenergy). 238U, which is abundanton the planet, is

used to “breed”fissileplutoniumby bombardingthe 238U with neutrons. Another

2



method used to create fissile material is the refinementprocess used to enrich the

percentageof235U innaturallyoccurringuranium.

1.1.4Prompt and Delayed Neutrons

More than 99 percentof the neutronsemitted in a fissioningsystem are emitted at

the instant fissionoccurs; these neutronsare called “prompt.”That fractionof a

percent of neutronsthat are emitted at a relativelylong time after the initial fission

event are called “delayed”neutrons.The averagenumber of prompt and delayed

neutronsreleasedper fissionevent is given the symbolV.

1.1.5 Cross Sections

A cross section is an experimentallydeterminedparameterwith units of cm2 which

indicatesthe probabilityof a certain event occurring.Differenttypes of cross section

data used in nuclearengineeringinclude scattercross sections,absorptioncross

sections,or fission cross sections.Cross sectionstake on the units of “barns”where

1barn = 1X10-24cm2. In essence, the nuclearcross section is the “effective”cross

section of the nucleus that a neutron sees when it is travelingnear the nucleus. The

total cross section is the combinationof the fission cross section, absorptioncross

section, scattercross section,etc., and is a measureof the probabilitythat any type of

interactionoccurs when a beam of neutrons impingeson a target composedof many

nuclei.

1.1.6Moderatorsand Poisons

A moderatoris a substancewhich tends to slow down (“thermalize”)neutrons.

TypicaJmoderatorsincludewater and polyethylene. A poison is a substancewhich

tends to absorb neutrons. Typical poisons includeboron and cadmium. Poisons may

be of the “burnable”type [14] which means their absorptioncross section decreasesas

time progresses(thus increasingthe reactivityof the system).
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1.1.7 Over/Under Moderated Systems

A systemissaidtobe“overmoderated”if themultiplicationfactordecreases(i.e.,

criticalmass increases)with decreasingdensity (i.e., increasethe amount of

moderator).On the othel hand, if as the density is decreasedthe multiplicationfactor

increases(i.e., critical mass decreases),then the system is said to be

“undermoderated,”This informationis typicallyillustratedin a plot of muhiplication

factorvs. density (or equivalently,a plot of critical mass vs. hydrogento uranium

ratio).

1.1.8Promptand Delayed Criticality

Delayedcriticalityis used to describe the state of a fissilematerial ic which

the multiplicationfactor is unity from the contributionof both delayed and prompt

neutrons. Promptcriticality is a term used to describe the state of a fissile material in

which the multiplicationfactor is unity solely from the contributionof prompt

neutrons. Thus there is a “window”in betweendelayedcriticality (the steady-state

condition)and promptcriticality.’ This windowis given the symbol ~ and it follows

that the fractionof fission neutrons that are prompt is 1-$ This can be seen by

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

+ ‘—)
p<o (Do

k=l k = 1/(1-~)
DelayedCritical PromptCritical
p=o P=P

Figure 1-1 : CrMcality Window

IIf notfor thjswindow,bombswouldberathereasytobuildwhile nuclearreactorswouldbemore
difficult; asit is, thereverseistrue.
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to get rid of the delayed neutrons,we subtract the reactivityamount P. One may

question the validityof subtractingthese two values since at first sight they appear to

be different units; however,at closer inspectionit is apparentthat the units are dentical

since the reactivity~ is simplythe change in k whichhas been normalizedin ccordance

with value of unity at delayedcritical.Therefore,the multiplicationfactorconsidering

only prompt neutrons is ( l-~)k. When this value is unity, the system is said to be

prompt critical since a multiplicationfactorof unity is reachedwith only prompt

neutrons.

1.1.9Reactivity

Reactivityis definedas the percentagethe system is abovedelayedcritical:

k–1
P~=

Thus, negativereactivityindicatesa systemthat is below delayedcritical while positive

reactivityindicatesa systemthat is abovedelayedcritical. Typically,the reactivityis

expressed in “dollars”(or fractionsof a dollar: “cents”)by using the conversionfactor:

~ reactivity= 1dollar. The value ~ is the differencein reactivitybetweendelayed

critil dity and prompt criticality. Thus, if a systemis promptcritical, then p=~

(remember,if the systemis delayedcritical, then the multiplicationfactor is one, and

the reactivity is zero).Typically,the texm“addingreactivity”is used when the system

is already at delayedcritical (i.e.,k=l, p=O).

1.1.10 Atomand NumberDensities

Typically,numberdensitiesare used for MonteCarlo input files to define the

materialcharacteristics. The numberand atomdensitiesare defined as follows:
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N - ~NA= atom density = atoms I cm3
M

atoms
numberdensity = (N )(1x10-24cm2/ barn)=

barn--cm

where:

NA = Avogadro’sNumber

M = molecularweight

1.1.11ScramSystem

A scram system refers to an electro-mechanicalsystem which produces a prompt

decreasein reactivitydue to physical movement. For example,a scram for the uranyl

nitrateexperimentwouldconsist of quickly moving the two fissileslab tanks apart

from one another to quicklydecrease the multiplicationfactor. TypicaI1yboth

automaticand manualscramsystems are designed into critic?l experimentapparatus

(the automaticmechanismsare coupled to particle detectors located around the

experiment). In addition, for the experimentproposed in this study, an additional

gravityassistedscram mechanismmay be incorporated. Althoughthis document

focusesonly on the primarymanualscrammechanism(a hydrauliccylinder),it should

be noted that two such redundantscram systems will also be incorporated:one

automatic,and one gravity assisted.

1.1.12HistoricalPerspective:LACEF

The urgency of World War 11that spurred the Manhattan Project also demanded

that a site be establishedat the Los Alamos National Laboratorywhich would serve as

an area for experimentalwork as well as isolate the populationfrom radiation in the

event of a criticalityaccident [12].The area chosen was in Los Alamos’Pajarito

Canyon and came to be known as “PajaritoSite.”Before 1947,critical experiments

were performedat the site by hand. This changed when, in 1946,Louis Slotin was
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killed as a resultof a componentof an assemblyslipping into a more reactiveposition

producinga superprornpt-criticalpulseofradiation.As a result,thesiteestablished

much more exactingrules governingthe operationof criticalassemblies,one of which

was the policy of performingmost criticalexperimentsremotely.Suchexperimentsare

now performedin what are called “kiva..”:2buildingshousingcriticalexperimentsthat

are controlled from a remote location. The control systemoutlined in this document

will serve as the main control system for the original “kiva”which is now referred to as

KIVA I. Figure 1-2displaysa plan view of PajaritoSite. Today LACEF(Los Alamos

CriticalExperimentsFacility)housesthe mostsignificantcollectionof critical

assembliesin the westernhemisphem. The assembliesthat may be operatedat LACEF

can be divided into three categories:

. BenchmarkAssembliesare configurationscontainingpreciselyknown

componentsthat have interchangeableor adjustablefissilecores and reflectors.

. AssemblyMachinesare generalpurposeplatfoms into which fissile,

moderating,reflecting,and control componentsmay be loaded for short range

studiesof the neutronicpropertiesof the materials. The assemblymachine

describedin the followingsection falls into this category. IKis worth noting

that assembiymachinesdo not actuallycontain fissilematerial;they only

manipulateit.

● SolutionAssembliesallow criticaloperationswith fissilesolutions. The

experimentproposed in this study is a solutionexperimentmountedon an

assemblymachine.

2~c HoPi Indiannamefora roundceremonialchamber
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1.2 Objectives

The main goal of this project is to create a numericaImodelof a fissioningsystem

(“criticalassembly”)using a well-establishedcomputercode and then bring togethera

systemfor controllingthe assemblybasedon the resultsof the numerical study.

Althoughthe numericaIresults will be specific to a certain criticalexperiment,the

control system will be inherentlygeneraland may readily be used to control other

experiments(specifically,an experimentinvolvinga steppermotorand hydraulic

system). In order to address the specificdetails that must be consideredwhen sizing

and selectingcontrolcomponents, a complete sizing analysis for the proposed system

is given in chapter seven. An introductionto the proposedexperiment follows.

T -“. ..’SJEbo..”’
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Bldg
. PL-23 ● . ~ ‘ T

\

.
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. ......
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. - ..
: . . .’”, , . ‘“ ““=?%*

,, “, : :: : ... . . ,. : . .: j /-

. ● ✎✎ ❞✎✎✛✌ ✞� ✌ ✎✌ ✌ ✚

8

Figure 1-2: Pajatio Site (TA-18)



1.2.1MechanicalSystem

‘I”hesystemchosen for study is a uranylnitratesolutionsystemin cylindrical

geometry. The experimentconsistsof two “slab”tanks filled with highlyenriched

uranyl nitrate,U02(N03)2, that must be pushed together remotely. The general

mechanicalsetup for achievingthis is shownbelow [11].Note that the detaileddesign

of mechanicalcomponents(e.g., supportbrackets or translationtables) has been

omitted in order to focus attentionon the two systems of primary interest from a

control system point of view: the stepper motorfleadscrew combinationand the

hydraulicsystem.
PoisonMakrial (orGravityAssisted-

Movabkslabrank

sWr8mrorilrad~ o
Ilydradic cylidcr (Supplrrtfnma Orniaedfwchrily) (SupyrortfmrresomiucdfordAy)

,“” 3EE5L

SideView FrontView

Figure 1-3: Systems Overview

A hydrauliccylinder is used to push the movablecart toward the stationary tank.

Once the air gap betweenthe two tanks is decreased to a preset distance, the hydraulic

cylinder is shut down and the final approachto critical is made with a stepper motor

and lead screwthat drive a linear translationtable (upon which the moving tank sits).

The steppermotorlleadscrew combinationis used in favor of the hydraulic system for

finalclosure in order to increaseresolution(as will beeome evident in the following

chapters,such a systemis extremelysensitiveto small changes in the air gap). This

document focusesonly on the control of the stepper motorfleadscrew and hydraulic

systems. A completespecificationof all the syste~~ necessaryto perform the



experimentwould involvedesigning the frameworkfor the secondarygravity assisted

scram system (general concept illustratedin Figure 1-3)as well as all of the detail

design for componentssuch as mounting bracketsor mechanicalinterfaces(e.g., the

lead screwh.ranslationtable interface).

1.2.2HydraulicSystem

Figure 1-4below showsthe simplifiedhydraulicsystem circuit that is used to

control the hydrauliccylinderportion of the assembly [10]. Basically,the pressure

differentialm the cylinder is controlledby runningline pressurethrougha series of

three normallyopen or normallyclosed control valves.s

v
I

No. ACC.

1

N.C.1

— IN

Figure 1-4: Hydraulic System

3Nom~]y open:whenpowerisofc,thewdveisopen
Normatlyclosed:whenpowerisoff, thevalveisclosed

10



1.2.2.1Valve$

A total of three valves are used to regulate the pressure throughout the system.

When N.O. is open and N.C. 1and N.C. 2 are closed, the system is scrammed. When

N.O. is closed, either N.C. 1or N.C. 2 can be opened dependingon the speed desired

(speed is set by needle valves associatedwith N.C. 1and N.C. 2). When all of the

valves are off, the hydrauliccylinderis inactive.

1.2.2.2Accumulator

The accumulatorserves as a power source to the hydrauliccylinder in the case of

power loss. If power is lost, the normallyopen valve connectingthe accumulatorto

the scram line will open and N.C.1 and N.C.2will close,causingthe assemblyto

automaticallyscram.

1.2.2.3Pressure Switches

Two pressure switches, identifiedby PS1 and PS2, are used to check the

accumulatorpressure range and the scram line pressurerange. When a Iimit is

reached, the switch is activatedon.

1.2.2.4PumD

The pump provides the pressurenecessaryto move the hydrauliccylinder and

pressurize the accumulator. For the purposesof the control systemthat will be

discussed in the followingchapters, it is assumedthat controlof all hydraulicsystem

components requires 10-60volt DC power.Therefore,as will be made clear in the

followingchapters, the only type of control system output device needed is a DC

output “module”to send the appropriateDC voltage to the desired valve or pump.

11



1.3 scow of Study

This study completesthe preliminaryconceptualwork necessary for conductinga

criticalexperimentinvolvinguranylnitrate in cylindricalgeomet~ usinga horizontal

split table and, in essence,proves that such an experimentis feasibleby outliningthe

hardwareand softwarenecessaryfor conductingthe experiment.The scope of this

study includesthe conceptualdesignof the main mechanicalcomponentsas well as the

system needed to control these components. Detaileddesign 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 numericalstudy of the physical system to be controlled.

Next, the mechanicaldesign requirementsare outlinedand the conceptualmechanical

design that fulfills these requirementsis illustratedand brieflydiscussed. The

hardwareneeded 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 componentsare discussed and introduced.In chapter seven, the results of the

numericalstudy are used to size hardwarecomponentsfor the experiment. In chapters

eight and nine, the softwareused in conjunctionwith the control hardware is

discussed. Finally, in chapter 10,a cost analysis for performingthe experiment is

presentedand discussed.

12



Chapter2.

THENUMERICALSTUDY

2.1 Introduction

Numericalstudies(as well as any availableexperimentalresults)will give an idea

of the characteristicsof the physicalsystembeingcontrolledand yield such design

informationas: how fast the systemcan be moved together, what kind of torque is

needed,and whatkind of control systemhardwarek needed to satisfy all of the

specifications. Used for this purpose,the Monte Carlo method (MCNP) is briefly

discussedhere and numericalresults for the experimentintroducedin chapter one are

generated.The data generatedhere is used to size a stepper motor and the peripheral

electrical&vices needed for the uranylnitrateexperiment. An admittedlysimple

modelof a uranylnitrate solutionsystemin cylindricalgeometryhas been created;

however,at this level of design, it is sufficientto corroborategeneral trends in data

froma previouslyconductedexperimentinvolvinguranylnitrateand similar

geometry.This numericalstudy is the fmt step in the followingprogressionof events:

● MCNP studies to determinevalues needed for the sizingof basic control

systemcomponents

● control system componentsizing: stepper motor, stepper motor drive

● componentinstallation

● programmingand debugging

2.2 The Monte Carlo Method

The methodof solving governingequationsby statisticalaccumulation(playinga

“game”)is used in many areasof scienceand engineeringincludingconductiveand

radiativeheat transfer, turbulence, and most pertinent to this paper, neutron physics.

The MonteCarlomethod involvesa physicalprocess that inherentlyexhibits some



form of randomness.The terms “randomwalk”or “Markovchain”often arise in the

discussionofsuchprocesses.Strictlydefined,a Markovchain is a seriesofsequential

events for which the probabilityof each succeedingevent is uninfluencedby prior

events [16].From this definitionarose the term “randomwalk”: an expression

describingthe randomnesswith which a dmnk man ambles down the street.This

random walk phenomenonis present nearlyeverywherein nature:

● the directiona bundle of photons is emitted during a radiativeheat transfer

process can be modeled as a random process

● the generationand death of vortices in turbulent fluid flow can be seen as a

random process

. the life and death of a neutron during the fissionprocess can be modeledas a

random process

Thus, any seeminglyrandomprocesscan be modeledas long as one critical piece of

experimentaldata is available: the frequencydistributionof the event or events. For

example, in a game of darts, the frequencyof a dart hitting at some radial positionon

the dart board may be graphicallydisplayedby plottingfrequency(i.e., numberof

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

14
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Typically,thefrequencydistributionismathematicallymanipulatedintermsofmore

convenientfunctionssuch as the “probabilitydensity function”or the “cumulative

distributionfunction.”For instance,if the frequencydistributionis denoted by f(~)

then the probabilitydensity functionis foundby normalizingthe frequencydistribution

(i.e., dividingby the area under the j(<) curve):

p(g)= , f(~)
Jf(E)4
u

So if random numbersare chosen for& the resultingdistributionmust resemble that

defined by the equationshown above. In other words, we may create a probabilistic

model that repeatedlyplays the same “game”utilizingrandomnumbersand physics.

However,those random numbs must agree with the probabilitydensity function that

is observedin physicalrealityand definedby the generalequation shown.

2.3 Las Alamos National Laboratoryand Monte Carlo

The Monte Carlo methodemerged from work done at Los AlamosNational

Laboratoryduring World War II and the inventionof the method in general is

attributedto Fermi, Von Neumann,and Uhun. This initial work on the Monte Carlo

methodeventually 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/photontransport and is generally

recognizedas one of the best codes in its class since it incorporatesstate-of-the-art

physics,data, and mathematicalmethods.

MCNP followsthe entire life of manyparticles from life to death; the “game”

15
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run in neutron transportonly mode, there are four possibleevents a neutron can see

duringitslifetime:

1.Neutron scatter

2. Fission

3. Neutron capture

4. Neutron leakage

MCNP simply followsthe entire life of each particleby randomlyselectingone of the

possibleevents (and, if scatter is selected, a rdndomdirection)based on a set of rules

(physics)and probabilities(transportdata) governingthe processesand materials

involved.As the lifetimehistory of more and more neutronsis followed,the

distributionof neutrons is better known. Typical fission cross sectiondata for 235U

and other fissile materialsis shownon the followingpage [15]. In addition to fission

cross sections,other cross section data is used by MCNP includingscatter, absorption,

and capture data. As seen on the plot, 235U has a much higher probabilityof fission

occurring when the neutronsare 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 probabilityfor fissionfluctuatesgreatly; becauseof this,

nuclear systemsare commonlyreferred 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 composedof four major sections;each section being

composed of a number of input “cards”(horizontalrows of data). The four major

sections are:

. Geometryspecificationcards

. Surfacespecificationcards
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● Importancecards

● Materialspecificationcards

● h4CNP“mode”cards

● Tally cards

Each of these sections is discussedin moredetail in Appendix A.

2.5 Uranyl Nitrate Solution System

A simple modelof a uranyl IIitratesolutionsystemin cylindricalgeometryhas been

created. The geometryused in the study is shown in Figure 2-3 and the [naterialsused

in the model are defined in Table 2-2. This geometrywas created by defining a total

of 13surfaces,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 appropriateintersectionand union of surface senses as

explained in AppendixA. The two cylindricalslab tanks were sumoundeciby a

sphericalshell of six inch concrete;air was placed inside this sphere and around the

tanks. The importanceof the sphericalregion of interestwas assigneda value of one

v$ile everythingoutside that region was assignedan importanceof zero. The numtxr

densitiesused for the uranyl nitrate solution were calculated assumingthe data shown

in Table 2-1 (see AppendixB for the calculations)[4] while the numberdensities for

the remainingmaterialswere taken from publishedliterature [17] (in reality, atom

fractionswere entered; but as explainedin AppendixA, this is equivalentto number

densities). While not to be used in practice, the concrete shell was used in order to

crudely model any reflectioneffects from surroundingwalls.

18
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Spherical shell made from two spheres
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H

Figure 2-3: Slab Geometry

Table2-1 : Assumed Valizesfor Number Density Calcukztions?-

SolutionConcentration:405.2 gll

NominalOveidl Densityof UranylNitrate: 1.558g/cc

Solution Acid Content: .32 Molar (HNO~)

Enrichment:93.1 % 235U

5.9% 23%

1% 23%

8 for 2%J = .M7
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Fission products such as 236U were not included in the model since the affect on

the fissionprocess has beenassumed negligible. In addition,other extraneous

elements that might be present in solution such as Fe, Na, or Al were not modeled.

The generalgoal of this study was to determinethe system sensitivityby varying the

air gap betweenthe two tanks, thereby revealing limitationsand characteristicsthat

must be consideredwhen assemblingthe control system.

Table2-2 : Model IUatcwiaic- —-.. - - . ------- ... . . . . —-

Material Composition NumberDensity
(atoms/barn-cm)

UranylNitrate Solution 234 1.W33X1O-5 —
235; 9.67I9x1O-4
238u 6.0521X10-5

H .054439385
0 .03600846
N .00226872

StainlessSteel c .000317
Cr .016471
Mn .001732
Fe .06036
Ni .006483
Si .001694

Concrete H 1.4868x10-2
c 3.814x10-3
o 4.15I9X1O-2
Ca 1.1588x10-2
Si 6.037x10-3

Mg 5.87x10-4
Fe 1.968x10-4
Al 7.35X1O-4
Na 3.O4X1O-4

(table continues)



Air Ni .784
0 .211
Ar .005

30 wt% Berated Poly H 5.19X10-2
c 2.O6X1O-2
B 3.54x1O-2

2.6 Results

Figures 2-4 and 2-5 show the results of the air gap study. All values of I+ff shown

are at the 68% confidence level.The ~ff valuesshownhave been calculatedby

combiningthree separateestimationtechniquesthat MCNPemploys (collision,

absorption,and track lengthestimates).The followinggenera!characteristicsof the

model are noteworthywhen a comparisonwith experimentaldata is made:

● model does not include fissionproductsor other elements such as iron,

aluminuin,or sodium that could be present in solution

● modelgeometrymay differ slightlydue ambiguitiesin someexperimental

dimensions

Keff Vs. Alr Gap
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Figure 2-4: Keg VS.Air Gap
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Figure 2-5: Reactivity vs.Air Gap

The results shown are within two percentof similarexperimentalresults for uranyl

nitrate in slab geometry. Althoughthis error might ii~kkdly appear small, it is

enormous in terms of criticality. For example, a 1.426percentemor in ~ff translates

into approximatelytwo dollarsdifferencein re~ctivity:a differencebetweenthe system

being well subcriticalVS,the systcm beingdelayedcritical; refer to air gap= .45”on

Figures 24 and 2-5. While the experimentalreactivityat this separationdistance is

ze]’o,the reactivity from the MCNP study is calculatedas:

= -2.07 dollars

TJ



Duetotheextremeeffectsofsmallchangesin!+~,anymodelthatwillbeusedto

predict criticalitymust preciselyaccount for the effect of each material in the general

vicinityof the fissioningsystem. This was not the case for the exjxximentaldata

referencedhere; the model does not preciselyaccount for all materialspresent in the

actual experiment. So why model the system in the first place? Althoughthe

informationshown in the two figurescannot (and absolutelyshould not) be used for

criticalityprediction,it can be used for sizing the control system. This is because,

:d[hw]~k the MCNP resultr arc offset h:-I !heexperimentalresults. the slope oi the

MCNPdata is in approximateagreementwith the experll.i~,. . ..!ts.In fact, the

Monte Carlo results yield a 4.5 % conservativeestimate for the slope of the plot. This

means that the maximumrate at which the assemblywill be allowedto move (as

definedby the conservativeestimate)will be slowerthan the actual maximumspeed

allowable(as definedby the experimentalresults).In this case, we were lucky since

there were experimentalresults with which to compare the numericalresults. If an

experimentwere to be performedwithout such a luxury, we would need to

painstakinglyensure that the model resembledthe physicalsystem as accuratelyas

possibleby modelingeach materialpresent in the experimentexactly (e.g.:exact

dimensions,exact solutioncomposition).

Nominallyfour to five millioncollisionswembankedwith approximately 140,000

neut.mnsgeneratedper run. In assessingthe results of these Monte Carlo calculations,

a distinctionis made betweenprecisionand accuracy. Precisionis the uncertaintyin

the average valuecalculatedby the program itself. Accuracy,on theother hand, is a

measure of how close the calculated result is to truth. Jr other WO’-k, results may be

precise and not veg accltr: ‘f r .’onv .~!’iymi,- be:’ ‘( TaItZ’and ‘0[ very prcCi~. In

Ilnc]udingthe~ssiblc presenceof unventedradiolyticgws

-)3



thiscase,sinceweknowthatthetruthfulvalueisapproximately10.89centshm based

on previousexperimentswith the uranyl nitrate packages,we may conclude that the

model predictionof 11.38centshmn is very accurate(.49 cents/mmconservative)

despite the lack of highly detailed modeling. The precisionof the data shown is at the

68% confidence level; in other words, if 100runs are performed,then 68 of the values

(one standarddeviation)will fall within the precisionbars shown on the plot. While

the data shown is not extremelyprecise, the numberof cycles performed(50 cycles

with a nominal 3000 neutronsgeneratedper cycle) is considered large enough to result

in adequate accuracy. Therefore, the numerical results shown here corroborate the

slope measuredfrom experimentand suggest a moreconservativeestimate for sizing

the control components. This is the estimate that will be used in chapter eight.

2.7 Summary

The Monte Carlo studies performedindicate that approximately 11.38cents of

reactivityare added for each millimeterof closure betweenthe tanks.This value

conservativelycorroboratesthe experimentallymeasuredvalue of 10.89cents per

millimeterand, in general,providesan estimate for how muchexcess reactivityis

present in the system (i.e.,how sensitivethe system is to smaJldisplacements). As will

be shown in chapterseven, these valuesset the maximumallowablevelocity,the

stepper motor and drive type, the lead screw pitch, and the gear reduction ratio.
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Chapter3.

COWEP’I’UALMECHANICAL DESIGN

3.1 Basic MechanicalRequirements

While it is not the goal of this study to provide the detailed drawings for

manufacturingexperimentalapparatus.the mechanicaldesign aspect of the project

must neverthelessbe addressedon a conceptuallevel. The fundamentalmechanical

requirementsfor the experimentincludethe following:

. Two frames must be de~ignedthat will hold eaeh of the two cylindrical tanks.

Reflectionfromthese framesmust be held to a minimum;therefore,a minimum

amountof materialtiwts!illprovidesthe greateststabilityand reliabilitymust

be used. Since the mean free path of aluminumis relativelylarge, this material

is somewhattransparentto neutrons and would serve well for the application.

. A translationdevice must be designedor purchasedthat will be driven by a

stepper motor upon which the movingslab tank will rest.

. Adjustmentdevices must be designedor purchased in order to adjust the

relativeslab tank positions.

The main requirementscan be summarizedby the need to secureboth slab tanks on

each cart with the maximumadjustmentcapability(positionalfine tuning) and the

minimumneutronreflection. Since these goals are contradictoryin nature, a number

of design iterationswill be necessary;a conceptualdesign to begin the process is

offered in this chapter.

As seen in Figure 3-1 on the followingpage, the “honeycomb”structure is a lattice

of extruded aluminumtubes that were placed together for a previousexperimenton

the horizontalsplit table referred to as “Honeycomb.”
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Figure 3-I : Current Expen”mentalConfiguration(“Honeycomb”)

This is the cumentconfigurationof the experimentalassembly;as shown,the extruded

aluminum tubes are held in place by four clamp %x. The next section discusses the

options availablein fit~.ingthis split table for the slab tanksexperiment.

3.2 Options for Performing the Slab Tanks Experiment on Honeycomb

There are two options that may be considered when approachingthe conceptual

mechanicaldesign. The first is to mount the tankson the existing split table with the

honeycombstructures in place. The second option (Figure 1-3)is to take the

honeycombstructureoff of both tables and design space frames for each tank from

scratch (as opposed to retro-fittinga design to the existing honeycombstructure). The

latter of these two options is preferablesince positioningof the slab tanks maybe

accomplishedin a much more precisemanner using this approach. As the numerical

studyclearly indicated,the system is exfremelysensitiveto small changes in tank

position; therefore,relativelysmall toleranceson the order of .001 inch must be

imposedon the mechanicaldesign. Ahhough this avenue is more costly, it provides

for greater experimentalaccuracysince positionaladjustmentsmay readily be designed

into the structure from the outset. The advantageof removing the Honeycomb

material is particularlyevidentwhenconsideringthat locatingany singlepoint within

the lattice is achieved at best with large uncertaintiesdue to the structure’s
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constructionand the originalexperimentalintent: to mockuprelativelylargecritical

systemswith inherentlyloose tolerances. As seen in Figure 3-2 below, the tank would

ideallyhaveadjustmentcapabilitiesintheX,Y,Z,THETAX,and THETAZ

directions in order to ensure proper tank alignmentand increaseexperimental

flexibility.Whilethis goal is ideal,cost and fabricationconstraintspracticallylimit the

adjustmentfeatunx to a minimum:the X and Y directions.
z

THETA Z

-x-
x

t

z

I

Figure 3-2: Adjustments Ideally Avaikble for Sikb TankAlignment (Sikb Tank on
Movable Cart)

Adjustmentin the Y directionallows for final closure via a steppermotorfleadscrew

attachedto a translationtable while adjustmentin the X directionoffers fine

adjustmentto ensure the tanks are not offset with one another. The remaining

adjustmentaxes shown must be fixed accuratelyby the mechanicaldesign itselfor

adjustedwith shims.
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3.3“MechanicalDesign Concepts

Table 3-1 displays the generaldesign philosophyfrom the mostessential,basic

functionsat the top, down to the less essential but no less desirabledetailed functions

at the bottom. Included in this table are likely hardware solutionsto the desired

functions.

Table3-I: Mechanical Function an

FUNCTION

Tank securityand stability

Roughtank movementover a relatively

Ionz distance

Fine tank movementover a relatively

short distance

Tank alignmentadjustmentin the X

direction

Tank alignmentadjustmentin the Z

direction

Rotationaladjustments

Solution From Most to Least Essential

SOLUTION

Rigidaluminumspace frame

Hydrauliccylinder

Stepper motor/lead screw

Micrometerhead/leadscrew device

(figure 3-3)

Micrometerhead/Ieadscrew device

(figure 3-3)

Rotationaltable/micrometerhead device

Micrometer x

Figure 3-3: MicrometerA~”ustmentwith a Lead Screw Concept
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Figure3-4 belowillustratesone possibIemechanicalconfigurationfor achievingthe

minimumrequirements. In this option, two translationtablesare essentiallystackedon

top of one another in order to provide for the X and Y translation. A micrometerhead

is used as the means for adjustmentin the X directionwhile a stepper motor is used to

achievefinal closure intheYdirection.Figure3-4 presentsone feasibleoption for the

mechanicalhardwareconfigurationand is not intendedto be exclusiveof other

configurationsthat may be equally viablesuch as differentspaceframedesignsor slab

mountingmethods. The followingchaptersdiscusshow such a system will be

controlledremotelyand assumea given mechanicalconfiguration.

XTr+ioII Table
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Figure 3-4: An @ion for the Mechanical Con#igumtion
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Chapter4.

APPROACHES TO EXPERIMENT CONTROL

4.1 General Mode of Operation

After determiningthe basic systemparameters(namely,the system’smechanical

design and change in reactivitywith linearposition),we are in a positionto consider

the control system. Typically, the control system used for critical experimentswill not

operate using PID type automaticcontrol and will not require the extremely fast

response found inhighperformanceservo-typecontrol systems [8,19].Instead, the

system will incorporatesimple feedback to verify the state and positionof output

devices;this is the simplestsystemthat achievesconsistentand reliablemechanical

control. Although feedbackis present in such systems (opticalencoder,

thermocouples,etc.), it will generally not be used for proportional type control of an

experiment(as indicatedby the dashed line in Figure 4-1 below).This restriction is

dictatedby current DOE enforced technicalspecifications.

t I

I I I

I

!
L — ——— —— ——.--Eiizl-----

————
I
I
I
I
I

I————

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

In the past, control of criticalexperimentremoteassemblymachineshasbeen

achievedthroughthe use of hard wired control systems.Althoughsuch systems have

proven reliable, the advent of the powerful,dependable,low cost, microprocessorhas

madedigital systemsa very lucrativeoption. Uniikehardwiredsystems,a digital

control systemoffers the flexibilityof quicklyand easilychangingthe controller

characteristicsby simply re-writingthe control program.For example, if the estimate

for the slope calculated in the previous chapter is later found to be too conservative,

the closurevelocitymay be easily changedsimplyby re-writinga few linesof code.

This flexibility,combinedwith increasedpowerand reliability,has propelledthe digital

control system past its hardwiredcounterpartfor critical experimentcontrol

applications.There are two avenues that might be pursued when controllinga system

digitally:a custom designedsystem,or an off-the shelf purchasedsystem.

4.3 Custom Digital Systems

The first option involvesdesigning the entire control systemaround a single

microcontrollerchip. Typically,such chips contain on-boardmemo~, timers,ports,

and other support functions that would normally require separate IC chips.

Customizedmicrocontroller-basedsystemsoffer the followingadvantagesto the

potential user:

. control of the system and softwareat the machine languagelevel

. increasedflexibilityto meet exoticdemands

On the other hand,customizedsystems involvethe followingdrawbacks:

. the system is harder to maintaindue to its increasedcomplexity

● to construct such a system requires a PROM burner and other additional

peripheralhardwareinvestments
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● debugging,maintenanceand constructionrequiresspecializedknowledgeand

experience

Thus, for specializedapplicationsdemandinga largedegree of flexibilityin control, a

customizedsystem may be appropriate.

4.4 PurchasedSystems

The other alternativeis to purchase a pre-manufacturedmicroprocessorbased

system, typically referred to as a ProgrammableLogic Controller (PLC) [13], from a

vendor. This alternativeis preferredin the nuclearcriticalityarena because in-depth

documentationand verificationof control systemreliabilityis greatlysimplified.

Unlikemost customizedsystems,pre-purchaseddigital systemsoffer relativelysimple

programmingsoftwareand allow for more efficient andthorough maintenance.For

these reasons, it was decided to purchasea PLC system from the Allen-Bradley

corporationrather th creating a customizedcontrol system. This control system is

introducedin the followingchapter.
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ChapterS.

CURRENTCONTROLSYSTEMHARDWARE

5.1 Introduction

Currently,Control Room One at LACEF is fittedwith a digital control system

that was originally installedto control the SHEBA(SolutionHigh Energy Burst

Assembly)experiment(see Figure 1-2). Specifically,the systemis manufacturedby

the Allen-Bradleycorpmtion and incorporatesconvenientsystem modularitywith a

simplegraphicalprogramnu“nglanguage. An overviewof the typicalphysicalsystem

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

MICROPROCESSORCONTROLPROGRAM

HYDRAULICSYSTEMS SCRAMSYSTEMS MECHANICALSYSTEMS
Valves
Motor
Limit switches
Pressureswitches
Control switches

Pneumaticcylinders
Valves

Stepper motor
Encoder/Resolver
Table
Mountingbrackets

Figure 5-1: T~ical Cri&al Assembly ControlDevice Requirements

The main goal of this sectionof the study is to assemblea functionalcontrol systemon

a test bench that will allow for programdevelopmentand hardwaretesting without

intrusionon the current system in Control Room One at LACEF.With such a system,

the followingtypes of devices maybe tested:

. DC stepper motors (with two different approachesto their control as discussed

later)

. digitallycontrolledday contactdevices

. AC synchronousccnstant speed motors



The devices shown in Figure 5-1 are basic to controllingmany types of critical

assemblies.An assemblythatrequiresrotationalortranslationalmotionwillemploy

one or all of these devices in addition to the peripheralcomponentsthat form the

backboneof the control system; these peripheralcomponents makeup the test bench

control system that is described in the followingpages. In chapter seven,expansionof
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Figure 5-2: Current Control Room One Configuration

the control system thatisalreadyin use in Control Room One to includeexperiments

in IUVA I is discussed.This chapter, as well as the next, form the groundworkfor the

eventualexpansion into KIVA I (note in Figure 1-2that the SHEBA building is



separatefrom IUVA I; the SHEBAbuildingcurrentlyemploysan Allen-Bradley

systemwhileKIVA1doesnot).Figure 5-2 onthepreviouspageshowsthecurrent

configurationof Control Room One.

5.2Test Bench ControlSystem

Shown in Figure 5-3 is a schematicof the control system test station that has been

setup at Pajaritosite. 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 pwpose of the setup that currentlyexists is to

provide a platform for on-line programrningand testing that can be used to write and

debug “ladderlogic”programswhich will eventuallybe uploadedto the processor
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Figure 5-3: Program and Hardware Test Station

currently used in Control Room One. In addition, such a test platform serves asa

center for the test and evaluationof hardwarethat might eventuallybe used for the

KIVA I system.This separatesystem allows for on-line programmingand hardware
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