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ABSTRACT

About three dozen previously unreported critical configurations are presented for very complex

geometries filled with high concentration enriched uranyl nitrate solution. These geometries resemble a

tall, thin Central Column (or trunk of a “tree”) having long, thin arms (or “branches”) extending up to four

directions off the column. Arms are equally spaced from one another in vertical planes; and that spacing

ranges fi-om arms in contact to quite wide spacings. Both the Central Column and the many different

arms are critically safe by themselves when each, alone, is filled with fissile solution; butj in combination,

criticality occurs due to the interactions between arms and the column. Such neutronic interactions

formed the principal focus of this study. While these results are fresh to the nuclear criticality safety

industry and to those seeking novel experiments against which to validate computer codes, the

experiments, themselves, are not recent. Over 100 experiments were performed at the Rocky Flats

Critical Mass Laboratory between September, 1967, and February of the following year.
●
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INTRODUCTION

This document is the last in a series of seven peer-reviewed papers written under the International

Criticality Safety Benchmark Evaluation Project. Originally, only six were planned; but the value of the

present effort became apparent in 1997. Together, all seven place into the public domain previously

unpublished or inadequately documented experimental data generated at the Roclg Flats, Colorado,

Critical Mass Laboratory (CML). The benchmark evaluation project is administered for the Department

of Energy by J. Blair Briggs of the Idaho National Engineering and Environmental Laboratory (INEEL).

The previous sixl’2>3’4’5’bpapers were published between 1994 and 1998.

,“—

In this last paper, 110 experiments involving highly enriched uranyl nitrate solution in a complex

geometry are reported. These laboratory studies include both critical experiments and very reactive - but

still subcritical - approaches to criticality. Some critical predictions are the result of extrapolations based

on a series of subcritical experiments with one parameter varied such that the critical value of that one

parameter could be predicted. A few critical cases were not actually driven all the way to criticality even

though they could have been. The addition of a little more solution would have achieved that condition.

These represent extrapolations to a critical height from a subcritical one; and that extrapolation is based

on the shape of the reciprocal multiplication data collection graphs. Even slightly subcritical experiments

might prove marginally valuable to a benchmark criticality study program if fiture computer capabilities

enable the validation of measured degrees of subcriticality. Even now, these subcritical cases could be

used to validate that computer codes do not predict criticality. .

1RobertE. Rothe,“ExperimentalCriticalParametersof PlutoniumMetal CylindersFloodedwith Water.” INEL-
96/0250.*September,1994.

Robert E. Rothe, “Experimental Critical Parameters of Enriched Uranium Solution in Annular Tank
Geometries.” INEL-96-0386. April, 1996.

3 Robert E. Rothe, “Critical Experiments on an Enriched Uranium.Solution System Containing Periodically
Distribut~dStrongThermalNeutronAbsorbers.” INEL/EXT-97-O0293.September,1996.

Robert E. Rothe, “Critical Experiments on Single-Unit Spherical Plutonium Geometries Reflected and
Moderatedby Oil.” INEL/EXT-97-O0665.May, 1997.

5RobertE. Rothe,“ExtrapolatedExperimentalCriticalParametersof Unreflectedand Steel-ReflectedMassive
EnrichedUraniumMetal Sphericaland HemisphericalAssemblies.” INEL/EXT-97-01401. December,1997.

GRobert E. Rothe, “Massive SubcriticalCompactArray of Plutonium Metal.” INEUEXT-98-00293. April,
1998.
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That complex geometry consisted of a square Central Column and a number of cylindrical

branches called “arms” in this paper. These arms were of four diameters and emanated from one or more

faces of that column. The fissile solution was contained in these stainless steel vessels. The cylindrical

arms were made from commercial pipe with ends welded shut. The Central Column was a thin-walled

vertical cylinder with a square cross section. This column had a bottom welded in place but was open at

the top.

These experiments were designed and conducted by Mr. Bruce B. Ernst, an experimenter at the

Roc& Flats CML at the time. The author of this paper only assisted Mr. Ernst in the experiments

themselves and their preparation. These experiments were performed at Rocky Flats between September,

1967, and January, 1968. Ernst reported his data in the open literature; but that publication (Appendix B

of this document) provided inadequate documentation for benchmark purposes into the new millennium.

Another paper8 containing greater detail had been started about the same time but was never published.

Fortunately, one copy of a draft of that document has been found and is printed in its entirety as Appendix

A. This is to guard against this information becoming irretrievably lost. Its data has been incorporated

into this paper where appropriate.

This study, like all experiments performed at Rocky Flats, was used to provide nuclear criticality

safety data to ensure continued safely of plant operations. Data were usually used two ways in those early

days of nuclear criticality safety. First, they were applied directly to plant operations if those operations

were deemed suitably similar to experiments. The degree of similarity required was often left to the

discretion of the Criticality Safely Engineer and, so, was somewhat arbitrary. Secondly, they were used

to compare experimental results with calculations from then state-of-the-art computational methods in

vogue at the time. These, however, were not very sophisticated in the early days; computers were not

even common yet. Again, details of this comparison were often lell to the discretion of the Safety

Engineer.

7 Bruce B. Ernst and C. L. Schuske. “Emptilcal Method for Calculating Pipe IntersectionsContaining
Fissile Solutions”. RFP-1197. Rocky Flats Division, The Dow Chemical Company, Golden, CO. September9,
1968.

8BruceB. Ernst. “CriticalParametersof Bare IntersectingPipes ContainingFissile Solution.” RFP-1196.
Rocky Flats Division, The Dow ChemicalCompany,Golden, CO. Never published except as AppendixA of this
document.
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Practical Applications

A nuclear materials processing plant - especially one dealing with fissile liquids - contains an

unending and often dizzying array of intersecting pipes, lines, vents, and other devices for the transfer of

liquids. These come in a wide range of sizes; and some carry fissile liquids while others do not. Even

carriers of non-fissile liquids can be a concern to the nuclear criticality safety engineer because of the

ability of non-fissile liquids to both reflect and moderate neutrons. These lines can exist parallel to one

another in close proximity; or they may intersect one another at any angle.

The nuclear interactions between fissile material contained in this myriad of piping can be

difficult to analyze from a criticality safe~ perspective. Not much experimental data existed at the time

of these experiments. Indeed, not a great deal more has been added in the past three decades. This

treatise and its foundation document (RFP-1 197) present at least some usefid data toward filling the void.

In addition to this application, the design of a novel critically stie storage tank for fissile

solutions was proposed as a direct result of this experimental program. One thorn challenging the

industry for decades had been the perceived problems associated with using fixed nuclear poisons such as

Raschig rings to ensure nuclear criticality safety of fissile solutions. The American National Standard in

effect since 1971 placed several possibly unnecessary limitations on the use of such rings rendering them

unattractive to the industry. Two major concerns, the leachability of the boron content and the glass’s

mechanical strength, were addressed in the Iiteratureg in 1998. That document found Raschig rings really

quite adequat~ but it was too late to resolve some of the imagined issues over the last third of this

century. That treatise should greatly alleviate any fiture concerns over the use of these rings.

If put into routine use, this proposed tree-like container might prove usefil in many applications

throughout any nuclear facility dealing with large volumes of fissile solutions]o. This unique construction

is illustrated in the photograph of Fig. 1, modeled one-tenth fill size. The proposal featured a number of

nearly horizontal arms in several vertical groupings of properly spaced arms. These branched off a

9 Robert E. Rothe, et al, “ParameterTesting of Borosilicate-GlassRaschig Rings for Nuclear Criticality
Safety”,~ be publishedby the USDOEin 1999.

ClarenceL. Schuske and Sidney J. Altschuler, “A Storage Vessel for Fissile Solutions”. NUCLEAR
TECHNOLOGY,18 June, 1973.
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central manifold column. Advantages of such a design include (1) the total absence of any fixed neutron

absorbers such as Raschig rings which would require routine inspection, (2) a large capacity and therefore

a reduction in the number of containers needed to store large quantities of fissile solution, and (3)

increased security against nefarious diversion because of fewer small containers. Disadvantages include

(1) a high fabrication cost due to the large number of weldments, (2) potential leaks from these same

welds, (3) potential criticality concerns resulting from accidental flooding with water, (4) concerns over

neutron reflection introduced by human beings located between planes of the stacked arms, and, finally,

(5) potential radiation received by these same personnel exposed to older storedll fissile solutions.

Gc99 0149

Figure 1. A novel method of routine critically safe storage of large volumes of fissile solution in
production facilities was proposed based on these experiments. This one-tenth scale model was built to
illustrate the concept. No proto~pe tank was ever built for testing purposes at Rocky Flats. The notion
was rejected because too many welds gave too many potential leak points.

11 Plutonium solutions tend to inbreed an americium isotope with age. This isotope emits potentially
harmfblradiationfrom whichthe workermust be shielded.
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This paper required considerable historical research and personal recollection of important

information. This author was not heavily involved in these experiments. On the other hand, the lead

experimenter is still available for consultation. He was one of the text reviewers before publication. The

entire program, itself, was somewhat arbitrarily chosen simply because it seemed interesting and usefil.

It never fell under the auspices of a formal, written, Experimental Plan*2which were not required until the

1970s. The eventual value of these results was not filly recognized at the time. Documentation of such

casual studies was not required in the 1960s. Finally, the wealth of experimental detail required for

Monte Carlo codes of the 1990s was not realized. In spite of these reasons, the present paper should

provide all the needed data and a good estimate of parameter uncertainties to permit a quality benchmark

calculation to be compared against experimental evidence.

The topic of neutronic interactions between intersecting pipes containing fissile liquids has long

been of interest to nuclear criticality safety engineers. The individuality of applications tends to diminish

the value of a generalized model. A partial listing of the papers dealing with this topic illustrate the

popularity of the subject lJ,ld.lS,lG,lT.lg.lg.zOThese several references are arbitrarily listed in chrOnOIO@d

order. At present, they are in the personal library of this author and maybe obtained through his Boulder,

Colorado, address. By the year 2000, this collection will be donated to the Archives of Critical Mass

Laboratories at the Los Alamos National Laboratory where they will appear under Collection A-96-OS1.

12 This reason is totally inconsistentwith policies and procedures in place throughout the industry after
about 1970.

*3C. L. Schuske. “An Empirical Method for Calculating Sub-Critical Pipe Intersections”. The Dow
Chemical Company. July 17, 1956. This document the USDOE OffIce of Scientific and Technical Information
designationTID-5451. Its technicalcontentis copiedin AppendixB.

14C. L. Schuske, B. B. Ernst, and H. W. King. “Empirical Analysis of Bare Arrays of Cylinders
Containin EnrichedU02(NOS)7. The Dow ChemicalCompany. RFP-315, May29,1963.

!1 GroverTuck and Harold E. Clark. “CriticalParametersof a Uranium Solution Slab-CylinderSystem”.
NUCLEARSCIENCEand ENGINEERING40 (1970).

16HaroldE Clark and GroverTuck. “An EmpiricalFormula WhichPredicts the CriticalParametersof a
Planar Array of Uranium-Solution-FilledCylinders”. NUCLEAR APPLICATIONS and TECHNOLOGY.9
“(1970).

‘7 Deanne Dickinson. “Calculational Study of Arrays of Cylinders of Fissile Solution”. The Dow
ChemicalCompany. RFP-1821, March24, 1972.

‘g DeanneDickinson. “NominallyReflectedPipe IntersectionsContainingFissile Solutions”. NUCLEAR
TECHN?}OGY. 26 (1975).

Robert E. Rothe. “Benchmark Critical Experiments on High-Enriched Uranyl Nitrate Solution
Systems”. NUCLEARTECHNOLOGY.41 (1978).

20 GaryR. Smolen,RaymondC. Lloyd, and HideyukiFunabashi. “CriticalityData and ValidationStudies
of Plutonium-UraniumNitrate Solutions in Cylindricaland Slab Geometry”. NUCLEAR TECHNOLOGY. 107
(1994).
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THEORY

Approaches to criticality were monitored by a method called the Reciprocal Multiplication

technique. Use of this method ensured safety. This became the standard method of performing criticality

experiments at the Rocky Flats CML through the very last experiment ever pefiormed there in 1989. In

this method, the fact is used that the neutron count rate at any and every point within a system increases

as criticality is approached. At the critical height, FL, this count rate, C(IQ, may be hundreds of

thousands times greater than at the start of an experiment, CO. The ratio of count rate to initial count rate,

called the multiplication of the system2*, is essentially infinite at criticality. The inverse of this

multiplication is the reciprocal multiplication already mentioned, mathematically, C~C(H). This ratio

approaches zero when criticality is reached, an attractive feature for graphing safe critical approaches.

For safety, reciprocal multiplication curves should have all parameters fixed save one. In this program,

that one parameter is the height of uranyl nitrate solution in the Central Column and however many arms

were at or below that level. An important point with this methodology is that all other features remain

constant.

Another important definition is that of the neulron reproduction factor, k. It and the true

multiplication, M, are related by the following equation:

k= M/&l+ l]=[l+(l/M)]-l.

Here, the last term on the right hand side, MU, is very close to the reciprocal multiplication already

defined.

The increasing neutron flux is related to the increase in reactivi~ of the system. Reactivity, p,

and the reproduction factor are related by:

p=[k-1]/k.

21Actually,this empiricalratio is only an approximationto the true multiplicationbecauseof othercomplications
to the theorywhichare explainedlater.
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The term really pertains to the state of the system relative to criticality but is often loosely applied to the

physical addition of that one parameter being varied, fissile solution in this case. Adding solution to these

arrays added “reactivity” to the system through increased fissile fiel.

The reciprocal multiplication technique begins with the completely assembled tree-like

configuration consisting of the Central Column and some number of arms. These components are

securely positioned but empty of fissile solution. A set of radiation detectors is also properly situated, as

is an external source of neutrons. That neutron source was a small, sealed, thimble-sized container filled

with a mixture of polonium and beryllium such that about 107 neutrons per second are produced. The

philosophy behind locating this source is that its neutrons must pass through fissile solution before

encountering a radiation detector. Often, the source was placed on top of one arm very close to the

Central Column. The source should not be placed such that its neutrons pass through the detectors

without passing through a considerable amount of fissile solution.

The neutron count rate at this initial condition is noted for each of these several very sensitive

neutron detectors called proportional counters positioned nearby. These counters detect a constant

percentage (usually about 25’%o)of the neutrons incident upon them, even at quite low counting rates. In

theory, detector response to the neutron source in the absence of any fissile solution (H=O) is called Co.

As the first solution is introduced, reactivity is increased by fissions taking place within the solution.

Other factors also contribute to the observed changes in count rate: thermalization by the hydrogen in the

solution and neutron reflection. Thermalization brings more fission-energy neutrons into the energy

range of the counters. A small amount of absorption of neutrons by the hydrogen also occurs. These

effects alter the energy spectra seen by the detectors and, therefore, the instrument’s detection efllciency.

This is the reason that the count rate ratio observed later in the experiment is not a precise measure of the

true multiplication. In these experiments, a small amount of fissile solution was introduced into the lower

parts of the apparatus to minimize the thermalization and absorption effects of this initial amount. In no

case did this quantity of solution contribute any significant reactivity.

The reciprocal multiplication technique continues by adding more fissile solution into the Central

Column and arms. As reactivity increases, the count rate increases accordingly; and the neutron count

rate ratio, Co/C(H), is graphed against the critical approach parameter - the fissile solution height H.

Eventually, as enough solution is added to stabilize detector response effects, further additions really do

represent essentially a true measure of increased reactivity due to increased fissions; and the system

7
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approaches criticality. The source neutron moderating and absorbing effects continue to exist; but they

are greatly overshadowed by orders of magnitude by the increased reactivity caused by fissions.

The reciprocal multiplication technique ensures safety by allowing experimenters a continually

improving estimate of the point at which criticality is projected to occur as the fissile solution height

increases. At frequent intervals during the critical approach, additions are interrupted to measure the

current value of C~C(H); and this result is plotted on the reciprocal multiplication graph. The shape and

linearity of this decreasing fimction is used to estimate the greater height, & at which criticality would be

predicted to occur. Based on such an analysis, both experimenters agree upon the next increment of

solution to be added and the rate at which it could be added safely.

During this procedure toward criticality, the possibility always exists that some particular

reciprocal multiplication curve might exhibit a sudden downward tendency such that criticality would,

indeed, occur at a much lower height than predicted by the last evaluation by the experimenters. This

would-be unsafe feature was guarded against by a simple administrative expedient. During the addition

of each solution increment, both experimenters had continual audible information giving the

instantaneous neutron flux for each detector. The administrative control was that the next data point in

the reciprocal multiplication curve would be taken before the neutron flux had increased a factor of e (Z

2.71 8), even if that occurred at a height lower than agreed upon. This administrative control was, itself,

protected by adopting a smaller factor - usually doubling. This procedure became the laboratory’s

operational procedure throughout the lifetime of the facility.

This procedure continued until one of two possibilities happened. Either the apparatus became

fill of solution such that fiu-ther additions were not possible without overflowing the Central Column or

solution was added until criticality occurred. The former meant that the system under study would never

attain criticality regardless of how much solution might have been added. Theoretically, some systems

might have attained criticality if a little more solution could have been added above the physical top of the

Central Column; but this theoretical case never happened in this program. Stated differently, these cases

would have remained subcritical even if an infinite height could have been achieved.

Sometimes in this program, criticality was not actually attained even though it could have been.

In these cases, the reciprocal multiplication curve generated up to the last solution height measured

appeared to pinpoint the critical height fi well enough that actually attaining criticality was not deemed

8



necessary. Usually, the critical height by this extrapolation procedure and the actual critical height would

have been indistinguishable from one anotheq but this may not always have been the case. This fact has

been borne out by several subsequent experiments in several subsequent programs conducted by this

author since the late 1960s. Experience, then, has shown that this decision to terminate an experiment

short of criticality may not have been wise. Even small curvature in a reciprocal multiplication curve

over a short extrapolation beyond the subcritical data could introduce some uncertainty into the published

critical height.

Whenever criticality was actually achieved in one of these experiments, the last few increments

of fissile solution were added very slowly and very carefully. During these last additions, the neutron

flux becomes so large that the proportional counters used to graph this critical approach begin to suffer

dead-time losses in their observed counting rates. Here, detectors could not physically detect the same

percentage of neutrons incident upon them that they

defect is ~-conservative from a safe~ perspective.

than indicated.

This recognized and understood flaw was

did at the start of the experiment. This physical

The actual multiplication extant would be larger

compensated for by abandoning the reciprocal

multiplication technique in favor of another method for the final attainment of criticality. Other radiation

detection equipment, known as ionization chambers, produce a quasi-DC current proportional to the

instantaneous neutron flux incident upon them. These detectors are known Q to experience dead time

losses until neutron fluxes many orders of magnitude greater than those encountered in these experiments

are reached. These same detectors, however, were not at all sensitive to neutron fluxes early in an

experiment, Thus, ionization chambers, alone, could not have been used for a safe critical approach. In

anticipation of this need, ionization chambers had been placed in the vicinity of the experimental

apparatus, in many cases right alongside proportional counters.

Both ionization chambers and proportional counters were equally viable beginning somewhere

about the middle of the experiment. Both yielded nearly identical extrapolated predictions of the critical

solution height. Both were followed by both experimenters for safety reasons; so the transition from the

reciprocal multiplication technique to ionization chamber data for the final attainment of criticality was no

compromise to safety.
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In critical cases, incremental additions of solution continued until the neutron count rate

continued to rise slowly even after additions had ceased. At this point, the entire experimental system

was very slightly supercritical. Actually, this condition was called delayed criticality because the neutron

population within the system continued to grow based on the number of prompt neutrons emitted plus

‘only some portion of the delayed neutrons produced at the same time. The fewer delayed neutrons

needed, the closer the entire system was to prompt criticality; and prompt criticality was an undesirable

condition. Therefore, for safety, these experiments were not carried very far past the situation where all

delayed neutrons were needed. This slow exponential growth in the neutron count rate with no more

solution additions defined the positive reactor period, mathematically, the time required to increase the

neutron flux by a factor of e (about 2.7). In the case of the present experiments, positive periods of a few

to several minutes were the goal. This supercritical solution height would be maintained only long

enough to measure it accurately. Then, a very small amount of solution was sometimes returned to

storage. This rendered the system very slightly subcritical and produced a negative reactor period.

Again, negative periods of a few to several minutes were the goal; and this slightly subcritical solution

height would also be maintained just long enough to measure it accurately.

Some critical heights quoted in this paper were obtained by the linear interpolation between

reciprocal periods at these slightly supercritical and slightly subcritical fissile solution heights. At least,

that interpolation technique became the general method of pin-pointing very accurate critical heights at

this laboratory from one very slightly subcritical and one equally slightly supercritical measurement.

Whether or not this detailed a determination had been developed by this early date is not recalled these

three decades later. If it had not been, then an actual claim of “criticality” for one of these experimental

configurations in this paper probably corresponded to an experimental system for which a very long

reactor period - either slightly positive or slightly negative - existed. That is, the uranium solution height

specified would not have been quite as close to the true critical condition as could have been derived from

the interpolation technique. This may not be a very serious problem at all. Often, in other programs,

systems could be established for which cieady distinct positive and negative reactor periods existed with

no observable dlj$erence in uranium solution height to within 1 part in 100,000! For example, one

program showed such extreme sensitivity as a few milliliters of solution were added to a meter-diameter

slab. Still, if this interpolation procedure had been used in these early experiments, an example is shown

in Fig. 2. This example is actually drawn from another program and, so, may be regarded as

“hypothetical” in this study.
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Figure 2. Precise critical heights of uranium solution may have been obtained from this interpolation
technique between two heights very close to but on opposite sides of criticality. This became the standard
method at this Cm, but may have been used only occasionally in this program. This is a hypothetical
example.

The validity of this method of determining

reactor periods was documented in the literature22.

critical heights using the reciprocal of measured

Some critical heights quoted in this paper were determined from a series of subcritical runs which

were otherwise identical except for one varied parameter. Here, the reciprocal multiplication

corresponding to a configuration fill of fissile solution was graphed as a function of that one paramete~

and configurations closer to criticality when fill exhibited greater multiplications. This data was graphed

as shown in Fig. 3; and an extrapolation of the subcritical cases predicted the critical one.
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22RobertE. Rothe,NUCLEARSCIENCEANDENGINEERING:35 (1969).
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Figure 3. Less precise critical heights of uranium solution may be obtained fkom this extrapolation
technique. The last reciprocal multiplication value recorded each time the Central Column was fill of
solution for a sequence of identical experiments except for one changing parameter, Pi, may be graphed as
shown here. One example of this changing parameter might be the spacing, S, between arms. A smooth
curve through the last few points extrapolates to a critical value of the parameter, PC.

Still other critical heights quoted in this paper were simply extrapolated from a lesser height to

the critical height which could have been reached within the limitations of the apparatus. In these rare

cases, an extrapolation was deemed as good as actually attaining criticality; and the shortcut was both

safer and faster. This was a questionable decision in light of present-day knowledge about curvature in

extrapolation regions; but, nonetheless, it was sometimes done as a simple expedient.

Once criticali~ had been measured by any means, all necessary data had been obtained and the

experiment could be terminated. Keeping the system at or very near criticality any longer only increased

the risk of an accident and added to the (really very small) fission product inventory. The uranium

solution was simply allowed to flow back to storage. As expected, the neutron count rate on the

proportional counters would return to the COvalue; and the ionization chamber currents would return to

their initial near-zero level.
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PROCEDURE

Each critical approach experiment was preceded by a construction of the specific apparatus to be

studied. Once the tall, vertical, Central Column had been put in place at the beginning of the entire

program, that column was never moved; but the chosen assembly of arms, also to be filled with uranium

solution during the critical approach, would vary from experiment to experiment. The Central Column

was installed such that its four faces were rotated 45° with respect to the Solution Base. (The Solution

Base, described in more detail later, was the large, heavy table on top of which the experiment was built.)

That happenstance was the result of the small size of the bottom plate to the Central Column and the need

to install three couplings in that small area. The schematic drawing on the following page is of the

Solution Base and the Central Column. Normals to the Solution Base edges faced north, south, east, and

west and these are abbreviated N, S, E, and W, respectively. Therefore, normals to the four faces of the

Central Column faced NW, NE, SW, and SE, and these designations are used in later tables.

The desired number and diameter of arms for the tree-like assembly were selected and carried

into the Assembly Room Hood for assembly into the intended configuration. Arms branching off any

given face of the Central Column were held in a vertical plane by a light-weight structure of a commercial

steel product called Slotted Angle. Some experiments had arms branching off all four faces, some used

two faces, and a few, one. When two faces had arms, these branched off either opposite or adjacent faces

of the Central Column. Up to four arms were sometimes built in a given stack off one face. These could

be spaced some distance apm, or the arms could be resting on one another in contact. In addition to these

parameters, arms could be horizontal or inclined upward at 45° from the vertical. Many combinations of

experimental configurations were possible. Once installed, arms were connected to the solution

distribution manifold.

Many experiments had more arms in place than were allowed to receive fissile solution. This was

done to reduce the amount of handling between similar experiments which differed only in the number of

arms containing solution. A given configuration may have had, say, sixteen arms in four vertical planes

of four arms each. Experiments with twelve, eight, and four arms were easily set up simply by

disconnecting the upper four, eight, and twelve arms, respectively. In these cases, the disconnected arms

remained present but were not eligible to receive solution. This detail is important because unfilled arms

still constituted a minimal neutron reflector.
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- Rotated Central Column
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The elevation view of this schematic drawing of the apparatus includes the heavy-weight table of the
Solution Base and a truncated Central Column. Both views shows the Central Column rotated 45° on the
Solution Base table. Arms and fill and SCRAM connections have been omitted for clarity. The drawing
is not to scale. The very top of the Central Column, rotated 45° with respect to the Solution Base Table
Top, is shown in a bird’s eye view instead of true elevation view – to reveal the interior of the hollow
column.
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Once all the apparatus was in position and desired arms comected, the Assembly Room was

vacated and locked securely. All doors were sealed via rubber gaskets to prevent any possible movement

of air between that room and the rest of the world. . In addition, all ventilation lines into and out of the

room were remotely closed and sealed. These air movement precautions mitigated fission product release

to the environment in the unlikely event of a criticality accident. The intent was to contain any

radioactive byproducts from the hypothetical excursion within the room and prevent their escape into the

atmosphere. These precautions were adopted with every one of the 1700 critical approaches conducted at

the CML during its productive quarter of a century. Happily, no criticality accident ever occurred at

Rocky Flats.

The fissile solution was stored in a number of critically safe tanks located in another room. Prior

to leaving the area, manual valves in both rooms were properly positioned to allow solution to flow back

and forth between the two rooms. Remotely controlled automatic valves prevented any movement of

solution until the experimenters intentionally performed that function.

Uranium solution was pumped from the storage tanks into the experimental apparatus pausing

now and then as discussed earlier to record neutron multiplication data for a safe approach to criticality.

This procedure is described in the Theory section of this paper. Three different pumps were available to

the experimenters for better control over the approach to criticality. Even these pumps were, themselves,

variable in their output delivery. The greatest output was about one liter of solution per second; and this

was restricted in use to heights well below criticality. The lowest continuous delivery output was about

one liter per hour! Even that was considered variable in that short incremental additions of but a few

seconds at that output setting were easy to perform. In summary, the flow rate of uranium solution into

the experimental apparatus was easily controlled over a very large range; and the slowest possible

delivery rate never proved to be too great for a safe approach toward criticality.

The Central Column and its arms were filled with fissile solution simultaneously. Of course, the

dynamic act of pumping solution into this complex system of pipes, columns, and a myriad of flexible

tubes would result in a momentary overbilling of one component at the expense of another. This effect

was seen only with the pump having the greatest delivery rate. The other two pumps had such slow rates

that no such momentary situations occurred.” This was the result of slightly unequal impedances to

solution flow among the various components. These unequal fillings would, of course, come to
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equilibrium within a few seconds after the pumped solution addition ended even at the fastest addition

rate.

The uranium solution height in the Central Column and the several arms would also come into

equilibrium with the solution height in a long vertical length of clear plastic tubing. This tubing was

located about 2 m away from the experimental apparatus; but its lower end was connected to yet another

short nipple welded to the Central Column very close to the bottom of a side. This clear vertical tube

served as a “sight gauge” allowing experimenters to view solution height via closed-circuit television

from a safe distance away in a well-shielded room. A linear scale was mounted adjacent to this clear

plastic tube to translate observed solution heights into readable metric units of length. Years later,

expensive engraved metal scales were used for this purpose; but wooden meter sticks with printed scales

served this function in these early years at the CML. Three meter sticks were mounted end-to-end to

cover the fill height of the Central Column in this program.

One problem with viewing such a sight gauge through television was recognized early on. That

problem was parallax which would exist as a television camera at a fixed elevation was required to look at

solution heights spanning more than two meters in height. Even though the camera and its mount were

capable of both zoom and vertical rotationto follow the rising solution, some parallax would exist

whenever the camera was looking other than perfectly horizontal at the solution meniscus. This problem

was resolved for this study by constructing a vertical mast mechanism with a motor drive. This

contraption could move an always-horizontal television camera up and down the mast; and the solution

height was always read at about the same location on the television monitor. This further reduced

parallax. The camera could then follow the solution without changing the parallax. With this device, the

television camera always viewed the different heights of the uranium solution with no - or at least a

constant - parallax.

As the solution height increased in the Central Column and its adjacent arms, neutron

multiplication data was collected as discussed in the Theory section. In time, the data collected would

prove one of two results. Either the configuration built for that experiment would never attain criticality

no matter how much uranium solution were added (subcritical case) or the situation yielded a critical

height which would fall at some height attainable within the apparatus (critical case).
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Details of the actual procedure used whenever criticality was attained are not recalled for every

experiment these three decades after the completion of the study. Criticality was truly achieved; that fact

is clearly recorded. Furthermore, the detailed procedure is known to have changed a little during the

course of this program. Prior to the 18ti experimen~ no capability existed to move the external source23

remotely; so, criticality had to be achieved with that neutron source present. After that time, that

capability was added; and the final approach to critical was performed in the absence of any external

source of neutrons.

When achieving criticality in the absence of an external source, final increments of solution were

added along with slow and incremental removals of the external source. These reactivity changes came in

slow alternating increments in order to keep the neutronic response of the entire system within limits

allowed by the instruments. By this stage in an experimen~ a source was no longer needed anyway

because the entire system contained so many fission neutrons that it could easily and safely perpetuate

neutrons without it. After 1970, that external source was made of califomium with a long half life. For

this program, the source was PoBe with a nominal emission of about 107 neutrons per second. PoBe

sources were short lived and new ones had to be obtained every few months.

Once the neutron source was removed a great distance away, the solution height was adjusted one

final time to produce a very slow exponential increase in neutron population. This condition was slightly

supercritical; but still safely in the delayed critica124range. This slow growth in neutron population

produced a measurable positive reactor period. Then, a small amount of solution was allowed to drain

away from the apparatus to define a new and slightly lower (sometimes unmeasurable lower!) height. At

this height the neutron population decreased exponentially; and a negative reactor period was measured.

These two solution heights bracketed the critical uranium solution height and this critical height was

interpolated by the method described in the Theory section. Log Books for this study do

details of both periods; but this method is believed to have been employed on occasion.

not often record

Z In fact, the presenceof the sourceslightly complicatedthe precisedefinitionof criticality. At criticality,
the neutronpopulationshould remain essentiallyconstantover long intervals. Without the source, that is possible.
With the source, the neutron population would continue to increase slowly but continuously even at precise
criticality.

u No systemat Roclg Flats was everallowedto comeanywherenearprompt criticality.
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At this point the experiment was finished. Solution was allowed to return to storage. Often this

was accomplished by reversing the solution flow through the fill line which then served as a “return” line.

In these cases, the SCRAM valves remained closed; and the solution would not enter the SCRAM tanks.

On other occasions, the solution was intentionally allowed to leave the apparatus by passing into the

SCRAM tank. This was accomplished simply by activating the Manual Scram capability at the Control

Console. The decision as to which method of return was used was completely arbitray. No advantages

or disadvantages were recognized to either procedure. Much later in the program, the disadvantage of

using the SCRAM tanks was recognized; and this topic is well covered in the section Lessons Learned.

Many experiments were interrupted by accidental activation of the SCRAM safety system.

Sometimes, two or three unplanned shutdowns occurred before an experiment could be successfidly

completed. The reason for this was not immediately recognized. Later, it was determined that these

SCRAMS were caused by the unusually high hydrostatic pressure head resulting from such a tall column

of solution pressing against the two electrically closed SCRAM valves. If the electrical solenoids holding

these valves closed during the experiment allowed even a small amount of solution to leak past their seals

because of this pressure, that leaked solution would collect in the SCRAM tank and indicate that the

SCR4M tank was not empty. By design, that safety tank had to be completely empty throughout an

experiment for the experiment to proceed.
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APPARATUS

Central Column

The Central Column was a length of stainless steel tubing with a square cross section. The

nominal vertical length of this column was 2438 mm; but the actual length was 2435.4 mm25. At least

that was the height corresponding to the top of the column on the height measuring sight gauge used

throughout the experiment. In practice, the Central Column was declared “fill” when solution reached a

few millimeters below the top. This practice prevented overflowing the column during an experiment.

The second height, only 2.6 mm lower than the nominal one, probably represents the true height of the

finished column, although it could also be attributed to a small bias in the placement of the scales used to

read solution heights. Since this latter task was done quite carefully, the former seems more likely. The

column was open at the top; and the only photograph of this column available anywhere is in Fig. 4. This

photograph was reproduced off of a single frame of a short movie made during the investigation of the

incident discussed in the Lessons Learned section. That movie has been converted to video for

preservation in the LANL Archives. While open at the top, the square tubing was welded to a square

stainless steel base at the bottom. The inside dimension of this square Central Column was 177.8 A 1.6

mm; and the walls were reported to be 3.18 mm thick. The column is believed to have been commercial

stainless steel tubing extruded to these dimensions and then cut to length.

The stainless steel is almost certain to have been either Type 304 or Type 316; but no information

is available to speci~ which of the two was used. They both were common types used at Rocky Flats in

all stainless steel applications over many decades. Most common extruded shapes are of those two types.

The bottom of the Central Column was welded to a stainless steel square plate slightly larger than

the column itself. That fact is certain. Details of this plate, however, are not recorded; so faint

recollection must be combined with sensible design arguments to arrive at its possible dimensions. The

size of the square was not a great deal larger than the column; that is recalled and supported by available

(but undimensioned) sketches. It would most likely have been either an integer, half-integer, or, possibly,

a quarter-integer dimension specified in English units (inches). Likely cmididates are 7.5-inches (190.5

mm), 7.75-inches (196.9 mm), and 8-inches (203.2 mm) square. The latter would seem unnecessarily

= The last three experimentsof this study used equipment other than arms projecting from the Central
Column. The height of the CentralColumnwas remeasuredat 2428.3 mm after this change. Apparently,the scale
alongsidethe sight gaugehad shifted7 mm duringthis modification.
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Figure 4. The open top of the tall Central Column had small-radius corners. The dark area below the top
is ~ranyl nitrate solution. The large diameter plastic tubing to the upper left is the SCRAM tank vent line
as it had been reinstalled following the incident described in the Lessons Learned section. The
photograph is but a single frame from a short movie made of the problem incident. The stopwatch was
placed for this movie.

large; and first would have been just adequate to accept the weld bead. So, the middle size is assumed to

have been the size selected. This is arguable conjecture; and some uncertainty must rise from that absent

knowledge. The thickness of this plate must also be estimated by similar arguments. It would not have

been l/4-inch-thick because that would not have been ample to retain rigidity when welding the couplings

needed for the fill line connection and two SCR4M valves. The most likely candidate is l/2-inch stock

which would be 12.7 mm thick, although 3/8-inch plate (9.5 mm) would have been marginally

reasonable. Based on these speculations, the bottom plate to the Central Column is argued to have been

197 A4 mm square by 12.7 f 2 mm thick.

All three couplings to the bottom plate of the Central Column were of a type known as “Marmon

Couplings”. These were used on all experimental programs involving fissile solution at the Rocky Flats
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CML over its lifetime to connect the experimental tank to the f~ed plumbing of the Solution Base. Three

Marrnon Couplings were required. Two were larger and connected the SCRAM valves to the apparatus’s

bottom plate. The third was the fillhormal return coupling. These couplings had a complicated design

probably not worthy of detailed description. They could reasonably be approximated by thin (12.7 mm

thick) circular rings extending below the bottom of the apparatus (the square bottom plate in this case).

The two SCRAM couplings would be 109 mm OD by 70 mm ID; the single other coupling, 58 mm OD

by 27 mm ID. These three couplings left very small pockets of fissile solution protruding below the top

surface of the bottom plate. All three pockets would be about 20 A 5 mm thick by 70 mm diameter

(SCRAM couplings) and 27 mm diameter (fill/return coupling). These three couplings were welded in an

isosceles triangular pattern with the smaller coupling centered at the apex of this triangle and the other

two centered at opposite ends of the base of the triangle. This base was 132 mm; and the altitude was

76.2 mm. These three couplings pretty well occupied the entire area of the square bottom plate of the

Central Column since the diagonal of the inside dimension of the Central Column was only 251 mm - just

a little greater than the spacing between the outer edges of the SCRAM valves (191 mm). With this

orientation of couplings, faces of the Central Column had NW, NE, SW, and SE normals as mentioned

earlier, Often, information is not available as to which particular face(s) had arms extending from them.

Some experiments did speci~, others did not. If all four faces had arms, no ambiguity exists. If fewer

did, which face(s) were without arms is sometimes not known. This is probably not a serious omission

because not many neutron reflectors existed nearby to influence the tree-like assembly.

The four faces of the Central Column were perfectly smooth and free of any features except for

two small nipples near the bottom. This was important to allow arms to extend off the column at any

height and off any face without the possibility of being restricted by a protrusion. Those two nipples

were both 12.7-mm-diameter stainless steel tubing, and were used for hose connections. Their length is

uncertain; but they were certainly between 13 and 25 mm long. Both extended off the same face near the

bottom of the column. One was but a few millimeters above the bottom plate; and this allowed solution

to pass into the vertical, clear plastic tube used for a sight gauge. The other was 100 to 200 mm above

that plate; and it was used to pass solution to all of the arms as described elsewhere.

Arms

All arms were lengths of commercial stainless steel tubing. This tubing was almost certainly

either Type 304 or Type 316, although that fact is nowhere stated in records. The reason behind this

claim is the same as for the Central Column. Most arms had a circular cross section, although one set
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was made from the similar (but possibly not identical) stock as the Central Column. Therefore, this set

had a square cross section. These were used on only four experiments. The outside length of all arms,

regardless of cross section, was 1.372 m, and this length was considered to be “effectively infinite”. That

is, longer arms were believed not to contribute significant reactivity to any experimental configuration.

Whether or not this theoretical assertion is true is uncertain but also irrelevant. The geometry of the

system tested can be described quite accurately, so no assumptions need be made about the reactivity

contributions from regions of solution near, a~ or beyond the end of the actual arms.

All arms were welded shut at both ends forming, when fill, “pencils” of solution. The thickness

of the stainless steel end plates was not specified; but a reasonable estimate would assume this thickness

to be the same as the wall thickness of the tube itself. Three sizes of circular cross section pipe were used

and are described below. The precision implied by five significant figures is probably unrealistic; but this

is a concession to the conversion between English units and metric units for nominal commercial pipe

diameters.

(1) The smallest arms were 110.08 mm in ID by 114.30 mm OD; therefore, the wall thickness was 2.108

mm. This corresponds to a nominal “Four-inch stainless steel Schedule 5 pipe” in a commercial catalog

of such materials. Both documents reproduced in Appendices A and B identi~ the inside diameter of

these arms as either 4.344 inches (1 10.34) mm) or, less precisely, 4.34 inches (110.24 mm). No argument

exists that the outside diameter is other than 4.5 inches (114.30 mm). Under these assumptions the wall

thickness would have been either 1.98 m or 2.03 mm. The overwhelming argument must remain that

commercial sized pipe would have been used. Therefore, the first-stated dimensions are assumed correct.

Furthermore, the 110.08 mm diameter corresponds to English units of 4.334 inches. A simple

transcription error to 4.344 inches (as in the Appendix) is a quite believable error. Therefore,

considerable confidence exists that these arms were lengths of a standard catalog item.

(2) Middle-sized arms were 135.76 mm in ID by 141.30 mm OD; therefore, the wall thickness was 2.770

mm. The same catalog lists this wall thickness as belonging to “Schedule 10 pipe” but only up to a

nominal two-inch-diameter pipe. Larger diameter pipe tended to have a slightly thicker wall (3.05 mm).

The catalog did not list Schedule 10 pipe in this large a diameter. However, the company did

acknowledge that special sizes could always be obtained. The catalog did list Schedule 40 five-inch pipe

which had the correct outside diameteq but its wall thickness was much too large (6.553 mm). Therefore,

Schedule 40 pipe was not used. This author recommends using the dimensions given above (135.76 mm

ID by 141.30 mm OD) even though the catalog does not list that size.
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(3) The largest arms were 162.64 mm in ID by 168.28 mm OD; therefore, the wall thickness was 2.82

mm, again, probably consistent with Schedule 10 stainless steel pipe, this time in the nominal six-inch

size. This large size is not listed in the catalog. All six-inch pipes cataloged had the correct outside

diameter (168.28 mm); but Schedule 40 pipe was too thick (7.11 mm) and Schedule 80 pipe was even

thicker (10.97 mm). The author’s suggestion is to “assume that this was a special purchase of six-inch

Schedule 10 stainless steel pipe having the dimensions: 162.64 mm ID by 168.28 mm OD.

The arms with a square cross section had the same inside dimensions as the Central Column

(177.80 mm). The wall thickness seems to be a little confused. One document (RFP-1 196), the one

never published, reported this thickness as 1.98 mm. This thickness is the same as the smaller-diameter

round arms and may have been simply a copying error. The published document (RFP-1 197) specifies

the same wall thickness as for the Central Column. Use of the same stock makes sense. Why a second

square stock would have been purchased rather than making these square arms from additional square

tubing as had been used for the Central Column would be hard to understand. The possibility exists that

this wall thickness is recorded wrong in Appendix A. Having pointed out that potential error, the

suggested dimensions for the set of square arms are: 184.15 mm outside by 177.80 mm inside.

Two kinds of arm orientations were studied throughout this program. For one, the arms were

horizontal placing them orthogonal to the vertical Central Column. For the other orientation, arms

extended upward and outward at a 45° angle. These angled arms and the axis of the Central Column

formed a vertical plane out of which arms never skewed. When this orientation was used, ends of arms

were also flush with the face of the Central Column. Therefore, at least one end of these arms ended at

that 45° angle rather than 90°. Clearly, these tube end plates would be elliptical in shape with the minor

axis equal to the tube diameter and the major axis W times larger.

Conflicting evidence exists regarding possible differences in the end geometry of the two ends of

an arm; and memory does not resolve this question. Two possibilities exist although the second is argued

more plausible. (1) One free-hand drawing entered in the Log Book of the 4ti experiment in this program

is sketched in Fig. 5. It suggests that different end designs for each arm would allow a single one to serve

either orientation. Horizontal orientations would use the arms as shown in the figure leaving the sloped

end pointing away from the Central Column; but experiments featuring 45° arms would reverse the arms

end-for-end leaving the squared-off end pointing away and upward. If this were to have been the case,
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Figure 5. One possible design of arms contained different geometries at either end. Even though this
drawing was copied out of the Log Book for this program, the cross section for arms actually used in the
45°”arm orientations was believed to be a true trapezoid with identical end plates at the same slope. The
question of design of opposite ends of arms is discussed in the text.

reversed arms would also have to be rotated 180° about their cylindrical axis. This rotation would make

the vent nipple in one orientation the fill nipple in the other and visa versa. Arguments in favor of this

design are that it would reduce the number of arms fabricated; and the exact design of the outer end

would be truly unimportant if they were, in fact, long enough to be considered “effectively infinite”. (2)

All figures, such as Fig. 6, in the unpublished paper (copied in Appendix A) show arms used in the 45°

sloped experiments having outer ends parallel to the inner ends. The cross section of a side view, then,

would be a parallelogram with that acute angle between two pairs of adjacent sides. Arguments in favor

of this design are that a much simpler geometry appeals to the computer modeler even though a few more

arms had to be fabricated; and, fi.u-thermore,the preponderance of figures presented in the unpublished

paper show this design although they are only drawings and not photographs. This second design is

believed to have been the one used, although the possibility exists that this conclusion is wrong.
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Figure 6. The more likely design for arms used in the 45° orientations were trapezoids as shown in this
photograph of a drawing.

Even the “horizontal” arms were not always installed absolutely level according to one terse comment. A

very small slope downward toward the Central Column was built into at least one of these configurations.

The purpose of this slope was to enhance solution drainage. Whether or not such a slope was a general

practice is not known. On this one experiment, the outer end was 2.5 mm higher than a point 607 mm

closer to the Central Colu~n. That length (607 mm) does not represent any particular aspect of an arm.

Instead, that length is noted to be just about the length of a commercial two-foot-long level which,

evidently, had been used to measure this slope. These measurements suggest that this one “horizontal”

arm actually had a drainage slope of about 0.24°.
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Even perfect fabrication of components would mean that uranium solution regions in the Central

Column and arms would be separated by the thickness of two stainless steel walls (the column and one of

the arm’s end plates). One measurement of the air gap found between one arm and the Central Column

was reported as about 1 mm. Maximum air gap governing all experiments would be 3 mm. A reasonable

value, then, for this air gap between arms and column would be 2 A 1 mm.

“Donuts”

The last three experiments in this study did not employ any arms at all. Instead, a different

container was fitted around to the Central Column to add reactivity in the attempt to attain criticality. The

column alone, although quite reactive, was still subcritical even when filled to the top with high

concentration uranyl nitrate solution. That new container was somewhat the shape of a donut as shown in

Fig. 7.

cc. m

Figure 7. Three experiments did not employ arms at all to increase reactivity of the Central Column.
Instead, “donuts” were fit around the column. Donuts were fabricated in two halves which came together
as shown; and they were filled by nipple connection just as the arms were.

Geometrically, the donut was a right circular cylinder considerably larger in diameter than the

column but with a square hole axially through it. The hole was just slightly larger than the Central

Column; so it could easily fit close to the column. The donut’s cross section was rectangular and it was

divided into two semicircular components to permit the two to be placed around the column without

sliding it over the full length. The donut was almost certainly made of stainless steel, although that fact is

not written down nor remembered. The assertion is based on a logical expectation of what material would

have been used. No other components holding fissile solution in this program were made of any other
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material. The thickness of the stock is likewise neither known, recalled, nor recorded. Common sense

suggests that a thickness typical of the arms might have been used. A thickness of 2.4 t 0.3 mm is

suggested; but this thickness is simply reasonable conjecture.

Dimensions of the donut, excluding the square hole, were 305 mm in diameter by 177 mm high;

that data is recorded (at least for one donut). Documentation does not state, however, whether these are

inside or outside measurements; so this point too, is not certain. Humans would be more likely to

specify outside measurements for such a container because those are the only ones amenable to

measurement after fabrication. Therefore, these are assumed to be outside measurements. If both

assumptions are correct, then the interior dimensions available to solution would be 300 mm in diameter

by 172 mm high. The measurement down from the top of the Central Column*c was 1420 mm for the

first of these three experiments

A second donut was placed on top of the frst for the last two of these three experiments. Afler

the second one was added, that distance down from the top of the Central Column reduced to 1265 mm.

If the first donut had not been moved prior to adding the second, the difference, 155 mm, suggests that the

two donuts may have been of different thicknesses. Another possibility is that the f~st had been lowered

in order to keep the two more centered along the column. Which possibility is correct cannot confidently

be recalled these many years later.

One fiu-therconfision concerning the overall height of the two donuts involves a logged comment

entered during the third of these experiments. This states that “the sum of the two donut heights was

about 280 mm”. In summary, one donut was 177 mm tall; that appears clear. The second may have been

the same height, 155 mm, or (as seen later) 103 mm. Clearly, some discrepancies regarding the height(s)

of these two donuts exist. This last experiment also identifies the distance down from the top of the

column as 1320 mm. This is greater than the 1265 mm given above even though the last two experiments

appear to have been nominally identical.

One possible set of circumstances explains all observed donut heights as well as their locations

along the Central Column. In that scenario, the first experiment had a donut 177 mm high located 1420

‘bThe top of the CentralColumnfor thesethree last experimentswas reported lowerthan it had been for all
previousexperiments. That height was2428.4 nun insteadof the previousvalue:2435.4mm.
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mm down from the top of the column. The second experiment had a thinner donut (103 mm) added on

top of the first but the two were lowered to place the top of the upper one 1265 mm down from the top.

The third experiment, identified as 280 mm tall, was simply the same two donuts (177 mm and 103 mm)

repositioned along the column to be 1320 mm down from the top. This argument is pure conjecture; but

it is consistent with the measurements observed.

The existence of discrepancies is truly unfortunate because both experiments with two donuts

in place proved to be critical. They would make excellent benchmark validation calculations. One

occurred with the second donut not quite fill; the other occurred with 9 mm of solution in the Central

Column above the filled second donut. Both are illustrated in a figure from the Results section (Fig. 24).

The expected strong sensitivity of ~fi to this solution height in such compact geometries could help

resolve this discrepancy. One assumption should yield both calculated ~ff values very close to unity; the

other, very far from criticality.

These donut halves were probably filled and vented through nipple connections similar to

those on arms. If so, each half would have one fill nipple close to the half-square hole near the center of

the donut and a second nipple on the opposite sutiace at its outer radius. Nipple use nor location were not

specifically mentioned in available records.

Evidently, these right circular cylinders were not perfectly made. The average gap between

the two halves of the lower donut was about 8 f 2 mm; and the same gap for the upper donut was about 5

mm on an average. Both these gaps were probably simply visual estimates.

Arm Support Structure

The arms projecting off any one face of the Central Column were held in a vertical stack by a

light-weight, L-shaped, steel structural material called Slotted Angle. This material was a gray-painted,

mild steel product extruded in the shape of a thin angle iron with unequal legs. The material can be seen

in a totally different application in Fig. 8. The angle stock was sheared to length as needed and bolted

together. Dimensions of this stock were not recorded; but they are recalled to have been commercial 2“

by 1 1/2” stock which would be 51 mm by 38 mm. The thickness was probably 1.6 mm because this

would have been a common commercial thickness (one-sixteenth of an inch); and the material is recalled

to have been easily sheared to length by a tool purchased for that purpose. Both faces of the L-shaped

material were perforated with a regular pattern of round and oval holes. These holes covered about 30°/0
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Figure 8. ‘The Slotted Angle stock supporting the arms in vertical planes was used in many subsequent
programs. This 1984 photograph portrays a totally unrelated experiment almost two decades later.

to 40°Aof the surface area of the commercial product. Holes were sized to receive common commercial

English-sized bolts. Probably, 3/8” bolts were the size used, although commercial 5/16” or 1/4” bolts may

have been the size used. The bolt size used is not certain.

Details of the support assembly constructed from this Slotted Angle were no~ unfortunately,

recorded; and neither are they clearly recalled by anyone. No photographs were taken during the entire

program, another unfortunate oversight so photographs can not aid memory. Therefore, the following

description of the support structure for arms branching off a given face of the Central Column results

from a combination of the author’s dim recollection aided by his knowledge of how persons involved in

the experiment’s design thought. Another factor contributing to this description is an understanding of the

ease with which any reasonable proposal would meet with administrative approval (a minimal level of

29



requirements and a dearth of procedural documentation was usually practiced in those days). A final

contributor is common sense - a description of a reasonable assembly procedure that might come to mind

today. Nonetheless, details of this support structure remain an uncertainty within this program.

Fortunately, this support structure probably does not have a great deal of neutronic influence on the

reactivity of any experiment; so the missing data are truly less essential.

Two vertical planes of Slotted Angle probably supported each group of arms off a given face.

One plane would have been on each side of the arms. This fact is fairly certain. Each plane probably

consisted of two vertical members separated radially from the Central Column by two or more horizontal

stringers. The vertical pieces were the ones which defined the plane of support because they were in

contact with the arms. One vertical member would have been, perhaps, a short distance away from the

Central Column while the other vertical member would have been, perhaps, 1/3 the length of the arm in

from the outer end. This supposition is at least consistent with the size of the Solution Base table top. Its

diagonal was 2.1 m; and the assumption just presented for the location of the outermost vertical member

would place these members 2.0 m apart. One face of each L-shaped vertical member probably touched

the arms while its orthogonal face extended away from them.

The horizontal stringers of each plane may have simply held vertical members radially apart;

or they may have provided support for some of the arms. That detail is not recalled. In any case, the

horizontal face of these horizontal stringers would have extended inward, not away from the arms as the

vertical members. This relative orientation permitted bolting mating faces of the vertical members and

the horizontal stringers together.

The two vertical planes were probably separated by short lengths of Slotted Angle, called

cross ties, bolted to the vertical members at both ends. Geometrically, then, the completed support

structure for one set of arms extending off one face of the Central Column could be described as a

rectangular parallelepipeds. The thickness of this three-dimensional “box” would have exactly equaled the

diameter of the arms being used. Thus, each vertical stack of spaced arms would have been well

supported both close to the Central Column and at their opposite end, preventing any azimuthal rotational

movement. The height of these cross ties was probably set to support at least some individual arms at the

proper height along the Central Column. That not every arm was supported by steel cross ties is clearly

recalled; and consequences of this design is discussed in a later section (Lessons Learned). In some

cases, one arm was held above the one below it by plastic or wooden spacer blocks. Wooden spacer
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blocks were carefully cut from 38. l-mm-thick wood; and they were about the width of an arm’s diameter

by the precise height needed. These blocks were held in place simply by the weight of the arm(s) above

it. Plastic spacers were much smaller but also held in place by weight they were used for smaller vertical

spacings.

Under this design, pairs of support planes would flank each vertical stack of spaced arms and

be tied together with cross ties. If arms extended off two faces, then IWOrectangular parallelepipeds

would be used. If four faces had arms, four structures were needed. An experiment having, say, three

arms extending off each of the Central Column’s four faces must have been a complicated assembly. A

considerable amount of time must have been required to bolt together this “erector set” hardware. Sadly,

no photographs of this complicated superstmcture are available.

Once the arms were properly positioned off the requisite number of faces and at the desired

heights, they were connected by lengths of clear flexible tubing via a home-made distribution manifold.

The tubing was thin-walled 12.7 mm nominal inside diameter inner-braided plastic. Standard commercial

stainless steel hose clamps were used to fix the tubing onto a series of commercial stainless steel

plumbing “Ts”. .The center leg of each “T” fed solution to one arm; and the other end extended the string

to the next “T”. The connection to each arm occurred at the bottom of the arm at the end closest to the

Central Column. The first “T” of the series was connected to a 12.7 mm short nipple near the bottom of

the Central Column. With this design, that lowest nipple fed all arms involved in the experiment

regardless of number. A very large number of potential leak points were created by this arrangement but,

happily, no great incidence of leaks is recalled.

These arms had to be vented also; so additional tubing of the same size tied these arms

together for that purpose. These tubes were attached to short nipples welded to the arms. These vent

nipples were on the top side of an arm at the outer end of that arm - diametrically opposed to the fill

nipples, Details of how these arm vent tubes tied together into some ventilation manifold can not be

recalled with confidence. The computer modeler will note that all these fill and vent hoses would contain

the same fissile solution as in the rest of the apparatus.

Solution Base

The Central Column rose above the top surface of the Solution Base. The column, any

number of arms, and the Slotted Angle framework holding the arms in place were all supported by a
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sturdy heavy-weight steel table. This table was called the Solution Base and was used in a dozen or more

experimental programs involving uranium solution over the quarter-of-a-century productive life of the

CML. This table remained essentially unmodified from program to program while the apparatus erected

upon it varied markedly for each program studied. This heavy table, in turn, stood on the stainless steel

floor of the walk-in Assembly Room Hood. In particular, it was about centered in the south half of this

hood. The north half contained a very light-weight machine called a Vertical Split Table. This vertical

table was another reactivity assembly device and was not a part of the present program at all. It was

composed mostly of thin-walled steel tubing; and, so, it contributed very little reflection to neutrons

leaving the present tree-like experiments.

The Solution Base consisted of a thick steel square table surface supported by a heavy-duty framework

welded together of structural steel shapes. The framework stood about as high as the table top was

square. The space within the fi-amework and under the surface contained the two large-diameter SCRAM

valves and the associated SCRAM tank27. Most of “thesefeatures can be seen in Fig. 9. The photograph

was taken in 1985; but little has changed on the Solution Base itself. The hardware just above the light

colored table is unique to another program and was not present during the tree-like experiments. One

component of the Vertical Split Table blocks the right hand portion of the Solution Base in this

photograph.

27~e~e SCM ~omponen~ provided the needed shutdown capability in theeventof a nucleflaccidentduring‘ne
of the experiments.Suchaneventneveroccurredduring1700experimentsat theCML,but if it wereto havehappenedduring
thisprogr~ thefollowingsequenceof eventswouldhave occurred. The SCRAM valves, which are normally open such that
they must be electrically held closed throughout an experimen~ would open automatically in response to an electrical signal that
some preset limit had been exceeded. The fissile solution would rapidly flow out of the possibly supercritical experimental
apparatus into the critically safe long, thin SCRAM tank. This redistribution of the solution would render the experimental
apparatus, again, subcritical because the subcritical volume of the SCRAM tank had also been filled with part of the offending
(supercritical) vohrme of solution. Once this redistribution had settled and the solution come to a new equilibrium heigh~ a
more-informed decision could be made as to whether or not a criticality accident had, indeed, occurred. If no$ the non-irradiated
solution could easiIy be recovered from its SCR4M condition in the Assembly Room, returned to storage, and made ready for a
resumption of experiments. If a criticality accident had, indeed, occurred, then the tilghly radioactive solution would be firlly
contained in a critically safe configuration in a sealed and isolated room until the next course of action could be thoughtfully
determined.

Many situations other than a criticality accident could allow the uranium solution to enter the SCRAM system. That
route could be intentionally arbitrarily selected as a means of terminating any experiment. An inadvertent approach too close to
an automatic trip release on one of the detector channels could initiate the SCRAM response even though the system was
nowhere close to criticality. Several other aspects of an experiment could send this same false signal to the safety shutdown
mechanism leading, in turn, to this SCRAM sequence.
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Figure 9. The Solution Base appears white in this 1985 photograph. The equipment on the table’s surface
near the top of the photograph belongs to another program; and the dark-colored pads below the white
ones were not present during the present study.

The mild steel table top of the Solution Base was 1.50 m square and 25 mm thick. It was

split into two rectangular pieces which fit together to form a solid top. Each piece had a triangular hole at

the proper location such that, when both were in place, a larger triangular hole existed in the very center

of the square top. The size and shape of this hole was just large enough to allow the two SCRAM lines

and the normal fillheturn line to pass to the experimental apparatus from below the table’s top. The hole

was roughly an isosceles triangle with rounded comers. The base of this hole was about 220 mm; and its

altitude was about 140 mm. The Central Column was elevated nominally 250 mm above this surface.
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This is the distance by which the SCR4M valve seats extended above the table’s surface. Unfortunately,

the hardware to support this column at that height is not recalled. Once installed there, the Central

Column was never moved during the course of the entire program. The arm support hardware, described

in another section, was also probably supported by this surface. That fact is neither documented nor

recalled for certain; rather, it is claimed as a highly probable truth because no other method of supporting

this hardware is at all feasible.

The seismic stability of this apparatus is open to criticism in light of modem-day thinking on

this point. The Central Column may not have been protected against transverse oscillations; and any

structural reinforcements wing together the arm-support hardware is not recalled. This apparatus may be

described as “flimsy” by current standards.

The table’s framework was constructed of 152 mm x 152 mm x 11 mm thick steel angle iron

welded into another square 1.50 m on a side. The thick steel table top merely rested on this table frame.

The four comers supporting that square frame had legs of the same angle iron stock. Thick steel pads

(203 mm square by 9 mm thick) were welded to the bottom of these legs to reduce the point loading on

the concrete floor. Figure 8 shows these pads as light colored; but much later, other larger pads were

placed under these to decrease the floor point loading even fiuther. The larger pads were not in place at

the time of the present experiments. The height of the top surface of the table top rose about 1.38 m

above the floor. Triangular gussets welded the legs to the frame’s horizontal angle iron; and these gussets

strengthened the structure. The combined material of these eight gussets (two per comer) was about 0.25

m2 of 9-mm-thick mild steel plate. The only other steel associated with this table’s construction was about

6 m of angle iron stock (50 mm x 50 mm x 6 mm thick) welded horizontally to the legs near the bottom.

This kept the legs of the Solution Base from spreading under load.

The spacious underside of this sturdy table supported a few components in addition to the

SCRAM valves and tank already discussed. These other components were associated with the fissile

solution delivery and recovery system. Regions which contained fissile solution during an experiment are

described even though they may be small.
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1, A single stainless steel solution “fill pipe” made of commercial l-inch schedule 40 pipe. This passed
solution into the tank during an experiment and formed one optional route for solution return after the
experiment. This line would have fissile solution in it throughout the experiment. It extended about 0.5
m below the tank before a 90° bend near the center of the table; and it had a long horizontal run away
from the table.

2. The SCRAM valve desi~” left a 50 mm diameter by approximately 20 mm deep pocket of solution
above each valve. This solution remained as long as these valves were closed electrically. The valves,
themselves, were a complex geometry but each could be approximated by about 0.5 m length of
commercial 3-inch schedule 40 pipe extending below the tank with a heavy electric solenoid hung about
0.6 m below the tank’s bottom. These SCRAM valves and their connection to the SCRAM tank contained
no solution during the experiment except for the small pockets described just above.

3. An electronic device mounted with its liquid-sensitive probe a few millimeters above the stainless
steel floor of the Assembly Room Hood. This device would detect solution leaks if one were to occur and
advise experimenters of that condition.

4, The SCRAM tank was constructed of nominal 5-inch diameter schedule 10 stainless steel pipe. It
was 1,8 m long and an average of about 0.9 m below the tank’s bottom. A ventilation line rose vertically
from the higher end of the dump tank to a great height above the Solution Base. This vent was nominally
2-inch schedule 10 stainless steel pipe.
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URANIUM SOLUTION

The fissile liquid wasuranyl nitrate solution. The uranium was highly enriched in 235U;and the

uranium concentration was very close to that for which the critical spherical volume would be a

minimum. This condition is called “optimum moderation”. The solution was formed from a high-purity

uranyl nitrate hexahydrate salt,

U02(NOq)z.6H20.

This salt was dissolved in dilute nitric acid to form the solution.

This solution has a unique history that instills confidence in its long-term chemical stability. The

same solution has been housed in the same set of tanks in the same building and used for the same

purpose (criticality experiments) over the full quarter of a century of its entire life. It served this purpose

from 1965 to 1989. This long-term stability lends confidence and credence to whatever measurements

may have been made on the solution around the time of the present experiments (late 1960s) even from

data accrued decades later. The solution was that stable. For example, impurity analyzes collected much

later may be considered upper bounds on the impurity content at the time of these measurements; and

even when finally removed from the facility in the mid- 1990s, these impurities were quite low. The

solution would understandably not have lost impurities over many year’s exposure to many different kinds

of containers and materials.

The uranium solution has only passed back and forth between storage and various experimental

components over two-and-a-half decades. It has been involved in about 1000 critical or critical approach

experiments. All critical experiments involved very low power; so fission product inventory has

remained low because of this and the short time criticality was maintained. The only other significant

operation performed with this solution during those decades was the occasional measurement of its

uranium weight, done for material accountability purposes.

This solution, shipped to the CML as “Uranium Feed Solution”, was prepared at Rocky Flats in

1965 in Building 81 (now, 881). The first ten 55-gallon stainless steel drums were shipped during the

summer of that year at the rate of 2 to 4 drums per day. Drums were, of course, Raschig ring filled for

criticality safety. Interestingly, shipments came on canvas-enclosed trucks; and each drum was lowered

to the ground on the hydraulic tailgate and wheeled into the building and through the office area via a 2-
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Ten drums were shipped in June and July at an estimated 106 liters each. The average

concentration claimed was 483.4 gU/liter. Thus, this initial delivery should have transferred 512,404 g of

uranium; but the quantity measured immediately upon receipt was 1030 liters at an average concentration

of 465 gU/liter (478,950 g). This shipper/receiver difference (almost 33.5 kg) was later traced to liquid

held up in the drums, a badly calibrated slab tank in the manufacturer’s building, and concentration

measurement errors by the analytical laboratory. (They had never measured such high concentrations

before.) The technique employed was a y-counting method; and this contained unrecognized self-

shielding errors for such rich solutions.
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wheeled hand cart. This method of delivery would hardly be considered feasible in the 1990s. The

technique for transferring solution from the drums into the already volume-calibrated tanks is not

recalled,

A final shipment (1 lth drum) came to the laboratory August 25, 1965. The sum of all shipments

and small administrative adjustments led to a government-approved reconciliation of 569,711 g of

uranium in the fall of 1965. The uranium weight has been measured periodically since then for material

accountability purposes. Even when the solution was finally removed from the CML in the mid-1990s,

the shipped amount was in good agreement with that initial inventory measurement adjusted for many

known (measured or estimated) small removals and a few very small returns over this period of about

three decades. The CML has always maintained a large quantity of this high concentration uranyl nitrate

solution. The initial 465 gU/1 concentration evolved to 450.8 gU/1 solution used in the program just

preceding this one. Over the next two years, the concentration drifted back up a little; and then it was

intentionally decreased in 1972 to its long-term concentration a little below 400 gU/4. Between 1972 and

the mid-1990s, this uranium concentration varied only a little around 370 gU//. In addition to this

holding of high concentration solution, two lessor concentrations were maintained for many years.

Neither of these low concentration solutions were ever involved with the present experiments in any way.

Historically, these two were combined into a single concentration in 1989. The entire invento~ of all

three concentrations was finally removed from the CML facility in the mid-1990s.

No recorded measurement of uranium solution properties associated specifically with this

program could be found. Measurements may have been made; but results uniquely tied to this program

for certain were not uncovered. Fortunately, this missing data is less important than it might appear for
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several reasons. The long-term stability of the solution has already been pointed OUGand this program

was sandwiched between two others for which solution measurements were reported. Both of these

concentrations differed by only about 2°/0. Finally, all these high concentration solutions are so close to

the so-called “minimum critical volume concentration” (optimum moderation) that an error of a few

grams per liter would be hardly important to a criticality safety analysis.

The physical properties for the uranium solution reported in the literature28 for the first

experimental program ever to use this uranium solution included a concentration of 450.8 gU/4, a density

of 1.611 mg/mm3, an excess nitric acid normality of 0.72 N, and a fissile isotopic enrichment of 93.19 0/0

235U. These properties were the ones frst assumed still to apply to the present study when the first

(unpublished) report of this work was written. This unpublished report is copied as Appendix A to this

document to avoid its loss to posterity. This assumption about the solution concentration was made at

that time because this program took place only a few months after that first one. Assuming the same

concentration seemed reasonable. The uranium concentration of the next study, however, about a year

after the present program, was about 462 gU/1. Apparently, uranium concentrations did shift a few grams

per liter over a period of time. Taking into account the imprecise knowledge of when and how the

solution changed from one concentration to the other, some uncertainty exists as to the true concentration

for this program. Therefore, the uranium concentration to be assumed for the present program is

suggested to be 453 + 2 gU/1. The uncertainty is not a measured standard deviation but only a reflection

of missing data.

Decades of experience measuring chemical properties of this solution at Rocky Flats reveals a

very tight linear relationship between density and concentration. The mathematical relationship between

the two is:

density (mg/mm3)=0.001365 x concentration (gU/l) + 1.001409.

This equation was developed over a wide range of parameters over a span of two decades. Using this

equation, the density of 453 gU/./ fissile solution would be 1.62 mg/mm3. The above uncertainty in

concentration translates into an uncertainty in density of about ~ 0.003 mg/mm3. The nitric acid

normality is not likely to have changed much between programs; so a value of 0.72 N ~0.02 would seem

28Robert E. Rothe. “Critical Measurementson an Enriched Uranium System”. Nuclear Science and
Engineering,35 (1969).
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reasonable. This remark about the stability of the nitric acid normality is based on 35 years of monitoring

this parameter for this particular solution in this laboratory. All changes in normality ever seen can be

traced to large-scale events in the life of this solution. No such events occurred at this time. The isotopic

enrichment of 93.3 YO 235Uis proposed as a compromise between that for the preceding program and the

value quoted in the unpublished paper. Measurement techniques are probably not good enough to warrant

reporting enrichments to four significant figures anyhow.

The analytical laboratory’s method used to measure such high concentrations in those early days

is not recalled. The then-common y-ray spectroscopy method was not suitable for such high

concentrations and was not sufllciently precise for this application. In later years, concentrations were

determined by a method called Gravimetric Titration, generally recognized as a high-precision method.

The density of solutions was measured by weighing a 3 mL pycnometer. Later, this was replaced by a 25

mL temperature-calibrated pycnometer for added precision. The isotopic composition of the solution was

obtained from mass spectrometry measurements.

Impurities were seldom measured on solution samples in those early days; it was not deemed

important. That importance was recognized in the early 1970s; and this information has been measured

‘and reported ever since. Methods called Spark Source Mass Spectroscopy and Optical Emission

Spectrometry were used in later years; but these may be in error by factors of 2 or 3. The long-term

stability of this quite pure solution allows the use of later measurements as upper bounds on impurity

estimates. The average elemental impurities measured on this one set of samples several years later are

expressed below in parts per million by weight relative to the uranium weight:

Al=350~ 190; B=4.4~ 1.7; Bi=6.8~5.l; Cd=7.8t2.6; CU=81 ~26; Fe=515~200;
Mg=250~150; Mn=27~10; Mo=75~27; Ni=69t37; Pb=44t ll; Si=43t20;
Sn = 280 ~ 190; and Zn = 230 ~ 100.

‘Even a coarse estimate of impurity levels is important. It is needed to adjust uranium

concentrations a little during the laboratory analysis procedure. In the Gravimetric Titration method,

solution is evaporated to the dry salt, uranyl nitrate hexahydrate. This is calcined at a high temperature to

drive off water of hydration and the oxides of nitrogen. The result is uranium oxide, specifically, U308

combined with the oxides of all impurity metals. This weight then, equals the sought for weight of
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uranium oxide plus the weight of oxide states of all impurity elements. This latter correction was so small

that errors of a factor of 2 or 3 in impurity content make little difference.

Another important reason for measuring some impurities concerns their neutronic importance.

Boron and cadmium would be strong thermal neutron absorbers; and beryllium could contribute

additional neutrons through the (n, 2n) reaction.

One laboratory analysis dated February 28, 1968, was discovered while searching past records for

information pertaining to this program. That this sample may have represented the uranium solution used

in the experimental program is very doubtful. Results are unusual, especially with respect to the excess

nitric acid content. These analytical results are believed to represent a much smaller quantity of solution

possibly recovered from the ventilation line overflow problem of three months earlier (the subject of the

Lessons Learned Section of this document); but that fact is not clearly documented one way or the other.

Still, the result is presented here in an effort to publish all available information. The Analytical

Laboratory Requisition (#3816) bore the identifying label “Tree Experiment” alongside the date, although

this probably referred to a small container of solution recovered from the incident occurring during the

“Tree Experiment.” The results were a solution concentration of 466.9 gU/l? or 0.2847 gU/g sample, a

density of 1.64 mg/mm3, and a surprising excess acid normality of 4.10 N. This acid level result tends to

support the analysis as being associated with recovered solution. This report also gave impurities: Al =

100; B=2; Ca=55; Cd= 10; Co=2; Cr=20; Cu= 10; K<25; Mg=200; Mn=3; Mo=lOO; Na= 10,

Ni=30; Pb=3; Si=2; Sn=l; and Ti= 1.
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TEMPERATURE

These experiments were petiormed at room temperature. This probably varied between about 18

and 21 ‘C throughout a year, depending upon the season. This guess is based on later temperature

recordings of other experimental programs in the same facility. The thick walls of the Assembly Room

prevented seasonal changes in temperature from affecting temperatures within that room very much. The

solution was stored in a room with much thinner walls and only a thin sheet metal ceiling. This room

might have been affected by seasonal weather changes much more except that it was temperature-heated

and controlled for personnel comfort. Still, this storage room changed a little more than the Assembly

Room response to seasonal changes. On the other hand, these experiments were performed in the fall of

1967 through the winter of the following yeaq so no truly warm days happened during the program. The

temperature range quoted is expected to be a good upper limit on variations during this program. No

logged entries identi~ temperatures in this room during these early years.

Uranium is not a strong alpha particle emitter. Unlike plutonium, which is quite warm to the

touch due to energy dissipated through radioactive decay, uranium solution has essentially no thermal

input. Likewise, the inventory of radioactive fission fragments within the solution was small; so these

nuclei would not contribute much heat to the solution. The number of fra=gnents were small because the

power level of critical assemblies was intentionally kept quite low and because the length of time an

experimental configuration was maintained at or near criticality was also kept as low as reasonable.
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ENVIRONMENT

Experiments were performed within the Assembly Room Hood within the Assembly Room at the

Rocky Flats Plant’s Critical Mass Laboratory (CIVIL). Most of the 1700 critical and critical approach

experiments petiormed at Rocky Flats since 1964 were carried out in that room, although not all within

that hood. The Assembly Room is a large concrete room containing only a few items large enough and/or

close enough to these tree-like assemblies which could, sensibly, provide any significant neutron

reflection to the systems described here. A drawing of this room and its major components is shown in

Fig. 10.
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Figure 10. This plan view of the Assembly Room locates that portion of the walk-in Hood in which these
experiments were performed (shaded area). The long rectangle to the east is the Horizontal Split Table.
Thick walls provided needed radiation shielding; and the Z-shaped labyrinth prevented this radiation from
streaming down the access hallway.
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The interior of this room, also referred to as Room 101, measured 11.28 m in the eastfwest

direction by 10.67 m in the other. The room was 9.75 m high. The north wall was 1.52-m thick but the

other three were only 1.22 m. The north wall was made thicker because people occupied rooms to the

north; and the small additional shielding would further protect them from radiation during experiments.

The thick ceiling was 0.61-m thick. The floor was 0.20-m thick but rested directly upon compacted earth.

Interestingly, the floor was isolated from the walls by thin rubber pads; so the floor was, indeed, free to

creep small amounts over long times without cracking the rest of the structure.

Concrete walls and ceiling were formed in one, continuous, monolithic (seamless) pour in 1964.

The concrete was quite common, one for industrial applications. Type I Portland cement was used at 307

kg/m3, The maximum content of chemically pure water in the fi-eshmix was 30 kg/m3; and the allowed

aggregate sizes ranged from 6 to 18 mm. This rock was required to be low in amorphous siliceous

materials, Walls were strengthened with two layers of crossed steel rebar. One layer was about 80 mm in

from the outer surface; the other, the same distance out from the imer surface. Horizontal rebars were #8

on 0.3 m centers; vertical ones were #6 on the same centers. Approximately 7000 kg of steel strengthens

the concrete.

The walls were probably not yet painted although this minor detail is not recalled for certain. The

floor probably was painted with a grey epoxy paint. Again, this minor detail is not certain.

Two doorways penetrated this room. One at the west end of the north wall was a 1.O-m-wideby

2. l-m-tall passage way used for personnel access. Small experimental components were introduced here

too. The passage way extended the fill thickness of the north wall plus 1.2 m before making a 90° turn

east. A similar turn back north about 2.5 m east completed a Z-shaped labyrinth. The purpose of this

labyrinth was to prevent radiation streaming out of the room in the event of a nuclear criticality accident.

The wall at the end of the passage way was also very thick. The result of this design was that radiation

from the hypothetical accident might pass through the closed steel door to the room; but it would not

make the two right angle turns to propagate down the hallway. The second doorway was diagonally

across the room. It was in the south wall but at the east side. This was an equipment doorway connecting

to the out-of-doors. The opening was larger to accommodate movement of larger and heavier

components. The opening measured 2.4-m wide by 2.1 m tall. This equipment opening was backed by a

concrete, sliding shield door. This massive shield was 1.07-m thick. Its 3. l-m-wide by 2.8-m-high size

effectively would stop any radiation streaming out of the room due to that same hypothetical accident.

43
.



Both door openings were protected against radiation streaming out of the Assembly Room by the

labyrinth to the north and the shield door to the south; but two other consequences of the hypothetical

accident would be 1) the formation of a large inventory of radioactive daughter products from the fission

process, and, 2) possibly, a very small explosive blast. Some of these daughter products would be

gaseous and all needed to be contained. The worst possible explosive yield has been estimated to be

much less that a single stick of dynamite. The containment of these two side effects was accomplished at

the two openings by the use of strong blast doors with a rubber seal between them and the room. One

such door existed at the personnel passage way; and two were used at the heavy equipment opening,

Each door was 1.2-m wide by 2.4-m high and O.15-m thick, although the fairly thick door was constructed

as a honeycomb to reduce its weight. All three blast doors were made of steel and can be modeled as two

13-mm-thick plates on either face separated by 10 m of honeycomb material 13-mm thick by 130-mm

wide. Each blast door weighed about 750 kg.

The entire experimental apparatus was about centered in the south half of a stainless steel hood

built for contamination control. This hood was called the Assembly Room Hood and was situated within

the west half of that room. It is shown in the photograph of Fig. 11. The hood, itself, was 3.0 m wide by

4.9 m long and stood 5.7 m tall. It was constructed of 11 gauge stainless steel (3 mm thick); but about

19% of the four walls contained 13-mm-thick plastic windows for viewing. In addition, four small

windows (0.5°/0 of the wall area) were composed of safety glass. The hood had a stainless steel floor

coved into the walls to provide complete containment of a fissile solution spill should one occur. The

ceiling was also stainless steel. Both walls and ceiling were stiffened on the outside by stainless steel

structural members as can be seen in the figure; but these are not described. The other half of the hood

was occupied by another reactivity addition device called a Vertical Split Table. This table is not visible

in the figure because it had not yet been installed at the time of this early (1964) photograph. The

Vertical Split Table’s light-weight and open, “airy,” construction contained very little stainless steel

tubular stock; and the entire table is considered to contribute no significant neutron reflection to the

experiments discussed here. Therefore, the mechanism is described no further because of its low mass

and its distance from the tree-like apparatus. The long dimension of the hood stood parallel to the west

wall of the Assembly Room, described above. The southwest comer of this hood was 1.6 m east of this

west wall and 3.3 m north of the south wall.
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Figure 11. This uhotomaph of the walk-in Assembly Room Hood and the Horizontal Split Table (lower
fo~eground) was “taken-in-early 1965 before any fis~ile material had even been admitted into the CML.
The Solution Base can be seen as white through the middle two of the lower four windows.

Outside the Assembly Room Hood, the closest large item was a Horizontal Split Table. This is

another one of the reactivity addition devices belonging to the laboratory. This table measured about 5.4

m long by about 2.2 m wide; and it rose about 0.7 m above the concrete floor. The mild steel table

weighed about 5000 kg. Although the table. had a fairly complicated geometry of honeycombed steel

webbing and structural steel (channel), a close upper limit approximation to its steel content would be a
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25-mm-thick vertical rectangular cylinder of the outside dimensions just given (5.4 m x 2.2 m) supporting

two co-planar, horizontal, 1.9-m-long by 2.2-m-wide table tops. One of these table tops was at each end

of the rectangle leaving an open space between. These table tops were 50 mm thick. The length of this

table was parallel to the long dimension of the Assembly Room Hood and about 1.9 m east of it. The

northeast corner of the Horizontal Split Table was 2.4 m west of the east wall and 1.1 m south of the north

wall.

An elevated air-handling deck existed several meters away to the southwest. This structure

supported the room’s heating and cooling apparatus; but this equipment consisted of thin sheet metal

(steel) and can probably be ignored. Another component of the room is the heavy equipment traveling

crane built into the room for general use. Although constructed of heavy structural steel shapes, this

crane was sufilciently far away and so close to the ceiling as to be ignored as a potential neutron reflector

to the tree-like apparatus. Furthermore, the location of this traveling crane during experiment was never

recorded. Finally, the Assembly Room contained other smaller pieces of equipment; but these are

considered far too small and too far away to be worth description. Large portable tool boxes and normal

clutter found around any productive laboratory are included in this list.

No materials in this program were chemically analyzed for their elemental composition for these

studies. Therefore, material descriptions are given rather generally with the code validator required to

assume typical compositions for each material.
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EXPERIMENTAL RESULTS

Log Books of early-day experimental programs varied markedly from book to book and even

from page to page as to the amount of detail provided about a given experiment. No systematic protocol

had yet been developed, the result of inexperience on the part of those conducting the experiments. Other

factors included different proclivities of recorders as to what information would eventually be needed and

the lack of any procedural requirements as to what information ought to be recorded in these books.

Some persons wrote more information directly on the sheets of graph paper used to plot reciprocal

multiplication curves and less in the Log Books; others tended in the opposite trend. Although these

graphs have been 10SLthey were available to the authors composing the two in-plant documents already

referenced (RFP-1 196 and RFP-1 197). This document is a last-chance effort to collect all the needed data

to allow present-day computer techniques to calculate many of these experimental systems. This author is

one of the last two persons still alive who even recall the studies. The other person (Bruce B. Ernst) was

one of the peer-reviewers for this manuscript.

A number of experiments contained the level of detail in the Log Books to make interpretation of

criticality quite easy. Here, the apparatus is discussed in considerable detail including measurements

locating one or more arms with respect to either the top or bottom of the Central Column or, sometimes,

both, The location of other arms is sometimes specified although that ifiormation is still clearly defined

through the documentation of the number of arms, their diameter, and the spacing between them. Said

differently, arm elevations were identified vertically along the Central Column by either direct

measurement written into the Log Book or they can be derived (calculated) from other information. In

almost every experimen~ the elevation of the bottom of the lowest arm (or horizontal plane of arms) was

clearly recorded in the Log Book. This data is recorded simply as the letter “a” (where adjacent arms

were offset from one another, the letter “a’” was used) in the several tables of experimental results. This

same lowest arm information may confidently be inferred for following experiments to be the same as the

earlier one when the entire configuration of arms has not been altered except for documented changes

which do not affect the lowest arms. Then, the bottom elevation and/or the top elevation of each arm (or

horizontal plane containing more than one arm) may be calculated from the known dimensions of arms

and spacings. Formulas for this calculation are presented at the end of this section.”

Unfortunately, measured elevations do not always agree perfectly with derived information. For

example, the elevation of the underside of the bottom of, say, three arms and the elevation of the top of
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the uppermost arm were ofien recorded; but the difference between the two did not always agree closely

with the sum of three arm diameters and two spacings. These differences, sometimes several millimeters,

constitute one measure of uncertainties in arm locations.

Many experiments document arm elevations by referencing the previous run with changes noted.

For example, an experiment identical to the previous one except for a change in arm spacing might say:

“The apparatus is the same as the previous experiment except the spacing has been changed to [some

value]”. This statement is taken to imply that the lowest arms were not changed and only the hardware

between layers was changed to yield the desired spacing. This assumption is often (but not always)

confirmed by comments written into the books.

A few experiments, sadly, are totally devoid of any recorded documentation as to the elevation of

arms. Fortunately, a survey of all experiments reveals a consistent effort to locate arms such that there

always exists a considerable portion of the Central Column both below the lowest arm and above the

highest one. For that reason, the precise measurement of the top or bottom of any arm relative to either

the bottom of the column of solution or the very top edge of the Central Column is not really very

important. The length of solution below the bottom of the lowest arm, as well as the full height of

solution above the top of the highest arm to the top of the Central Column is considered essentially

infinite in length. Even an error of several millimeters would hardly be consequential. The dimensions

which are important are those which locate the arms relative to one another somewhere along an

effectively infinite column of solution. Although some uncertainty would be introduced, a computer

simulation would not be in great error if the location of the underside of the lowest set of arms were

assumed to be between 800 and 900 mm above the bottom of the Central Column in these few poorly-

defined cases.

A chronological record of the experiment follows apparatus details; bu~ as started above, the

amount of detail varied greatly. This record often presents a complete chronology including the time

solution was first introduced, times at which solution addition rates were modified to keep reactivity

addition rates under safe control, and the time and solution height at which criticality was attained. These

are the most useful records. At the other extreme, sometimes one entry states the start time and the next

entry declares that the experiment has ended. The experiment may or may not have attained criticality.

An important observation is that the lack of a clear reference in the Log Books as to the possible

attainment of criticality does not imply that criticality was not reached. Some experimenters preferred to
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record this data on the reciprocal multiplication graph sheets and omit it altogether from the Log Book.

Fortunately, both Log Books and graph pages were available to those writing the early reports on this

study, Some experiments were clearly recorded as being subcritical even when the Central Column was

full of solution; but these were not always so recorded. Again, the absence of a written statement one

way or the other does not preclude either condition. Finally, when criticality was attained, a few cases

even list one or more nuclear reactor periods corresponding to different solution heights. These are also

very useful records.

For these reasons, a carefi.d reading of the Log Books provides a wealth of detail in some cases

and a dearth in others. Personal acquaintance with the experimenters and their personalities was helpfid

to this author in reconstructing actual configuration geometries. Some conclusions could be drawn with

substantial confidence because of these relationships while absence of this insight might not permit these

inferences. Nonetheless, in some cases, uncertainties in configuration geometries are probably greater

than later experimental programs at this laboratory.

Sequential Results

The best possible geometrical description for each of the 110 experiments in the entire program is

presented in Tables I to X. These tables and the associated figures are all gathered together at the end of

this section of the paper because they are so cross-corollated. These tables describe the configuration of

arms extending from the Central Column regardless of whether or not criticality was thought to have been

attained. Criticality information is listed in the first columns and appears in bold face font. The Log

Book sometimes makes a specific reference to an experiment being critical and at what height. This was

the Experimenter’s observation at the moment it happened; he may have been witnessing a slowly

growing neutron population from the existing configuration of solution-filled apparatus. That observation

is dutifully recorded in the first column of Tables I to VIII in bold face type. An exponential growth in

neutron population corresponds to a slightly supercritical configuration; and the recorded solution height

may slightly exceed the true critical height. In almost every case, this distinction is hardly consequential.

Some experiments were recorded in the Log Book as being subcritical with equal confidence by the

Experimenter. In these cases, the word “No” is entered in that first column. The absence of any entry in

this column does not imply that the configuration specified was or was not critical. Those experiments

appear blank. Generally, only information entered into Log Books in the late 1960s is copied in these ten

tables. Sometimes, easily derived dimensions such as elevations of other arms are presented; but this

information was determined in 1999 and is always recorded in italics font. The fact that recorded
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elevations are not always perfectly consistent with arm diameters and stated spacings has already been

noted.

The experimental configurations studied were quite complex and involved a wide variety of

different parameters. Simple written textual descriptions of the many possible combinations of variables

could be sometimes ambiguous and would be difficult to follow. In an effort to eliminate ambiguity,

these ten tables have been closely associated with the drawings of Figs. 12 through 24. Tables and figures

are cross correlated with one anotheq and, because of this, these figures, like the tables, are gathered

together at the end of this section of the paper. Tables refer to one or more figures which illustrate the

elevation view of the configuration(s) being described. In return, the right-hand-most columns present

arm elevation dimensions - relative to the top and/or bottom of the Central Column - which can be found

along the right side of most figures. Lower case letters refer to arm elevations measured from the bottom

of the Central Column. Sometimes, measurements were recorded down from the top of the Central

Column; and these are entered as capital letters (T and T’).

The tables are sufficiently complicated that a detailed explanation is provided for each column

and each block of data. The table’s title always gives the diameter of the arms (one of three choices) and

their orientation (90° or 45°) relative to the Central Column. In a very few cases, arm diameters were co-

mingled; and this anomaly is described in footnotes. Angle orientations were never mixed. The title

sometimes goes on to describe other features constant throughout that table. Table II, for example, refers

to many-armed configurations where not all arms were connected to the solution distribution manifold.

That is, the arms were present but solution would not flow into them. Table III provides another example.

Arms extended from all four faces of the Central Column for all experiments represented by that table.

Two or more allied sets of experiments having the common characteristics described in the table’s

title but otherwise differing consistently in some other parameter are broken up into multiple blocks or

regions. For example, Table VII shows four sets of 4, 2, 3, and 3 experiments, respectively, such that

each block differed in one way or another from the others; but all fell under the main features described in

the title.

The first column of each table contains any information as to the criticality or subcriticality of

that configuration that had been recorded in the Log Books. The absence of an entry in this first column

does not mean that the experiment was subcritical, although it may have been. This has also been
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discussed earlier. When a critical solution height was noted in the Log Book, that height is simply

recorded in that column in bold face font. Many cases also had the reactor period(s) recorded; and that

information is specified in a footnote. A few had both positive and a negative periods recorded for

different solution heights; and, in these cases, the interpolation technique discussed earlier was used to

obtain the bold face entry. One experiment the second of two that were accidentally numbered#61, had

several comments describing the closeness to criticality for seven different solution heights. These

situations are listed in Table XL The purpose in including these non-quantitative “descriptions” is to

illustrate the worst-case uncertainty in critical height determinations possible under this program. This

case is expected to be one of the worst for precision in the critical solution height because the Central

Column was almost full. Therefore, the solution was well above the highest arm. The configuration was

almost an “infinite” situation; and this would be expected to be fairly insensitive to height. Some

experiments were clearly recorded as being subcritical; and these cases show the word “No” in that first

column. Most experiments have no entry in that first column. This absence should not be taken to mean

that criticality had not occurred. It merely means that criticality was not recorded.

The second column gives the experimental sequence number. The only usefidness of this

information is to distinguish which experiment preceded others. Many parametric studies were gathered

around a few sequential experiments; and the use of run numbers helps determine the order in which

small changes were made. Generally, configurations were described in the Log Book as being “the same

as the preceding experiment except .....”. Another value to including this information is the aid to fiture

investigators who may attempt to glean additional knowledge from their own review of Log Books.

These Log Books will be donated by the year 2000 to the archives maintained at LANL. Known-to-be-

critical experiment numbers are also highlighted by bold faced font. The first six experiments were

intentionally omitted. They were familiarization runs and not expected to produce useful dat% their

configurations were extremely simple and are not discussed. A few experiments were repeats of identical

configurations; and both numbers are shown in the same line.

The third column is the vertical (edge to edge) spacing between adjacent arms in a vertical plane.

This is the parameter labeled S on the figures. Different values of S were never used on any one

experiment. No ambiguity is possible concerning this parameter for those experiments for which arms

extended at 90° to the Central Column. That is not true when arms met the column at a 45° angle. In

those cases, S was measured vertically, not normal to the arms. Several factors probably contribute to the

lack of agreement, already discussed, belxveen measured arm elevations and derived dimensions obtained
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from arm diameters and spacings. First arms were made from commercial pipe sections with welded

ends. Even though standard commercial pipe is really quite true to its stated dimensions, welding could

cause some warping in the cylinder’s measurements. Weld beads and/or longitudinal warping may have

prevented arms from resting upon one another completely whenever S = O. Finally, spacings S were

sometimes made from materials having only nominal dimensions; and these are sometimes known to be

slightly different than true thicknesses. For example, if an experiment had a recorded spacing, S, of “one

inch”, then a small block of 1-inch-thick plastic was most likely used. This material is recognized to be

often undersized as manufactured.

The next two or three columns addressed the number of arms and from which faces of the Central

Column they extended. When arms extended fi-om all four faces throughout the entire table, that fact is

reflected in the title and no column is needed. Table III is an example. Several experiments had arms

extending fkom only two faces. These could be opposite faces or adjacent faces. In the former, both sets

of arms lay in the same vertical plane. In the latter, the planes of arms formed an “L”. Exactly which

faces, as specified by compass directions, were free of arms and which ones had arms extending from

them is sometimes not stated, although sometimes it is. This is not a serious defect because of the overall

symmetry of the apparatus and the considerable distance away to the nearest asymmetric reflector

materials. Three experiments had arms extending from only one face; and this was the NE face.

The number of arms present in a configuration is important to computer modeling whether or not

all arms were allowed to receive solution. Unfilled arms served as neutron reflectors to some extent.

This number is contained in one column unless it is reflected in the title to the table. Not all arms were

always connected to the solution filling manifold. Whenever fewer arms were connected than present, the

disconnected arms always were at the top of the conf-iguration. Table IV yields an example. Experiment

#73 had sixteen arms extending off all four faces; and each set of four were separated in their vertical

plane by 127 mm. The preceding experiment had the upper set of four arms disconnected (but still

present); and the experiment even preceding that one had only the bottom eight arms eligible to receive

solution. Finally, in that sequence, experiment #70 had just the lowest four arms connected to the

manifold and the upper twelve disconnected but still present. In most cases where all four faces were

involved, the total number of arms is an integral multiple of four. That always means a symmetric

distribution of the same number of arms off each face. When only two faces (opposite or adjacent) were

involved, the total number of arms is an integral multiple of two; and the same number of arms appeared

in both vertical planes.
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The only experiments having an odd number of arms - and, therefore, a non-symmetric

distribution of arms - were runs #88 through #92. This configuration consisted of six arms stacked on top

of one another (in contact) off one face and five arms similarly stacked off the opposite face. This

sequence began with ten arms in two co-planar stacks of five arms in contact. The next run added one

arm to one stack forming the six/five asymmetry. Run #89 found the top arm of the taller stack

disconnected but still present. Except for the extra stainless steel, this would have been a repeat of the

ten-arm run. The next IWOexperiments found two more arms omitted from solution eligibility each time.

A complicating feature of some configurations involves the “offset”, O. This offset means that

the bottom of arms extending off either one face or a pair of opposite faces are at a different elevation

than the arms extending off the adjacent face or two faces. Tables concerned with an offset geometry

have a column devoted to that information. If no offset information is presented, adjacent arms were not

offset relative to one another. This offset geomehy can be seen more clearly in Figs. 19, 20 and 23.

Sometimes (but not always) this offset was nominally equal to the arm diameter being used. The number

of arms extending off offset faces was sometimes one less than the number off adjacent faces. That is

how six arms can extend from four faces as in Table IL Experiments involving offset arm arrangements

are shown in the upper portion of Table II, the lower portion of Table lV, and the second block in Table

VII.

The rest of the columns in these several tables pertain to information needed to speci~ arm

elevations. The first of these columns identifies the relevant figure or figures (drawings) which describe

the geomeby. Two drawings are given for cases where arms are stacked on top of one another such that

the spacing, S, is zero. The right hand sides of non-isometric drawings contain lower case letters which

locate arms relative to the bottom of the Central Column. The bottoms of arms are designated by

alternate letters: z c, e, ... ; their tops, by b, d, ~ ... . Offset arms are designated by primed letters: a’, b’, c’,

d’, ... . Elevations in ordinary font were specifically recorded in the Log Books or implied from

immediately preceding experiments through comments such as “similar to previous setup except ...”.

That is, ordinary font refers to original data with an origin in the late 1960s. -Elevations in italic font were

derived, calculated, or inferred in 1999 from other data. They should be considered less accurate. Table

II cites two examples. In the lower block of data, the measured f is greater than the derived g (and they

ought to be equal) and the same measured f (1305.4 mm) is different from the derived f (1300.4 mm)

calculated starting at the bottom (a= 795.4 mm). Typically, these derived elevations were obtained from

obvious formulas. If a configuration featured N arms of diameter D and with a spacing S between, then:
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[top elevation of N’ arm] = a + ND + (N-1) S,

where “a” is the measured elevation of the underside of the lowest arm. Values derived in 1999 should be

considered less reliable than measured values.

Later in the course of study, experimenters began to record the distance down from the top of the

Central Column to the top of the highest arm; and these measurements are given by capital letters, such as

T and T’. Again, primed parameters refer to offset arms. For the same example, this parameter would

simply equal:

T = 2435.4mm - [top elevation of Nti arm]

where the very top of the column corresponded to a solution height of 2435.4 mm.

Figures 22 and 23 yield similar equations for geometries with arms inclined at 45° from the

Central Column:

[top elevation of N* arm] = a + NDfi + (N-1) S,

and

T = 2435.4mm - [top elevation of Nti arm].

This geometry introduces still one more parameter: U & U’. These represent the vertical elevation gain

between the ou[er end of the upper arm and the top of the Central Column. This parameter was never

measured but can be calculated from simple geometry if the length of an arm is L:

U= 2435.4mm - [top elevation of Nti arm] - L/(fi ).

The parameter, U, is sometimes negative which means that the arms extended upward and outward to an

elevation above the top of the Central Column. Obviously, this portion of an arm could never fill with

fissile solution. As before, lower case letters still refer to arm elevations at the point of contact with the

Central Column.
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As stated above, recorded arm elevations as well as measurements relative to the top of the

Central Column are not always consistent with one another and with measured arm diameters and

specified spacings. The size of these inconsistencies appear to be only a few millimeters for a number of

examples calculated. This defect must be recognized as an uncertainty in the measured physical

parameters of this program. The failure to document all physical aspects of a potentially critical

configuration may be attributed to inexperience of the several researchers involved and to the inability to

anticipate at the time the eventual need for such a high level of detail to meet the requirements of modern-

day computing capabilities.
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Table I. ExperimentalConfigurationsfo~68.3-mm-Outside-DiameterArmsOrientedat 90° to the CentralColumnand in the Simt)lestGeometries

ul
m

Vertical

Log Book Experiment Spacing
Numberof TotalNumberof Arms Arms Elevations(mm)

Remarks Sequence Between
FacesWith See

About Number Arms
Arms installed connected Figure(s)

Criticality s
(mm)

up frombottoma,b,c, etc

SingleLayerof Arms in a HorizontalPlane
7&8 “: ‘,’ “, , 2 opposite 2 2 14 b = 1231.3

9&~o :: ’:,: :’:, all 4 4 4 16‘. !,,’,, ., ~’, a= 1063.0

One and Two VerticalPlanesof Arms in Contactwith One Another

11 2 2 12
12 .- 1(NF) 4 3 and

13 ~z 4 4 13 f= 1567.9

14
LQ

=E 4 4 d=e= 1399.6
.2 0

15,16 ~v 2 adjacent 6 6 17 b=c= 1231.3
>

1710 17 0’ 6 6 and a = 1063.0’

b 18 6 6 18

a. The probablelocationof the bottom of the bottomarm, althoughnot specificallyrecordedin the Log Book. The lowestof these arms is
assumedto havebeenthe same as those used in runs #9 and #10.

b. The Log Book lists this as “Notquite critical”eventhoughthe previousrun was; and the two appearto be nominallyidentical. No explanation
is offeredfor this anomaly.
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Table II. ExperimentalConfirmations for 168

Log Book
Remarks
About

Criticality

Experiment
Sequence
Number

Vertical
Spacing
Between

Arms

(msm)

-mm-OutsideDiameterArms Orientedat 90° to the Central Column with VariousArms Eligible to Receive Solution.
OffsetBetxveen

Numberof TotalNumberof Arms Arms Off
Faces With AdjacentFaces See Arms Elevations (mm)

Arms Figure(s)

installed connected (mom) up from bottom a,b,c, etc

ArmsOffseton AdjacentFaces but Spacedon Each Face

No 31 6 6 160.0

32
Nominally d = 1300.3all 6 4 Nominally, the

the diameter 19 c=1132. O
33 four 6 2 diameter b = 963.7 b’= 1123.7

34
of the arms 6+2’ 8

a = 795.4 a’= 955.4

Arms in Contactin a VerticalPlane Along OppositeFaces

6 6 ‘,.

oppositetwo 6 4
Not Applicable

6 2 . .. ;. . .,,,
6+2b 8 .’.

f= 1305.4(or 1300.~
14 d=e=l132.O

and b = C= 963,7
15 “ a = 795.4

a. The last two armswereaddedon top of the two lonearms of the existingsix. This configurationresults in two arms projectingoff eachof the four
faces. The two new armswereonly-141.3mm in diameter. The tops of thesenew arms were recordedat an elevationofd’ = r434.Omm. Therefore,
the derivedbottomelevationwas c’= 1292.7mm.

b. The last two arms wereaddedon top of the two lone armsof the existingsix. This configurationresults in two arms projectingoff eachof the four
faces. The two new armswereonly 141.3mm in diameter. The tops of these new arms were recordedat an elevationof h = 1435.4mm. Therefore,
the derivedbottomelevationwas g = 1294.1. The fact that g doesnot equal f is a measureof the uncertaintiesin this program.
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Table III. ExperimentalConfigurationsforTwelve 141.3-mm-Outside-DiameterArmsOrientedat 90° to the CentralColumnand Extendingoff All Four Facesof the
Central Glumn.—.....—. --. —......

Vertical Offset
Log Book Experiment Spacing Total Numberof Arms Between Arms Elevations(mm)
Remqrks Sequence Between Arm Configurations ArmsOff See Figure
About Number Arms Adjacent down from

Criticality FacesO
up from

(msm)
installed connected

(mm)
top bottoma,b,c,
T etc

ThreeArmsin VerticalPlanes Along All Four Faces
1184 39 all 12 12 ‘:”. : f= 1270.4,d= e= 1130.4

40 all 12excepttop SE& SW 10 ‘ “;:, ‘,; ‘“.’:, b = c = 990.4, a = 850.4
1207’ 41 Izf ‘; ,, ’;,,-, ~

g
16 1160

1246.5 42 12’ ::.z ‘:’Not’ . ,. but
43 G bottomlayer of 4 armsonly 12 4 ~,Applicable -t S=o f= 1275.4

No 44 lowertwo layers less top SE 7 .’!,’ , ~ d=e=l134.1
45,47 :“

,’..’,,.,,
sameas #44 less top NE 6 .,,. . .. . b= C= 992.8

46 sameas #44 less top NW 6 ‘“:’,:’”;‘“”;’ ‘ a = 851.5E
48 bottom layer+ 2“dlayerSW 5 ‘;,.:* >,.,’,,, ~,,,,, ,’,: ,(.,. .,.

1184 39 0.00 ;!,,,. ,,, f= 1270.4
49

,., .,
6.35 ), :,,:, “:‘,”’,,!<.!:, 1143 f= 1292.4

1260 50 All 12arms
‘,”,

12.70
~,; ..+,..,’ ,’,,..,,,,, , ,.*
,“~’,,,, ,:, , ,, 1130.3 f= 1305.1‘!,, -”

1270 51 19.05 ,,...,,.~,,;Not.,:;:.‘;:. 1120 f= 1315.4
52 25.4 connectedto the *.

12 12 ‘~Applicable:: 1115 f= 1320.4
-1285

0
53 25.4

16 v-l

1474b
SolutionFill

.,, ., w
54 50.8

,’.,.”: “ ,’ /.,’-. ., II.. ~’J“,:’,’, 1055 f= 1380.4
55

,.~,. m.
76.2

.,;... .. ., .,
Manifold

.,;,, ,, ,/, . ‘,’>,. , 1000 f= 1435.4
57 69.85

T,,: :,,;... ,,, ,;
,.k!,’:,” ~’ ,: .,- 1028 f = 1407.4~

58 63.5
,, $.,,> ,;,,,~ 1040 f= 1395.4

2000 59 53.975
.. ...,, ,.,.,,.?,,’<’~. -,, 1059 f= 1376.4
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Vertical Offset
LogBook Experiment Spacing TotalNumberof Arms BetweenArms ArmsElevations (mm)
Remarks Sequence Between Numberof Off Adjacent See

About Number Arms FacesWith Faces O Figure down fromtop
Criticality Arms (mm)

up from bottoma,b,c,

(msm)
installed connected T etc

ThreeArms FromAll Four Faces,But Not All Connectedto Manifold
60 53.975 1059 f= 1376.4
61 76.2 bottomtwo 8 Not y

seeTableXI 61= 6.35 layers 12
0

Applicable 16 1298h mco f=1147.4h
62 bottom

i
4 II

layeronly
d

All TwelveArmsReconnected,But AdjacentFaceArms Offset’
1308 63 17.46 79.38 1127 a = 850.4 a’= 929.8 f= 1308.4 f’ =1387.8

1335’ 64 25.4 All 12arms 80.96 1111 q 850.4 931.4 1324.4 1405.3
1408 65 38.1 connected 12 12 115.89 19 1087 z 850.4 966.3

66 53.975 to the 98.43 1055 y 850.4 948.8 1380.4 1478.8
67 44.45 Solution 87.31 1073 “ 850.4 937.7 1362.4 1449.7

2403d 68 44.45 Fill
Manifold

87.31 1073 850.4 937.7 1362.4 1449.7

a.

b.

c.

d.

e.

h,

i.

Linearlyinterpolatedbetweena+ 3 min period at 1210 mm and a -6 min period at 1206 mm.

Linearly interpolated between a+ 4 min period at 1490 mm and a-3 min period at 1457 mm.

Approximately interpolated between a + 15 min period at 1335.5 mm and an unspecified “long negative” period at 1334.0 mm.

A “long positive period” was noted at this height (slightly supercritical).

Unintentionally repeated Experiment Sequence Number. See Table XI for a full listing of several solution heights close to criticality and their documented non-quantitative
assessment of how close to criticality each height was.

Log Books are unclear as to whether the 10 arms of the previous run or all 12 arms were connected.

Subtracting “three times the arm diameter plus twice the arm spacing” from the elevation of the top of the upper arm, f, for the ten cases for which “f’ is specified does not
yield a constant elevation for the underside of the lowest arm, “a”. That derived measurement for the ten cases is: 846.5,855.8,855.8,853.4, 845.7,854.9,859.1,843,8,
844.5, and 844.6 mm, respectively. The lowest set of four arms probably were not actually moved at all during the entire set of measurements in this Tabl% so the variation
in derived elevations is probably a measure of the uncertainty of such measurements. The top half of this Table presents still two other measures of “a”.

Dimensions T and f appear to bc interchanged, Two facts support this: (1) Compare this run with #49 at the same spacing S; and the roles secm rcvcrscd. (2) Assuming the
bottom tubes were not moved during the entire sequence of experiments, elevation “a” would have been approximately 850 mm; and adding the diameters of three tubes and
two spacers (S= 6.35 mm) would imply f= 1275 mm, considerably larger than the recorded value and much closer to T.

This offset, O, should equal the difference (f - ~. For experiments #63, #64, #66, and #67, this difference was 79.4,80.9,98.4, and 87.3 mm, rcspcctivcly, in fair agreement
with the corresponding entries in the offset column. The small differences (-0.02, +0.06, +0.03, and 0.00 mm) are attributed to measurement uncertainties.



Table IV. Experimental Configurations for 14 1.3-mm-Outside-Diameter Arms at 90° to the Central Column and Extending Off All Four Faces of the
Central hh]mn. 1311tSnaced Vertically Frnm C)ne A nnfher—.....—. -- .. ....., —-. -r---- .-....... ......----....”...-..

Vertical OffsetBetween
LogBook Experiment Spacing Total Numberof Arms Arms Off See ArmsElevations(mm)
Remarks Sequence Between AdjacentFaces Figure
About Number Arms

Criticality (mom)
(msm) installed connected down fromtop up from bottom

T
Four Arms Spacedin VerticalPlanesAlong All Four Faces

69 76.2 ,6 ‘;:,,,;, .’:,:., ;,

No
,.

70 4 ‘NotApplicable

No
.,, ,, .,;::,,

71 127 16
,,:,,,8 ‘;- ,’ , ,(,’.:.:.,::; 16 796 f= 1639.4

,:, .
72 *.2 - j; ;,::,’:’’:’,,’ :;’

73 16 , :;,’’” ::. ,:: ::;,.
.,. ,

The Same SixteenArmsBut Offset on AdjacentFaces

2350 74 . 69.85 16 106.36 f= 1730.4

75 76.2 16 16 109.54 19 705 f= 1733.6

i

I



TableV, ExperimentalConfigurationsfor 168.3-mm-Outside-DiruneterArm at 90° to the CentralColumn
and Extendin~Off All (k Chnnsite Faces nf Tt. —.. ---- -. - ----- ----- -. . ..

Vertical Elevationof the Top of the
LogBook Experiment Spacing TotalNumberof Arms See HighestArm (mm)
Remarks Sequence Between Figure(s)
About Number Arms

Criticality
installed comected downfrom up frombottom

(&)
top
T

Arms in ContactOffTwo OppositeFaces

87 10 10

88,92 11 11 14
3

89 d
% 11 10 and No Arm ElevationsRecorded
o

90 0
c 11 8 15.-

91 0“ 11 6

93 12 12

Two Arms Spacedin VerticalPlanesAlongAll Four Faces

-1110 94 25.4 1280 1155

-1170 95 53.98 1251 1184.4

1238 96 88.9 1215 1220.4

1252.3 97 101.6
8 8 16

1202.3 1233.1

1345 98 114.3 1189.6 1245.8

-2430” 99 131.8 1167.2 1268.2

ThreeArms Spacedin VerticalPlanersAlongAll Four Faces

100 228.6d 12 1660.4’

101 209.6 12 16 1720.4

102
12

177.8 12
a = 800

No lo3b 168.28 12 19C 1800
---- . . . .. . . ..-. . . . --- --— .—. - —.

a.

b.

c.

d.

1he Log BoolcIdentmesthis caseas ‘rJustCntlcalat Lthejtop lot-theCentralColumn].” This top-of-the-column
heightwas 2435.4 mm; but experimentswouldnot likelyhaveapproachedcloserthan a few millimetersfromthe
top. Therefore,this criticalheightmay be taken as about2430 mm.
This is the experimentwhichsufferedthe collapseof one arm duringthe criticalapproach. This subject is discus-
sed in detail in the sectionon LessonsLearned.
This one experimentin this table had adjacentarms offset.The offsetequaledthe arm diameter.That is, S = O =
168.3mm. A small discrepancyexists in that (f’ -a)= 1000mm but 6 x 168.3mm = 1009.8mm.

Probably,the verticalspacing,S, was incorrectlyrecorded. The distance(f - a), 860.4mm, doesnot equalthree
times the arm diameter-(168.3mm)plus twice the recorded“9-inch’1(228._6m&) spacing;but the same-formula
appearsbetter suitedto a “7-inch”(177.8mm) spacing:[3(168.3mm) + 2(177.8mm)]= 860.5mm. Furthermore,
increasingthe apparentseparationfrom 177.8mm to 209.6 mm as in run #101, the increasein “f”wouldbe twice
the increasedspacing:63.6 mm. The observedincreasein Y‘ is 60 mm. Still, this observationaboutan error in
recordingS for run#100 is pure conjecture.
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Table VI. ExperimentalConfigurationsfor 114.3-mm-Outside-DiameterArmsat 90° to the CentralColumnand ExtendingOff
All Four of Ii Faces. -

Vertical
Log Book Experiment Spacing TotalNumberof Arms See ArmsElevations(mm) 1
Remarks Sequence Between Figure I
About Number Arms

Criticality
installed connected downfrom up from ,

(A)
top bottom
T f f

104 12 12 I
z

105 .5. g 8 8 16 No Arm ElevationsRecorded I

106 ‘6 4 4 I
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TableVII. ExperimentalCont%zurationsfor 168.3-mm-Outside-DiameterArms at 45° UDwardInclinationFrom the CentralColumnand Extending Off All Four of Its Faces.
Vertical Offset Horizontal

Log Book Experiment Spacing TotalNumberof Arms Between Gap Between Arms Elevations(mm)
Remarks Sequence Between ArmsOff Arm and See

About Number Arms installed connected Adjacent Column (mm) Figure
Criticality FacesO

a b

(msm) (mm)

OneLayerof Four ArmsOff all Four Faces

1198.5 19

~ .’1” ‘ ~

4 ,-,,

20 3(NE,Nw,sE) Not

21 Not
4 2(-NE,NW) Applicable, .,, ‘Not’

22 Ap licable 1(NW) ~ Applicable. 16
,:

23 “ ~‘, 4b all 4 SeeTable :“’’”” ,,,
1260 24 ‘. :’ 4’ all 4 VIIA ~~“~ ‘.;,, ,,

,,, ... !
Four SpacedArmsOffNE and SW Facesand Two LoneArms Offset Off AdjacentFaces

225q~ .“’:,,1972a 25

26
,,

see Table VII 199.6 : Not’ ‘ 19 see Table VII A

27 A
6 6

213.3 ‘Applicable,,
Repeatof Experiment#19 with Arms SpacedHorizontallyFrom Central Column(a Gap)

28

1’

0 16,,
29 Not 4 4 Not 6.35 butallIIS 885.4

30 Ap’licable ‘,Applicable’ 12.7 spaced

a. A” 12-minute-longpositiveperiod”was noted at this height(slightlysupercritical).
b. The SW arm is 114.3mm in diameter,not 168.3mm. Elevationsa and b for this smallerarm are 915.4 and 1048.9mm, respectively. “
c. The SW arm is 141.3mm in diameter,neither 114.3nor 168.3. Elevationsa and b for this smaller arm are 905.4 and 1105.2mm, respectively.

See Table VII A
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Table VII A.

Experiment
Sequence
Number

19-22

23

24

25

26

27

mmElevations(mm) for Configurationsof Arms at 45° UpwardInclinationFrom the CentralColumnand Describedin TableVII.
SpecificArm Arm Elevations(mm)

I I ~
Diameter Direction measured

(mm) a b

168.3 all 4 880.4 1113.9
114.3 Sw 915.4 1048,9
168.3 other3 880.4 1113,9
141.3 I Sw I 905.4 I 1105.2
168.3 I SE I 880.4 I 1123.9
168.3 NW 840.4
168.3 NE 924.4

NW(1) d = 1577.5
168.3 NE (2) b’=C= 1356.4

Sw (2) at=b= 1140.4
SE(1) a=915.4

NW(1)

I NE (2) I d= 1552.1 d= 1564.8
168.3 SE (2) b’= 1343.7 b’= 1350.1

m a=9154;=9154
c= 1331.0 c= 1343.7
b = 1140.4 b = 1140.4
a’=11277 a=l 134.1

SE (ij

.,

derived

b I Outertip’

1118.4 2088
1077 2047

1118.4 I 2088
2075
2088
2049
2133

I

a. Heightof the outer tip of the top arm abovethe bottom of the solutioncolumn.



TableVIII. ExperimentalConfigurationsfor 141.3-mm-Outside-DiameterArms at 45° UpwardInclinationFromthe
CentralColumnand Extendin~Off All Four of lts Faces.—------ - -— ----- -—--- .

Vertical
Log Book Experiment Spacing TotalNumberof Arm See &s Elevations(mm)
Remarks Sequence Between Figure

About Number Arms
Criticality

(&)
installed connected T d

76 NIA 4 4 21 1444 991.4

1320a 77 86.52 12 12 22

1371b 78 101.6

1433C 79 122.2 1123.8 1311.6

No? 80 187.3 8 8 22 1057 1378.4

No 81 166.1 1356

1643 82 147.6

a. The words “Verycloseto critical”werenoted at this height.
b. A” 12-minute-longpositiveperiod”was noted at this height (slightlysupercritical).
c. A” 10.2-minute-longpositiveperiod”was noted at this high (slightlysupercritical).

Table IX. ExperimentalConfigurationsfor 177.8-mrn-SquareArms at 45° UpwardInclinationFrom the Central
Columnand ExtendingOff One or Two Faces.

Log Book Experiment Numberof TotalNumberof Arms Arms Elevations(mm)
Remarks Sequence FacesWith
About Number Arms

Criticality installed comected T atof

83 1 1 1

84 ? 2 2

1196 85 adjacent 2 2 b = 1073.5

86 opposite 2 2

TableX. ExperimentalConfigurationsfor “Donut”Alongthe CentralColumnin Place of Arms.

Log Book DerivedCritical Experiment Number See DonutElevations(mm)
RemarksAbout HeightRelativeto Top Sequence of Stacked Figure

Criticality of Donut (mm) Number Donuts T top of
donut

80 1 NIA 1420
1147 -16.4 81 2 24 1265 1163.4
1117 +8.6 82 2 24 1320 1108.4
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TableXI. VariousReactorPeriodsVery Closeto the CriticalUraniumSolutionHeight for OneExperimenta
Configuration:8 of 12arms (141.3-mm-outside-diameter)connectedto the solutiondistributionmanifoldoff all four
facesof the CentralColumn. The arm-to-armspacing,S, was 6.35 mm.

Uranium solution height b (mm)
Log Book Commentpertainingto proximityto

Criticality

2407 I “justcritical”
2350 “criticalwith - m period” I
2310 “nowsubcritical”
2320 “stillsubcritical”
2350 “notcritical”
2358 “notquite critical”

1 2407 I ‘gust critical” 1

The second experiment numbered, accidentally, # 61.
All arms were full of solution and the solution rose well above the highest set of arms in the Central Column.
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Figure 12. The elevation view of the experimental configurations for cases where horizontal arms
projected off just one face of the Central Column identifies parameters discussed in the tables and text.
Lower case letters to the far right pertain to arm elevations relative to the bottom (H = O) while other
dimensions are identified by capital letters to the left.
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Figure 13. An isometric drawing of a special case of Fig. 12 for which S = O.
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Figure 14. This elevation view of the experimental configurations for cases where horizontal arms
projected off just two opposite faces of the Central Column identifies parameters discussed in the tables
and text. Lower case letters to the right pertain to arm elevations relative to the bottom (H = O) while
other dimensions are identified by capital letters to the left.
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Figure 15. An isometric drawing of a special case of Fig. 14 for which S = O.
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Figure 16. This elevation view of the experimental configurations for cases where horizontal arms
projected off all four faces of the Central Column identities parameters discussed in the tables and text.
Lower case letters to the far right pertain to arm elevations relative to the bottom (H = O) while other
dimensions are identified by capital letters to the left.
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Figure 17. This elevation view of the experimental configurations for cases where horizontal arms
projected off just two adjacent faces of the Central Column identifies parameters discussed in the tables
and text. Lower case letters to the far right pertain to arm elevations relative to the bottom (H = O)while
other dimensions are identified by capital letters to the left.
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Figure 19. This elevation view of the experimental configurations for cases where horizontal arms
projected off all four faces of the Central Column identifies parameters discussed in the tables and text.
These cases differed from Fig. 16 in that arms extending toward and away from the viewer are offset by a
distance O. That is, adjacent arms do not lie in the same horizontal plane. Lower case letters to the far
right pertain to arm elevations relative to the bottom (H = O). Primed letters pertain to the higher offset
arms normal to the plane of the drawing. Other dimensions are identified by capital letters.
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Figure 20. This elevation view of the experimental configurations for cases where horizontal arms
projected off just two adjacent faces of the Central Column identifies parameters discussed in the tables
and text. These cases differed from Fig. 17 in that arms extending toward the viewer are offset by a
distance O. That is, adjacent arms do not lie in the same horizontal plane. Lower case letters to the far
right pertain to arm elevations relative to the bottom (H = O). Primed letters pertain to the higher offset
arms normal to the plane of the drawing. Other dimensions are identified by capital letters.
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Figure 21. This elevation view of the experiment configurations for one case where one set of four arms
inclined at 45° from the Central Column projected off all four of its faces identifies parameters discussed
in the tables and text. Lower case letters to the far right pertain to arm elevations relative to the bottom
(H= O)while other dimensions are identified by capital letters.

—d

—c

—b

—a

— Bottom of central column H = O

Cc.= Owa

Figure 22. This elevation view of the experimental configurations for cases where arms inclined at 45° to
the Central Column projected off all four of its faces identifies parameters discussed in the tables and text.
Lower case letters to the far right pertain to arm elevations relative to the bottom (H = O) while other
dimensions are identified by capital letters.
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Figure 23, This elevation view of the experimental configurations for cases where arms inclined at 45° to
the Central Column projected off all four of its faces identifies parameters discussed in the tables and text.
These cases differed from Fig. 22 in that arms do not lie in the same 45° cone. Lower case letters to the
far right pertain to arm elevations relative to the bottom (H = O). Primed letters pertain to the higher
offset arms in the planes normal to that of the drawing. Other dimensions are identified by capital letters.
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Figure 24. This elevation view of the last two of three experimental configurations where “donuts”
replaced arms around the Central Column identifies critical parameters for these two experiments. These
two experiments seemed to be identical except that the distance down from the top of the Central Column
to the top of the upper donut appeared to differ by 55 mm. In spite of that apparent similarity, criticality
for the first occurred 16.4 mm before the donuts were fill (heavy shading). Criticality for the second
(light shading) occurred 8.6 mm above the top of the donut.
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The preceding lengthy discussion presents over thirty previously unpublished critical

configurations, obtained from a direct reading of the two Log Books associated with this program. In

addition to these, Ernst published other criticality data in RFP-1 197 which had been derived by

extrapolation techniques as discussed elsewhere. These results came from the same Log Books coupled

with ancillary notes, including the now-lost reciprocal multiplication graphs generated during

experiments. These additional critical cases were inferred from sequences of subcritical experiments.

These sequences were otherwise identical to one another except for one parameter that varied toward

increased reactivity such that an extrapolation produced an estimate of the critical situation. Interestingly,

some critical parameters so derived become fractions of objects only manufactured in integral units under

this approach - a non-physical concept. The critical number of arms in an array is one example. One

application of this data is discussed later. In addition to this new information, some of Ernst’s published

critical configurations can be correlated one-for-one with configurations already presented in Tables I

through X. These, then, are acknowledged repetitions of critical situations and not new data. Why not all

critical cases from the Log Books were included inRFP-1197 is not understood.

Data from Ernst’s earlier report are simply reproduced here with only small editorial

modifications. These are presented in Table XII through Table XIV. Parameters have been converted to

metric units to make comparisons easier. Experiments which appear to be directly correlated with a

specific experiment in the first ten tables are identified by Experimental Sequence Number. This

association was made by this author and could be in error in places. Another difference between that

early report and Log Book documentation is the specific critical solution height parameter quoted. Log

Books recorded the critical solution height relative to the bottom of the Central Column. Ernst chose to

publish critical solution heights in terms of the height above the top surface of the highest arm. The two

are obviously related. The elevation of the underside of the lowest arm plus the number of arms times

their diameter plus the total amount of vertical spacing between arms should equal the elevation of the top

of the highest arm.

The three new tables are also sufficiently complicated that a detailed explanation is provided for

each portion. The table’s title acknowledges that they present “derived” critical parameters as opposed to

experimental measurements. These three tables, by themselves, are usually inadequate descriptions of the

critical configuration without reference to the previous ten tables to permit a sufficiently complete

description. The title also references that earlier report specifically. Finally, the title presents the

diameter(s) of the arms, the number of faces of the Central Column, and the angle between arms and
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column as overall parameters. Allied sets of experiments having properties described in the table’s title

but otherwise differing in some other parameter are again broken into multiple regions.

The first three columns of two of the tables contain information on critical solution heights.

Values from the first ten tables are simply copied in the third column for easy comparisons. The first WO

columns contain data from the early report. The first column is the critical solution height relative to the

top of the highest arm. The second is this author’s attempt to express that in terms of the elevation

relative to the bottom of the Central Column so that a comparison between the two is possible. Critical

heights extrapolated from sequences of subcritical cases pertain to a “fill” Central Column; and that fact

is so noted. Of course, no Log Book entry corresponds to those; so the third column is noted as “not

applicable” (N/A). Two cases in the middle block of Table XII illustrate examples of critical experiments

that were not recorded in the Log Book as being critical because of incomplete documentation. These are

identified as “unspecified”.

The fourth column associates each of the published critical cases with a suspected Experimental

Sequence Number from one of the first ten tables. These associations are based on considerable detective

work and may occasionally be in error. Whenever critical heights were extrapolated from sequences,

these sets of experiments are enclosed in square brackets. The next column presents the vertical spacing

between arms. These are identical to entries in the first ten tables; and this parameter was one principal

means of correlating Log Book entries with published data. The second entry in the second block of

Table XII is believed to be a mistake. It shows “0.00 spacing”; but no such case was studied.

Furthermore, elsewhere in the table, the spacing, S, appears to increase moving down the table. An

argument to the contrary is that the second and third critical height columns do not agree well with one

another under this assumption. The sixth column lists the number of arms involved in a critical

configuration. Cases where extrapolations were used usually resulted in non-integral numbers of arms, a

difllcult concept to visualize. The last column”associates the geometry studied with one of the figures.

Two cases in Table XII maybe in error with respect to figure number. The last two entries in the second

block were claimed to have been associated with configurations where arms contacted the Central

Column at 45°; but a carefid examination of actual experiments suggests that both may have involved

cases where the arms were perpendicular to the column. This ambiguity is shown in the table. No figure

exists truly corresponding to the last entry of Table XIV; but Fig. 17 is close substituting square arms for

the circular ones shown.
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Table XIII is similar to the other two with a few exceptions. All critical conditions are

extrapolated; so references to Log Book data are less relevant. The first line suggests that an infinitely

tall array of arms extending off just one face would be just critical. The basis for that assessment is

unclea~ and which experiments might suggest that conclusion is equally unclear. The last entry leads to

another confision. The published document suggests that criticality would occur with six arms and the

Central Column “full”, that is, K = 2435.4 mm; but the Log Book suggests a critical height of 1710 mm.

This discrepancy is not at all understood. Four essentially identical experiments relate to this particular

geometry; and these sequence numbers are enclosed in curly braces. This result is not based on any

extrapolation.

Fortunately, the difficult-to-interpret results predicting criticality for non-integral numbers of

arms were derived for all three arm diameters. These three critical points were graphed against one

anothe~ and the result appears in Fig. 25. This curve can then be used to estimate critical diameters for

whole numbers of arms which are more physically understandable. For example, twelve arms (four

vertical stacks of three) would appear to be critical at a diameter of 122 mm. A reasonable estimate for

20 arms is possible: about 112 mm diameter. Although a long and questionable extrapolation, a further

argument could be made that the diameters of an infinite stack of arms off each of the four faces might be

somewhere about 100 mm.

A lengthy extrapolation to the right yields an interesting limiting value. The curve would seem to

extrapolate to criticality for four arms at, perhaps, an arm diameter of about 230 A 30 mm. This is the

fewest number of arms possible for this configuration because the initial conditions specifi one arm off

each face; and there are four faces. This asymptotic configuration, then, would resemble three mutually

perpendicular “pencils” of solution much like coordinate axes of three-dimensional Cartesian space. The

Z-axis would be represented by the square Central Column and the other two by the 230-mm-diameter

very long arms extending in both positive and negative directions.
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Table XII. Derived Critical Parameters from RFP-1 197 for Arms of All Three Diameters Extending at
90° Off All Four Faces of the Central Column.

Critical Solution Height Parameters (mm) Probable
RFP 1197 Log Books Experiment Vertical Number See

above top Sequence Spacing of Figure
arm

relative to bottom
Number Between Arms, Arms

S (mm)
168.3 mm-Outside-Diameter Arms

II filllt !Ifiyl N/A [extrapolated] o 5.8 16
18.0 1238 -1238 96 88.9 8 16
50.0 1283.1 1252.3 97 101.6 8 16
108 1360 1345 98 114.3 8 16

1167 2435.2 -2435 131.8 8 16
,Ifilll, “fill” NIA [73,7135] or 168.3 12 16

[100-103]
,,fill,, ,,fi~~,l “not critical” [31,32,33,103] 168.3 (offset) co 19

141.3-mm-Outside-Diameter Arms
,Ifuly, ,Ifill,, NIA [extrapolated] o 7.95 16
1260 2552 unspecified 49 6.35 8 16
111 1416 1260 50 12.7 8 16
76.7 1457 1474 54 50.8 12 16

623.6 2000 2000 59 53.975 12 16
796 2435 unspecified 69 76.2 16 16

“full” “fill 2350 74 69.85 16 160r19
,,&~*f, ttfi~~l, 2403 67,68 44.45 12 16 or 19
11,2 1335.6 1335 64 25.4 12 160r19

114.3-mm-Outside-Diameter Arms
,Ifill,, I nfi,~,, N/A [104-106] o 16.65 I 16

[]= Extrapolated from some set of subcritical experiments.

Table XIII. Derived Critical Number of 168.3-mm-Outside-Diameter Arms Extending in Vertical
Contact and 90° Off One or Two Faces of the Central Column and With That Column Full of solution
(from RFP-1 197).

~

Log Book
Comments
Addressing
Criticality

Critical Number
of Arms

t 1 I NIA I ? I -none- 1 m
2 opposite [87 to 93] I N/A 18.25
2 adjacent {15to 18} H.= 1710mm 6

[]= Extr~polated from this set of subcritical experiments.
{}= Obtained from a set of experiments but not an extrapolation.
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Table XIV. Derived Critical Parameter from RFP-1 197 for Arms of Three Cross Sectional Sizes Inclined
at 45° From the Central Column.

Critical Solution Height Parameters (mm) Probable
RFP 1197 Log Books Experiment Vertical Spacing Number See

above top relative to bottom Sequence Between Arms, S of Figure
arm Number (mm) Arms

I 168.3 mm Arms. All Four Faces Offset Arms I
tlfi,],t !tfi~]t, N/A [19t030] 240 6 23
282 1859 1972 25 238 6 23

141.3-mm-Arms. All Four Faces Not offset ArmsI I
,,fi~,,, nfi~~,, N/A [80,81] 156 8 22
304 1643 1643 82 147.6 8 22
121 1432.6 1433 79 122.2 8 22

I 177.8-mm Square Arms Off Adjacent Faces I
t 122.4 1196 1196 85 I N/A 2 18’

.

a. Similar to Fig. 18 but only one square arm extending at 45° (not 90°) off adjacent faces.

4

n

:\
●

✛✼

“~..

I t ,I , , I , I , I I r I ,

“11O 120 130 140 150 160 170 180 190 200

Outside diameter of arms (mm) GC990201

Figure 25. The derived critical number of arms of the three diameters used in this program when the
Central Column was full (essentially infinite) were non-integral units; but graphing the two parameters
against one another permits estimates for physically real situations involving integer numbers of four
arms (4, 8, 12, 16, 20, etc.).
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UNCERTAINTIES

This experimental program, more than any other at the Rocky Flats CML, exhibits a wide

variability in accuracy of descriptions of individual experiments. The principal weakness probably

involves geometrical parameters, especially arm elevations. As a result of this, some experiments may be

accurately described while others are not. One experiment may describe arm elevations and other

parameters quite well such that good agreement is attained when compared with computer code results.

The next experiment may appear to be equally well described but yield much poorer agreement. Still

other possibilities exist. Experiments which do not appear to be completely defined because some

parameters may be left to inference (one arm elevation recorded along with arm spacings and diameter)

may yield quite good agreement or they may not. The reason for this range in validation comparisons

lies mainly with the variability in accuracy and precision of specifications of arm elevations. Viewed

differently, the failure of recorded arm elevations to be consistent with expected elevations calculated

from arm diameters and spacings probably contributes to this variability in code validations.

The computer code validator is admonished not to dismiss the entire program on the basis of poor

agreement found for any one case. Each comparison should be evaluated on its own individual merits

because of this expected variability in description precision. Some are expected to agree well; others, not.

Uncertainties usually may have one of four meanings depending upon application. Which is

used is made clear in the text, although the frostone was probably not used at all.

(1) The first was where the uncertainty is the conventional standard deviation calculated for a statistically

significant numbers of samples. No parameter in this program was measured a sul%cient number of times

to warrant that statistical approach. Failure to employ this recognized standard in scientific reporting is

laid to lack of experience on the part of the young experimenters.

(2) The second kind of uncertainty concerns measured experimental parameters. Two examples are

discussed. Uranium solution heights - especially critical heights - certainly were not the result of multiple

measurements as that would have been both expensive and ris~. These uncertainties are simply good

guesses at the confidence placed in the quoted value. Those guesses were based, in part, on the

readability of a curved meniscus in a fairly small diameter plastic tube viewed by television from some

distance away and through a plastic window. At leas; an effort was made to view this height in about the
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same region of the television monitor29to restrict any uncertainty to a systematic error. The guesses also

were based on how a particular critical height was determined from the assortment of methods discussed

in other sections. In conclusion, the precision of critical uranium solution heights varied between a few

tenths of a millimeter to a few millimeters. A second example of uncertainties being just good guesses

involves the location of arms up and down the Central Column. Various parameters related to this were

measured and they were not always consistent with one another. This has been mentioned previously.

For example, a configuration consisting of three arms in a single plane off one face with each arm having

a diameter, D, and spacing, S, between them did not perfectly agree with the measured elevation of the

underside of the lowest arm, a, and the distance down from the top of the Central Column, T. If the top of

this Central Column is designated “CC”, then this discussion maybe written:

a + 3D + 2S = “CC” - T;

but this equation was seldom satisfied to better than a few millimeters. This precision statement is

assumed to apply to the geometrical modeling of any set of arms along the tall Central Column.

(3) Thirdly, only a very few measurements of some parameters were made. The number was too few for

a good statistical analysis but more than one. In these cases, the uncertainty was estimated based on this

author’s personal observation that the rarzge over a small set of measurements is often a good estimate of

about three times the standard deviation a much larger set of measurement on the same parameter would

have. This notion is not at all mathematically rigorous. Still, some uncertainties may have been

unconsciously estimated in this fashion.

(4) Many times, the uncertainty expressed represents the consequence of missing or never recorded

information. An example is the uranium concentration of the fissile solution. Therefore, following

this fourth concept of an uncertainty, the concentration claimed for this program lies between the

first and third and has a larger uncertainty proposed to cover missing information.

29One of the major contributors to difllculty in reading calibrated scales via television was not
recognized during this program. Once recognized (in the early 1970s), the problem was easily fixed.
Fiducial markings on the calibrated scale sometimes became confised with the retrace lines generated by
the flyback transformer on the television monitor. This was eventually solved by rotating the television
camera 901 so the markings on the scale were at right angles to the retrace lines. This improvement
brought astounding clarity to these readings.
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Even when uncertainties are not specifically given, the number of significant figures expressed

approximately signi~ confidence in the value. Some uncertainty is presumed to exist in the last

significant figure. For example, the square dimensions of the solution base is stated as 1.50 m. This

suggests that its size would @ have been measured to the nearest millimeter in which case the parameter

would have been recorded as 1.500 m. On the other hand, it was not so crudely measured as to be

recorded as 1.5 m, a truly coarse estimate. Any deviation from this policy tends toward giving too many

significant figures. The Central Column, for example, was probably not actually 2435.4 mm tall. That

precision is a concession to faithful reporting of dimensions recorded in Log Books and when making

conversions from English to metric units.

Another application of this notion is the specification of nominal values for commercial stock

items. Most such items are well-controlled in their manufacture such that catalog dimensions are quite

accurate. The diameter of commercial stainless steel tubing, such as used for the arms, is probably

accurate to a few parts in 10,000. The thickness of this stock is equally well known. Therefore, these

diameters are expressed to four significant figures. Spacings between arms were usually measured with

less precision; and this is reflected by fewer significant figures. Wood can shrink or expand a little with

humidity; and variation in the thickness of nominal plastic stock has already been mentioned.

No material compositions were measured by analytical methods on samples fi-om this program.

Materials are simply reported by their common name; and elemental composition should be obtained

from the literature30. The solution concentration uncertainty, discussed above, should not prove too

troublesome because the concentration is so close to the broad range of concentrations corresponding to

optimum moderation concentrations. One of the more important material specifications missing might be

30A argument is made that an analytical determination of elemental composition is not always
better than assuming an indust~-wide standard for that composition. Whenever many samples would be
too expensive, difilcult to obtain, or both, an elemental analysis is often deduced from a single sample.
This single sample is subject to possible inhomogeneity such that it may not represent the whole in which
case even a perfect analysis would yield wrong results. A single sample is also subject to unavoidable
analytical uncertainties since most analytical techniques are not a great deal better than ~ 10/o;and any
error in laboratory technique would yield wrong results. Instead, a single sample of a common material
readily available from a number of sources and manufactured under strict production controls is probably
much better described by that industry-wide standard composition than by an analysis of a single sample.
Alloys of aluminum, stainless steel, and steel and common plastics fall in this category. On the other
hand, uncommon materials, ones with little manufacturing controls, or materials prepared in the field
(such as concrete) should be sampled and analyzed.
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the precise composition of the stainless steel used in the Central Column and the arms. Whether this was

Type 304 or Type316 may make a difference. This might be important because the metal was so close to

the fissile liquid. Precision in elemental composition is more important for components which are a

major influence on reactivity. Close in and larger items also need better understanding. The stainless

steel of the column and arms is more important than the walls of the Assembly Room Hood; and that is

more important than the composition of the concrete walls of the Assembly Room.

The precision of the measurement of the uranium solution height varies in importance. Those on

the level with the complex array of arms, fill hoses, and the Central Column ought to be specified much

more precisely than those close to situations approaching the so-called “infinite critical cylinder height”.

Here, several millimeters uncertainty can easily be tolerated. How well this goal was actually met is open

to debate.

The accuracy of this parameter is another issue. Solution heights were determined from, three

meter-long printed wooden sticks stacked one on top of another. The biggest possible source of a

systematic error would be the setting of the bottom of the lowest meter stick at the correct height to

represent the very bottom of the solution column. If that were a millimeter high or low, the error would

enter into every critical height measurement. Considerable care was given to setting this scale such that

zero corresponded to the very bottom of the solution column. A second source of systematic error would

be any possible gap between any two of the three meter sticks. A third possible error, although quite

small, would be a slight tipping of the linear scales such that they might not be truly vertical. This is

small because the cosine fimction changes very slowly from unity for very small angles.

The transformation of all solution height data to a new height-related parameter is strongly

suggested. This translation has ~ been accomplished in this document but is left to the computer code

evaluator. That new parameter would be a height relative to arm elevations, not the bottom of the

column. The reason for this is that arms were clustered near the center of the Central Column leaving

long portions above and below to the top and bottom of the column, respectively. To the extent that both

lengths approach anywhere close to “effectively infinite”, an error in locating the bottom of the height

measuring scale does not affect criticality readings any more than the discussion earlier about cases for

which criticality occurred well above the arms. That new parameter might be, for example, the uranium

solution height above the underside of the lowest arm of the whole array.
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In modeling any configuration, the important parameter to make the model as accurate as possible

is the critical height of the solution relative to the elevations of the arms. This, then, accounts for

effectively irifinite columns of solution above and below ‘the arms. This may be the goal; but it will be

difficult to achieve. This is so because vertical distances were measured relative to different points; and

these points were only assumed to have been in the same horizontal plane. The sight gauge which was

used to measure all solution heights was a distance away from the Central Cohunp and only attempted to

be located in the same plane as the bottom of the Central Column. Arm elevations, on the other hand,

were, indeed, measured relative to the actual bottom of the column. Distances down from the top of the

column to the top of the highest arm can, likewise, be considered measured relative to the bottom of the

Central Column, although indirectly so.

Considering these differences, the possibility exists that a systematic error could exist between

solution height measurements and arm elevations. Happily, this error would be systematic throughout all

experiments within this program. If computer validations of supposedly critical measurements were

found to consistently predict the same degree of subcriticality or super criticality, code evaluators might

choose to use a few experiments to determine a potential bias correction that would force critical

predictions for critical experiments. Then, the same bias correction could be applied to all other cases.
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LESSONS LEARNED

Two events with possibly unnerving consequences happened during this program. Nothing bad

actually happened; but the potential for a nuclear criticality accident was increased somewhat on both

occasions. Both situations were the result of an incomplete understanding of the physics involved and a

blind assumption that all systems would always finction normally. Reasonably credible upset conditions

were not taken into account. Both events are discussed here in an attempt to warn future people engaged

in handling fissile solutions to consider all possible modes of failure. This author accepts some

responsibility for this naive approach to experimental design concerning the second of the events. The

first would probably never have been anticipated given any amount of pre-engineering review.

Vent Line Overflow

A significant discharge of uranyl nitrate solution into an unanticipated location occurred during

this program. This misdirected solution, which had occurred in increments on a number of occasions, had

continued undetected for several days prior to its discove~. Over that time, an unknown volume of

fissile solution in unknown increments had been removed from of the once-presumed “closed-loop”

solution handling system. These discharges occurred toward the end of each of an unknown number of

experiments. The misdirected solution passed into a critically unsafe geome~, described below, and this

alone constitutes a potentially dangerous situation. Fortunately, the problem was detected well before a

sufficient quantity of solution had accumulated to cause a criticality accident; but that was just a stroke of

good luck. It is disquieting when nuclear criticality safety is the consequence of good luck.

This analysis of the physical phenomenon at the root of this problem may prove useful in

preventing future undesirable releases of fissile solution into critically unsafe geometries. Perhaps this

lesson learned may prevent a criticality accident somewhere at some time in the future. If so, it is worth

describing in some detail.

Well over twenty liters of high-concentration uranyl nitrate solution had passed into a 250-mm-

diameter horizontal pipe buried just below grade level. The long length of the pipe limited the collected

solution to a well-subcritical depth - thus preventing a criticality accident. The uranium solution had been

stored in a set of nine critically safe tanks in one room and was connected by a single stainless steel line

to a small system of valves, meters, and other plumbing components in another room normally. The

fissile solution moved from one room to the other at the beginning of an experiment and flowed the
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opposite direction at its conclusion. The system in the latter room was often referred to as the “Solution

Base” because it was the starting point for all critical approach experiments involving enriched uranium

solution at the Rocky Flats CML. This storage and handling system contained in two rooms remained

essentially unchanged born experiment to experiment and throughout the history of the facility. It was

completely self-contained such that fissile solution ought never be misdirected from it. All systems were

carefidly engineered to prevent such inadvertent transfers.

Each experiment was performed in apparatus attached to this unchanging Solution Base.

Experimental equipment, unlike the Solution Base, varied markedly from program to program.

Furthermore, individual parameters even within a program varied from individual experiment to

experiment. In the case of this study, those parameters were the number of arms branching off the Central

Column, the diameter of these arms, the vertical spacing between them, the number of faces of the Central

Column having arms, and a few others. Still, this program-specific apparatus was also carefilly

engineered to preclude inadvertent transfer of the solution away from the supposed closed-loop system.

That careful design failed to provide the needed integrity in this one program. Design engineers

should not necessarily be faulted for this failur~ the underlying physical phenomenon was very difficult

to anticipate. Even after the accident had been discovered, many rejected the physical mechanism

suggested which explained the obvious consequences. It was said to be “contrary to physical laws”.

They were proven wrong and the proposed physical mechanism confirmed by two means, both discussed

later.

The situation was first discovered on November 30, 1967, following an experiment within this

program. During routine end-of-experiment shutdown procedures, a small pile of dried, yellow, uranium

salt crystals was discovered on the floor of the stainless steel enclosure surrounding the Solution Base.

These crystals were in the form of dried droplets of solution; and they spanned an area about one to two

meters in diameter. From the splatter pattern, the source of the contamination was easy to determine. It

was a clear plastic vertical tube which had been installed as part of another solution study to be performed

at another time. It was to have been a sight tube31 in that other study. The installation had never been

used or exposed to uranyl nitrate solution; so it was difficult to understand how the inside of that tube had

become contaminated. In fact, bottom connections to that sight tube had been temporarily removed a few

31A “sight tube” is a transparent vertical line used to measure the fissile solution height within the
apparatus via closed circuit television.
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weeks earlier to make room for some other valves and solution lines associated with still another

program. The plastic tubing had been left in place connected to the laboratory’s ventilation line. This line

ran high above the floor and served all uranium solution systems as a vent. It was connected at the top to

the clear tubing even though the tubing hung free. An elevation drawing of the situation during discovery

is shown in Fig. 26.
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Figure 26. Splatters of dried droplets of uranyl nitrate solution were found on the stainless steel floor as
indicated at the lower left of this elevation drawing of a portion of the experimental apparatus. The
discovery was made November 30, 1967. The liquid had obviously fallen from an unused length of clear
plastic tubing attached to a very high horizontal line which served as a ventilation header leading, in turn,
to the building’s exhaust system for potentially contaminated air. This header stood well above the
highest point to which solution could possibly rise in the experimental apparatus it vented; and diameter
of the horizontal line connected to the filter housing are shown.

This ventilation line was still connected to the vent from the SCRAM tank (safety shutdown tank)

associated with the present program. This provided a path for escaping air from the SCRAM tank if

uranium solution were ever admitted to it at any time. The unused line leading in the opposite direction
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and having the open-ended plastic tube dangling from it was ignored. It was believed that it would never

see fissile solution; so why consider it? That horizontal ventilation line was near the top of the Assembly

Room Hood and well above (nearly a meter) the maximum height ever attained by fissile solution during

any experiment.

That line had a paper air $ilter in a housing between the SCRAM tank and the building’s

contaminated air exhaust system. That paper filter was contained in a metal box about 180 mm square

and about 250 mm high with a removable cover plate on one face. The day after the initial discovery, that

filter box was opened with the intention of just confirming that the solution, which had obviously gone

the opposite direction, had not also traveled so far as to contact this filter housing. Upon opening the box

another surprising discovery was made. The entire housing was almost completely packed with damp

uranyl nitrate salt! The salt was not so fluid as to run out the opened face of the box, but the yellow

iridescence of the contents produced surprise and alarm to the eyes of this author!

The immediate concern was the potential for a prompt criticality accident which could have

occurred had parameters been just a little different. The volume of the nearly cubical box may have been

close to critical dimensions. It was a large enough volume to be not immediately obvious that it was

critically safe. While the damp salt was clearly seen to be significantly under moderated, it still contained

a significant amount of water and, therefore, moderation. A second and immediate realization and related

to the first safety concern was that the close proximity of body and arms of the person opening the box

most certainly would have constituted a significant neutron reflector on at least some surfaces. Workers

expressed significant relief that a nuclear criticality accident had not, indeed, happened. Perhaps the

absence of a nuclear accident during this event was simply another stroke of good luck.

In contrast, filter housings installed in similar applications elsewhere within the CML were much

larger. The author recalls that those atop storage tanks may have been as large as 250 mm square by 400

mm long, although these estimates are not certain.

At this point, several projects were begun simultaneously; and each is elaborated in the following

paragraphs: (1) The damp salt in the filter housing was removed and as much recovered as possible. (2)

The horizontal ventilation line near the top of the hood was removed and cut into short lengths to recover

those salts also. (3) A large rectangular hole was cut into the building’s 250-mm-diameter ventilation line

to view inside for possible contamination. These projects led to other tasks.
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The cover plate to the filter housing had been returned, again enclosing the housing, only

moments afler discovering uranium within it. A few days later, the again-sealed housing was

disconnected from the horizontal ventilation line along the top of the hood, bagged, and moved to another

room where it was placed inside an open-faced hood with a controlled air flow into it. Loose salts above

and below the filter medium were carefully collected for recovery. About 2 kg of “yellow cake” was

collected and dissolved easily in about 34 of lN nitric acid. This uranium, once filtered, was returned

immediately to the storage tanks.

The heavily uranium-laden paper filter medium was carefully removed from inside the housing

and gently kneaded and shaken to loosen uranium salts. These salts were also collected for later recovery,

dissolution, and eventual return to the storage tanks. The heavily contaminated filter paper medium was

even washed in nitric acid (up to 10N) to dissolve and recover as much uranium as possible. These wads

of paper were squeezed in the gloved hand for a more-complete recovery. The still-yellow paper, by now

reduced almost to pulp, was returned to a container of fresh water for fiu-ther dissolution. This water had

to be filtered to separate the uranium solution from the paper fibers. When the paper was judged to

contain no more recoverable uranium, both the metal housing and paper pulp were discarded. Even the

final filter papers used in the filtering of the filter media pulp were rinsed and, in turn, filtered to recover

as much uranium as possible. Over nine kilograms

eventually returned to the solution tank storage farm.

of uranium were recovered in this operation and

The short lengths of horizontal ventilation line consisted of two sizes. The supposedly uninvolved

stainless steel line leading to the clear plastic tubing was nominally 25 mm pipe; and the stainless steel

line between the SCR4M tank vent and the building’s exhaust system for contaminated air was nominally

64 mm in diameter. Both were found to contain a small amount of dried salts; but most of the uranium

had collected in the filter housing and in the underground buried exhaust duct. These were removed from

the pipes as described below and collected. The last amount had to be scraped from the 25-mm and 64

mm pipes which were then rinsed with water before being discarded. Not much uranium was recovered

from these smaller diameter pipes.

Fissile solution had obviously passed through the now-plugged paper filter because dried salts

had been recovered from beyond the housing. To explore just how far uranium solution had traveled, a

rectangular hole was cut into a vertical segment of that 250-mm-diameter exhaust duct. The hole was

large enough to permit easy viewing inside the pipe. The hole was about 4 m past the plugged filter
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housing and a little over a meter above the floor. That vertical line was designed only to carry

contaminated air from the experimental area to a below-grade horizontal run of this 250-mm pipe. It was

never intended to contain solution. This buried line, in turn, led to a large, multi-stage filter plenum.

Following this plenum, the once-contaminated air was considered pure enough to release up the stack to

the atmosphere. A simplified

contaminated air is shown in Fig,

schematic drawing of the building’s exhaust system for potentially

27.
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Figure 27. Regions of the ventilation header and the building’s exhaust system heavily contaminated with
uranium salts are labeled in this elevation drawing. One hypothetical tree-like experiment is shown to the
left. The Assembly Room Hood is separated from the Assembly Room by a thin stainless steel wall. The
dotted rectangle just above the automatic valve marks the opening cut into the exhaust duct when the
incident was first discovered. Exhaust air passed through the east wall of the Assembly Room (shown in
concrete cross section) before rising above grade only to pass into the filter plenum. There, the air passed
through filter banks (crosshatched) shown to the far right before being released to the atmosphere through
a chimney off the drawing to the right. The drawing is not to scale. Bends into other planes have been
ignored in this 2-dimensional schematic drawing.
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Once the rectangular hole had been cut, a depressing scene was revealed. Dried and brightly

colored yellow salts of uranyl nitrate spotted and streaked down 10°/0to 40°/0of the visible interior of this

line. Although streaks were thin, they extended as far as could be seen inside this line. Thicker layers of

dried salt were found all over internal surfaces of the Butterfly Valve - a distance below the opening and

just above the floor of the Assembly Room. Obviously, a lot of uranyl nitrate solution had passed

through the filter housing before it plugged up. The butterfly valve operator can be seen near the bottom

of the photograph of Fig. 28. The location of the rectangular hole is revealed by the patch seen bolted to

the exhaust duct in the middle of the photograph.

G(X301a

Figure 28. The vertical leg of the 250-mm-diameter building exhaust duct is shown to the left as it enters
the floor of the Assembly Room. Just below grade, the line curves and leads horizontally under the wall
seen to the right background. The cover plate (seen on the right side of the duct in the middle of the
photograph) was later installed over the hole cut into this line to view for the first time the extent of this
contamination incident. Close inspection above that patch shows the weld seam when the length of
exhaust line was reinstalled after completing cleanout. The horizontal object at the bottom where the duct
enters the floor is the butterfly valve discussed to in the text.
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To facilitate cleanup and recovery of these dried salts from this large-diameter exhaust line, a 1.5

m length was removed just above the Butterfly Valve. The weldment upon returning the length after

cleanup can be seen to the left in Fig. 28 between the 4ti and 5ti rungs of the ladders. This removal

permitted unobstructed views back up the vertical exhaust line as well as down into the buried portion of

the line, Both views revealed a lot of dried uranyl nitrate salts. A mirror was lowered into the buried pipe

to permit viewing the buried line several meters underground. The bottom of this line was covered by a

thick layer of uranyl nitrate salts as far as the hand-held light source could illuminate the interior of this

6.3-m-long underground duct. The river of dried salt was about 150 mm wide. The sight was most

depressing; and the presence of such a large amount of fissile material in critically unsafe containers was

disconcerting.

The Butterfly Valve was scraped clean of easily collected salts and washed. The partially cleaned

valve was then bagged in plastic and stored until it could be returned to routine service. The long,

underground, buried, exhaust duct proved a bigger challenge. A hoe was built to facilitate recovery of the

salts as far as the arm could reach extended by the hoe’s handle. The profile of the hoe matched the

circular cross section of the duc~ and this worked well to recover salts within a meter or so of the

opening.

Reaching deeper into the abyss proved much more challenging. A child’s roller skate was

employed for this purpose! This formed a unique solution to the problem. Another scraper blade with the

same profile as the bottom of the duct was fixed to the middle of the skate. A long string was attached to

the front end; and a cloth parachute was fixed to the opposite end. The assembly was lowered into the

duct and set on its wheels. Then, the exhaust ventilation was turned ON just slightly. The draft inflated

the parachute and pulled the skate deep into the blind duct work. The ventilation was turned OF~ and the

skate was slowly drawn back toward the opening by the long string. The blade scraped the salt from the

bottom of the duct and plowed it back toward the opening. From there, it could be retrieved using the

long-handled hoe. This procedure was repeated many times until not a great deal of salt was collected per

operation.

A considerable amount of salt still remained. It could be seen stuck to the bottom of the duct

such that the roller skate would have just ridden over the hard-to-remove yellow cake. After discussion

with safety personnel, a quantity of warm water was poured down into the horizontal duct. This water
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was intended to dissolve the stuck salt and put it into the form of a damp paste. The roller skate

withdrawal procedure was repeated several times collecting additional uranium.

With a significant number of kilograms of uranium retrieved from this underground duct and an

unknown remnant still contained there, the question naturally surfaced: “How much fiu-ther did the dried

salt propagate toward the exhaust stack?” The buried duct again rose above grade just outside the

building and led into an open chamber in front of the first of two closely spaced banks of HEPA filters.

The front face of the first filter bank was found to be somewhat contaminated; but this was expected.

Thankfully, the back face of the second set of filters was found to be completely free of contamination.

The furthest point of the salt propagation had been determined; and, fortunately, no contaminated air had

ever been released to the atmosphere via the tall stack.

The chamber in front of the first bank of HEPA filters did present one surprise during this

investigation. When the door to this chamber was opened from the out-of-doors, a layer of well-dried

uranyl nitrate salts were observed lying on the stainless steel floor in front of the first bank. The size of

this layer is difficult to estimate except from pure recollection because the floor area was not recorded. It

was an approximate circle probably between 200 and 400 mm in diameter.

At this point, the author made another error in judgement and learned a second lesson. Not

wanting to disrupt the building’s flow, he made the decision to collect these salts off the floor without

shutting down the exhaust fan. The task seemed simple enough. The salt crystals were very dry and

appeared to be quite stable on the floo~ and the air flow appeared to be well above the salt. The plan was

to slide a thin sheet of metal under the salt such that they might be transferred into a wide-mouth bottle to

be carried back inside the building. The problem was that the air flow really did sweep low across the top

of the salt collection. Even though not much air flow could be felt just above the layer, sufficient

turbulence existed only millimeters above it such that the very first minimal disturbance of this collection

caused a puff of yellow salt to become caught up in the air stream. This puff struck this author in the face

causing considerable surface contamination of the skin. Fortunately, contamination was limited to the

skin; none was found in the eyes, nose, or mouth. Two facts contributed to a very red face that evening:

embarrassment and the chlorine-based bleach needed to decontaminate the author’s skin.

The amount of enriched uranium recovered from each of the several areas discussed on the

preceding pages is presented in Table XV. These are very coarse estimates of the uranium and are almost
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Table XV. Estimated Weights of Enriched Uranium Eventually Recovered from Various Locations
Following the Vent Line Overflow Problem Discovered November 30, 1967.

Area Described in Text Uranium (g)
I

In-line filter housing close to experimental apparatus 3100
I

Horizontal lines just before and after filter housing 230
I

250-mm-diameter buried exhaust duct 4100
I

I On floor in front of first bank 740
II Front bank of HEPA filters 900

Total 9070

certainly underestimates of the amounts actually involved in the incident in some cases. A roller skate on

the end of a long string run out into the dark abyss of an impossible-to-view hole is not likely to enable

acomplete recovery of yellow cake. Whether 10°/0or 90°/0of the solution inadvertently misdirected into

this exhaust duct was ever recovered is not at all known. Over 9 kg was recovered; how much remains is

still unknown. That duct could, to this day, contain anywhere from a few grams to many kilograms of

dried salts.

This author has discussed the potential for residual uranyl nitrate salts in that buried line with

many people at Rocky Flats and elsewhere. All persons responsible for the disassembly of that Rocky

Flats facility during the coming years are warned to be cautious of this particular area.

The cause of this unusual event was not at all easily explained. When viewed as a simple U-

shaped tube composed of the Central Column and the vent line as vertical legs connected only by the

SCR4M tank, laws of physics argue that the height attained in the vent line ought never exceed the

highest height of solution in the Central Column. This is so regardless of the elevation of the bottom of

the Central Column (that is, the length of the solution leg in that column) and also regardless of the

differences in diameters, Therefore, even following a SCMh4 of an experiment with the Central Column

brim ‘full, physical arguments suggest that the same solution could never rise above the initial height of

the Central Column. Frictional losses, in time, would eventually end up with solution filling the SCRAM

tank and both legs of the “U” to the same heights.
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Evidence, however, clearly shows that the fissile solution did rise much higher than that and did

so on a number of occasions. Something was flawed in these physical arguments. After considerable

discussion, an hypothesis was proposed which attempted to explain the obvious facts. Initially rejected as

being physically implausible, two different demonstrations verified the truth of the conjecture; and these

are described below.

The column of solution contained in the vertical Central Column just prior to opening the pair of

SCRAM valves rested about 0.75 m above the entrance to the SCRAM tank which was full of air. Upon

initiating the SCIL4M action (opening these valves) solution plunged into the air-filled SCRAM tank.

There, the uranyl nitrate solution mixed with the air because of the turbulence of the rapidly falling

solution. Huge “gulps” of air would be trapped by solution as the splashing liquid sloshed about within

the SCR4M system. Rather than expelling air up the vent line as anticipated, well ahead of the smoothly

flowing solution, the liquid being pushed up the ventilation line was a random and varied mixture of

uranyl nitrate solution and air.

This air/solution mixture may be viewed in two ways; but both produce the same explanation of

the observed phenomenon. First, the contents within the vent line may be considered full density solution

merely displaced upward by sometimes large cushions of air. Under this interpretation, the laws of

physics discussed earlier are correct except that this solution would be displaced upward by the sum of

the height of all air bubbles trapped within the solution. Second, the air/solution mixture may be

considered a reduced density solution, p, with that densi~ being the weight of fill-density solution in a

volume occupied by solution and air. Under this interpretation, the physical laws of hydrostatics would

apply:

pgH = p’gH’,

where H is the initial height of the fill density (p) solution and H’ = is the (greater) height of the lower

density (p’) air/solution mixture; of course, g is the acceleration of gravity.

The first demonstration that validated this unexpected conjecture involved a glass model of the

complex geometry involved. This was constructed with glass tubing of different sizes representing the

Central Column, the SCR4M tank, and the ventilation line. A single glass valve was Iised into the

model to represent the two SCRAM valves. The “SCRAM” valve was closed and the “Central Column”
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filled with dark colored water. When the glass valve was opened, the situation shown in the photograph

of Fig. 29 clearly demonstrated precisely the phenomenon postulated.
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Figure 29. A glass model of the experimental apparatus clearly demonstrates the accident phenomenon.
The large diameter tube represents the Central Column sitting on top of a single simulated SCRAM valve.
The vent to the SCRAM Tank, at the bottom of the photograph, is represented by the smaller diameter
vertical tube. Colored water in this demonstration clearly shows the liquid being broken up by large air
bubbles.
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The second demonstration was even more dramatic. The vertical ventilation line leading from the

SCRAM tank was disconnected from that system and temporarily rerouted back into the top of the tall

Central Column via a length of 64-mm-diameter clear plastic tubing. This would indeed make a closed-

Ioop system out of the experimental apparatus because the entire system would exhaust into itselfj and

this configuration is shown in Fig. 30 approximately to scale except for the vertical legs of the Central

Column and the vent line. The Central Column was then filled with uranyl nitrate solution as had been

done many times before. When the SCIL41vlvalves were opened, the uranium solution quickly dropped

from view as it plummeted into the SCMM tank. All remained quiet for a second or two. Then,

suddenly, dozens of liters of yellow, foamy, frothy, liquid spewed through the clear tubing and gushed

back into the Central Column. The photograph of Fig. 31 shows this curved length of large-diameter

tubing. The tube does not appear clear because it was, indeed, fill of high concentration uranyl nitrate

solution. The fluid looked like yellow water gushing out of a firehose; but the realization that the fluid

was concentrated uranyl nitrate solution added more gravity to the scene.

A movie camera was set up to view the Central Column from above and to record this unique

occurrence for posterity. For the movie, the uranium solution was brought to within a few millimeters of

the top of the Central Column. Suddenly, the solution droped out of sight. A very short time later,

copious quantities of this liquid were disgorged into the Central Column in a most awe-inspiring scene.

That very short motion picture reel has been donated to the National Archives at the Los Alamos National

Laboratory. The movie has been converted to video; and both are stored there under Collection A-96-

051, Series #17, Box #43. The photograph of Fig. 31 is a copy of one frame from that 2-minute-long

silent 8-mm movie film made January 26, 1968.
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Figure 30. This closed loop ventilation system constructed after the contamination incident had been
discovered was composed of the Central Column (left), the SCRAM valves and tank (bottom), the
vertical ventilation riser (right), and the clear plastic hose (top) which passed solution back into the
Central Column. The two SCRAM lines actually had two 90° bends each and a total length of 1 m.
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Figure 31. This photograph is excerpted from a 2-minute-long motion picture made of the ventilation line
overflow problem. The accident phenomenon was demonstrated most graphically by reenacting the scene
with actual equipment and uranyl nitrate solution. The curved plastic tube connects the vertical
ventilation line (left) to the opened top of the square Central Column (lower right). The tube does not
appear clear because it was gushing full of frothy, foamy uranyl nitrate solution during this frame of the
movie.

Inadecmate Suuuort for Arms

One arm branching off the Central Column slipped on one occasion and collapsed toward the arm

below it. This event occurred during the 1031dexperiment in this series. The date was January 22, 1968,

less than two months after the discovery of the vent line overflow problem. In particular, the slippage

occurred during the filling of that arm with fissile solution but before. the arm was anywhere near full.

The event was caused by inadequate support under the arm which failed.
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The experiment in question consisted of 12 arms with vertical stacks of three arms branching off

each of the four faces. The spacing between arms equaled the outer diameter of each arm: 168.3 mm.

Arms extending in opposite directions were colinear with one anotheq and arms orthogonal to that

vertical plane were similarly spaced but offset by O = D.

Each arm was supported above the arm below it by either wood or metal supports. The details of

this support mechanism are not recalled; but simple logic dictates that some spacing support must have

existed. When metal supports were used, they were probably short sections of slotted angle bolted

between the vertical framework. When wood supports were used, they were rectangular blocks of 38.1-

mm-thick wood precisely cut and sanded to yield the desired separation belxveen arms. When wood was

used, it is recalled to have simply raised the arm above an otherwise stable arm. The wood blocks were

held in place simply by the weight of the arm it supported and any fissile solution it might contain.

Logically, there were two potential supports per arm or 24 in all. One would be nearer the

Central Column, the other, somewhere close to the fm end of each. The text of the experimental Log

Book presents the following possibly confusing statement as part of the post-incident discussion:

‘Thus, of the 24 possible support points, ha~ the supports were in place. This wm a
common practice for all runs up to tod~. Clearly, this is a bad practice. It will be
stopped. ”

How half the supports could be missing and the tree retain any semblance of structural integrity is not

clear three decades later. Unfortunately, details of the arm support mechanism are not recalled; and no

additional explanation is given in the Log Book. Possibly, these metal or wood supports were in addition

to a fimdamental arm-support system; but that notion is mere conjecture.

The text further identifies which end(s) of which arms were supported with metal supports. It

does not specifj whether or not other support points were supported by wood.

Regardless of the details of arm support in general for this one experiment, at least one arm had at

least one end supported above the supposedly stable arm below it by a wooden block. That block was not

fastened in place but relied on the weight of the arm it supported to hold it in place. During routine filling

of the apparatus, that wooden block slipped out of place and fell to the floor. This, in turn, allowed the

arm to fall onto the arm below it. This metal-to-metal contact made a loud sound which was heard in the

Control Room through the audio communications in use at the time. An immediate glance at the neutron
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flux measuring instruments showed that there had g@ been an increase in neutrons; so no criticality

accident had occurred. Still, something bad had happened. The experiment was shut down; and the

Assembly Room was entered for investigation.

Upon investigation, one arm was found resting against its lower neighbor at the outer end of the

arm. It was one of the arms extending from the SW face of the Central Column; but which arm fell is not

stated. Furthermore, that detail does not seem relevant to this safety discussion. The wooden 38.1 mm

spacer block had vanished. The failed arm was still properly supported at the end nearer the Central

Column. All other arms appeared to be as stable as at the beginning of the experiment.

The failed arm fell at some point during its filling. It is recalled to have been between one-third

and two-thirds fill at the moment the wooden block slipped. Evidently, the block was sufficiently stable

when the arm was empty but obviously not under the added weight. The cause of the failure is probably

due to the changing weight of the fissile solution entering the arm during filling. The failure may have

had a dynamic factor, too. Electrical forces holding SCIU4M valves closed during an experiment cause

small vibrations throughout the apparatus. In addition, the dynamic act of pumping solution into the arm

may have caused a sloshing about of the solution. This movement may have caused the weight on the

wooden block to shift accordingly.

Nevertheless, the arm fell with a loud sound. Because the wooden block happened to have been

under the outer end of the arm, the solution flowed to the outer end of the collapsed arm. That meant that

the solution flowed away from the Central Column. This direction would tend to decrease reactivity of

the system. Had the wooden block been under the end nearer the column, fissile solution would have

flowed uncontrollably c/oser to the column; and this cozdd have caused a criticali~. Positioning the

blocks had been purely a matter of choice; so simple good luck may have prevented a criticality accident.

As stated earlier, the absence of a nuclear criticality accident because of good luck is an unsettling notion.

Whether or not a criticality accident would have occurred had the arm fallen in the other direction

is not known. The neutron reproduction factor for this accident condition could be calculated, although

assumptions would have to be made as to which arm fell and how much solution was in it at the time.

Nonetheless, a valuable lesson was learned that all experiments must be adequately supported to

withstand any and all static and dynamic forces coming into play throughout.
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The failure occurred about 3:30 in the afternoon; and the text of the Log Book goes on to observe:

6:15 PM Restarted experiment and$nished it at 7:15 PM It was subcritical with a
multiplication of about 20.

This remark is included to illustrate differences in philosophy between the 1960s and the 1990s in the

conduct of operations involving fissile materials. In retrospect this entire experimental study should have

been summarily terminated until a better way of stabilizing the apparatus had been designed and

implemented. Instead, a simple modification was made on the spot and the experiment continued. A

decision was made to improve the support system; but that was purely an informed decision on the part of

the experimenters. It was not mandated in any procedural sense.

105

——.. — .?-. ___ --- - ------.



—

ACKNOWLEDGMENTS

This paper is written under the auspices of the International Criticalip Safety Benchmark

Evaluation Project, fi.mded by the United States Department of Energy. The project is administered by

J. Blair Briggs of the Idaho National Engineering and Environmental Laboratory. This author is grateful

to Mr. Briggs for the opportunity to publish these data in the peer-reviewed literature before the author’s

fill retirement. This is the last of seven papers presenting previously unpublished or inadequately

documented results from criticality experiments performed at the Roclg Flats Critical Mass Laboratory.

These seven documents will mark a satis~ing closure to this author’s long career in the arena of critical

experiments.

Special recognition is due Mr. Bruce B. Ernst, the designer and Lead Experimenter of this

experimental program. Mr. Ernst, referred to frequently throughout this paper, was a Certified

Experimenter at the Rocky Flats CML at the time of these studies. Following these experiments, he

authored two reports both of which are referenced in the Introduction Section of this paper. One of these

was an internal Roe@ Flats report. The other was written in draft form only and was never published

because it was thought to contain much the same information as the published one. Fortunately, one copy

of that unpublished document has been found because, only recently, a careful study of the unpublished

document revealed that it did contain usefid additional information. This new data has been incorporated

into this treatise.

Mr. Ernst left Rocky Flats but remained active in the Nuclear Criticality Safety industry. He

contributed to the writing of some of the American National Standards now in effect throughout this

industry. Thus, he continues to serve the nuclear industry. He currently resides in the eastern part of the

United States; and he willingly consented to this author’s attempt to document his work into this

document. This author accepts all responsibility for any errors that may have crept into this writing; and

he gratefully acknowledges the gracious permission to publish the work rightfully belonging to another

person.

Several colleagues participated in at least one experiment in one way or another in addition to

Bruce B. Ernst and this author. These persons were all associated with the nuclear safety program at

Roe@ Flats in those years. Participants included: Harold E. Clark, Ellis E. Hicks, Douglas C. Hunt,

106



Warren R. Sheets, Grover Tuck, and Clarence Lee Schuske, the laboratory’s director. Many of these

gentlemen are now deceased.

The patient and capable efforts of Christine White and Peggy Shiffer, who work at the Idaho

National Engineering and Environmental Laboratory are, as in past papers under this program, gratefully

recognized. They prepared figures and tables, respectively. This task was rendered more difilcult

because of great distances separating involved persons. They work in Idaho, the author, Colorado.

107



_—. ---

APPENDICES

Two internal reports were prepared concurrently in the late 1960s dealing with these

measurements. The plan was to present the experimental data and a description of the apparatus in the

first document and a safety analysis of the data in the later one. The principal author of both was to have

been Bruce B. Ernst. The frost, RFP-1 196, was never published because sufficient data was deemed

present in the second, RFP-1 197, when it was completed. For that reason, RIP-1 197 was the only one

published as a Rocky Flats document. In reality, however, the assumption that RFP-1 197 contained all

pertinent information needed for code validations in the year 2000 is not quite true; the earlier report does

contain some usefid information not contained in the later one.

Only one copy of the never-published RFP-1 196 remained in existence. It was discovered at

Rocky Flats in February of 1999. To avoid the possibility that any of this data might be forever lost, this

text is copied here – without editing – as Appendix A. Even pencilled notes and the author’s first attempt

at editing the late-1960s document are left intact. Recently, the document was reviewed for classification

and released for this use (November, 1998). The Rocky Flats Technical Information Department requires

that this information be clearly recognized to be “Unpublished Data”.

Copies of the other, once-published report, RFP-1 197, are rare because it received limited

distribution at the time. The library of the once-active Rocky flats Plant is no longer able to provide

copies. By including RFP-1197 here as Appendix B, essentially all available information concerning this

experimental program —beyond the raw data sheets and the two Long Books, themselves, are collected in

one document. Additionally, RFP-1 197 can be obtained with some effort from any of the following

sources: (1) The National Archives of Critical Mass Laboratories maintained at the Los Alamos National

Laboratory, (2) Mr. Calvin Hopper of the Oak Ridge National Laboratory, X-1OPlant, who maintains the

extensive library of criticality data and reports collected over decades by Mr. Howard R. Dyer, now

retired, and (3) this author, also retired, living in Boulder, Colorado.

The last appendix, Appendix C, is a very brief paper with unknown distribution. Many decades

ago, empirical methods were developed to aid nuclear criticality safety engineers ensure safety in fissile

material handling plants. One of these methods, closely related to the experiments reported here, was

developed by Mr. Clarence Lee Schuske (deceased), founder of the Nuclear Criticality Safety Group at

Rocky Flats. The title of his report was “An Empirical Method for Calculating Sub-Critical Pipe
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Intersections”. It was written at Roclg Flats and is dated July 17, 1956. This method may or may not be

of interest today in light of the industry’s present powerfid computer capabili~, but the proposed method

is copied in Appendix C to preclude its loss to history.
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“Critical Parameters of Bare Intersection Pipes

Containing Fissile Solution.”

Bruce B. Ernst
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ABSTRACT

The results of criticality measurements, made on assemblj.es

of intersecting cylinders filled with uranium solution, are

presented in this paper. The fissile solution used in the

measurements was an aqueous solution of uranyl nitrate with

a uranium density of 450.8 giliter and enziched to 93.4%

U235° isotope. Each assembly tested consisted of a seven-

inch square central column, 96-in high, around which were

placed various arrangements of intersecting cylinders

(referred to as “arms”). The critical parameters of com-

pletely filled and of partially filled assemblies are

reported. The critical variables considered are: number,

diameter, spacing, and grouping of the arms and the inter-

section angle of the arms with each other and with the

central column.
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INTRODUCTION

The chemical reclaim of fissi.le material is of considerable

importance to modern reactor technology. Almost invariably

such chemical reclaiming involves the transfer of fissile

solution via complex systems of piping. These piping sys-

tems frequently include multiple pipe junctions at which a

considerable amount of fissile solution may be present in

a very reactive geometry. The results of critical measure-

ments, made on assemblies of intersecting cylinders which

simulate multiple pipe junctions, are presented in this

paper. The data from these experiments will enable engineers

to design more economical processing and storage equipment

for fissile fuel. The fissile solution used in the measure-

ments is an aqueous solution of uranyl nitrate with a uranium

densityl.of 450.8 g~liter and enriched to 93.4% U235. Each

assembly tested consisted of a 7-in square central column,

96-in high, around which were placed various arrangements

of intersecting cylinders (referred to as “arms”). Inverse

neutron multiplication measurements were used to determine

the critical parameters of this geometry. The critical para-

meters of completely filled and of partially filled assemblies

are reported. The critical variables considered are: number,

diameter, spacing, and grouping of the arms and the inter-

section angle of the arms with each other and with the central

column.
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EXPERIMENTATION

Apparatus: Table I gives the dimensi-mk of-the stainless-

steel arms which intersected the 7.O-in’’,I.3)G:.squarecentral

column. The experimental components were made from stainless-

steel since the uranium was slightly acidic, (-0.72 NORMAL).

Eigure 1 shows a typical experimental assembly. The central

column was filled by a l-inch fill-drain line and the arms

were filled by a manifold of $-in inner-diameter braided

plastic tubing and stainless-steel tee-connections. This

manifold was connected to a ~-in nipple on the central column.

Thus, when filling, the height in the central column and that

in the arms.was nearly equal. Liquid could also be drained

from the system by a pair of independently operated two-inch

diameter “dump valves”. These valves connected to a safe

geometry hold tank (-3 feet below the asse”mbly) which acted

as a scram mechanism. The arms were vented independently

by plastic tubing which was connected to a common manifold,

and the top of the central column was left open to the atmo-

sphere.

The liquid level was shown on a level gauge Shich was viewed

by closed circuit television. The television camera was

mounted on a stand that was able to move vertically, thus

minimizing parallax. A second television camera mounted

above the central column allowed the personnel to view the

filling of the column.

Reactivity levels of the system were monitored by:

1) Four BF3 proportional counters.
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2)

3)

4)

Two BF3 ionization chambers with a linear scale

pico-ammeter read out.

One BF3 ionization chamber read out on a power-

level period meter.

One Gamma sensitive ionization chamber located

’25 feet from the assembly.

A PoBe source (Q = 107 n/see) was used in all approaches

to critical. The source was remotely removed a distance

of 8 feet from the central column when an assembly was

taken to the critical condition.

Procedure

A series of measurements was selected by defining a para-

meter whose variation was to be studied. The initial

series measurement was generally selected as one that would

be subcritical when the central column and arms were full

of fuel. Based on the final multiplication level of this

initial geometry, a second subcritical system was specified

and measured. The first two measurements were then used

to extrapolate to an estimated critical configuration.

This estimated critical assembly was then constructed.

This procedure was -Wed to specify the critical parameter.

Reciprocal multiplication data from the four proportional

counters were taken on all assemblies. The background

multiplication was taken to be the count measured with

the fissile solution at a specified level in the central

column. The reciprocal multiplication plots are then

formed by using solution height as the reactivity level

indication.

-34
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TABLE I

Arm Dimensions

Vonflguratlon l.d. o-d.
(in) (in)

Square (Arm) 7.0 7.156

Circular 4.344 4.500

Circular 5.345 5.563

Circular 6.403 6.625

-4-



EXPERIMENTAL GEOMETRIES

The different geometries studied are divided into two major

categories. The first type of geometry was that in which

the arms intersected the central column at a 90° angle.

Eigure 2 shows a typical geometry of this type. The second

major category into which the experiments are classed is

when the intersection angle is changed to 45°. The results

of these experiments are reported in the above order.

A completely assembled geometry is one in which the central

column and all of the arms are filled with fissile fuel.

In several of the systems, the central column was only

partially filled when the critical. condition was reached.

When this was the case, the measured parameter affecting

criticality is the solution height :in the central column

$!above the top of the uppermost leve ““ofarms. This height

is defined to be Hc. This type of measurement also gave

a limit on the value of the parameter of interest for the

completely assembled geometry. For systems which achieved

criticality, the central column solution height, Hc , is

tabulated in the tables. If no Hc value is given, the

quoted critical dimensions are given for co-repletelyassembled

systems (all arms and column filled).

A. 90° Intersection Angle

7. Geometry with each of the four arms of a level in

the same horizontal plane

These geometries are shown in figure 2 and the results are

reported in Table II.
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To determine the critical spacing for a specified number of

arms, two spacings having a difference of 0.25-in were done.

One of these assemblies was subcritical fully assembled

and the other was critical before the geometry was fully

assembled. The critical spacings quoted in Table II are

0.13-in. greater than the subcritical run. This determines

the critical spacing to within*O.13-in.
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To determine the number of arms that were critical a-t an

arm edge-to-edge spacing, (s), of Q-inj an inverse multiplication

curve was plotted as a function of the number of arms that

were placed around the central column. Figures 3, 4, and 5

show the extrapolations for the 6.403-in, 5.345-in, and 4.344-

in inner-diameter arms respectively.

Additional comment is needed for several of the results in

Table II. The values of N (number of arms) derived for

geometries having a O-in edge-to-edge spacing correspond to

systems which physically cannot be constructed. This is

because in building these geometries, the arms are individually

added in a plane which can contain at most four arms.

Physical meaning is given to these non-integral number of

arms as follows:

1) The extrapolated critical number of arms is divided by

four and the resultant number is rounded to the nearest

integer, n. This giVes the number of levels in which the

critical number, N, of arms is assumed to be arranged.

2) The interface cross-sectional area, A, of an arm and

vertical column is multiplied by N. This gives the total

arm area, AT, of the critical assembly which is i.n contact

with the central column.

3) An effective arm diameter, deff, of the assembly is

found from the following recipe:
d(

++ &J+ = @
e$f= —

(1)

A critical assembly is then pictured as an array containing

4n arms arranged in n levels with arms having a diameter of

d
eff o

-8-
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TABLE II

Critical Parameters of Coplanar 90° Intersecting Angle

6.403-in Inner Diameter Arms

Critical Edge-to-Edge Critical Height

Number Separation of Above Top of

of Arms L2vels (in) =op Level Hc (in)

5.8(1) 0.00 --- (5)

8 5.19 45.94

8 3.50 .708

8 4.00 1.97

8 4.50 4.26

121 6.63@) ---- (5),-.—

5.345-in Inner Diameter Arms

7.95 (3) 0.00 ---(5)
8 0.25 49.59

8 0.00 4.37

12 2.00 3.02

12 2.13 2&.55

16 3.00 31.34 ‘

4.344-in Inner Diameter Arms

16.65(4) 0.00 ---(5)

1)

2)

3)

4)

5)

Critical extrapolation from figure 3.

Critical extrapolation from figure 6.

Critical extrapolation from figure 4.

Critical extrapolation from figure 5.

(fully assembled geometry)
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OFFSET ARM LEVELS INTERSECTING THE CENTRAL COLUMN AT 90°—. — — ——

An offset arm level refers to the vertical displacement of

two arms per level that are at an angle of 180° apart by a

height h = (D+S) /2 with respect to another level. (see

figure 7. Table III shows the results of the measurements

on the offset geometries.

TABLE II

Critical Parameters of Offset Arm Level Geometry

Arm Inner Critical Critical h Critical Ht Total Columr
Diameter Edge-to-Edge Number (see fig. 7) Above Top Length OcL~-

(in) Level Spacing of Arms (in)
(in)

of Top Arm pied by
(Hc) (in) Intersecting

Arms (k.,)
(Lc]

6.403 6.63
00(1) 6.63 --- (2)

5.345 2.75 16 4.19 ---(2) 34.69

5.345 1.75 12 3.44 ---(2) 23.63

5.345 1.00 12 3.19 .44

—

1) Critical extrapolation from figure 8.

2) Fully assembled geometry.

PLANAR ARRAYS - 90° INTERSECTING ANGLE

These assembliesqwe~o done ;~ing the 6.403-in inner-diameter

arms . Figures 353,34, and 3+3 show the geometries measured.

All geometries had a O-in edge-to-edge level separation.

Table IV shows the results of these measurements.

TABLE IV

Planar Arrays of Arms Intersecting the Central Column at 90°

Arm Inner Critical Configuration
Diameter

Critical
Edge-to-edge (Fig. Number)

(in)
Number of

Level Spacing (in)

6.403 0.00 3+7 ‘rm:(-

6.403 0.00

6.403 0.00

-14-

*[O 18 .25(2)



,

/1-J -. .-

!py—--- ~
g ,....*.-

--A ..”.- . . . . . ,
. . .

—-i . ---- ..-:,- *=--- -- . . . . “-
---

l.’} %.----..:-- .
.7

. . .

F ‘::‘i4.,-.:..’&

*$i&iJ ““~ by ~.. ----.. s--?-.
!
I

I

....-
\i/..a

1..

‘L. j
.-..-””

1“
I

i

.

i.
,

\
..

i

I

,,

I

iI

.

,1‘ ““”””..
L.

-L

L.----}
‘ h“

; TiplCAL OFFSET

.. ..

..

,.

+ZXUTION HE\GHt. . . .

V------....,.---i
4’

ti

..

.. ~
-L --A -

$/;--------
s’

.“

.

.

. .

.

:r.

,

7

‘3“..
J’

. .

AFW GEOMETRY:::= -

,..
..

.“.

-.. ..—

.

.

....=7 ~,=r,,, k. ,,, .,. ,,: . ,,:,, , ,, ,+ ,>.: ,“W3. ...$ . ..’ “’-,” -—””--”



d . . —.. —

f. $5

0:
i-u

05
-0
x-

0“
-i-

8

$#
x

4
● .

—.— _.

. —-

-J,,!
.——--— —-. ... . ._i\Jr —

L .
&!!$ ““



----J “ “ ~
..

‘id”..- “
--l’J---

1 . . . ,..
7. ., ‘-..

. .
..” -

ET= [
... . I

..- -—
~

1

CENTRAL C:LWN . - -:CCNW ..COLUMN . . . .

i-

1

I

i

I

ARMS

u FIG 10
FIG Q

..

. .

,
. .

I

—.,

1

I
i
1

..

d,
, ..

.’P=90”
“.

CENTRAL COLUMN
/

...
I

1“I

.- .- —...

J FIG i~:’ . ‘–

----- -al- -? A n-? Iht Ank At2



(T=LE IV, cent ‘d)

1) Critical extrapolation from figure la.

2) Critical extrapolation from figure la. ~

ARMS INTERSECTING THE CENTRAL COLUMN AT 45°——

Figures 1~ and 15 show the geometries that were measured.

The 6.403-in inner-diameter ams were arranged in an offset

geometry similar to that done for the 90° intersection

experiments .

Figure 10 shows the geometry that was measured using the

5.345-in inner-diameter arms. These arms were placed in

a coplanar geometry similar to that done for the 90°

intersection experiments.

Figures 16 and 18 show the two configurations that were

done with the 7.O-in inner width square ‘<ins. When the

two arms were placed on opposite sides of the central

column as shown in figure 1~, the system had an approxi-

mate multiplication of 1~ when the geometry was completely

assembled. When the angle between the arms was changed

from 180° to 90° as shown in figure 1!?,the system was

critical with Hc=4.82-in of solution over the junction

top. The results of the measurements made on the arms

that intersected the central column at 45° are shown in

Table V.
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TABLE V

Critical Parameters of 45° Arm Intersection Angle Geometries

/

ritical
umber
f &rms

Critical Edge- Configuration
to-edge spacing (Fig. Number)
of levels (in)

7.0-iH- square Arms

2 --- ~~~

2 --- Mlrt7

Crit. Ht.
above top
of inter-
section
Hc (in)

—..-. .-

Sub-critical
completely
assembled

4.82

----.-......

6.?I03-in Inner Diameter (Circular Arms) --.—.—--.

6 9.46(1) m[~ ---

6 +k64+59*37 * Iy 11.10

.

8

8

8

5.=3-3~ I~er Di.am@er (Ci.rCUlar hmS)

6.16~1) 353-U ---

11.97

4.78

1) Extrapolated

- ?“s -

4-
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Different Diameter Arms Intersecting the Central Column

B-t45°

Figure I& shows

of experiments.

the geometry that was done in this series

Four 6.403-in inner-diameter arms were critical with 8.46 cm

of solution over the top of the junction of the arms and

central column. When one of the 6.403-in inner diameter

arms was replaced with a 5.345-in inner-diameter arm the

system was critical with 6.09 in of solution over the top

of the junction of the arm with the central column.

Three 6.403-in inner-diameter arms and one 4.344-in inner-

diameter arm was subcritical with the central column full

of solution. This system had a relative multiplication

of 29. Since the central column with 50 cm of solution

in it was taken as the base point and the multiplication

of the assembly is given relative to this point, the total

multiplication of this system was greater than 29.
;c<

-,~{~d~”

An analysis similar to that already done on page

determine a quantity defined as deff can be done

geometry by ,uesingequation (1) with n the number

on this

of levels=

1. Eigure 2% shows the extrapolation used to obtain the

total interface cross-sectional area of the arms with the

central column.
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RESULTS

,,- ,. ,~

Critical Number of Arms as a Function of Arm Dimension

The results obtained from the coplanar arrays with the arms

intersecting the central column at 90° and with a O-in edge-

to-edge separation of the arm levels are shown in figure 2@. .

Equation (1) and its associated analysis procedure was used

lo obtain the number of levels and effective diameters..

$ yperbolic curve fitL was made on the curve in figure 2U to

o’btain the asymptotic value of Deff. This asymptote shows,

that an infinite number of arms with a Deff less than 3.70-in

and arranged in contact as shown in figure 23 is subcritical.

Critical Number of Arms as a Function of Arm Spacing

The results of the measurements made on coplanar arrays
o

with the arms intersecting the central column at 90- are

given in figure 2~. The fictitious arm number, N, is used

at s=O in this figure. This procedure is necessary in order

to maintain the constant arm diameter for the points of

figure 24.

The asymptotic behavior of the curve is found by fitting it

to a hyperbola. This fit gives an asymptote of 5.3-,in edge-

to-edge spacing for the 5.345-in inner-diameter arms. The

asymptotic value of S for the 6.403-in inner-diameter arms is

7.8-in. These asymptotes give the minimum spacing at which

an infinite number of arms at the specified diameter may be

fplaced in the geometry shown in figur 2.

1. Schuske, C. L., & Morfitt~ J=w~>Y-5S3Y”h ‘mpirical
Study of Some Critical Mass Data”, Union Carb~de Corp.,
December 6, 1949

Z&
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Effect of Varying the Angle Between Arms (cP)

The effect of changing the angle (~) between arms in the

same level is shown by the ~~perime~;s done with the geo-
10 lJ

metries in figures 3+, +!2,Y7, and *.

With the 6.403-in inner-diameter arms arranged in,~zero-;n

spacing planar array (9=180°) as shown in figure ~, 18.25

arms are required for a critical system.

In an L-shaped arrangement (%907 as shown in figure ~,

only six arms are needed for a critical system. Likewise

for the square7&in arms, if the arms are placed in an L

arrangement the system is critical while a planar array

(cp=180°) of two arms is subcritical.

These measurements indicate that decreasing the angle @

between arms increases the system reactivity. This trend

is obvious since the interaction between arms is increased

as ~ @ decreased.

Effect of Varying the Angle Between the Arms and Central

column (e)

The change in the critical system parameters with changes

in e, the angle the arms make with respect to the vertical

axis of the central column, is shown by comparing geometries

which are similar in all respects except for the angle e.

In these experiments, the critical spacing of 5.345–in

inner-diameter arms arranged in two levels is found for

e=45° and e=90°. Table V shows that at 45° the levels

-3L-
-!M-
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must be 6.16-in apart while at 90~.Table II shows that

a separation of 0.25-in is the critical spacing. This

shows that the system is more reactive when the angle of

inclination is made small. This can be explained because

the effective system density is increased as the arm

angle is decreased. One measure of this effect is the

amount of surface area of the arms that is in contact with

the central column which is proportional to the cosecant

of 00 A data correlation which will explain the e

variation, using the amount of area in contact with the

central column as the principle parameter is presently

being done.

Offset Arm Arrangement

To study the results of measurements made on offset arm

geometries and comparable arm arrangements with no offset,

a parameter common to both types of systems must be

specified. A suitable parameter is the total central

column length, Lc, over which the arms are distributed.

Geometries with twelve 6.403-in inner-diameter arms in a

co-planar array and in an offset array are two comparable

geometries. In this case, the non-offset geometry has

an LC=33.14 inch (see Fig. 7) ; the offset geometry has

an infinite Lc value. The system reactivity is reduced in

this case by offsetting the arms for this relatively large

level spacing.

For measurements done with 5.345-in inner-diameter arms,

geometries with 16 and 12 arms placed in the two configura-

tions may be compared. The

12 offset arms has an Lc of

arms has an Lc of 20.93-in.

first comparison shows that

23.63-in and 12 non-offset

The second set, which had



a total of 16 arms, shows that an offset system has an

Lc of 34.69-in and the non-offset geometry has an Lc of

31.25-in. In this situation, offsetting the arms increases

the reactivity of the system.

?’
The reversal of the relative reacti.vities noted above may

--’-~-~~~.++w?.>. ..-h.- *
or the fairly close~~ ~Z~~NSA++V

%+A $
offsetting the arms puts

“1
..morefuel in the higher flux region of the central column

.

‘;~~. “... ~m~--yq;-’~~’ *
which effectively mak%??%%%%fi%’%%re spherical.~~

the

&$

,.Oh.

j
arms places half of them in a relatively low flux region

. . ...

and also reduces the interaction between arms that were *
previously in the same plane.

EXPERIMENTAL IR?CERTAINTIES

The plastic fill lines which connect the arms to the central

column are able to add fissile fuel to the system thereby

perturbing the geometry that is to be studied. A measure

of this effect was obtained from experiments made on the

geometry shown by figure 1*. An initial measurement of

this system showed it to be subcritical with an indicated

multiplication of 75. The fill lines were then rearranged

so they were closer to the arms and in a more horizontal

position. A second measurement was then made on the system

and it was critical with a Hc ‘alue of 18.5-in.

Since this indicated multiplication of 75 is relative to

the multiplication of a 7-in square column having 50 cm

of solution in it, the true multiplication is greater than

%@



75. It is obvious that it

of extra fuel to cause the

extra fuel was supplied by

to the arms.

Air Gaps

would take only a small amount

systems to be critical. This

bringing the fill lines closer

Due to the irregularities in the a+n surfaces, a small

air-gap which was approximately :063-in thick was present

at the interface of the arms and central column.

A set of measurements was done on the geoim=try show in

figure 1$ using arms with an inner-diameter of 6.403-in

to estimate the magnitude of this effect.

These measurements were done by varying the spacing between

the arms and the central column with small shims. . It was

found thkt by changing the gap from O_.50-in to 0.25-in caused the

system to go from a subcritical system with a multiplica-

tion of 25 to a critical system with an HC=20.66 cm.

Data Uncertainties

The accuracy of data

by several factors.

amount of reactivity

certainty in spacing

collection and analysis is affected

These are: 1) the uncertainty in”the

added by the fill tubes; 2) the un-

the levels of arms; 3) the under~ainty

in the arm angles e & 9; 4) the uncertainty of the extra-

polation to critical of the reciprocal multiplication plots;

5) the uncertainty of the asymptotic extrapolations; and

6) the uncertainty of the air gaps between the central

column and the arms. The first factor leads to a ~ 0.08-

inch uncertainty in the quoted Hc values.

9-
2!--

*J
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The extrapolated number of arms shown in Fig. 4 can be

given within 5%. This is because the curve shape is

nearly straight and the highest multiplication point

is ’18.

The other extrapolatio~ to the critical number of arms

shown” in Figs. 3, 5, & 13 can only be given to within

15%. This is due to the length of the extrapolation

and the shape of the curves.

The uncertainty of the asymptotic extrapolations shown

in Figs. 20 & 21

number & position

that the curve is

depends upon the shape of the curve, the

of the data points, and the assumption

hyperbolic.

The other extrapolations to the critical spacings can

be given within 2 % since a point that was critical

before the central column was filled was usually run

to give a minimum spacing. In most cases, the extra-

polated critical spacing was set up on the assembly and

run:. This gave the critical spacing with no extra-

polation error involved.



The uncertainty in specifying the spacing of levels of

arms is estimated as being no more than 0.125-in. in any

geometry while the arm angle may be given to ~ 5°. The

reciprocal multiplication extrapolations are dependant upon

the curve shape and level of the highest multiplication

point on the curve.

The uncertainty due to the amount of air space between the

central column and the arms is estimated to not change the

quoted critical spacings by more than 0.125-in. The total

uncertainty in the quoted critical spacings due to the

spacing of the arms and the air gap for all cases except

the asymptotic spacing, is not greater than* O.25-in.
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CONCLUSIONS

The critical parameters of a geometry composed of a central

coluiun surrounded by intersecting arms were measured. The

parameters of interest were:

l.e- The angle between the arms and the central column.

2.v- The angle between arms on the same level.

3.s- The vertical spacing between levels of arms..-
4. The grouping of the arms.



. _

These measurements showed that by decreasing the angle e

the reactivity of the column was increased. This is due

to the increase in the area of intersection of the arms

with the central column which is proportional to CSC e.

By decreasing the angle ~-the reactivity of the system

wag also increased. This is brought about since the arms

are brought closer togethert and 2~L

LL =p ~1 .

The grouping of the arms into coplanar and staggered arrays

showed that the reactivity of this type of geometry is

dependent upon the parameter S’ (see figure 7) which can

be pictured as the amoQnt of overlap that occurs between

two vertical planes of arms when one of these planes is

raised a height h.

When the arms are placed in a geometry with S’>0 the system

is more reactive in a staggered array than in a geometry

that is co-planar with the same number of arms. When S’

is zero or non-existant, the geometry is made less reactive

then when the arms are offset.

-m
-37-
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APPENDIX B

“Empirical Method for Calculating Pipe Intersections

Containing Fissile Solutions”

By

BruceB.ErnstandC.L.Schuske

RFP-1197

RockyFlatsDivision, The Dow Chemical Company, Golden, CO.

September 9, 1968
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EMPIRICAL METIMID FOR CALCULATING PIPE INTERSECTIONS
‘ CONTAINING FISSILE SOLUTIONS

Bruce B. Emstand C. L. Schuske

Abstract. An empirical method has been developed

for calculating safe nuclear criticality parameters

for complex arrays of intersecting cylinders (pipes

or arms) containing enriched uranyl-nitrate solutions.

The critical parameters defined by this method

include cylinder diameters, angles of intersection,

cylinder spacings, and the total number of inter-

secting cylinders involved in arrays.

Discussed also are applications to typical problems

encountered in fissile processing plants.

INTRODUCTION

Frequently, the designer of fissile processing

plants and process equipment for such plants is
confronted with the problem of complex piping

systems. In the past because of lack of critical
data, the criticality specialist circumvented such
situations whenever possible, or made use of

conservative approximations to pipe intersections.

A model has been developed by means of curve-

fitting methods applied to the critical data reported

recently by B. Ernst. 1 The critical data were

obtained on intersecting cylindrical geometries and

utilized aqueous solutions of uranyl nitrate at

about 93 percent of uranium 235 (23SU)isotopic
content. The aqueous solution had a density of

450.8 grams of 23W per liter. The purpose of the
model is to facilitate rapid analysis of inter-

section problems commonlyfound in the fissile
process plant. In the formulation of the model,

sufficient (but not over) conservatism is

included to prevent penalizing designers of

such equipment.

Two examples of use of the model are illustrated,

together with experimental data as obtained.

‘Bruce B. rnE at. Critical Parameters of Bare Intersecting
Pipes Containing Vranyl Nitrate Solution. RFp-1196.Rocky
Flats Division, The Dow Chemical Company, Golden,
Colorado. (In Press.)

Definitions:

CENTRAL COLUMN- The main column or cylinder
fromwhich branching of arms occurs.

ARMS- Anypipe or cylinder intersecting the central
column.

CONTACT AREA - The area subtended by an arm

and another arm or an arm and the central column.

(See Figure 1, where D = diameter; angles are

theta (f3) and cosecant 6; and A = area.)

QUADRANT - Quadrant is a sector of a cylinder .
18 inches long; where alpha (a) equals 90°. The
quadrant is shown by the shaded area in Figure 2.

EXPERIMENTALDATA

The critical parameters of aqueous uranyl nitrate

filled cylindrical geometries reported by Ernstz are
given in Tables I, If, and Hf. (Data shown have not

been corrected for experimental error.)

Because of the complex nature of these geometries

(arrays), a column of each Table identifies a specific

illustration of that’ geometry in the text. For example,

in Table I, note Figures 3 and 4; in Table II,
Figures 4, 5,6,7, and 8; and in Table III, Figures 9,

10, and 11. The approach was used in place of

providing a lengthy description of each array. In alI
arrays, the central column was made of a ~-inch
thick stainless steel pipe of square cross section.

The internal dimensions of the square column were

7.0 by 7.o inches.

All experiments are considered to have minimal

reflection because they were performed at least 4
feet above the concrete floor of the critical facility,

and at least 10 feet from the nearest wall. No other

reflecting surfaces of consequence were near, with

the exception of the actual vessel walls. The

21birL
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TABLE I.Critical Parameters fOr Arrays OfAr~Intersectirrg the Central Cokrm[Theta(Q) =90 °].

(Irmer Diameter Arms, 6.401nches; Wall Thichress O.11 Inches.)

Critical Solution

Critical Vertical Height (Hc)

Edge-to-Edge Critical along Column

Spacing of Arms Number and shove

along of Arms Top Arm in

Central Column in the Array

(inches) Array (inches)

0.00 S .8 Central Column

Full

5.19 8 45.94

3.50 8 0.708

4.00 8 1.97
4.50 8 4.26
6.63 12 Central Column

Full

6.63 m Central Column
Full

(Inner Diameter Arms. 5.3S Inches; Wsll Thickness 0.11 Inches.)

0.00 7.95 Central Column
Full

0.25 8 49.s9
0.00 8 4.37

2.00 12 3.02
2.13 12 24.55
3.00 16 31.34
2.7.5 16 Central Column

Full

1.75 12 Centrsl Column
Full

1.00 12 0.44

(Inner Diameter Arms, 4.34 Inches; Wall Thickness 0.078 Inches. )

0.00 16.65 Central Column

Full

●D = Outer diameter of arms. -
S = Surface to surface distance.

Identifying the
Experimental

Array
(Figure No.)

3

3

3

3
3

3

4

3

3

3

3

3

3

4

4

4

3

,=(D+S)
—; (See Figure 4).

2

●Value

(’?)

(inches)

Not Applicable

Not Applicable

Not Applicable

Not Applicable

Not Applicable
Not Applicable

6.63

Not Applicable

Not Applicsble

Not Applicable

Not Applicable

Not Applicable

Not Applicable

4.19

3.44

3.19

Not Applicable

FIGURE 1. Surface Area in Contact with Central Column.

‘ 8
\

D

4
A=TD2 —

n-

FIGURE 2. Typical Quadrant.

QUADRANT

(in~~es)

2

—.
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TABLE II.Critical Parameters for Arrays of Arms

Intersecting the Central Column [Theta (8) = 450].

(square Arms, 7.0 Inches; WSU Thickness, 0.125 Inches.)

Critical Solution

Criticsl Vertical Height (Hc)
Edge-to-Edge Criticsl along column

Spacing of Arms Number and above Identifying the

along of Arms Top Arm in Experimental

Central Cohmm in the Array Array

(inches) Array (inches) (Figure No.)

Not Applicable 2 Subcritical with 5

Arms and Central

Column Filled

Not Applicable 2 4.82 6

(Inner Diameter Arms, 6.40 Inches; Wall Thickness, 0.11 Inches.)

9,46 6 Central Column 7

Wss Filled

9.37 6 11.10 7

(InnerDiameterArms, 5.35 Inches; Wall ‘lltickrresa, 0.11 fnchea.)

6.16 8 Center Column 8

Was FiUed

5.81 , 8 11.97 8

4.81 8 4.78 8

TABLE III.Critical Parameters for Clusters of Arms

Intersecting the Central Column [Theta (o) = POO].

(her Diameter Arme, 6.40 Inches; Wall Thickness, 0.11 Inches.)

Critical Vertical
Edge-to-Edge

Spacing of Arms Critical Number Identifying tbe
along of Arms with Experimental

Central COlunm Central Column

(inches)

Array
FiUed (Figure No.)

o 9
0 1;25 10
0 6 11

central column length when filled was essen-

tially infinite. A reciprocal multiplication (l/M)

plot of solution height in this column without inter-

secting arms indicated no measurable multiplication

beyond 40 inches of solution height.

AH arms used in the experiments were 54 inches

long and were effectively infinite for all critical

values reported in Tables I, II, and III.

Allexperimental mrays contained 450.8 grams of

WJ per liter solutions. This is desirable, since

the minimum critical volume occurs in this con-
centration region. Thus, these critical data can

be considered the limiting cases and can be used

conservatively for all concentrations.

Empirical Analysis of Ex@rnental Data:

Jn order to develop a calculational method for pipe

intersections that will fit a wide range of cases,

certain extrapolations of the experimen~al data

were necessary. The method of Schuske and

Morfitt3 was used.Themethodpermittedevaluation
ofarmedge-to-edgespacingsofaninfinitearray
ofarmsalongacentralcolumnofinfinitelength.

—“

3C. L.Schuake and J. W. Morfitt. “An Empirical Study of

Some Critical Mass Data.” Y-533. Union Carbide Corporation,

Oak Ridge, Tennessee.

FIGURE 3. Typical Experimental Geometry.

CENTRAL COLUMN

ARMS

CENTRAL COLUMN

%
( critical height ~

k

LIQUID LEVEL

[of fissile solutio ~

I 1( v I

m“w)
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i

3+.SOLUTION HEIGHT

Legend

s, s’- Surface to snrface distance.
Lc – Distance.
H= – Critical height of fissile solution.

a - Diameter minus overlap.
D - Cylinder diameter.

FIGURE 4. Typical Offset. Arm Geometry.

FIGURE 6. Square Arms Intersecting Central Colunm at
Angle Theta (6) Equal at 45° and Angle Phi (#), 90°.

CRITICAL
SOLUTION
HEIGHT

\

+(457

i -t
M

k+(incles)

+8(450)

FIGURE 5. Square Arms Intersecting Central Column at
Angle Theta (6) Equal to 45° and Angle Phi (~)s 180°.

FIGURE 7. Typical Assembly for 6.40-Inch Inn~r
Diameter Arms. Angle Theta (0) is 45° and Phi (c#J)~900

4



FIGURE 8. TypicaI Assembly for 5.35-Inch Inner Di-
ameter Arms. Angle Theta (6) is 45° and Angle (@, 90°.

RFP-1197

FIGURE 9. Planar Array.

F’lGIJRE 10. Planar Array. Angle Phi (~) is 180°.
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FIGURE 11. Intersecting Planar Array. Angle Theta (6) is 90° and Phi (@, 90°.

These arrays were previously described in Figure 3,

Page 3. The spacings were found to be 7.8 and
5.3 inches, corresponding to arm diameters 6.40

and 5.35 inches, respectively. The technique was
also used to determine the arm diameter for an

infinite number of arms for zero-inch, edge-to-edge

spacings. The value of this limiting cylinder

diameter is 3.7 inches.

Refer to Figures 12 and 13 for a graphical description

of these data.

Corrections to Experimental Data:

EDGE-TO-EDGE SPACING OF ARMS ALONG

CENTRAL COLUMN - A measurement error of

N.25 inches of edge-to+dge spacing must be
applied to all data appearing in Tables I, II,

and III. Therefore, increase all edge-to-edge

spacings by 0.25 inches.

GAP BETWEEN ARMS AND COLUMN - A maximum
gap of 0.125 inches is possible between the inter-
secting arms and the central column. (Each arm

6

was a completely enclosed vessel to facilitate
edge-to-edge spacing changes along the column.)

The gap was converted to a correction on each arm

diameter. This correction was evaluated experi-

mentally and is discussed in Appendix A. The

magnitude of this correction is 0.28 inches. There-

fore, all arms should be reduced by 0.28 inches;

i.e., 6.40 inches becomes 6.12 inches, etc.

CENTRAL COLUMN – The dimensions of the

central column had an accuracy of ~0.062 inches.

FILL LINES TO THE ARMS – Each arm was
connected to the central column by a 0.50-inch

fill line. These fill lines supplied some reactivity

to the overall system and thus are ignored for

reasons of conservatism.

ANGLE THETA (0) OF ARMS INTERSECTING THE

CENTRAL COLUMN – A *5degree tolerance was

used, therefore for all angles of theta (19)greater
than or less than 90°, increase the contact area

by the amount of this tolerance.
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o :1
s

o :
T

o:
b

Legend

0- 6.40-inch arms.
● - 5,35-inch arms.
■ - 4.34-inch arms.

(Experimental Data)

8

7

6

r

1 I I I I I

78 lNCH<\— —

/

o

5 –
o

4

3

!/, . ..]

/

●“M

2 ●

I

//

n I I I I

‘4 6 8 10 12 14 16 18

NUMBER OF ARMS

FIGURE 12. Critical Arm Spacing Versus Number of Arms.

7

6

G
.

4

FIGURE 13. Arm Diameter Versus

Number of Arms (Spacing Equals Zero).

I I I

o

Su
5 10 15 20

NUMBER OF ARMS

Corrections to Empirical Data:

Because of a possible extrapolation error in arriving

at the limiting cases of spacing, increase the value

7.8 and 5.3 inches by 10 percent, to obtain 8.58 and ;,

5.83 inches, respectively.

The empirically derived diameter of 3.7 inches
1

must be decreased by the gap correction and 10 per-
cent due to possible extrapolation error. Therefore, I
the acceptable diameter is 3.0 inches.

I

SAFE DATA USED IN

ENGINEERING hKIDEL

In addition to corrections

FORMULATING

to the experimental and

empirical data given, an additional 10-percent correc-

tion is imposed on all experimentally and empirically

determined data. The co~ection includes reduction

of all arm dimensions by 10 percent, and a 10-

percent increase in all edge-to-edge spacings.

These safe dimensions provide the limiting values

that appear in the section on Rules and Criteria
which begin on Page 8.

7

.. .. . . _-. .—- . .
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In addition to these corrections, the square cross-
sectioned central column was. converted to a

circular cross section by a constant buckling

relation. This was considered desirable since

most process piping is circular in cross section and

the Rules and Criteria section make use of circular
cross sections. The reported limiting value for the
central column is 6.5 inches. The simple buckling

conversion method is presented in Appendix B.

RULES AND CRITERIA

The following data should be used to solve pipe

intersection problems.

Pipe intersections for Minimal Reflection:

1. Maximum central column diameter is 6.5 inches.

2. Maximum contact area in each single quadrant of”
the central column is 23.75 inchesz.

The contact area must be distributed in such

a manner that it is impossible to find a quadrant

that can contain more than 23.75 inchesz (see

Figure 14).

3. Maximum number of arms intersecting a single

quadrant is 4.

Pipe Intersections for Nominal Reflection:

1.

2.

3.

Maximum central column diameter is 5.5 inches.

Maximum contact area in each single quadrant

of the central column is 16.0 inches2. The con-

tact area must be distributed in such a manner

that it is impossible to find a quadrant containing

more than 16.0 inchesz.

Maximum number of arms intersecting a single

quadrant is 4.

Most process plant applications involve a reflector

condition described as nominal. The amount or

thickness of the reflector which fits this condition

is assumed to be 0.5 inches of water. Appendix C

contains a graph (C-1, Page 16) of reflector savings

as a function of reflector thickness. The ref Iector

savings for 0.5 inches of water reflector is 0.5

8

PROPER

-------

JUADRANT

. 0
0------

IMPROPER

----

QUADRANT

_o—---
0

QUADRANT

-----

FIGURE 14. Quadrant Selection.

inches. The above criteria was thus obtained by

reducing the central column diameter by 1.0 inch,
thus giving an acceptable value of 5.5 inches.

‘Jle limiting acceptable contact area was likewise

reduced to 16.0 inches2.

The reader may find that the general criteria are

too restrictive. In this event, application of the

experimental data is recommended, making use of

all corrections and the reflector savings which more

closely approximate the reflector conditions of the

problem. Also, the reader must keep in mind that

corrected experimental data are critical data and

thus would need additional corrections to insure

safety.

The techniques for problem solving shown under

the Problems section (No. I and II) are also

applicable for this section.

Pipe Intersections for Full Ref Iecti on:

1. The maximum central column diameter is 4.1
inches.
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2.

3.

Maximumcontact area in each single
of the central column is 9.6 inchesz.
tact area must be distributed in such

quadrant

The con-

a manner

that it is impossible to select a quadrant contain-

ing more than 9.6 inchesz.

Maximum number of arms intersecting a single
quadrant is 4.

As expressed earlier, diiect use of the corrected

experimental data with a safety factor is recommended

where the general criteria given in this section are

too restrictive.

Allarmandcentral colump dimensions should be

reduced by the ratio below with an additional safety

factor commensurate with the conditions of the

problem. For a discussion of the ratio, refer to
Appendix C.

Full-reflected infinite cylinder diameter = ~ 635 inches

Unreflected infinite cylinder diameter “

Intersection Problem No. I:

GIVEN - The geometry shown in Figure 15. Assume

minimal reflection. The central column
diameter is 6.5 inches and Arms 1 through

have equal diameters.

PROBLEM - The problem is to maximize all of the

8

arm diameters and minimize the spacings

of Arms 9 and 10.

CALCULATIONS -

1.

2.

Select the quadrants as defined in the Rules and
Criteriu, Minimal Reflection.

Calculate the potential maximum area in contact

with the central column.

The maximum surface area allowed per quadrant is

23.75 inchesa.

The largest diameter arms allowed for Arms 1 through

8 may be found from:

A=rr#

&Jm9

---

FIGURE 15. TypicaI Intersection Problem. Arms 1 through
10 with Angle Theta (6,), 30° and Theta (@\O), 45°.

However, due to the close spacing of these arms,

there will be two per quadrant. Therefore,

23.75
—=rrd

2

r2 = 3.78 inches

r = 1.944 inches, or

D = 3.89 inches, the maximum diameter

(D) that Arms 1 through 8 may have.

‘l%e maximum diameter for Arm 9 is given by:

23.75 = r r= csc 30°

23.75
rz = = 3.78 inches, or

rr Csc 30°

D = 3.89 inches

9

1
II

I
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me maximum diameter for Arm 10 is:

23.7S
r2 = = 5.34 inches2

r? Csc 45°

r = 2.31 inches

D = 4.62 inches

Since the quadrant is placed around the central

grouping of arms, this quadrant has the maximum

allowable amount of surface area. The two amns

where (theta) 6<90° will not be allowed in this

quadrant. BY centering the quadrant around the

two central arms, the closest spacing that would

be allowed for the top arm is: 9.00-3.89 = 5.11

inches and similarly for the bottom arm.

The above calculations are checked to determine

if a quadrant exists that has more than 23.75 inchesz

in it. To do this, select a quadrant as shown in

Figure 16.

The length of Arm 9 that is in contact with the
central column is (3.89) (2.00) = 7.78 inches.

Therefore, the total length occupied by the upper

two cylinders is (7.78+ 5.11 + 3.89) = 16.78

inches. Thus, a quadrant has been found that has

more than 23.75 inches2. Therefore, the above cal-

culation was nonconservative. To preclude this, it

is necessary to respace the arms.

Begin with the upper quadrant at the top of the

upper arm and place the maximum surface area in

this quadrant. Therefore, (7.78 + S) = 18.0, where

S = the arm separation. Therefore, S = 10.22 inches.

This is the minimum separation for the upper arms

from the two central arms.

To calculate the spacing of the bottom arm from the

central two arms, note the length occupied by the

bottom cylinder is: (1.414) (4.62) = 6.53 inches.
Therefore, S = (18.0 -6.53) = 11.47 inches.

The problem has been solved within the rules and

criteria. The correct spacing and selection of

quadrants is shown in Figure 17.

Intersection Problem No. II:

GIVEN - The geometry shown in Figure 18.

---
.

8 0a~ti 7
i----

4
‘Q ‘

a’d 3 ‘ T

(1 ;ch)

FIGURE 16. Typical Intersection Problem.

FIGURE 17. Final Safe Geometry.

SPACING
(10.22 inches)

8 D8
0

5
a+d 7

.-J-----

4
t oD4 ; 3and 7

. SPACING
SPACING

&

(1inch)
(11.47inches) QUA\RANT .

DI ----

10

DI through De = 3.89 inches

Dg = 3.89 inches

D(O = 4.62 inches

10



(3 D+” II—

(d&L_-
-+(6 i~hes)

8

9
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07

Diameter Length Y

(inches)

DI = 1.5
Da= 2.0
D3=.1.5
D.= 4.5
D~= 2.o
De= 3.o
D,= 5.4

D8,Dg= 2.o

Legend

Assume all Theta (6) and Phi (#)
Angles are 90°, except those below

~ = 45” 82= 45°
~ = 28° 6,= 60°
$$ = 30”

Complex Pipe Intersection Problem.
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PROBLEM - Is this geometry safe?

SOLUTION –

1. Determine angle Phi (~) between the central

column and the intersecting arms. To do this, a

line is drawn from the center of the column to

the point of intersection of the line going down

the center of the arm. A line tangent to the circle

is drawn at the point of intersection. The angle

between the tangent line and the side of the arm

is equal to Phi (q5). (See Figure 19.)

The Phi angles are:

AU of the other angles are:

3.

2. Next, determrne the quadrants so they meet the

criteria. This is done in the following manner:

FIGURE 19. Determination of Angle Phi (~).

a. First note that if the angle between arms is
less then 90°, then these arms may be placed in
the same 90° sector. If these arms are spaced
at a distance greater than 18 inches, it will
not be possible to place them in the same
quadrant. If the spacing is less than 18 inches,
they may be placed in the same quadrant and
the total surface area in contact with the central
column for these arms is limited to 23.75 inchesz.

b. Thus, the following seta of arms may be

placed in a quadrant:

Arms 1, 2, and 3

Arms 5 and 6

Arms 6, 8, and 9

Arms 7 and 4 are in quadrants of
their own.

The surface area in contact with the central

column can now be computed.

a. Arms 1, 2, and 3:

The intersection of Arm 1 with Arms 2 and 3

must be handled in the manner presented by

Schuske4 in which an effective diameter for
Arms 2 and 3 are calculated from:

2Deff(2) = [(D,)’+ (D,)21 , and

Deff(3) = [(D,)’+ (D,)’] z

Arm 1 must be separated from the central column

by a minimum distance equal to five times the

diameter of the largest arm it intersects. The

total area (A) in contact with the central column

is given by:

A = ; [D; ff(3) CSC6, CSC+,

+ D; ff(2) CSCC#zcsc f321

‘C. L. Schuske. “An Empirical Method for Calculating

Subcritical Pipe Intersections.’* Interim RepOrt. ROcky Flats

Division, The Dow Chemical Company, GOlden. COlOradO.

July 17, 1956.

12



Therefore:

Deff(2) = [4.0 + 2.25] Z = 2.5 inches

%= 2.12 inches‘eff(3) = [2.25 + 2.25]

A=; [(2.12)’(1.55)(1.414)+ (2.5)2(1.0)(1.414)1

= 12.71inches2

Thus, this quadrant is safe.

b. Arms 5 and 6:

The total area in contact with the central

column is: “

A = ~ [(D,)z CSC #.]+ [(D,)’SCS r$5]

= ~ [32(2.0)+22 (2.130)]= 20.83 inches’

Thus, it is safe
same quadrant.

to place these two arms in the

c. Arms 6, 8, and 9:

It can be seen that Arm6 can also be placed in
a quadrant with Arms 8 and 9. Therefore, this
quadrant must be calculated to see if it is safe.

The total area in contact with the central
column is:

A = ; [(D,)’ CSC+,]+ [(D~)2 + (D,)’]

=; [32(2.0)+ (22+ 22)1

= 20.42 inches2

Therefore, it is safe to place these three arms
in the same quadrant.

d. Arm7: “

Arm7 is unable to be placed in a quadrant with
another arm. Therefore the only criteria that this

RFP-1197

armmust satisfy is to have its total intersection

area equal to less than 23.75 inchesz.

A = ~ (5.4)2= 22.90 inches2

Thus, this arm may be placed on the column.

e. Arm 4:

Arm 4 can only be placed in a quadrant by itself

since there are no other arms that are close
enough to Arm 4 to be placed in the same quad-

rant. ~Therefore, the only criteria that Arm 4

need satisfy is that its total intersection area

be less than 23.75 inches2.

A = ~ (4.5)’ = 15.90 inches2

Thus, this arm is safe when placed on the

central column.

The above calculations show that the geometry
shown in Figure 18 is safe for minimal reflection.

CONCLUSIONS

The purpose of the reported data is to make avail-
able to the design engineer, critical data describing

complex pipe intersections in such a manner that
problems involving intersections can be expeditiously

solved.

In order to present a simplified engineering approach,
a certain amount of conservatism was necessary.

However, the reader may have a special problem

which could be better analyzed by direct reference

to the experimental data. For this reason, the

experimental data and corrections to these data are

presented.

The problem section describes in detail two

intersection-type problems.

Since the model was determined for a uranium con-

centration at which minimum critical volume occurs,

it is possible to extend this model for other con-

centrations which would permit larger pipe sizes

but would require concentration control.

13
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APPENDIX A. Gap Conection between Central Column and Intersecting Arms.
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APPENDIX A. Gap Correction between Central Column and Intersecting Arms.

Since an air-gap and a stainless-steel interface

exist between each arm and the central column, a

correction to the arm diameters must be made.

To determine how much the diameter of an arm must

be reduced to account for the gap, the configuration

shown in Figure l-A with four 6.40-inch, inner-

diameter arms intersecting the central column at

45° was brought to the critical condition.

The central column was full and with equal air gaps

between all the arms and the central column. The

critical spacing for this geometry was ~ inches.

FIGURE l-A. Typical Assembly to Determine Criti-
cal Surface Area in Contact with Central Column.

RFP-1197

0.5T I I i 1 t

TOTAL AREA IN CONTACT WITH CENTRAL
COLUMN (inches2)

FIGURE 2-A. Arms Intersecting
Central Column at a 45° Angle.

Another set of measurements was made on the same

geometry, with no spacing between arms and central

column. In these measurements, arm diameter was

permitted to vary. These tests were done with one,

two, three, and then three 6.40-inch, innerdiameter

arms plus one 4.34-inch, inner-diameter arm.

The results are shown in Figure 2-A where the total

area in contact with the central column versus the

reciprocal multiplication (l/M) is plotted. This

curve shows that 237 inchesz is the critical area.

From the total critical contact area, it is possible

to calculate the critical arm diameter when the
experimental air gap, as well as the steel interface
between the column and arms, is eliminated. The
correction amounts to a reduction of 0.28 inches on

each arm diameter.

15

I—----.--T77.y,, ,A, ~A,., r,,.,. . . . . . ,
-, .,.. ,.. ,.?. .,. ., . .=’?-mwm~% -:.’..fi ~t. + ,, ... . ; .- .V377ZA.!H7?E- P. .V ..c----.Xz’?. c ,,, >. ‘.:~ :,,..,,:,.,,-”””.” — .-.,.. ....... I



RFP-1197

. .

APPENDIX B. Constant Buckling Conversion.

A Constant Buckling Conversion of an infinite cylinder 148 ~

of square cross section to an infinite cylinder of
—.
B’ c

circular cross section is presented below:

Assumptions: Siice the column is of infinite length we

the volume per unit length:

1. Assume equal buckling for a cylinder and a

parallelepipeds. V; = rrrz,

2. Use the buckling for minimumvolume for these vi= W,

two geometries.

3. WhereVp = minimumvolumeB-1 parallelepipeds. 161 W=—=—
148 rrr’

r = radius of cylinder

must use

W =width of a side of the square

column

V; and V‘ = volume per unit length

Fof the cy mder and parallelepipeds
respectively.

And where V== minimum volume of the cylinder, r2 = 14.34

D = 7.57 inches

‘-lHarry Soodak and Edward C. Campbell. Elementary Pile
17WOIY. John Wiley and Sons, Inc., New York. Chapman and

Hall, Lmited, London, England. 1950.

Here D is the equivalent diameter of a cylinder having

the same reactivity as tbe 7 by 7-inch square column.

APPENDIX C. Reflector Savings Correction.

AH experimental data presented are for systems with

near minimal ref Iection. In order to extend the
values of these data. to normal plant conditions, a

transport calculation of water reflector savings was

done. Figure 1-C shows the reflector savings of

FIGURE l-C. Reflector Savings,
16-Gronp Transport Calculation.

t t I I I I I t

I 2345678

REFLECTOR THICKNESS (inches)

the radius of an infinite

the reflector thickness.

cylinder as a function of

All safe dimensions for

minimal reflection must systematically be reduced

by an amount 0.5 inches, which is due to nominal
reflection of approximately O.S-inch ref Iector

equivalent around each arm and the central column.

Full-reflected cases would require reduction of all arms

and central column diameters by an amount equal to:

Full-reflected infinite cylinder diameter
= 0.635 inches

Unreflected infinite cylinder diameter

The numerator of this ratio was reported by Schuske and

Morfitt c‘1 as 5.4 inches. The denominator was derived ‘

from bare critical data (unpublished by C. L. Schuske)

in the same manner as noted in Y-533.

C-lC. L. Schuake and J. W. Morfitt. An Empirical StdY of
Some Critical Mass Data. Y-533. Union Carbide Corporation,

Oak Ridge, Tennessee. December 6, 1949.
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“An Empirical Method

for Calculating

Sub-Critical

Pipe Intersections”

By
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EMPmxoALMm!HoD ml PIPE-mxmsEc!l?IoNs

ThepurposeOr this report1s to presentan emplrioal
methodrO~ calcul.atlng simple pzpe i@er8ections.

hod was used to obtain fitezviectlons gzven fi.
Part

P“

B of’ the Nub2ear Safety Guide.. The method pr~des
Onservatzve results for cases forwhLohdata exists.

& Method:

Step 1

$)0°Lntersectlo.n9

=0+

b

a—

a>b

-u-a-l

‘ua
If a cy~der of .helg!!t h
1s not crLtlca% for tLLameter
C, thenthelatersectlon 1s
considered safe.

==@-: GivenSn Nuolear
SatetyGu&de.

* pr~vatemmmunlcacioatith A. D. Calllhan,Ott 6, 2955, OR!!.

GC99 01541
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(7
$0° Cross

I

IGJ

(A) Examle:

(B) Xxmmle:

h.sa

c =Ja2 +2m

~ h IS not crlt~~ ror
diameter C thenthelnteB-
sectlon%fjsafe=

‘J!hlsmethod@elds a 3.65 Mch
cross as safe foralumlnumwalled
pipes hea~ly tamped with water.
Experiment.Indicatesthata 4
inchcross will notbecomecritical.

&A ~thod zs evenmom ~o~e~at~ve
for untanped intersections. Fon
eximple, the method *ids a 5 tich
cross as safe whereas experiment*
indicates an intersection of greater
than Y &Iches .S ~ subcritical.

* PZ%V8tt3 Commxnlcatlon with A. D. e ~, Oot 6; 1955, “ORW.

GC99 01542



45’ ~tersection

a>b

Sam prlno$pleas step 29

Ii =.
---%0.70

If h 1s notoriticaltor
dlsmeter C, thentitersect%on
ls consideredsate.

Exsmles: GivenInNuclem StietyGuLde.

E C 2s not crltzoal for
aplpeof h-ti, thenthe
Xater3ectLon1s safe.

Examples:M.venin h!lear SsfetyGu2de.

GC9901543


