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SUMMARY 

Cleaning large cylinders used to transport 
low-enriched uranium hexafluoride (UFg) 
presents several challenges to nuclear criticality 
safety. This paper presents a brief overview of 
the cleaning process, the criticality controls 
typically employed, and their bases. Potential 
shortfalls in implementing these controls are 
highlighted, and a simple example to illustrate 
the difficulties in complying with the Double 
Contingency Principle is discussed. Finally, a 
summary of recommended criticality controls 
for large cylinder cleaning operations is 
presented. 

INTRODUCTION 

Cleaning large cylinders used to transport 
low-enriched uranium hexafluoride (UF6) 
presents several challenges to nuclear criticality 
safety. Because of the low enrichment, the 
minimum critical mass of UF6 is rather large, 
and no criticality accidents associated with 
large cylinder cleaning have been recorded. 

Nevertheless, this cleaning process is one of the 
few operations (if not the only one) in which 
water is intentionally added to an unfavorable 
geometry (30-in. or 48-in. diameter) known to 
contain an uncertain quantity of enriched 
uranium. 

Two general types of large steel cylinders 
are regularly used to transport UF6 from a 
fluoride conversion facility to an enrichment 
plant, from one enrichment plant to another, or 
from an enrichment plant to a fuel fabrication 
facility. The smaller of these cylinders is 
nominally 30-in. in diameter, 81-in. long, and 
capable of containing about 2.5 ton of UF^. The 
larger cylinder is nominally 48-in. in diameter, 
119- or 150-in. long, and capable of containing 
approximately 10 or 14 ton of UF6- To empty 
the cylinders before cleaning, the cylinders are 
heated in an autoclave to sublime the UFg. 
Because of nonvolatile impurities and other 
operational limitations, however, some quantity 
of uranium-bearing material (referred to as 
"heels") always remains in an "empty" 
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cylinders ; , 
U.S. transportation regulations [1] and 

ANSI N14.1 [2] address standards for UF6 
cylinders. These standards are also supported 
by a Department of Energy manual for good 
handling practices [3]. Cylinders are cleaned 
prior to hydro testing, which is generally 
required at 5-year intervals. (Filled cylinders do 
not need to be tested until they are emptied as 
part of normal operations.) In addition, several 
operational situations often require that a 
cylinder be cleaned. These include, for 
example, a change in the desired enrichment of 
the contents, contamination of the inside of the 
cylinder (e.g., excessive rust), and cylinder 
maintenance. As a result, a significant number 
of cleaning operations are performed annually 
at enrichment plants and other UF6 facilities. 

Cleaning operations typically follow 
procedures similar to those in Appendix B of 
ANSI N14.1, which, like most appendices, is 
not actually part of the Standard. These 
procedures place criticality controls on 
parameters such as enrichment, mass, volume 
of cleaning solution, soluble poisons, and 
concentration. Although straightforward in 
principle, these controls often (1) require 
equipment that is not readily available at die 
cleaning site, (2) rely on records that are subject 
to inaccurate data and misinterpretation, (3) 
depend on quality assurance procedures 
performed by others, and (4) are susceptible to 
simple human errors. Despite a large number of 
possible criticality controls, a realistic 
operational environment can inhibit the 
implementation of these controls and make 
compliance with the Double Contingency 
Principle difficult. 

CRITICALITY CONTROLS 

Although the detailed procedures and 
hardware utilized in large cylinder cleaning 
operations vary with each site, the general 
practices typically include (1) adding water 
(which may contain boric acid) to an "empty" 
cylinder, (2) rotating the cylinder to promote 
cleaning action, and (3) removing the uranium-
bearing solution. This washing process must 
generally be repeated several times until 
sufficient uranium is removed from the 
cylinder. After these wash cycles are 
completed, the cylinder is rinsed with water 
(without boron) or steam. The criticality 
controls typically implemented in these 
cleaning operations include enrichment, mass, 
volume of water, soluble poison, and 
concentration. 

Enrichment 
References [1], [2], and [3] limit the 

maximum enrichment of UFg transported in 
large cylinders to 5%. (48-in. cylinders are 
limited to 4.5% for transportation, although 
some models are approved to 5% for onsite 
use.) Depending on the specific model of the 
cylinder and the degree of moderation control 
on its contents, the allowed enrichment may be 
less. These enrichment limits, at least in the 
United States, have become well-established 
practices, and are reflected in the Certificate of 
Compliance for the cylinder issued under U.S. 
regulations [4, 5] for the transportation of 
radioactive materials. 

From a criticality standpoint, the 
assumption that a large cylinder contains 5% 
enrichment appears to be a safe, simple control. 
Nevertheless, operational personnel often desire 
to quantify the enrichment more explicitly. For 
example, if a cylinder is not filled under 
moderation control, the maximum enrichment 



is limited to 1%. At such a low enrichment, 
controls for cleaning operations can be relaxed 
significantly. Similarly, less restrictive controls 
can also be implemented whenever it can be 
established that the actual enrichment of a 
cylinder is less than 5%. In general, the use of 
less restrictive controls increases the efficiency, 
and sometimes the quality, of the cleaning 
operation. 

The concerns in basing other criticality 
controls on an enrichment less than 5% are 
rather obvious. As will be discussed in the 
following sections, the limits on heel mass and 
volume of water are derived from the assumed 
enrichment of the cylinder. A discrepancy in 
the enrichment can thus invalidate the limits for 
these other controls and become a common-
mode failure for violation of the Double 
Contingency Principle. Because it is impractical 
to sample the heel directly, the actual 
enrichment of the contents must be determined 
from cylinder records. An error in the assumed 
enrichment can result from inaccurate records, 
misreading of data, confusing one cylinder with 
another, or other simple human errors. 

Heel Mass/Weight 
An "empty" cylinder will normally contain 

only a small mass, consisting primarily of 
nonvolatile uranium products and impurities. 
For criticality purposes, the heel is generally 
considered to be all uranyl fluoride (UO2F2), 
rather than UFg. Moisture, fission products, and 
other impurities are conservatively neglected. 

Reference [2] establishes a heel mass limit 
of 25 pounds (-11.3 kg) for 30-in. cylinders 
(5% enrichment) and 50 pounds (~22.7 kg) for 
48-in. cylinders (4.5% enrichment). These heel 
limits are consistent with those required to 
transport an "empty" cylinder without a 

protective overpack [1] and are significantly 
less than the minimum critical mass for an 
optimally moderated homogeneous spherical 
solution of water and uranium (at the 
corresponding enrichment) with water 
reflection [6, 7]. Nevertheless, several crit
icality concerns need to be highlighted. 

First, cylinders are weighed at the time of 
UF6 withdrawal. For health physics reasons, 
short-lived fission products remaining in the 
cylinder are commonly allowed to decay for 6 
months or longer before the cylinder is cleaned. 
During mat time, the cylinder may be stored 
near the cleaning facilities, which often do not 
have their own scales. Because of various 
operational considerations, the cylinders are not 
always re-weighed prior to cleaning; rather, the 
heel weight is "verified" from cylinder records. 
This reliance on a records system introduces the 
possibility that the data could have been entered 
incorrectly, that the data is misread, or that one 
cylinder is mistaken for another. A simple 
translation of a digit in the cylinder weight 
could result in heel mass errors of hundreds or 
thousands of pounds. 

Second, several inconsistencies in heel 
masses have been noted during cleaning 
operations [8]. Records for a large number of 
cylinders have indicated negative heel masses, 
demonstrating errors by as much as 
approximately 50 pounds. Such discrepancies 
substantially exceed the uncertainty of the 
scales, and the reason for these inconsistencies 
has not been fully explained. As noted earlier, 
cylinders are generally required to be 
hydrotested at 5-year intervals. Following this 
test, the cylinder is re-weighed, and its empty 
weight is updated. For various reasons, some 
cylinders have not been emptied and tested for 
periods greatly exceeding 5 years, and loss of 



cylinder weight from excessive corrosion of the 
outside surface has been hypothesized. The fact 
that these weight discrepancies are not 
understood and that the upper limit of these 
heel mass errors has not been established is of 
obvious concern for criticality safety. 

Third, the use of subcritical limits for mass 
(and other control parameters) needs to be 
applied with the full understanding of the 
assumptions on which these limits are based. 
For example, most subcritical limits assume 
that the reflection is no more effective than that 
from water. If the reflector is a uranium-bearing 
compound (e.g., UFg), these limits will be non-
conservative. In addition, many limits in 
ANStyANS 8.1 [9] do not apply if the uranium-
water solution is oversaturated, as is quite 
possible in cylinder cleaning operations. 

Volume of Solution 
Reference [2] also establishes a general 

limit of 5 gallons (-18.9 liter) of water for use 
as the cleaning solution. Larger volumes are 
permitted if the enrichment of the cylinder 
contents is less than 1% or if soluble poisons 
(discussed in the next section) are added. 
Similar to the mass controls discussed above, 
this 5-gal. limit is less than the minimum 
critical volume/moderation for a homogeneous 
spherical solution of water and uranium (at 5% 
enrichment) reflected by water [6,7]. 

The primary criticality concern associated 
with this volume control is double batching, a 
classic problem in criticality safety. Cleaning 
operations are typically performed by relatively 
unskilled operators in an environment that is 
not conducive to attention to detail. The 
facilities themselves are often quite warm, and 
the operator is frequently suited in 
uncomfortable protective clothing, including a 

respirator.. Unless specialized equipment is 
employed, prevention of double batching relies 
solely on the attentiveness of the operator. The 
situation in which cleaning operations continue 
from one shift to another is of particular 
concern. 

Besides unintentional double batching, 
operational problems may encourage the 
addition of more than 5 gallons of cleaning 
solution. Compared with the total volume of the 
cylinder, 5 gallons is very small, and the 
cleaning process is not very efficient. Some 
fraction of the water no doubt merely wets the 
cylinder wall and provides little cleaning 
action. Furthermore, if the heel is substantial, 
the resulting solution may be so thick that its 
withdrawal is difficult or impossible. A number 
of situations have occurred in which little or no 
solution could be withdrawn after the first wash 
sequence. Such cases are of special concern for 
criticality safety because the only practical 
courses of action are to add more water or cut 
the cylinder open. 

Soluble Poison 
Reference [2] allows the use of greater than 

5 gallons of water if boron is added at a 
concentration of 10 grams per liter. (This is 
approximately the solubility limit of boric acid 
in water.) As with double batching, soluble 
poisons are of significant concern in criticality 
safety for several reasons. 

First, the isotopic composition of the boron 
must be verified. Not only does the composition 
of natural boron vary more than many elements, 
but also enriched (and hence depleted) boron is 
available. Consequently, the use of boron as a 
poison necessitates that the minimum compo
sition of the 1 0 B isotope be known. Although 
such measurements can in principle be 



performed at the cleaning facility site^the most 
expedient verification is probably to purchase 
boric acid crystals that are certified by the 
manufacturer to meet the required composition. 
Some type of onsite certification, however, is 
still necessary to verify that the boron being 
used has the appropriate pedigree. 

Second, the concentration of the boron in 
the solution must be verified. Adding the 
incorrect quantity of boric acid crystals (or 
forgetting to add any boric acid) is a possibility 
that must not go unchecked. To assure the 
proper concentration, laboratory tests could be 
conducted or a witness could be assigned to 
monitor the boron addition and mixing. Each of 
these steps, however, increases the complexity 
of the cleaning operation and creates new 
opportunities for error. 

Third, compared with other criticality 
controls, little experience exists with the use of 
soluble poisons. No standards on the minimum 
concentrations necessary to assure subcriticality 
have been approved, and the chemistry of boric 
acid solutions with uranium does not appear to 
be well documented. Of particular concern are 
the reaction of a boric acid solution with dry 
uranium compounds and the possible precip
itation of boron resulting from hydrolysis. 

Concentration 
When the cylinder is hydrotested, it is filled 

with clean water. Obviously, at some point in 
the cleaning process, the uranium remaining in 
the cylinder must be sufficiently small so that 
criticality is no longer a concern. Reference [2] 
permits the uncontrolled use of steam after the 
solution withdrawn from the cylinder contains 
less than 5000 ppm (5 g/1) uranium. This 
concentration is a single parameter safe limit 
for fully enriched uranium; the corresponding 

limit for 5% enriched uranium is 261 g/1 [9], so 
the margin of safety is quite large. If a cylinder 
contains a heel mass large enough to be a 
criticality concern, it will probably be noticed 
on the first wash. In fact, several of the 
discrepancies in heel masses discussed above 
were discovered when the initial wash solution 
could not be withdrawn. 



DOUBLE CONTINGENCY 
The following simple example will 

demonstrate a situation in which compliance 
with the Double Contingency Principle is, at 
best, questionable. In this situation, it is 
assumed that boron has not been added to the 
cleaning solution. The criticality controls are 
enrichment, mass, and volume of cleaning 
solution. Although only one example will be 
discussed, many variations will be obvious to 
the criticality safety specialist 

A large cylinder is selected for cleaning. 
Because this cylinder is 30-in. in diameter, the 
operator assumes that the enrichment of its heel 
does not exceed 5%. In this situation, the 
cylinder contains 4.9% enrichment, so that the 
enrichment control is not violated. 

Because no scales are conveniently located 
at the cleaning facility, the heel mass is verified 
from the site's data base on cylinder history. 
These records indicate that the cylinder heel is 
22 pounds (~10 kg), which is within the limit 
for cleaning at 5% enrichment. 

For one of several reasons discussed in the 
above section on mass control, the heel mass of 
the cylinder is incorrect, and the cylinder 
actually contains a heel significantly exceeding 
a minimum critical mass. Although such a 
situation is an "unlikely event" (maybe a very 
unlikely event) in the context of the Double 
Contingency Principle, it does not qualify as an 
incredible event 

After loading the cylinder on its cleaning 
stand, the operator adds 5 gallons of water. For 
any of a number of reasons, the operator is 
inattentive and adds a second batch of 5 
gallons. Without any special hardware to inhibit 
double batching, this error does not appear to 
meet the qualifications of an "unlikely event." 

As a result, both mass and volume controls 
have been exceeded, and from the standpoint of 
double contingency, only one unlikely event 
has occurred. 

RECOMMENDED CONTROLS 

Based on the discussion of criticality 
control presented above and an examination of 
failure modes illustrated in the example, the 
following controls are recommended for large 
cylinder cleaning operations. Depending on 
specific situations at any given facility, some of 
these controls may be able to be modified or 
even relaxed. 

(1) The enrichment of the heel should be 
assumed to be the maximum allowed for the 
cylinder in question (generally 5% for 30-in. 
cylinders and 4.5% for 48-in. cylinders). Basing 
mass and volume controls on a lower 
enrichment, such as that indicated in cylinder 
records, creates the possibility of a common-
mode failure. 

(2) The cylinder should be re-weighed just 
prior to cleaning and the new weight compared 
with that listed in the cylinder records system. 
Although some uncertainty in heel mass may 
still exist, the re-weighing provides assurance 
that the cylinder does not contain an extremely 
large heel. 

(3) Hardware should be designed to inhibit 
double batching. The possibilities for such 
designs are numerous, but each depends on the 
interface with other hardware specific to the 
cleaning facility. 

(4) The first several sequences of washings 
should be limited to 5 gallons of water. In the 
event that the heel mass is in error, the use of 
limited cleaning solution provides an effective 
second control. After several washings, the 
possibility that a very large heel mass remains 



is no longer credible. The concentration of the 
uranium in the withdrawn solution, as discussed 
in [2], can be used to determine the transition to 
larger volumes of water. 

(5) Certified boric acid crystals should be 
added to the wash solution (10 g/1) as protection 
in depth. Even if no verification can be or is 
performed, the use of soluble poison will likely 
add robustness to die criticality controls. 

(6) The scenario in which the first wash 
solution cannot be withdrawn (or can be only 
partially withdrawn) must be examined in 
significant detail, based on the specific situation 
at hand. For this scenario to occur, the heel is 
probably much larger than expected, and the 
addition of more water needs to be evaluated 
with caution. Factors that should be considered 
include the recorded enrichment data and other 
information on the cylinder's history, the 
possibility of sampling the heel for laboratory 
verification of enrichment, and die availability 
of equipment to inspect the inside of the 
cylinder. The choice of the most appropriate 
course of action should be decided in 
coordination with the criticality safety staff, not 
merely by operational personnel. 

(7) A horoscope or similar equipment for 
visual inspection of the inside of the cylinder 
should be available for use when off-normal 
situations are encountered. 
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