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NUCLEAR SAFETY CONSIDERATIONS IN
REACTCR FUELS PROCESSING PLANT DESIGN

The unit operations principles that apply to non-radiocactive chemical separations
apply equally as well to reactor fuels processing plants. The designer and operator
of radiochemical plants have another factor with which to contend; that is, the raw
material feed is radiosctive and fissionable. This presents two new types of prob-
lems: 1) protection of personnel from radiation, and 2) prevention of conditions
that can lead to self-sustaining chain reactions. This paper will be concerned
with the latier; namely, some of the design considerations to ensure that no such
eriticality condition occurs in the chemical separations piants.

With the critical mass information that exists, problems arising under many specific
conditions car be solved reslistically. However, 1t is difficult to write in a
single paper of this size a set of nuclear safety rules that apply to all plant
processing conditions. For spent reactor fuels processing, where a great variety
of tecaniques and conditions may be represented, cverall regulations are likely to
be so cumbersome as to be easily misapplied. Blird applications of gemeral rules
can work in two directions. Misapplication in one directlon can lead ‘o critical-
ity accidents that are dangerous to both life and property. Misapplication in the
opposite direction with insufficient attention to extenuating conditions may lead
to unrecessary expense in both the construction and operation of large-volume
processing plants. Therefore, it is necessary to understand the principles of
reactor physics as well as the plant processing conditions involved to insure the
proper application of these rules as well as determine criticality conditioms for
process siueps that can not be covered by general rules.

Some of the nuclear safety aspects of the design and operation of reactor fuel
separations plants will be presented. It is not within the scope of this paper to
cover the field of nuclear safety as it pertains to separations pleants. The pri-
mary purpose 1s to introduce those desirous of entering the spent reactor fuel
processing business with some of the problems that must be considered in the design
and operaticn of such a plant.

Nuclear safety is sccomplisied by one of several methods: 1) making the process

safe by geometry, 2) establishing batcn limits on each process vessel, and 3)

setting operating limits on solution composition. The method used depends on the
plant capacity desired ard on operatiopmal feasibility. Within a single plant all
three methods may be used, each method being applied for most efficient plamt
operation of each process step. The appiication of thesge methods will be 1llustrated
to show how they apply to the processing of spent reactor fuels. For this purpose,
the fuel processing steps will be divided as foliows: )

1) Storage and cooling of reactor fuels.

2) Dissolution of the fuel elements.

3) Separation of fissionable msterials from fission products.
L) Separation of plutonium from uranium.

5) TPreparation of plutonium and uranium for reuse.
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Storage and Cooling of Reactor Fuels

In the storage and handling of natural urarium fuel elements, both unirradiated

and irradiated, there are generally no criticality problems involved. In the
handling of enriched fuel elements, however, storage of the elements is generally
sccomplished by limiting the number of elements per storage container and control-
ling the spacing between containers. For purposes of illustration, a 1.0% enriched
U-235 fuel element will be considered. These fusl elements will be solid cylinders
having right circular cross-sectional areas. The foll is based on theoretical
calculations, that have been verified by experiment, {2 89\‘ made for unirradiated
elements of 1.0% enrichment as described gbove. A conservative correchtion was made
for the fuel element Jacket that encased the experimental fuel elements. Figure 1
is a plot of the minimum critical mass for these Fuel elements vs water-to-uranium
volume ratio for fuel elements of different diameters. It is seen that for each
diameter there is an optimum water-to-uranium ratio for minimum critical mass. This
optimum ratio is different for each diameter element. Therefore, if the spacing
between elements can not be conbrolled, a safe nuniber per storage container must be
sev wrose mass 18 below the minimun orltlca_ mass for the specific dismeter element
under consideration. These curves, being based on unirradiated 1.0% enriched elements
shiould not be used for fuel elements of this ernrichmernt after irrailation. To deter-
mine the minimum critical mass of these eiements after irradiation, the reachor power
level to which these elements were subjected must be considered. In dealing with
irradiatel fuel elements, the plutonium isotopie content build-up as well as the
uranium isotopic content must be considered.

Dissolution of the Fuel Elements

In the dissolving of reactor fuel elements, an additional problem must be considered
that doces not occur in the safe storage of fuel elements. In the dissolution step,
the fuel element diameter is continuously being reduced as dissolution takes place.
‘hie erfect thah this has is illustrated in Figure 2. Tkis figure has also been
tasei on uairradisted fuel elements of L1.0% U-23% enrichment. Figure 2 is a plot
of the minimm critical mass as a function of fuel element dilameter. Therefore, if
the diameter of the ornglna; fuel eliemert is greatsr than thet for minimum critical
masg, the minimum critical mass Tor the particlliar enrichment under consilderation
mast e used in establishing safe batceh Llimits. Filgure 2, as well as Figure 1, was
based or uranivm water systems. I ritric escid is beirng used as the disgsolving
agent and a mioimum oidric acid acidity cawn Awwayo te guaranteed, greatsr minimum
critvical masses would resulbt. The presence of altric acid is egquivalent to adding
a neutron poison as well as decreasing the hy&roge& concenbration of the moderator
in the dissoliver system. However, 1if another dissolving agent such as hydrofluoric
acid is used, the minimm critical mass may rnobt e much different Than that in the
water systemJ This is due to the very small rnestron absorpiion cross seeticn of
the fluorire in the hydrofluoric acid compared to the nitrogen in the ritric acid
system. As dissolution tskes place and some of the uranium goes into solution,

the minimum critical mass of the system is increassd. This is primerily due to the
decrease in resonance escape probability for U-238.

In the dissolution of irradisted natural ursnlum there are generaliy no critvicality
probiems invoived as was found to be the case in the storage and haudling of these
fuel elements. Where criticality is not a probiem, the pros and cons of continuous
dissoivers vs batch-type dissolvers wiil be the sawne as for other types of dissolu-
tion processes. For the processing of enriched fuel elements, however, there are
additional factors in favor of continuous dissolvers. Before a new charge can be
made ir a batch dissolver, the dissolver must be enpty, otherwise it is difficul
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to determine an allowable batch size without knowlng the size of the heel remaining
in the dissolver from the previous dissolution. Therefore, it would be necessary
to lengthen the bateh dissolution time until complete dissolution is attained. This
greatly limits plant capacity because the rate of dissolution is a function of both
acid and metal concentrations. Higher dissolution rates are attained with larger
masses of metal for the same acld concentration. If it is desired to process both
natural and enriched uranium simultaneously and in the same dissolver, the batch
size for the enriched fuel elements may be reduced by a factor greater than two in
the presence of an arbitrary amount of natural uranium. Moreover, mixing enriched
uranium with natural uranium may reduce the resale value of the recovered uranium.

For a continuous diseolver processing a 1.0% enriched uranium (based on unirradiated
fuel elements), the safe diameter is sbout 22 inches. This is based on a single
water-reflected dissolver for a uranium-water system. Of course, if & minimum nitric
acid acidity cen be guaranteed at all times, thls dismeter could be increased. For
larger enrichments, smaller diemeters are required. Since continuous dissolver
capacity is a function of dissolver cross section, which in turn is a fun~tion of
enrichment, one must consider the range of enrichments to be processed and determine
whether it 1s more economical to process the entire range of enrichments in one dls-
solver or have several slzed dissolvers, each one to process a single enrichment or
range of enrichments.

Separation of Fissionable Material from Fission Products

After the dissolution step, the separstions plaat 1s concerned with solution hend-
ling. The solution now contalns fission products, uranium, and plutonium. With this
type solution, safety may be insured by composition, bateh size, or by geometry. _If
recipitation can b ecluded, the concentration of fisslonable material (U-235 plus
Pué59§ can be limited by the more reactive constituent, plutonium. In this case,
6 grams per liter is a safe concentration for the total filssionable material. Safety
factors inherent in such & system are acid concentration and fission product concen-
tration. If a precipitate can not be precluded; nuclear safety can be established
by maintaining a maximum ratio between fissionable material (U-235 plus Pu-239) and
U-238. The safe ratio of this system in water is a function of the enrichment of the
original fuel elements as well es the plle exposure conditions. Bafe diemeters for
single vessels containing this solution will be grester than that of the dissolver
for fuel elements of the same enrichment. It 1s & function of enrichment and for the
cage considered above mey be a8 high as 30 inchee compared to 22 inches for the sefe
dissolver. After the fission products have heen removed from the fissionable material,
the same methods can Pe used to guerantee plant nuclear safety. Now, however, the
safety factor of having fission products (neutron ;oisons) present no longer exists.

Separation of Plutonium from Uranium

When the separation of plutoniwm from uranium is atteined, safety of the plutonium,
due to the presence of U-238, no longer exists. The two streams to be considered
are now a plutonium solution and a& uranium solution. The nuclear safety of the
uranium solution is a function of the U-235 to U-238 ratio. Experimental fesulta on
U-235 solutions have alreedy been reported in the unclassified literature. 1 Exper-
imental data with uranium systems of different enrichments have alsc been performed
at the Oak Rldge National Laboratories. The nuclear safety of plutonium solutions
will be examined here in more detail. The study K 11l be besed on experiments per-
formed at the Hanford Atomic Products Operation.( A safe design can be based on
the seme considerations as above; safety by batch size, composition, and geometry.
One other factor will also be considered; namely, the effect of neutron reflectors



uncmssmnm HW-43579

on criticality. In the previous processing steps, completely water-tamped systems
vere assumed. Before the separstion of fission products, the plant structure and
neutron reflectors (vessel walls, structural supports, concrete walls, etc.) are
generally so great as to be equivalent to complete water reflection.

Figures will now be presented to illustrate how these variables affect the nuclear
safety of separations planmts. These curves are based on all the plutonium being
present as Pu-239. Figure 3 i1s a plot of minimum critical mass of plutonium vs
cylinder diameter as a function of equivalent reflector (vessel walls, structural
supports, framework, concrete walls, presence of personnel, etc.) thicknesses.
These calculated values for minimum eriticael mass are based on plutonium-water
systems. As stated ebove, 1f the minimum acidity could be guaranteed, the critical
rerameters would not be so restrictive. However, in a number of process steps
peither a minium acidity nor no precipitation can be guaranteed. It is seen thst
reflector thickness is more important for small dlameter vessels than for those of
larger diameters.

Figure 4 gives the estimated minimum eritical mass for effectively water-tamped
cylinders of emeller dlameters. The curve is not extended to diameters smaller
than six inches because of the larger uncertainties in the calculations for vessels
of smaller dismeter. The very rapid rise in minimum critical mass for vessels of
smaller dlameter is evident from this curve. The minimum eritical mass approaches
infinity as the vessel dlemeter approaches that for a safe diameter for plutonium
solutions.

Filgure 5 1s a plot of safe diameter for piutonium solutions as & function of
nitric acld acidity. The curve 1s broken for aciditles below about 1.3 M nitric
acid as plutonium nitrate in high concentrations begins to decompose below this
acldity. Under these conditions the safe 3ismeter is about 5.4 inches for
plutonium concentrations below 500 grams per liter "solution" and may be as low as
5 inches for somewhat higher conceuntrstions. This uncertainty is due to lack of
experimental information on plutonium "solutions" of this type.

When plutonium nitrate in solution begins to decompose, what has been referred to
as & plutonium polymer, is believed to be formed. This has been assumed o hsve
the composition, Pu02'(320) -1/2: Figure 6 18 a piot of plutoniwm concen‘b){a%ion
vs nitric acid acidity show::.{ng the region in which this polymer is formed. °) It
appears that there is no polymer formation for aciditlies gresier than 1.3 M nitric
acld.

Figure 7 18 a plot of safe llameter as a fupction of egquivalent reflector thick-
ness., For "bare" vessels (no reflector) the safe dismeter approaches 8 inches.
For very thick equivalent reflectors, the safe Jliameter approaches 5.4 inches.
The same restrictions om plutonium concentratlion as described above should be applied
to these safe dlameters.

Figure 8 is a plot of eritical solution height as & function of vessel dlameter for
effectively water-reflected vessels. From this curve the criticel volume as &
function of vessel diameter cen reedlly be calculated. The same uncertainties exiset,
as that described above, for plutonium solutlons whose concentratlion is greater than
about 500 grems per liter.

Figure 9 is a plot of critical concentration of plutonium as a function of vessel
dlameter for water-tamped vessels. Calculations, upon which this ocurve is based,

did not give oredit for nitrate ion that may be present. It is therefore conserva-
tive for actual solutions of plutonium nitrate in the presence cof excess nitric acid.
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Application of Nuclear Safety Ruies

In applying criticality date to the different steps of a separations plant, the
following must be considered. Whether safety is determined by batch limitations,
geometry, or by solution concentration, the effect of reflectors must be carefully
considered. Where no contact maimbenance problems are involved, refiectors may be
taken into account more closely in vessel design. However, where contact maintenance
may be involved, & more liberal consideration of neutron reflectors is necessary.
Allowance must be made for meintenence personmel approaching plutonium solution-
bearing vessels as they add more neutron reflection to the vessel the closer they
approach the vessel. One very important factor which has not been considered above
ig the effect of intersection between vessels. In the above discussion, vessels were
consldered as isolated vessels inm which there are no vessel Inlets into the side.
Side inlets have the effect of increasing the effective vessel diameter in the same
way that interaction with other vessels does. In actual practice, it is generally
. not feasible to build a plant in which there is no interaction between vessels.
This 1s too demanding on space requirements. Among the factors to be comsldered for
interaction between vessels are vessel aslzes, separation between vessels, peutron
reflectors between vessels, and solution compesition. This subject 18 beyond the
scope of this paper. However, the following generalities will be made: 1) For a
given vessel diameter Interaction varies inversely es a function of separation; a)
For a glven vessel diameter and given spacing inberaction varies lnversely as &
function of the smount of neutron reflectors betveen vessels; and 3) For & given
spacing, intersction varies direectly as a function of diameter.

Ir opersting process steps by bateh limitations, the following should be considered:
aceuracy of sualyses, efficiency of process control, and the possibility of double
batching. By double batching 18 meant the possivility of meking & single operating
error and adding a solution batch to a vessel already containing one. Where double
batching 18 a possibility, the betch size should be less than half the estimated
minimm eritical mass after the above operating and analyticel uncertainties are con-
sidered. In the control of process steps by concentration, where preecipitation can
be precluded, 75% of the eritical concentration may be used as & safe concentration.

For safety by geometry, the data presemted above for infinitely tall vessels may be
considered safe for plutonium concentrstions less than 500 grams per liter. For
aqueous solutions of somewhat higher concentrstior; the minimum safe dlameter may be
ebout 10% less.

Summary

Process wvariables that affect nuclear safety in the design and operation of aqueous
seperations plents of spent reactor fuels have been presented. Calcuwlations based
on experimental and extrapolated experimental datsa have been made and presented in
curves to indicate how eriticality is affected by these variables. Examples of how
these are applied to plant processes have been given as well as & few general rules
in their application. The importance of understaniing the process varilables, as well
as the reactor physics prinmciples involved in epplying elther experimental date or
theoretical calculations, can not be overemphasized.

Theoretical Physics
Pile Technology Section
ENGINEERING DEPARTMENT

N Ketzlach:as
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