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Abstract

Criticality limits for a large dissolver tank containing nitric 
acid, water and a variable amount of dissolved UÔ , proposed for use in 
the reprocessing of spent light-water reactor fuels, have been examined 
over a wide range of dissolved uranium concentrations. Potentially 
autocatalytic criticality situations have been identified and examined.

Conditions for which a dissolver will become critical, followed 
by an autocytalytic situation are as follows:

1. Overbatching of the uranium dioxide' inventory in the dissolver;
2. Failure of cooling (needed due to the heat released by fission 

product decay and dissolution of uranium dioxide ~82,500 cal/ 
MT), resulting in the solution boiling to a reduced solution

• height and increasing the uranium-235 concentration until crit
icality is reached.

. Either situation may result in a critical condition being 
reached with subsequent boil-off of more solution and a corresponding . 
increase in the uranium concentration.

The situation of the loss of cooling has been looked at in de
tail for a large 1,000 liter dissolver, having a radius of 50.0 cm., 
containing 5 w/o uranium dioxide. and no poisons. Power levels have 
been calculated, with a peak power of ~260 kw expected. The time re
quired, to boil to a subcritical state was ~4 1/2 hr. with an energy

IQrelease corresponding to ~4.0 x 10 fissions.
vi



CHAPTER 1

INTRODUCTION

Fuel In commercial light-water reactors requires periodic 
removal and reprocessing because of reactivity loss due to bumup 
and fission product poison production or fuel integrity loss due to 
irradiation damage, corrosion or any other damage sustained by fuel 
bundles.• Reprocessing entails the mechanical separation of the fuel 
material from cladding and assembly structural material, the chemi
cal separation of the unused uranium and produced plutonium from 
fission products, and finally the separation of the uranium and pluto
nium for refabrication or storage.

As a first step in light-water reactor fuel reprocessing, fuel
assemblies are chopped into smaller pieces and discharged into a
large cylindrical dissolver tank. The dissolver tank is a chemical
reaction vessel containing a large volume of solution composed mainly
of nitric acid (HN0o) and water. Nitric acid reacts with the uraniumj
dioxide to form uranyl nitrate (UOgCNOg), nitrogen dioxide and 
water, with the accompanying evolution of heat. The nitric acid does 
not dissolve the cladding or structural material. Dissolvers using 
nitric acid are therefore being designed to have an internal basket 
•with which the undissolved material can be removed at periodic inter
vals.
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In this proposed process uranium, and hence uranium-235 is added. ' 
to a hydrogenous solution every time fuel (in the form of chopped fuel 
rod. segments) is fed into the dissolver. This combination of uranium-235 
and hydrogen in the same system poses potential criticality problems that 
must be considered in judging the acceptability of both the process and 
associated equipment design. Upon the addition of chopped fuel, the 
ratio of uranium-235 to'hydrogen will be set within specific bounds by 
the reaction of the uranium dioxide with the nitric acid. The resulting 
ratio of uranium-235 to hydrogen is the single most important parameter 
in determining the neutronic behavior of the solution.

Most of the nuclear industry’s experience in reprocessing has 
been with uranium enriched to approximately 93 w/o uranium-235, with the . 
fissile uranium to hydrogen ratio in the solution such that it is under
moderated. Thus, if a solution of this type were to achieve criticality 
by some means, the radiolytic gas released along with any heating up and 
boiling-off of the solution would deplete water (hydrogen) from the system 
tending to shut it down.

Solutions containing 93 w/o uranium-235 differ greatly from dis- 
solver solutions that would be found in light-water reactor fuel repro
cessing. .

In such systems the fissile uranium to hydrogen ratio is much 
lower due to the maximum enrichment of 5 w/o uranium-235. Chemically 
comparable solutions are over-moderated such that once criticality is 
achieved, any reduction in the water (hydrogen) content due to radiolytic



gas evolution or the boiling of water tends to make the solution more 
reactive.

Upon reaching critreality, the rate at which water and nitric 
acid would be vaporized and escape from the solution will increase'with 
power level. The remaining solution becomes correspondingly more con
centrated in its uranium content. As a consequence, an incident of 
this type will lead to a long period of criticality and, assuming no 
external shutdown mechanism intervenes, self-shutdown would occur after 
a large portion'of the solution was evaporated from the.dissolver.

Ah attempt has been made to analyze this possible boil down.
-The time required for the solution to boil down to a subcritical state, 
the power levels expected and the energy released during this time 
have been calculated.

(There also exists the possibility that the system can achieve 
criticality by adding more uranium to the solution than is normally re
quired during the dissolution process. The addition of uranium over 
that normally required is referred to as over-batching. This accident 
will not be considered in detail, but some references to the consequences 
of such an accident will be made throughout this study.)



' CHAPTER 2 

method: OP SOLUTION

2.1 System Description
The system which was considered, was chosen so as to represent 

a worst possible case scenario thereby giving an upper bound on the 
consequences. The dissolver tank considered is capable of holding 
1000 liters of solution and has a radius of 50 cm. It was assumed 
that the tank- was open and the pressure on the solution is one atmos
phere.

The solution considered is a homogenous mixture of uranium
enriched to 5 w/o uranium-235; water and nitric acid. . It is known
that for actual dissolver systems, administrative regulations require 
the use of either a fixed or soluble poison[l]. However, to obtain an 
upper bound, it was assumed that no poisons were present in the system 
under consideration.

The Initial concentration of the solution was taken to be 15 
g/1 uranium-235, (set by optimum chemical dissolution requirements of 
about 300 g/1 total uranium). Thus the dissolver contains an initial 
amount of uranium-235 of 15 kg.

It is known that for this.geometry, the concentration of 15 g/1 
uranium-235 in itself is not sufficient to achieve criticality. There-. 
fore, it is postulated that due to a loss of cooling of the dissolver,
the heat released by the dissolution of uranium dioxide in nitric acid
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.5
is sufficient to cause an initial boil down of the solution until a 
critical uranium concentration for this system is achieved.

The effect of the neutron reflective properties of the dissol- 
ver or any close-by objects (walls) was not considered. This factor may 
change the concentration .needed for criticality to a. lower value.

2.2 Critical Height ■Determination 
Since this analysis is purely numerical in nature, the first 

step is the verification of a computer model for 5 w/o uranium-235, 
uranium dioxide water systems at various concentrations that agrees with 
. experimentally determined data for critical size versus concentration. ■

The computer program'GAMTEC Il[2], (a code for generating con
sistent multi-group constants utilized in diffusion and transport theory) 
is used to generate cross-sections at various uranium-235 concentrations, 
with temperatures equal to 27°C. The thermal cross sections are averaged 
over the flux from the Wigier-Wilkins light moderator equation, and the 
slowing-down of neutrons is treated using the B-l approximation.
: Having generated cross sections at various uraniumr-235 concentra
tions, the computer program FAIM0S[3], (a multi-group, one-dimensional 
neutron diffusion equation code) is utilized to calculate critical radii 
for spheres at the various uranium concentrations. These results have 
been compared with experimental and theoretical critical radii for 5 w/o 
uranium dioxide water systems'which are tabulated in the Los Alamos re
port LA-3612, "Criticality, Bata and Factors Affecting Criticality of 
Single Homogenous Units," written in 1967 by ¥. R. Stratton[4].



Results. obtained using GAMIEC II and FAME are in good agreement 
with the critical data tabulated in LA-3612 5 as can be seen in Figure 1.

With a reasonable check on the computer programs used in this 
analysis, the next step is to generate a modified set of cross sections 
at various uranium concentrations with temperatures corresponding to the 
boiling point at each of the concentrations considered.

The boiling points of the solutions are found by treating the 
solution as a nonvolatile mixture once the molar-boiling point constant 
is found and knowing the various amounts of solute and solvent present 
at the different concentrations the boiling points are determined.

Having both sets of cross sections, the critical height versus 
-concentration can be found. This is done by equating shape conversion 
factors (or simply equating the geometrical bucklings) for spheres of 
critical size found by FAMOS at the various concentrations and tem
peratures with those of finite cylinders with a fixed radius equal to 
50 cm. The results of these calculations can be seen in Figure 2.

2.3 Boil Down Path 
Knowing the critical height versus concentration, the next step 

is the determination of the boil down path. As the solution boils, down, . 
it is possible that uranium will be entrained in the escaping gases, how
ever it is assumed that this does not occur and that 15 kg of the uranium- 
235 is present in the system at all times. It will also be assumed 
that the escaping gases exit the dissolver via the open top, and that none 
of the escaping gas condenses on the tank walls, resulting in liquid
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entering back Into the dissolver system. (The condensation of the gases 
with the subsequent reentry of the liquid back into the solution would 
tend to increase both the time required for the solution to boil down 
and the energy released during that time.)

Using the previously mentioned assumptions, it can be seen that 
the concentration of uranium , in the system will Increase directly as 
water is removed from the system.

The results of this calculation, along with previously shown 
critical height versus concentration results for the boiling solution can 
be seen in Figure 3-

2.4 Power Level Determination 
The boil down takes the solution into a region of supercritical- 

ity (Figure 3) making the boil-off of water and nitric acid from the 
solution "autocatalytic". For this case, boiling starts at approximately 
23 g/1 uranium-235 and stops at approximately 62 g/1 uranium̂ 235-

The excess reactivity of the system as a function of concentra
tion is found by determining Ke^(with the use of FAIMOS) at the boil 
down height. The resulting reactivity is shown in Figure 4, where the 
excess reactivity has been expressed in dollars. The value of used 
for these solutions was the value determined by the French Commissariat 
a I’Energie Atomique during their "Consequences Radiologiques d’un 
Accident de Crlticite"[5] (CRAC) series of experiments, for the largest 
volume, 800 mm diameter vessel experiment. This value of is equal 
to ,0071. is known to be system-size dependent (along with other
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12
factors) and the two systems (the experimental French GEA system and 
hypothetical dissolver system under consideration) are similar in size 
and shape. It must be noted, however, that the excess reactivity in 
dollars does not take into account any change in as the system
dimension (height) change.

As the solution boils, it will do so at a rate, dictated by the 
required internal bubble volume for steam and radiolytic gases needed to 
compensate for the excess reactivity of the solution. .The-simulation 
of the reduction in the density of the solution is accomplished by re
ducing the number densities and adjusting the volume (height in this 
case, due to a fixed radius) of the solution■until a just critical system 
at the various concentration is obtained.

The change in the volume during the boil-down due to the bubble 
volume required to overcome the excess reactivity at the various concen
trations is obtained and can be seen in Figure 5.

Knowing the vapor volume required to overcome the excess reac- - 
tivity as a function of concentration, it is necessary to determine the 
vapor bubble retention time, so that the vapor production rate as a 
function of concentration can be determined.

The vapor bubble retention time is evaluated by applying a force 
balance to the bubble. Two forces are considered: The upward force due
to the net buoyancy of the bubbles and a downward force due to the drag 
exerted as the bubble rises through the fluid. The net buoyancy force 
can be broken into two forces, the upward buoyancy force F^ and a downward
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force due to gravity FS

Ffe - 4/3ir R3 pS 
F = 4/3tt R3 pb

where
ps - solution density 
pb - bubble density 
R - bubble radius 
g - gravitational constant
Unless- the bubbles have a very low velocity, Stokes relationship 

for the drag force exerted on the bubble cannot be used. Therefore, the 
more general empirical expression from dimensional analysis for the drag
force F^ was used, given by 

Fd = Cg P% 2 A

where "
Gp - drag coefficient (for spheres)
Vrp - terminal velocity

pA . - bubble frontal area = ttR 
Upon rearranging, the drag force F^ can be expressed by 

- Fd = CD n VT A Re

where
2D

Re - Reynolds number 
D - bubble diameter 
n - fluid viscosity
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Solving the force balance relation for the terminal Velocity 

can be obtained:
Vm = V3TrR3 (pS - pb) 2gD 

%

The above equation must be solved by an iterative technique due to the 
face that the Reynolds number (Re) and the drag coefficient (Ĉ ) both 
depend on the bubble velocity, as is shown in Figure 6. An average bub
ble radius of .1 cm is assumed for this analysis.

If the bubble nucleation sites are mainly fission fragment tracks, 
it can be' assumed that the nucleation of vapor bubbles is almost uniform 
throughout the. solution. Hence, the average bubble retention time can be 
found by dividing half of the physical height of the boiling solution at 
a specific concentration by the terminal (and almost instantaneously 
achieved) velocity determined by the iterative technique at the same con
centration, • .

Using this method, the following ranges of bubble velocity and 
retention times are obtained. At approximately 23 g/1 uranium-235 (the 
highest solution height) the terminal velocity is ~21 cm/sec and a 
retention time of ~2 sec is found. The terminal"velocity at approxi
mately 62 g/1 is ~22.5 cm/sec and the retention time equals ~7 sec.

It must be pointed out here that this analysis deals with a sin
gle bubble. However, it is known that when dealing with a multisphere 
(bubble) system the initial bubbles "blaze a path through the solution" 
and hence the bubbles trailing the initial bubbles will experience less
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17
drag force[6]. Hence, the retention time of the bubbles during rapid 
boiling may be less than that calculated. However-, the power calcula
tions done are based on the retention times obtained by the iterative 
technique.

Knowing the bubble volume required to overcome the excess reac
tivity and the bubble retention time at a given concentration, the power 
at that same concentration is found. This is done by using the follow
ing equations:

■ti = <vbi x p6)/Tri
where

"V^ - volume of vapor required to overcome an amount of excess 
reactivity at a given concentration (i), cm̂

- retention time of the vapor bubbles at the same concen-■ 
tration (i), sec 

Mvi - mass production rate of vapor at concentration (i), g/sec 
and finally the power is determined from

P1 = Mvi AH
where

AH - heat of vaporization plus 20% due to heat loss to the 
environment, watt-sec/gram - 

■ - power at concentration (i), watts
This procedure was carried out over the range of concentrations 

of interest and the power as a function of concentration was obtained. 
Figure 7 shows the power variation with concentration during the solution
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boil-down. The numbers on the plot itself represent the time in hours 
after initiation of boiling at which that power will be reached. The 
peak power calculated is equal to 257 Kw.

2.5 Time to Boil Down 
The time required for the .solution to boil-down may be found as 

follows. By knowing the change in volume between two concentrations and 
the average power between those same two concentrations, the time required 
for that change in volume to occur can be obtained.

P, = (P, - h + P, + W 21  1  ] _

&VT . = V. - % - V. + V  '
J - i l  1 1

T. = (AVT . x pS x AH)/P.
1  1 j1  1  '

where
i - increment of uranium concentration 1 
P̂  + ig - power at increment (i + watts 
P. - average power at (i), watts
AV,. - change in the liquid volume between (1 - h) and (i + h), cm 
ps - density of the solution at. (i), g/cnr
AH - heat of vaporization plus 20% due to heat loss to the en

vironment, watt-sec/g 
TT - time required to obtain a change in volume AV^ at concen

tration (i), sec
The total time to boil-down is the sum of the incremental times found

1. The increments used were small (.1 grams/liter) in order to 
avoid large rapid changes in power levels between two adjacent concen
trations .
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over the volume change of interest, and Is given by:

N

where ,
It - time required to obtain a change in volume AV^. at concen

tration (i), sec 
T - total time required for the solution to boil down 
The solution was found to take approximately 4 1/2 hours to 

boil-down with a major portion of that time occuring within the first few 
incremental changes in concentration. Since the velocity of the vapor 
bubbles are lowest at the initiation of boiling and the physical height 
of the boiling solution is maximum, a very long bubble retention time re
sults. This in turn yields low power levels, (~7 Kw), and therefore, the 
time required to obtain a change in the solution volume is relatively 
long. The power as a function of boil-down is shown in Figure 8.

It must be noted that the determination of the power levels and 
the time required to boil down were based on the assumption that no fuel 
in the form.of chopped fuel segments were added to the solution. It can 
be seen, however, that if large quantities of fuel were added to the sol
ution during this time in the form of chopped fuel assembly segments, 
large power excursions could be expected. ■ This factor would result in 
changes in both the power levels • during boil down and the time required 
for the solution to boil down. However, if the major portion of the en
ergy release during excursions still went into evaporation of the



POW
ER 

(w
at
ts
)

610

10

210' 4321
TIME (hr)

Fig. 8. Power Level (Watts) Versus Time During Boil Down.



22
solution volume and not into any - kind of large movements of the 
dissolver contents, the total energy yield can be expected to remain 
about the same.

2.6 Energy and Radiolytic Gas Release
The total energy release can be found by simply knowing the total

change in the volume between initiation of boiling .and shut down, and
ITmultiplying this volume change by 10 fissions/liter[7], where the con-

17stant 10 fissions/liter is taken as the energy required to evaporate 
1 liter of water plus ~20% for heat loss to the environment. The total

nenergy yield is approximately 4.0 x 10 fissions. [Numerical calcula
tions of the total energy yield (shown by the area under the curve in 
Figure 8.0) yielded a value of 3-65 x lO^ fissions, where the differ
ence in the two values can be attributed to the coarse mesh intervals 
used in the numerical calculations.]

The energy release for the case of the over-batching of the 5 w/o 
uranium dioxide in the dis solver can also be obtained by using this same 
approach. As can be seen in Figure 9> overbatching the fuel concentra
tion by 40% 'will result in criticality being achieved without any ini
tial boil-off of the solution. The boil down path for the over-batching 
case can also- be seen in Figure 9 along with the loss of cooling case 
analyzed. It can be seen that the overbatching will result in a larger 
energy yield due to the larger volume of solution required to be boiled
away before reaching a subcritical state. Again knowing the change in

17volume and multiplying that change by 10 fissions/liter, an energy
i

yield of 7*7 x lO1  ̂is found.
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Referring to Figure 10, which is for 2 w/o uranium.-235 uranium 

dioxide water system, it can be seen that when dealing with homogenous 
cases even a double overbatching of 2 w/o uranium-235 will not be suf
ficient to cause criticality. •

The minimum homogenous concentration which would achieve crit-
■ icality for the geometry considered in this analysis would be ~2.5 w/o
. uraniumr-235. It should be' recognized that the initiation of criticality 
at ~2.5 w/o uranium-235 would most likely be caused by an overbatching 
error,, since the portion of the dissolver solution which would have to
. be evaporated due to a failure of cooling in the normal case is very
■ large indeed (&Y/V ~40%).

The amount of radiolytic gas evolved during the boil down ac
cident has also been considered.. The decomposition of water by ioniz
ing radiation is expressed as the number of molecules of a primary 
species produced per 100 ev of energy absorbed in the water. The max
imum rate of decomposition which can occur is expressed as Gx. where 
x represents the produced species.

If it is assumed that, all of the energy released in 4.0 x 10^ 
fissions is deposited in the water and using a GÊ CS] factor equal to

p1«5> the amount of radiolytic gas formed is 
• 26NHg.= 1.21 x 10 molecules = 200 moles

2. It is known the GEL, for urany1/nitrate solutions is a func-
■ tion of the fissile uranium content. However, for this analysis an 
average value over the range of interest has been used.
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It can be seen that a large' quantity of radlolytic gas will be 

produced. If this gas were to be released into the hot cell room which 
surrounds most dissolvers., a potential for an explosion exists due to 
the release of energy caused by the recombination of the Hg and Og gas:

2H2 + 02 + 2H20 + 68 Kcal mole ~1 .
If all of the 200 moles of gas were to recombine the explosive equiva- 
lerid would be that of approximately 13.6g of TNT.

It can be noted here that the reactivity effects due to radio- 
lytic gas voids will not be large, due to the small amount of radlolytic 
gps evolved over the period of boil down.



CHAPTER 3

AREAS FOR FURTHER WORK

This analysis was a first investigation Into this type of 
possible criticality incident, and to an extent, some simplified models 
were used. Therefore, this section will be used to discuss areas which 
may need to be studied in more detail.

• In the area of the neutronics modeling, this analysis was under
taken treating the solution as a homogenous mixture, however during some 
phases of the dissolution process, this will not be the case. During 
these times the system will be structurally and neutronically hetero
genous. There will exist in the dissolver both dissolved and undissolved 
uranium dioxide along with the nitric acid and water. Therefore the 
homogenous model may represent an overestimation of the concentration 
needed for the dissolver system to achieve criticality.

Some work has been done with uranium rods being placed into ' 
solutions containing water and solutions containing uranium[9310]. This 
work shows that these systems are more reactive than the homogenous case 
considered. However, it must be noted that these experiments were done 
with the fuel elements arranged in regular arrays.

In the dissolvers proposed it could not be expected that the 
fuel segments will be arranged in any regular array, but will be random 
in their orientation. This being the case, depending on the spacing

27
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between the fuel segments, a situation of either over or under moderation 
can exist.

The heterogenous case should be more reactive than.the homogenous, 
but the extent will depend on the packing of the fuel segments in the 
dissolver. If this is the case, criticality will be achieved sooner in 
both cases of either loss of cooling or overbatching.

Another possible problem that merits the closer examination of 
the heterogenous system is that of possible reactivity addition once an 
unwanted criticality was achieved.

If the segments existed in an undermoderated (close together) . 
condition during normal operation, once criticality was achieved, the 
boiling may cause the fuel segments to move further apart tending toward 
an optimum moderated condition, thereby adding reactivity to the system.

Another situation may also be possible. The fuel segments may 
be positioned such that they are in an over-moderated situation during 
normal operation, and once criticality was achieved, the onset of boil
ing (voids) may tend to move the moderation toward optimum, thereby 
possibly increasing the reactivity. Therefore it can be seen that the 
problem of the effect of the packing of the fuel segments, should be in
vestigated further so.as to answer the questions concerning the possibil
ity of reactivity addition once criticality was achieved.

The second area that should be considered is that of the physical 
properties of the solution. As the solution boils down properties such 
as density and viscosity will change with time.
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The density change was cons±dered[ll] in. this analysis, however 

the viscosity used was that of nitric acid and this was kept constant ̂ 
Having a relationship for the viscosity as a function of time (concen
tration) . would aid in the determination of the vapor bubble retention 
times, hence the power levels and time required to boil down. It is 
worth noting that knowing how the viscosity changes as a function of 
time will only affect the power levels and the time required to boil . 
down. It will not affect the total energy yield which is determined from 
criticality considerations.

Another area is that of the vapor bubbles in the solution. This 
analysis - dealt with single "hard sphere" bubbles. As stated in the paper, 
when dealing with many bubbles, a decrease in the viscous, drag on bubbles 
will be caused by the preceding bubbles "blazing a path" through the sol
ution. This effect would tend to raise the power during rapid boiling, 
therefore decreasing the time required for the solution to boil down.

Finally, bubble nueleation, growth, and motion should be studied 
in the heterogenous system. The bubbles do not move in a "straight line" 
but are held up by the cladding hulls, thereby increasing the bubble re
tention time.

The cladding surface would also act as nueleation sites for 
bubbles, and these two effects may possibly cause a power level differ
ence in certain levels of the solution.

A relative comparison of the heterogenous case versus the homog
enous case can be made as follows. Postulating a heterogenous system
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boil down, the anticipated power ■ generated would be less than that which 
would be calculated using a homogenous model along the same boil down 
path due to the longer retention times of the vapor bubbles. This being 
caused by holdups of the vapor bubbles by the solid fuel and cladding - 
hulls.

The time calculated using the homogenous case would be shorter 
due to the bubble retention time effects mentioned earlier. Yet, the 
total energy yield may be greater due to the heterogenous system having 
to evaporate more solution to reach a subcritical state, than the homog
enous case.



CHAPTER 4

SUMMARY AND CONCLUSIONS ■ ' •

It is worth noting that an accident of the type considered in 
this study would not be accompanied by any type of large excursion.
Once the solution achieved criticality there would be a long period of 
low-level boiling, followed by a period of vigorous boiling, and final
ly, slowing again to a mild boiling state before reaching a sub critical 
conf igurat ion.

This study has shown, however, that if an accident of this type 
were initiated and allowed to proceed unchecked, a long protracted state 
of criticality can be expected, (~4 1/2 hr), with large energy (~4 x 10^ 
fissions, loss of cooling, ~7-7 x 10^ fissions, 40% over-batching) and 
radiolytic gas (200 moles Ĥ , loss of cooling, 385 moles Ĥ , .90% over
batching) releases.

The radiological hazards due to the long period of criticality . 
and released fission gasses, along with the potential for a chemical ex
plosion due to the recombination of radiolytic gas, make the detection 
and prevention of this type of accident necessary.

Therefore, active criticality alarms, followed by the ability to 
poison the solution with neutron absorbers or dilution of the solution 
by liquids which do not contain fissile materials are necessary design' 
consideration̂  for dissolver systems,
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Reemphasizing, this analysis depicts a limiting possible accident 

of this type, and the. chances of the presence of uranium, enriched to 
5 w/o uranium-235 in a dissolver solution without any type of neutron 
poison is remote. However, this analysis does yield an upper bound from 
which radiation yields and peak power levels can be obtained.
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