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ZIRFLEX PROCESS - INTERIM DEVELOPMENT SUMMARY

INTRODUCTION

The processing of spent fuels from nuclear power end propulsion reactors is
plenned by Hanford Atomic Products Operation as part of the Atomic Energy
Commission's interim reprocessing scheme.

The spent nuclear fuels have cores of UO,, U, or alloys of U-Mo, U-Al, or U-Zr
clad in either stainless steel, aluminum, or Zircaloy. This report discusses
only the Zircaloy-clad fuels and the application of the Zirflex Process for
dissolution. Zirflex chemical flow sheets are presented as developed by pllot
plant operations.

The Zirflex process is applicable to the reprocessing of fuels from the Dresden
reactor and the PWR reactor. Other applications of the process are the Pluto-
nium Recycle Test Reactor fuels and the New Production Reactor fuels (HAPO);
possible fuels from the Experimental Breeder Reactor (Arco); RPD-2 fuels
(Ontario) and fuels from Carolina-Virginia Nuclear Power Associates reactor.

SUMMARY

The Zirflex Process employs & bolling aqueous solution of ammonium fluoride

and ammonium nitrate for the selective dissolution of zirconium or Zircaloy
cladding from the power reactor fuels. Typical integrated or average disso-
lution rates of 7-10 mils per hour are obtained on unoxidized Zircaloy. How-
ever, zirconium oxidized by exposure to high temperature air or water dissolves
by solution penetration and undercutting of the oxide film at rates three- to
fivefold less than those obtained on unoxidized fuels. Thus, typical unoxidized
cledding may be removed in three to four hours, whereas removal of oxidized
claddings may require up to twelve hours.

During the dissolution of zirconium, hydrogen and ammonia are produced at rates
of about 0.1 and 5 moles per mole of zirconium dissolved, respectively. Dilu-
tion of these gases with steam and/or air is required to avoid explosive concen-
trations. Also, positive operating steps, such as purge, high boil up, and high
condenser temperatures are necessary to remove ammonia and to prevent the adverse
effects of ammonia concentrations on either the dissolution rate or the solubility
of zirconium. Under proper operating conditions, a concentration of 0.6 M
zirconium solution is obtained with a starting charge of 5.5 molar NEF and 0.5
molar HH)NOs3.

Zirflex decladding solutions do not severely attack unirradiated uranium,
uranium-aluminum, or uranium dioxide cores. However, a small guantity of
core material dissolves to produce both soluble and insoluble uranium. TFor
instance, the solubility of uranium may vary from 0.3 to 3 grams per liter.
All other dissolved uranium exists as a UF) precipitate. Losses to the cled-
ding waste solution are minimized by nearly saturating the solution with
zirconium; i.e., nearly complete complexing of the fluoride by zirconium,
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and by cooling the solution to decrease the uranium sclubility. The precipi-
tated urenium may be recovered by centrifugatior and dissclved in a relatively
noncorrosive form by the additlion of nitric acid and aluminum nitrate.

Dissclution of the core remesining after the Zirflex decladding step was not
studied extenslvely. However, since such core material 1s rnearly free from
zirconium, conventional techniques are applicable if aluminum nitrate 1s sdded
te inhibit the corrosive action of residual fluoride.

The materisl to contaln the Zirflex process can be stainless steel. For example,
an over-all average corrosion rate of 4.3 mils per month was obtained in the
pilot unlt. A corrosion rate of 11 mils per month was obtalned with 304-L
stainless steel exposed to boiling six molar ammonium fluoride.

Details of the recommended flowsheet for processing typlcal pewer reactor fuels
are presented in Flgs. 9 and 10.

DISCUSSION

General -~ Zirconium dissolves in boiling ammonium fluoride soiutions by the
reaction:

Zr(g) + 6 NHF —(NHY)pZrFg + 2 Ho(g) + 4 NHz(g)

If ammonium nitrate is added to the system, the evolution of hydrogen is sup-
pressed to below O.1lmole per role of "ircaloy dissolved. The dissolution may
then be represented by the reactisn:

Brigy * 6 NHF + 0.5 NH,NO3 — (NH), )o2rFg + 6 NH3(g) + 1.5 HzO.

Tre dissolution of unoxidized zirconium or Zircaloy is characteristic of z firct
crder reaction with respect to "free" fluoride, 1.e., fluoride uncomplexed by

zirconium. Derivation of kinetic equations and calculation of the corresponding
time cycles for dissolution are shown in the Appendix.

The dissolution proceeds under the best conditions at a rate of about 80 mils
per hour (22 mg/cm®/min) with a "free”fluoride concentration of 6 molar. Rates
decrease proportionately as the "free'" fluoride concentration decreases, as
. shown in Fig. 1. Marked decreases in dissolution rates also occur if {z) an
oxide film is present on the zirconium surfaces, (b) the ammonia by-product of
the dissolution reaction is allowed to accumulate in the smmonium fluoride
dissolvent, or (c) the solubility of zirconium in the smmonium fluoride sclutior
1s exceeded.

Pertinent details are glven in the following text on the development wrrk lesd-
ing tc the recommended flowsheets in Figs. 9 and 10.

Zirconium Solubility(l>(2)

The solubllity of ammonium hexafluozirconate , (NHA)QZIF&, gt room temperature
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Pluoride ic n concentration in the presence of NHLNO,.
de not complexed with zirzonium 1s termed "free' flucride.
solubility is controlied by the concentration of "free' or acbed e,
Thus, low concentrations of "free' fluoride permit bigh zirconium concentracion:.
Hence, waste voiumes are reduced if the final sclution contalns a minloum of
"free” Flucride.

Q
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The sclubllity of zirconium abruptly decremses with temperaturs Thus, to
avold zirconium precipitation, s water d4ilution to abcui 0.6 melar rirconium
18 normelly required.

boponlum Fuouorilde Concentrations

The desired concentration of smmonium fiucride for a dissolver 'ﬁ&rge 1z detey -
mined hy balancing gll of the deaired opereting conditicns; dissuluticn
rates, off-gas-rates, zirconlum solubility, snd the volume of Hlution reguired
to cover the fuels.

i

Increasing the NEF concentration decreases the dissclution &
the dissolutiion rates and the associsted off-gas rates. HBove
concentratlon of NHyF that can be ubed le fixed bty the solubil
in the bci=‘ng solution.
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yoof zirucniﬁm
K

In Fig. 2, the zirconlum concentraticn and the "free" fluoride concentr
throughout the dlssclution are sghown by the diagenal lines. These dis
i

paths must svold the viecindty of the bow in the zirconium solubilliy curve in
an increase In the ammonia concentration at this point rauses precipit f
the zlrconium. As & result, the surface ¢f the fuel becomes coated wit. PR
ble reacticn products, and rue disgclution rate iz markedly redursd. ; *a
tlor during the dlssolutlcn 1is evoided by starting with NHF conceniratione ~f
5.9 melsr or below. However, concenitrations of near 5.5 molar reguire s wates

dilution at the end of the dissclution to prevent preclpitation cf the zircoaiw
“encentrations below 4 molar may be concentrated up to L molar witheut a finel
water < lvtdnpn

(

clubion Volumes

¥or a set molarity of ammonium fluoride, the volume of dissclver sclution is
determined by the amount of fluoride required to complete the dissolution
Since six nnlﬁs of fluoride are complexnd with one mole of zirconium, a mle
charge ratio, F/Zr, of at least 6 15 necessary. In practice, the ¥F/Zr mole
ratlo must be 6.5 or 7 to expedite complete dissclution. A mole charge ratic
¢f 7T corresponds to 1.67 gallon of 5.5 M NHLF per pound of zirconium. Af-:
water dilution, the coating weste volume is 2.2 gallon per pound of zircord

“harge ratios higber than 7 decrs
ine

the wirconium solubiiity and
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soluticns would result; waste volumes would be greater; and core lcosses would
be higher.

To keep the zirconium solubility near 0.6 molar, the residual "free" fluoride
must be kept below 0.6 molar. This is done by assuring that the F/Zr mole charge
ratio is seven or less and by assuring that six moles of fluoride have been com-
plexed with one mole of zirconium. Thus, the volume of solution charged must be
based on the expected penetration during the zirconium decladding operation. For
example, only a 30 mil surface will dissolve from a l/h-inch plate if most of the
other zirccnium present is 30 mils thick. The volume of solution should be
charged for the quantitylof zirconium within the 30 mils. In general, actual
volumes of soluticn are best predicted by charging for dissolution of 90 percent
of an oxidized cladding and 25 percent of the end fittings.

Since end fittings do not completely dissolve in a single batch charge, they
accumulate from one batch operation to the next. Approximately four sequential
charge and decladding operations are required to completely dissolve the end
fittings frem the first charge. However, if desired, a single clean-up chearge
of NHLF can be used at the end of a Zircaloy-clad-fuel campaign to remove the
residual pieces of zirconium.

Actual pilct unit data are shown in Table I with a listing of charge concentra-
tions, actual dissolution times, and final analyses after the water dilution.

Ammenium Nitrate Concentration

The addition of ammonium nitrate eliminates two maJjor cbjections to the Zirflex
process, l.e., gross quantities of hydrogen off-gas and insoluble tin precipi-
tates. The presence of ammonium nitrate reduces the amount ¢of,explosive hydrogen
evolved in the reaction by the conversion of the nitrate ion into ammonia and
water. Ammonium nitrate concentrations of 0.5 and 0.75 molar were adequate to
reduce the hydrogen evolution from two. toc 0.1 mole per mole of zirconium dissolved.
A 0.5 molar concentration was as effective as a 0.75 molar concentration.
Hewever, the terminal nitrate ion concentration should be kept at a minimum
because of its somewhat adverse effect on zirconium and uranium solubility. The
average final nitrate ion concentration after the water dilution step in the
pilot unit tests was 0.08 molar. The average consumption of nitrate ion was

0.47 mole per mole of zirconium.

Zircaloy-2 cladding contains approximately'l.s percent tin. Residue, presumably
tin compounds, has been reported to be from 0.0 to 1.5 percent of the Zircaloy
dissolved (2). Apparently, the presence of the nitrate ion promotes the solubil-
ity of the tin, since a factor of 10 reduction in the quantity of residue was
experienced with the nitrate ilon present.

Trace quantities of residue in the pilot unit operations caused no particular
problems. Many of the early runs had considerable quantities of black and black-
brown precipitate. However, this precipitetion during the dissclution of
Zircaloy-2 did not occur in later runs if the removal of ammonia was adequate.
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Dissolver Gases

Ammonia and hydrogen are reaction products in the Zirflex process. Concentra-
tions of 15 to 28 percent ammonia in dry air are explosive, but ammonia can be
easily absorbed from the off-gases if desired. Hydrogen is explosive above a
L percent concentration and its safe handling must be considered.

The hydrogen data scattered widely, since the method used to calculate instan-

“tanecus rates (suspended basket weights of zirconium) were not accurate. In

general, the data indicated the hydrogen evolution was 0.025 to 0.03 moles
rather than the 0.1 mole expected per mole of zirconium dissolved.

To assure safe operations, the hydrogen concentratior must be kept below the
explosive limit by dilution with air. Safe alr rates can be based on 0.1 mcle
of bhydrcgen per mole of zircenium. For example, if one assumes a hydrogen
evolution rate of 0.1 mole per mole of zirconium, a "free" fluoride concentration
of 5.5 molar, and an unoxidized zirconium surface of one square foot hydrogen
would be evclved at 0.016 standard cubic feet per minute. Thus, an air dilution
rate of 0.38 standard cubic feet per minute would be required to limit the
hydrogen concentration in the off-gases to 4.0 percent. These air requirements
would proportionally change by lowering the fluoride concentrations or by limit-
ing the hydrogen concentration to below 4.0 percent.  Initial off-gas concentra-
tions in pilot unit tests averaged 2.8 percent hydrogen under a variety of test
conditions. {See data Table I.)

The ammonis evolved during the dissolution of zirconium (5 moles per mole of
zirconium dissolved) is highly scluble in the ammonium flucride dissolvent.
Hence, the ammonia concentration in the ammonium fluoride increases; the pE
increases; and, as a result, both the dissolution rate and the solubility of
zirconium decreases.

Operating conditions of the dissolver system; i.e., boil-up rate, condenser
temperature, air purge rate, and the amount of condensate refluxing, affect the
partial pressure or solubility of ammonia in the system. Figure 3 shows the
calculated molarity of ammonia in the dissclver under fixed, continuocus,
operating conditions. In general, the ammonia 'trap" effect of the dissolver
and condenser system is eliminated by: (1) an air flow through the system, (2)
a high condenser temperature, and {3) high boil-up rates. In the pilot unit
successful techniques included (a) use of very high air sparge rates, {b) high
boil~up rates in the dissolver, and routing of the condensate to a separate
receiver, and (c) operation with a high condenser temperature and a modest air
sparge in the dissclver. As shown by Fig. U4, the latter two techniques were
the most successful fcr prompting high dissolution rates. The typical operat-
ing times for comparable runs with équal boil-up rates are shown as follows:
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Operating  Percent Zircaloy Sheet

Run No. Methed of Operation Time, hr Dissolved Thickness, mils
17 Cold Condenser Reflux only 3.5 8l 30
10 Cold Condenser air sparge 2.2 85 30
21 Water Boil-off 1.9 100 30
32 Air + high condenser temperature 2.7 100 30
(The Zircalcy was uncxidized, and penetration cccurred from both sides of the sheet

metal.)

Oxidized Zirconium

The prolonged exposure of Zircaloy to high temperature air or water produces a
tenacious cxide film on the metal, as shown by Fig. 5. With moderate exposures,
the cxide is a smcoth, relatively nonpcrous black film; further exposure produces
a white, less tenacious oxide. Thus, during the operation of all power reactor
fuels, some oxide film will be formed.

Zirconium coxide is almost completely resistant to . attack by the ammonium fluoride
dissolvent of thé Zirflex process. Thus, dissolution must occur by pitting and

. undercutting at points of imperfection in the oxide film. Under such ccnditions,

the active surface area of a fuel is greatly reduced; and, as shown in Figs. 1
and 4, over-all average dissolution rates are a factor of 3-5 below the dissolu-
tion rates of unoxidized material. 1In practice, this raises the four hours
normally required to remove a 30 mil unoxidized Zircaloy cladding to near twelve
hours for & similar but oxidized cladding.

Reactor oxidized Zircaloy was simulated in pilot unit tests by exposing the
Zircaloy to¢ air at 40O C for 14 days. Typicgl dissolution operating times for
oxidized material using 5.5 M NHF, 0.5 M NHLLNO3 with an F/Zr mol ratio of 7

were as follows:
Oxidation (days) Operating Percent

Run No. Type of Charge in LOO C air Time, Hr Dissclved
11 0.030 in. sheet 1k 6.5 95
38 0.030 in. sheet 1k 4.0 100
Lo Sealed Tubes 0.030 Tk w/UOp cores 1k 10.5 95+
5] Sealed Tubes 0.030 Tk w/UO, cores * 11.0 99
L3 0.030 in. sheet - -1k 5. 8 93

*COne-half of the'charge was unoxidized Zircaloy and the remainder was oxidized for

fourteen days.

v

Additional tests were conducted on three 60-mil Zircaloy 2 coupons that had
been oxidized in deionized water at 360 C for 308 days. After twelve hours
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In summary, minimum core losses may be obtained by: (a) avoiding the presence

of U{VI) ir the solution, (b) cooling the terminal solution to room temperature,
and {c) cbtaining the lowest possible free fluoride concentration by dissolving
to reach an F/Zr mole ratio between 6 and 7 in the solution (obtained by nearly
complete complexing of the fluoride ion with the zirconium). A loss in soluble
uranium {IV) of 0.25 g/l can be expected in a typical diluted decladding solution
containing 0.6 molar zirconium. Losses of U(VI) may be as high as 3.0 g/l.

The fraction of the core loss represented by the soluble uranium is a direct
function of the ratic of the solution volume to core weight or alternately to

the Zr/U ratio, since the quantity of cladding removal solution will be determined
by the weight of zirconium charged. A graphical conversion of uranium solubility
to uranium core losses is presented in Fig. 7 for three selected zirconium-to-
uranium ratios in the fuels. Uranium losses are expected to be in the range of
0.1 to 0.15 percent for U{IV) valence species, and apprcximately ten times higher
if the bulk of the uranium has a valence of VI.

The pilot unit was not equipped to handle plutonium or radioactive materials.

Howeye” results compiled by J. L. Swanson of Hanford Laboratories Operation,
(2) . .
HAPO-=/ are presented;

Pu/t’ Ratio in Amount in Beiling Solution Amcunt in Cooled Soluticn

a U-Pu Akloy wolution i Pu Pu/U Ratic U Pu Pu/U Ratio
% 107 ¥F Mozr(v) g/l g/l _x10% g1 g1 % 10-k
3 6 . - 15.0 4.3 2.9 k.5 1.4 3.1
11 6 - 13.0 6.6 5.1 2.5 1.7 6.8
11 6 0.7 2.5 0.68 2.7 0.2 0.003 0.15
11 6 0.86 1.4 0.23 1.6 0.3 0.015 0.5

The uranium-plutonium alloy was first 'expoéed to the indicated concentrations of
bciling Zirflex solutions. As shown, the determined Pu/U ratio in the boiling
sclution was less than the Pu/U ratio in the metal. Then the solution was

diluted to prevent zirconium precipitation and cooled. The'plutonium/uranium
weight ratios in the cooled solution were much less than those in the alloy. The
reduction in the Pu/U ratio occurred after cooling because of an apparent carrying
of the plutonium by the precipitated uranium fluoride salt. T

Of course, the plutonium losses will depend on the exposure and enrichment of the
fuel, the surface area of the core, and the operating conditions. Additional

Pu loss data have been given by ORNL in document CF-58-11-91. In general, Pu
losses of less than 0.1 percent can be expected.

Uranium Recovery

As previcusly indicated, the solubility of UF), decreases as the concentration
of zirconium increases; i.e., greater complexing of fluoride ion. During the
decladding of Zircaloy, dissolution of any exposed metallic uranium or sintered
U0p core material will saturate the solution and form a precipitate of UF).

UNCLASSIFTIED
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in the Zirflex solution (5.5 M NHF, 0.5 M NH)NO3 with an F/Zr mole ratio
of 7) dissolution was 78, 85, and 96 percent complete.

Other Oxide Treatment

Removal of t e Zirconium oxide film has been attempted by various methods.
. A. Gens(3 reported the use of molten ammonium bifluoride (»~190 C)

for the removal of ercaloy cladding on reactor fuels. Initial dissolution

rates were 19 mg/cm /mln 68 mils/hr Almost immediate dissolution of the

oxide film was reported; also, tin residue was absent.

‘In other tests at Hanford, J. L. Swanson used a molten salt {30C) saturated
with zirconium and having a composition of NH)F \HF) o p- After the oxidized
pieces were soaked in the salt bath approximately one hour, the oxide film was
readily penetrable by aqueous solutions. Neither the molten salt nor the
aqueous solutions dissolved the oxide film; but after the salt treatment, the
film was very readily "undercut" in the aqueous ammonium fluoride solutions.

Core losses

Losses of the fuel core material to the Zirflex decladding sclution are pri-
marily ccntrolled by the solubility of the core material in the ammonium
fluoride dissolvent. In an actual Zirflex decladding step, the exposed uranium
continuously dissolves. When the solution is saturated with uranium, further
dissolution of the core produces a precipitate of UFM Later cooling of the
sclution further reduces uranium solubility and more UF), precipitates. However,
the precipitate can be easily recovered by centrifugation, as discussed later.

Figure 6 illustrates the expected uranium core losses and the importance of
controlling temperature and zirconium "saturaticn" (i.e., nearly complete
complexing of the fluoride with zirconium?)) The sclubility of u(Iv) decreases
as the zirconium concentration increases, i.e., more ccmplete complexing of the
fluoride by zirconium. Under the same circumstances, the solubility of uranium
(VI) increases, i.e., as the "free”fluoride concentration decreases.

Production of uranium (IV) is prevslent during the Zirflex decladding step,
while production of uranium (VI) is prevalent during core dissolution with
nitric acid. The high solubility characteristic of U(VI) and attendant core
losses require very effective flushing between alternate decladdlng and core
dissolution if waste losses are to be low.
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Further zirconium dissblution reduces the UFu solubility, and additional preci-
-pitation may occur. Cooling the solution at the end of the dissolution will
- cause further precipitation of the uranium.

Centrifugation is a convenient way to isolate the UF) precipitate (1 to 3
weight percent of the total uranium) from the solution. A detailed study of
the centrifugation step was not made, but a 12-inch centrifuge gave clear solu-
tion when operated at 2600 rpm (11 g's) with a feed rate of 200 ml/min and a
residence time of 15 minutes.

The precipitated UF) cake in the centrifuge was removed in approximately 30
minutes by the addition of cold 1 M HNOz; and 1 M ANN. Dissclved ANN and HNO3
with higher temperatureb will reduce thé dissolution tlme to about 10 minutes.

In addition to the UF), precipitate collected in the centrifuge, a ccllection cf
zirconium dioxide flakes, uranium flekes, small fragments of fuel cores, or
residue can be expected. All of these particles are easily broken, and most of
them will remain in the dissolver unless the solution is severely agitated
during transfer. The largest particles noted in the pllot unit were estimated
tc be 1/b-inch square and up to 10 mils thick.

The uranium flakes are produced by a film formed on the surface of metallic
uranium during the decladding step. Some of this black film {approximately
4 mils thick) dislodges from the metallic uranium surface and settles to the
bottom of the dissolver.  (The uranium flakes were readily soluble in cocld
30 percent nitric acid -- within 10 minutes. The flakes in the pilot unit
tests were estimated to be 0.1 g/sq cm of exposed surface. )

The quantity of zirconium dioxide flakes can be predicted frcm the film thick-
ness, as shown indirectly by Fig. 5.

Slight traces of other residue were usually found in the centrifuge bowl, -both
before and after the addition of aluminum nitrate and nitric acid. Such
residue cculd hayg been precipitates of stannic acid and stannic oxide, as
reported by ORNL\” . cr the precipitates of residual zirconium or aluminum
fluorides. However the r651due cgused no particular problem.

The behavior and 1solatlon of plutonlum in the centrzfuge is not known at this

tlmeo In crder to assume complete recovery of the uranium and plutonlum,
"slurry" of the centrifuge contents back to the dissolver for the core dissolu-

tion step or "slurry" to the oxidizing or digesting tank is proposed. Here

all of the material, other than zirconium oxide flakes, should dissolve. Then

the flakes can be removed during the feed centrifugation and later washed and
"slurried" from the centrifuge to waste 'storage.

UNCLASSIFIED
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Entrainment

Entrainment is of particular importance in the Zirflex process, since entrained
zirconium solution contacts refluxing ammonium hydroxide and precipitates as an
adherent zirconium-hydroxide sludge. Plugging of the off-gas system may result.
The pilct unit with a 3-inch tower of l-inch stainless steel raschig rings was
operated at a calculated vapor velocity of U4 feet per second without any serious
buildup of zirconium precipitates; traces of the precipitate on the walls of the
glass tower was easily removed by the nitric acid reflux during the uranium
dissolution step.

The method of entry of the condensate into the dissolver is perhaps more important
in the refluxing dissolver system. Early pilot unit tests allowed the condensate

to run dcwn the side of the dissolver. As a result, large white mounds cf zirco--
nium hydrcxide adhered to the dissolver walls around the condensate entry.

Further trouble was avoided by installing a line to discharge condensate directly

onto the boiling surface.

Foaming

Fcaming has been reported by L. M. Ferris(7) and J. L. Swanson as appreciable
during the reaction. There was no evidence of severe foaming in the pilot plant
dissolver when operated with a liquid to zirconium surface ratio of 0.17. The
dissolver had at least 0.17 cu ft of freeboard per square foot of zirconium sur-
face in contact with dissolver sclution.

Sclution Conductivity

Preliminary conductivity tests were successful in indicating the progress of the
reaction during the decladding step. A standard 1000-cycle conductivity bridge
by Industrial Instruments was used to indicate values from a shiny platinum
electrode cell with a cell constant of-9.8. A 0.2 mfd capacitance was used to
give more distinct readings on . the null indicator eye. Operating range was from
35 to 55 chms. - '

Conductivity Measurements at Boiling {ohms)

Run No. Start Final
28 o ‘ 50
29 40 ‘ 55
30 .35 53

31 35 55

UNCLASSIFIED
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Ccre Dissolution

Sintered uranium dioxide is the core component in the Dresden and PWR Zircaloy
clad fuels. After the Zirflex decladding step, conventional nitric acid can be
used for the dissolution of the UQ, core. However, aluminum nitrate must be
added to inhibit the corrosive action of the residual fluoride on the dissolver
vessel. ) '

The disscluticn rates cf sintered U0, were three to four times more rapid than
these of metallic uranium in 10 molar nitric acid concentrations. As dissolution
continued, the rates decreased to equal or below that of metallic uranium.
Satisfactory dissclution of the UOp was cobtained as long as the acilid concentra-
tion was abcve 1 molar.

Ccrrosion

The Zirflex process is particularly attractive, since ordinary stainless steel
equipment is applicable for the decladding and core dissolution step. Coupons
of types 304-L, 347, and 316 gave a corrosion rate of 4.3 mols per month in the
pilet plant dissolver (based on 55-hour decladding and 55-hour HNO3 core
dissolution). Other corrosion data were in this same range.

Corrosion in 6 M NHJF 0.5 M NHLNO-

{2L-L8 hours at boiling in Teflon or stainless steel containers)

Material Mi

}i
5
o]

30L-L

309 Scu
Carpenter 20
Hastelloy F
Ni-o-nel
Incaloy 80k
Hanes 25
304-L
Hastelloy F

’—J
TUINO Fw OO

* x .

QO O\ FW NN\ -

=W

* Heat transfer surface

The corrosion of mild steel by neutralized wastes was nil at 40 C if the pH
was 8.5 or above. Higher temperatures have not been tested.

Some residual fluoride in the nitric acid core‘diésolution step could cause

corrosion problems. However, addition of aluminum to at least a 1:1 mole ratio
of aluminum to fluoride complexes fluoridé and prevents excessive corrosion, as
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prand

shown by the following data.
CORROSION OF 30k-L

10 M HNO,, 0.02 M UNH, 0.08 M HF

AL/F Mole Ratio Mils/Mo
6.25 B 1.97
3.12 2.82
1.00 13.7

Equipment

The pileot unit was arranged as shown in Fig. 8. A LO-liter steam-jacketed
stainless steel vessel was connected through a 3-inch ID glass tower of l-inch
raschig rings to a tubular condenser. Condensate returned through the tower
to the dissolver, or was delivered to a separate condensate collector. ' The
off-gases from the condenser passed through a rotameter into a bubble cap
glass tower for absorbing ammonia.

To follow dissolution, an ordinary pneumatic differential pressure transmitter
was used to indicate the weight of a wire basket suspended inside of the
dissolver. The weight of the basket provided the force ordinarily developed by
the differential pressure on the diaphragm. The diaphragm of the transmitter
was removed to eliminate the effect of dissolver vacuum on the readings. A

. pneumatic recorder provided a recorded trace of the dissolution of the material
in the basket.

The buoyant effect of the gases on the indicated weight certainly caused some
magnitude of error, which is difficult to predict. The dissclution rates calcu-
lated from the pilot unit data are probably lower than actual because the
buoyant effect becomes progressively less significant as the rate of reaction
decreases., However, the weighing device was very useful, since liquid samples
during the reaction would precipitate and plug sample lines. A specific gravity
of 1.09 {cold) did not change appreciably during the dissolution.

Liquid sample ports were.providea on the dissolver, condensaté reflux line,
condensate collector, and the acid reservoir. Samples were taken at the off-gas
flow just before entry to the scrubbing tower.

Operating procedure

A customary procedure for dissolver operation was used in the decladding tests.
The metal and calculated amount of solution were charged to the dissolver.

The solution was then heated to boiling and maintained at boiling throughout the
run. At the end of the dissolution, water was added to replace that lost to

the off-gas system and to dilute the solution to a soluble zirconium concentra-
tion at room temperature. During boil-off operations, water was continuously
added to maintain a constant liquid level.
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Initially, vapors were condensed and routed directly to t he dissolver.
After difficulty in obtaining complete dissolution, air was sparged through
the dissolver and off-gas system. Later, the condensate from the condenser
was routed to a separate receiver or the condenser temperature was operated
high enough to adjust the vapor pressures of ammonia for optimum removal.

CR Cooley:pc

UNCLASSIFIED




UNCLASSIFIED " -15- HW-60597

-

)

30

= ~190
—80
20
- i
15k —T6o
. —5C
Reflux only
uncexidized —3 40
10— Oy
o A
8 ® —30
) 7 Laboratory 26
& Curve noxidized
5 6 - &/ Air Sparged —J°°q
<
[w s ~
45 S
F :
E b —~f1
3 2
g 4L g
g 10 8
§A | —4_9 i
-l —8 7
[923 2 = t{]_))
w 0
A Unoxidized - A
L. Water Boil-off e
Oxidized
Water
. Boil-off L
- & e ]
1.G
0.9~
0.4 ) . g Run 11
0.1 . ® Run 2C
0.4~ o | | O Run 39
o ‘ : A Runs 21 & 2k
R T SN N N W O JEN N N DU N N
.3 A4 .6 .7.89 1.0 o2 - 3 b 5 6 7 8910

Free Fluoride Molarity (Total Fiucride M - 6 Zr M)

FIGURE I - ZIRCALOY DISSOLUTION RATES
TN BOTILING AMMONTIUM FLUORIDE

UNCLASSIFIED




TATATSSYTIONI

Zirconium Molarity

O

O

[ 2
.

O

i

(9}

Dilution Boiling (100-106°C)
Pat.h "\/
f.. 100% Reacted
/ F/2x = 7
/ & —50% Reacted
F/Zr = 7.8
.l / :
/
Inscluble
Soluble
(22°c>4—" is ati 6
) Dissolution Path 5.5 M 5o M
- Inscluble 5.0 M
Scluble \ —
N S T R TN SR S N SN SN SN NUN NNN NN SN NN S S 1 1
1 2 3 L 5

Trea Flunride Molarity {(Total Fluoride M - €xZr M)

FIFRE 2 - SOLUBILITY OF ZIRCONIUM LN AMMONTUM »LUORIDE SQLV.T

ONS

LEGO9 M

QITALSSVIONN

..(/)’I‘-



UNCLASSIF IED

Percent Dissolved

100

90

80

70

-18-

=

Water
Boil Off

Reflux with
Air Sparge

Reflux with high Condenser
Temperature and Air

“—~_Water Boil Off
Zy Oxidized 2 weeks

at 400°C
| l ! - ] l
0 50 100 - . 150
Time, Min.
-@-32 - Reflux with Air and High Condenser Temperature
©o -9 - No Air Sparge ‘ '
0O 11 - Oxidized-Water Boil Off
A 24 - Water Boil Off ‘

e 20 - Air Sparged - o ‘
FIGURE 4. EFFECT OF OPERATING CONDITIONS
~+  ON DISSOLUTIQON RATE

HW-60597

UNCLASSTFIED




UNCLASSIFIED I N - HW-60597

— Condenser Effluent Temperatures
100°F
150°F 100°F

5001~ o 172°F 150°F  200°F

l«——PEAK NH~ LOAD ®
400} for 5.5"M NH)F /)//
NH, LOAD at 50% / y;
300 issolved y / y,

LOAD st 90%-4 Y

OF Dissolved

5 of U in CoredS

/Tg

GAS RATE Scfm
h=A

3 Air Rate

: :500 Scfm
/ , Boil up

1150 gal/hr

W

NH3

500 Scfm
575

BASIS: 1 ton of U as UOp with
558 pounds of Zircaloy cladding and
an estimated surface of 660 sq ft.

/ " B Air Rate
~ Boil up

tou

NHs Molarity in the Dissclver

d__ R TR N T |

{ | | '
c.1 0.5 1.0

FIGURE 3. EFFECT OF AIR RATE, BOIL UP RATE AND CONDENSER
TEMPERATURE_ON NHy CONCENTRATION IN THE DISSOLVER

UNCLASSIFIED




- QEIAISSYIONN

Weight Gain - milligrams/square decimeter

500

50

20

T T1T]

Zircaloy-2
at 500°C in Air

‘L Zircaloy-2
at 400°C in Air

=, Zircaloy 2 & 3
in 680°F Water

\ Lol L

Vacuum Heat Treat

He Heat Treat

1+ 1111

10

100 100
Days Exposure

FIGURE 5 - OXIDATION OF ZIRCALOY

1000

-

GATALSSVIONA

_61'_

16509~ M



UNCLASSIFIED

Uranium, grams/liter

1.

-20-

HW~£0597

|

N Insdluble

—(——JT-‘-
Solutle A

Ne—u(vi) 72°F

N

- U(Iv) 72°F
with zirconium
. coprecipitation

| | T Y W I

Pilot Unit Data
O U0y, with 0.5 M NO3 charged
OU0, with 0.75 M NOg changed

OMetallic U with 0.5 M NO3 charged

L 1 I |

0.1

71.0

\ ~10.0

Free Fluoride Concentration, 3—moles/liter
Free Fluoride M = Total Flucride M - 6{Zirconium M)

FIGURE 6 - SOLUBILITY OF URANIUM IN ZIRFLEX SOLUTIONS

UNCLASSIFIED




ﬁ;;} UNCLASSIFIED -21- : HW-60597
¢
v

Percent loss

.
1.0
0.10 |—
- T
N Solubility WAV,
Sclubility
X =.Normal Operating Area
Zr/U = Weight Rptio in Fuel
— Zr/U for Dresdenh Assembly = 0.3C
Zr/U For Shippingspoxt Assembly =0.37
| R N I A I I ] 1 4 a1l 1 1

Ool ! l-o
Urenium Concentration, grams/liter

‘K>

FIGURE 7 - PERCENT LOSS OF URANIUM IN ZIRFLEX SOLUTIONS

UNCLASSIFIED




7

¢

UNCLASSIFIED

l-=LfWater addition

- Air addition

-22- HW-60597

Steam—s{  J=——j» T2 Vent

Lopg— <~ Vacuum Control

Air
CONDENSER
N 3"ID
Bubbie
Cap
Scrubber
e N
T E
=
ad
0
2 A
s N
. Gy
~ it 2 Q—(
3" ID with 2' of i
1" stainless steel
Raschig Ring
Packing 0
- Recorder '
< : v
v
A ~Fneu-
) matic
g Trensmitter
S T—T
{ l
‘ A z
0l e iﬁ’g
=0 o
=4 ¢ &
= &
OO )
U a
AV v Y

To Feéd Tank
and Centrifuge

FICURE 8 - ZIRFLEX PILOT PLANT EQUIPMENT

UNCLASSIFIED

L
¥



¢

UNCLASSIFIED , -23- HW-60597

10.

11.

120

13.

ZIRFLEX FLOWSHEET BASIS FOR FIGURES 9 and 10

A mole of Zircaloy is 100 percent zirconium. (Zircaloy 2 is 98.5
percent zirconium.)

-Seven moles of ammonium fluoride is required per mole of Zircaloy.

Five moles of ammonia is evolved per mole of Zircaloy.
One-tenth mole of hydrogen is evolved per mole of Zircaloy.

No Zircaloy is present in dissolver at charging. Approximately 558
pounds of Zircaloy 1is removed during the decladding step. Approxi-
mately 172 pounds of Zircaloy is left in the dissolver as undissolved
tube sheets and end fittings.

Estimated surface area of the Zircaloy is 650 square feet per ton of
uranium.

Peak gas rates assume a starting dissolution rate of 66 mils/hour with
unoxidized Zircaloy. Peak rates for oxidized Zircaloy are approximately
10 to 15 percent of rates for unoxidized Zircaloy.

Uranium soluﬁility in Zircaloy waste solution is approximately 1.6
grams per liter at boiling and 0.25 grams per liter at 22 C.

Air rates are based on a 2 percent hydrogen concentration during peak
off-gas evcoclution.

.Condenser temperature and boil up is based on the partisal pressures and

rates necessary to permit adequate ammonia removal during peak operat-

~ing conditions.

Criticality or dissolver gecmetry hss not been considered..

Nitric acid consumption for the dissolution of one mole of U02 is
approximately 2 2 moles per mole of uranium dissolved.

Zirflex contaminants (Zr F and NHh 1ons) are based on & 50-gallon.
liquid heel per ton of uranium.
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DISSOLVER CHARGE

PWR-1  UOp Fuel
U 2000 1b |
Zy 730 1b
MWD/T 2700

PEAK VAPOR RATES
Tb m/hr

H2 1.6

NH
A2
Ho0

79
T8
50-130

i

SOLUTION ADDITION

NH,F 5.5 M
NH),NO 0.5 M
Sp Gr 1.09
Volume 932 gal|

WATER ADDITION
As required to
naintain Liquid
level

Ut W RO

DISSOLVER
Charge Soln
Heat to boiling
Boil 12 hours
Dilute
Cool

500 Scfm

AJR ADDITION

a4

i 290

WATER ADDITION

gal

Al

CLADDING WASTE.

ZrF6 0.6 M
F- 0.6 M
'N03f_ 0.08 M
NEG+ 1.9 M
Pu Sol.total 0.1 g.
Pu ppt .2 g.
U Sol total 2.5 1b
SpGr 1.09
Volume 1222 gal

FIGURE 9 - ZIRFLEX CLADDING

REMOVAL - PWR-1 FUEL

=
Q
PEAK VAPOR RATES 5
1o m/— 2
Ho . =
ag NH3 79 [ L—= To Off-Gas Systenm =
- S
3 g Air 78
3] E,0@150 F~ 50
o2 :
543
‘ SOLUTION ADDITION
NaOH 12014
Volune 95 gal
SOLUTION ADDITION .
HHO3 T.0 ¥ ¢
CONDENSATE ANN® 1.0 M WASTE WASTE STORACE
é,OH OM-2M {{sp Gr 1.19 | |zrFg 0.55 | [20-3% VO;.L..A.
A L.7 ﬂ?ﬂ Volume 120 gal T 0.55 M Percent Siudsze
103~ 0.06 I
ternate to Sewver MHL ' 1.7 M[™]Sp Gr
U total 2.5 1b Supernate 1.03
RINSE WATER CENTRIFUGE Pu total 0.15 g. Slurry  1.04
111 gal 1. Centrifuge Sp Gr 1.08 oH 10
o 2. Rinse . Volume 1333 zal Volurme 1423 zal
e 3. Add ANN & HNO<
CAKE SOLUTION
HNO3 1.0 M
F~ 0.18 ¥
ANN 1.0
U total 10 1b S
Pu total k.2 g 5T
Volume 120 gal 3 oy
o
e -~
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¢

UOp from decladding
Step

FIGURE 10 - PWR-I CORE DISSOLUTION

U 2000 1b
Zy 172 1b

PEAK OFF-CASES

ib mols/hr
NO & NOo 10
Air Lo
HoC 10-50

SOLUTION ADDITION
HNOS 13 M
Volume 209 gal

SOLUTION ADDITION
ANN 2.6 M

]stmaqmoo'aﬁvgammoq

Volume 39 gal

WATER ADDITION

256 gal

- DISSOLVER

CONDENSATE

0.4 %o 2 gal/min

260 Scfm

WATER ADDITION
As required to main4

tain liquid level

¥Zr, F and NHh+ are based on ¢

WATER ADDITION

£

' ———2— To Off-Gas System

Wash - 10 gal
Siurry 120 gal
¥DISSOLVER SOLUTION :
U 2.0 M
Pu 1.11 g/L
ANN 0.2 M
HNO3 1.0 M CENTRIFUCE
F- 0.42 M
7yt 0.06 M
NH), " 0.8 M
Sp Gr 1.68
Volune 50Lh gal
Fines tc
Sewer
50-gal liguid heel per ton of uranium

TANK

U 1.5 M
Pu 0.83 g/L
HNO 3 0.75 M
ANN 0.15 M
Fr 0.32 M
Zr © 0.05 M
NHy, ¥ 0.1k M

Sp Gr 1.58
Volume 672 gal
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(\) TABLE IT. URANTUM ILOSSES - ZIRFLEX PILOT UNIT TESTB

CHARGE CONDITIONS

RESULTS

& .

 QETATSSYIONN

*¥*Approximately 1% remained in dissolver as flakes
*KG-AL alloy 2.25% U
*¥¥¥J-A1 alloy 0.9% U

Average Average Percent of Tatal
Fluoride-to Uranium Uranium Zr/U  Percent loss to Uranium as UF)
Run Fluoride Nitrate Zircaloy g/l Before - g/l After Weight Solution After Preciﬁitaﬁe Core
No. Molarity Molarity Mole Ratio Centrifugation Centrifugation Ratio Centrifugation in Centrituge Material
33 5.5 0.5 7 0.1k Not Cent. 0.16 0.04 - Sintered UOo
3k 5.5 0.75% T 0.47 0.54 0.17 0.17 0.06 "
35 5.5 0.75 T 0.25 1.9 0.17 0.57 - !
36 5.5 0.75 - 12.5 2.9 - 0.63 0.15 "
37 5.5, 0.75 7 2.4 Not Cent. 0.17 - - "
38 5.5 0.75 7 0.11 0.10 0.17 0.03 0.01 "
39 5.5 0.5 7 4.3 1.3 0.15 0.37 - Swaged UOp
Lo 5.5 0.5 T 2.8 2.6 0.21 1.3 0.10 Sintered UOp
L1 5.5 0.5 T 2.2 1.h 0.29 0.82 0.21 " T
L2 5.5 0.5 T 0.k 0.4 0.17 0.13 0.02 "
43 5.5 0.5 7 1.2 1.1 0.17 0.37 " E
by 5.5 0.5 7 1.1 1.8 0.16 0.50 - " 3
45 5.5 0.5 T 0.0036 - - 0.25 - *RH ‘
46 5.5 0.5 7 0.07 - - 2.9 - K
L7 5.5 0.5 7 0.06 - - 9. L4* FHHH
48 5.5 0.5 T 1.6 0.91 0.034 - 0.09 - Metallic U
L9 5.5 0.5 7 1.5 - 0.0L6 0.08 " 0.03%% Metallic U
NOTE: *¥Dissolver contamination may have contiributed to the high loss
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APPENDIX

ZIRCONIUM DISSOLUTION RATE EQUATIONS

A.

Nomenclature

Zr = gram moles of metallic zirconium

e = time from start, minutes

v = volume of solution, liters

Cp = molarity of solute, unreacted fluoride

C = molarity of solute, zirconium

F%Er = total fluoride to zirconium mole ratio in batch
K = reaction constant, liters/in®-min

A = surface area of zirconium, square inches
Derivation

HW-60597

1) Since the dissolution of zirconium is first order in "free"
(unreacted) fluoride, the rate of dissolution may be expressed as:

-dzZr/Ade = K Cp

'2) Known relationships of the system are:

ZI'=ZI‘O-VCZI.
CF = CFo -6 Cop
6(2r,. - Zr
Cp = Cpo - _j__%,____l
4) or,
-VdZr o
KAde =VCFO-6ZI'Q+6ZI"

5) Rearranging,

Zr : » ' A [a]

VCpo = 6 Zry + 6 Zr

KA do
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6) Integrating,

VCp, - 6 Zrg + 6 Zr KA©Q
-1/6 1n . =
VCFo . v
7)
C ' 6 KA®
1n Fo — =
Cpo - © Czy v

8) or substituting

Cro 6 KAG
1n =
Cp v
C. Time Cycle Calculations
1) Basis:

a) One-pound Zr tube of 30 mil thickness, (4.97 g-moles)
b) A = 143 in2 {only outside surface exposed to solution)

¢) Initial sclution batch of 5.5 M NH,F and 0.5 M NH),NO3
d) Seven moles of fluoride charged per mole of Zirconium

e) Reaction constant of 23 x 1072 liters/inz—min, maximum possible
{Note: 1k x ]_O'5 was the average K value for unoxidized pilot unit
iruns and 3.3 X 10-5 was the average for oxidized fuels.)

2) Volume of charge solution, V = (g-moles zr)(F/2r)(1/Cpo)

or V = (4.97 g-m 2r)(7 g-m F/ g-m Zr)(1/5.5 g-m F) = 6.3 liters
or (1.66 gal) - o .

3. For 100 % dissolution, end concentration, GF = Cp, - (6)(moles Zr)/V
or Cp = 5.5-(6)(k.97)/6.3 = 0.TT ¥

4. Hence, from Equation No 87above
@ 6 =V/6 KA ln CFO/CF = [6.3/(6)(23;«10-5)(1&35] "1n 5.5/0.77
and 6 = 63 min or approximately 1 hour
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5) Theoretical dissolution times can be calculated in a similar manner
for other conditions. Since surface area changes with the degree of
total dissolution, actual values are 2 to 5 hours longer.

Theoretical
~ Conditions v Time

CFo F/Zr v . K e

Ry moles/mole  Liters Liters/in®-min A Hours
5.5 7 6.3 23x10~2 (max) 143 1.0
5.5 7 6.3 1uxlo-5gavg) 143 1.7
5.5 7 6.3 3.3x10-° (oxidized) 143 7.0
3.0 7 11.6 23x10~2(max ) . 1k3 . 1.9
3.0 7 11.6 1uxlo-5gavg) 143 3.1
3.0 7 11.6 3.3x10"2(oxidized) 143 13.3
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