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COMMERCIAL IN CONFIDENCE HOIS(86)PS

UNDERWATER APPLICATIONS OF THE
ULTRASONIC TIME-OF-FLIGHT DIFFRACTION TECHNIQUE
DRAFT

K. Newton, B.M. Havker and A.P. Wain

ABSTRACT

This report surmarises a programme of wor. carried out between
1982 and 1685 for the Harwell Offshore Inspection PR and D
Cervice. The main aims of the programme were to assess the
potential of the ultrasonic time-of-flight diffraction (TOFD)
techninue for offshore applicstions, and then to develop,
validate and quantify the performance of a complete TOFD system
for the sccurate sizing of defects in underwater welded node
joints.

TOFD offerz capabilities not possible with any other NDT
technique aveilable for use offshore. It complements the
performarce of ACPD for sizing surface-breaking defects, and it
is the only available technique for accurate sizing of embedded
defects or root cracks. ’

A State-of-the-Art Review was prepared at the beginning of the
project which described the various Time- °.Flight techniques,
considered the new factors encountered for offshore inspeczion
and concluded that the techniques could in principle offer
accurste sizing of defects in node welds.

Theoretical and experimental work considered ti.e matecials,
coatings and geometries employ:d on offshore steel structures and
established the feasibility of wusing 10FD techniques in this
application.

Comprehensive validation triels for & wide range of geometrie;
have indicated that a sizing accuracy of about 1 mm should
generally be achievable.

A complete prototype TOFD system, interpretation software and
inspection procedures for sizing known fatigue cracks in welded
node joiats underwater have been developed. Diver trials have
indicated that scanning can te performed quickly and easily even
by inexperienced divers, and data interpretation can be carried
out on-site by a surface operator using a portable
instrumentation system.

We beliave that the programme has produced scanrer designs,
software and documentation of a sufficient standard to enable the
TOFD technique for underwater crack sizing to be transferred t7 a
service company, for routine application, with a minimum of
development and training effort.
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AERE R 11901

ABSTRACT

]

The studies descridbed in this Report have been carried out on five
batches of hulls resulting from the reprocessing of fuel from the Prototype
Fast Reactor at Dounreay. Direct immobilisation in cement and
decontamination have been examined cs possidble routees for treating the hulls,
and as a background to thisz work the activities on them have been

characterised, . The outcome of this project is described below,

Characterisation

>Five batches of hulls have been u;anined. corresponding to fuel with
burn~ups in the range 0-7.32. They have been examined visually, and found to
be mostly eithec shiny (from lower breeder sec:ions) or dark (from core co¢
upper breeder regions). - Photographic records ¢f surface features and of thre
qusality o. the shear have been made.

The .iissile activity on the hulls generally cortesponded to less thar
0.1% of the original fuel; the radfotuclides were present on both the inner
and outer surfices. It 13 unlikely, however, that smch of the sctivity
present 1s due to undissolved f. -l since depcsiticr. from dissolver )iquors
aczounts for much of the activicy present on the hulls, '

Profile diagraas have been constructed to describe the le<vels of the
various activities along selected hulls., Tot-l g-sctivities varied between 4
and 200 uCi/g. The principal fission products were: Ru-106 (10- - 4 x 135
wCi/g), Sb=125 (4 x 102 = S = 107 uCi/g) and Cs-137 (20-500 uCi/g). Other
fission products -eaguted {include Cs-134, Ce-144 and Tc-99,

Tte principal activation products mezsured were Mn-54, Co-60 ani Co-S58.
lhe value of the ratio of Mn-%54:Cu-60 can be used to indicate the position of
the nuil io the origidul fuel pin. C-14 levels of up to § uCi/g have been
Reasured in the higher buvn-up hulls. '

contimination

rnm’oor of low temperature chemical %echniques have been used to remove
ccﬁinides and fisslon praducts from the hulls, The methods 1nciuded: nitric
acid at ra2flux temperature, nitric acid with ceric fons added, alkaline
permenganate solution, and oxalic acid with hydrogen peroxide ccrrosion
inhibitor. Irrespective of the method of decintaminatiocn or buran-up, the
levels of ax-activit~ . uld be reduced to lens than C,2 CIl/te of hulls. Thus
decontaainaction might permit snallower, and therefore cheaper, disposal than
would dbe *he case for undecontaminated hulls.
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either sand or blast furnace slag vas used to extend the ordinary Portland
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The preferred route is that involving nitric acid alone, Secause {:
might oe possible to recyi:le the decontamination liquor to the reprocessing
plant, routeing the fission products and several of the actinides to the high
level waste, while recovering the plutoniua.

Iamobilisation

£ 10w sections of lLulls have been immobilised in two cements in which

cuent.ﬂ;(l;ocdinu of about 40g hull {n SOmm right cylinders have been
achieved. The activities released on lesch testing these blocks have been
compsted with those from leaching bare hulls, The level of Cs-137 leached
froa hulls immobilised in eithur of the cement compositions was abdout an
otder of magnitude lower than that leached frou the bare hulls. Por Sr-90,
the BFS/OPC matrix gave a tenfold better retention than the sand/C?C.
Ru-106 and Sb>~125 were leached from the sand/OPC but not from the BFS/OPC
sanples. The preliminery studies suggested that cement was a satisfactory
matrix for immobilising hulls and that the BFS/OPC vas the_ better
formulation. Further evaluation of the waste forms vas required.
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1. INTRODUCTION

In the head-end seccion of s reprocessing plant for irradfated oxide
fuel, the fuel pins are sheazed {nto 25-50 = lengths which are routed to s
basket in the dissclver. There they are treated with nitric acid which
dissolves out the fuel, leaving the cladding residues, or hulls, at a soltd
vaste product. In order to assess the options for the disposal of this waste
it is necessary first to characterise the activities present both
qualitatively and quantitatively. These dJctivities arise in & cumber of
vays, including:

(1) fuel which has been protected from acid attack by physical means,

e.8. as a result of a poor shear;
(11) atoas forced into the clad by fission recoil;
(114) atoms which have diffused into the clad, perticularly at grain
boundaries;
(iv) activities deposited from the dissoiver liquors; and
(v) activities produced by che neutron irradiation of the cladding
atoms. -
The most fasoured disposal route tor solid wastes in the CEC is by burial in
geological formations following immobilisatide {n & suitadle matrix, The
depth required for burial may be dependeant ou the quanrity of very lonp-lived
isotopss the waste containss, snd thus a preliminary decontamination step to
reaove such activities from the hulls might lead to shal)ower and therefore
less costly disposal.

The present work is concerncd vith stainless steel hulls originstirg
from the reprocessing of fuel from the Prototype Fast Reactor (PFR) at
Dounreay (U.K.). The studies were jointly funded by the U.K. De -iment of
the Envirouaent and the Commission of the Zuropean Communities. The
objectives were to characterise the activities present on genuine huiis
(particularly long~lived isotopes that could be important in disposa.), to
exanine the pogsidility of decontaminsting chens by siaple, 109 temperature,
chesical techniques, and to study the imaobilisation of the undecoctaainated
hulls {n cement raatrices, with evaluation of the waste forms mainly by leach
testing. The matrices studied have been used in the U.K. wvaste treastaent
programae, where cement is the leuding option for immobilisstion of non-heat
generaticg vastes.

The results obtained should be of value in formulating policies for the

management of hulls arising from future commercial fast reactors,
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A nusber of procedures vere developed by Jenkins and covorkcrs(l)

for
charascterising the activities on hulls from thermsl reactors. These
included total fiss.le measurements by delayed neutron counting,
nctl&tty distribution measurements by fission track and
a-autoradiography, a-spectrometry of surfaces and depth penetration
measurements, as well as standard radio-atalytical proceduras on
solutions resulting ;;om the dissolution nf the hulls. Some of thess

techniques have been employed in the current work and profiies of the

activities along various hulls constructed.

The decontamination of stainless steel {s a very wide field which
has been included in a nuaber of rcviov'(z'a"). Much of this work wes
concerned with the decontaminatica of coclant systems in water
reactors, but the results served as & useful guide for s preliminary
experinental sthdy of tha decontamination of stainless steel hulls
using samples from experimental pins in tho Dounreay Fast Rcactor(s).
The finc'ngs from this study provided a framework for cue
deccntinination of the PFR hulls,

The conditions and techniques used in the {zmobilisation and leach
testing wers based on earlier work st Harvell with fuel cladding
derived from theraal reactor systems.

2.  ACTIVITIES ASSOCIATED WITH HULLS

There sre three types of activity assoclated with hulls:

a-esitters, fission products and activation products. The latter arise

from the neutron irradiation of the cladding vhereas the twvo former

types originate from the fuel.
2.1 Predoainant Activities

The principal a-emftters found in earlier studies wvere Pu-239,
Pu-238, Pu-240, Am-241. Ca-242 and Ca-264¢1*%),
The most prolific fission product activity found was Ru-106
. {ollowed by Sb~125, Cs-137, Cs-134, Sr-90 and Ce-l44, with saaller
quantities of Eu-155, Eu=154 and Ag-110um.
. The main activation products messured were Mn-54, Co-60 and
Co-58.
All the above isotopes, apart from those of Pu and Am, have half
lives of 30 years or less. and can be considered short lived in terms
of disposal.
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2.2 Other Activities

There are also a number of low-energy fiselon end sctivation products

vhich are long lived, and consequently could be important in considerations
of the long-term movement of -nuclides from reposfitories. They include Tc-
99, 1~-129 and C-14. Np-237 1is ancther fsotope which needs to be exsimined ¢n
this context, as it is potuntialiy onc of the more mobile actinfdcs. As a
first step, calculations were carried out %o estimaie the quaniitinrs of tlese
isotopes likely to bde fcund on the hulls.
2.2.1 Technetiux-99
Calculations =using the FISPIN computet code {ndicated “hat for core
region fuel subjected to 7.22 burn-up, the Ru-106/Tc-99 sctivity ratio
vas approximstely 7.5 x 103 after four yeats: cool!ng(7). PFR hulls had
previously been observed to contain J.2 to 60 oCi of Ru-106 per gram of
hall (with s 3ean value of 12 mCi/g) after a cooling period of four
yeura(6). Oo this basis an estimate was made of the range of Tc-99
activities vhich might bs encountered in PFR Mills, ns3ely 0.0) to 8 uCi
of Tc-99 per gram of hull. This represents 1.5 to S02 pg Tc-99/g hull,
‘ with & mean value sround 100 ug/g. Measureaent of such levels should de
| feasible, and the isotope was sccocdingly included in the programme.
| 2.2.2 lodine-129
| The relative fission yields of I-129 aad Tc-99 in PFR fuel were
obtained from FISPIN calculat’its and the data combined with the results
of the Tc-99 assessment. The estimated range of I1-129 activity was 0.Cé
= 12 aCi per g hull. This is likely to be a cousiderable overestinate
because the higher solubility and volatility of icdioe in the dissolver
relative to technetium should be taken fnto account. The abuadance of
1-129 on PFR hulls is likely to be far too lnw for direct ~ounting and s
separation/concentration procedure would probably be very complex. This
isotope wvas therefore not iancluded ip the present programme.
2.2.3 Neptunium-237 -

Comparing the relative activities of Np~237 to those c¢f Pu~238 and
(Pu=239+Pu=240) obtained dy FISPIN computations with the quantities of
the Pu isotopes previously measured expcrinen:nlly(s). it was concluded
that the level of Np~237 on the hulls was unlikely to exceed 550 pCi/g
hull; this is too low to measure using nirzal radiometric or chemical

analysis,
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2.2.4 Cardon~14
C-14 in PFR holls {s predominantly produzed by an (n,p) resction
involving the R-14 impurity {in the stainless steel cladding. Assuzing a
nitrogen level of ~ 200 ppa 4in the steel, the rate of C-14 production
wouid be sbout 2C Ci per GVW(e) year of power genetation(a). For a
moderate fuel burn-up of 7.2%, sowe 304 sub-assemblies would be required
to generste | GW(e) year, leading to a C-14 activity of 66 mCi per sub-
sssembly. The fuel caus in csch sub~asseably have a3 mass of
approxiastely 40 kg, representing sbout 352 by weight of the total
cladding (.rapper plus spacer grids plus fuel cans). The irradiated
hulls from one sub~assembly wculd therefore be expec.ed to contain
23 aof)1 of C-14, which represents a epecific activicy of ~ C.6 uC
C-14/g hull, It was thought that measurement of such levels in the
hulls stould h‘ feasible, and ths isotope was ctherefore {ncluded {n the
expetimental programme.

3. THE. PFR FUEL PIN

The PFR pins from :hich the hulls originate comprise four main sections:
the core, tha upper and lowver axial breeders, and the gas plenum (Fig. !).
Molsbdeaum wire spacers Loused in a stainless steel body are siZuated ‘-tween
the plenim snd the lower breeder and between the lower breeder and the core.
The position of these spacers can be sren on the outside of the cila ; as a
crimped section (see Pigure 2(b)), and this allows fdentification of the
originating position of some of the hulls. '

b, THE HULL SAMPLES DSED
4.1 Post-Dissolver Treatment

After cropletion of the dissolution of fuel frnm tha pin sections, the
basket of hulls was lifted up in the dissolver a:d the liquors alloved to
drain off. The busker wzs then tranaferced to & wasning vessel vheres the
noxt_;haxgc ot acid er route to the dissolve:r 7as passed over the hulls at
aablent temperature. After draining, the hulli werc dried by hot atr. Thus
s further source of activity on the hulls, via from the evaporatice of the
wash iiquor residues, was introduced. Cna vecciyr the hylls wvere generally
duaty with & lot ol loose ccntamination, mu. " which protably originated
from this drying step.



4.2 Detsils of Huli Batches
Five batches of hulls wvith burn-ups ranging fr.2 O to 7,32 and cooling

times of up to b years vere examined. The hulls were gonerally 25-75 ma
long. '

The batches were designated A, B, C, D and E and details .+lating to the
fuel they had contained are given in Table 1. Bazch B contained h.'ls from
two sub-assemblies of different burn~ups and was not used in the
characterisation and decontamination work. Batch D consisted of hulls froam
pins which had been fuelled but had not been irradiated. They were, however,
sheared in the active facility and the fuel removed in the same dissolver
that had been used for irradiated fuel. Batch I contained some pin end-piece
hulle which vere up to 110 m long.

4.3 Visual and Photographic laspection

Each batch of hulls wvas examined visually aod a nuaber (usually ~6)

selected for further study. The basis of selection was to obtain mainly

typical samples together with a few which exhibited special features. From
their appearance, the hulls could be separated iato two types, black and
shiny (Pig. 3). A tuaber of the shiny hulls coanisined crimped sectiouns,
indicating the prcsence of s spacer. This showed that these hulls originated
from the lover axial breeder regions of the pins. Ohservaticns on whole pins
at Dountcny(g) have confirmed that around the lower bdreeder region the pios
appear shiny wvhereas in the core sod upper bdreeder regicis they are dark :nd
msatt,

Each of the selected hulls was photographed from “oth end and side
viewpoiats (examples are shown in Pigs. 3 and 4). The eod views shoved the
quality of the shear vhich wvas generally good, with open ends affording eaay:
sccess for the dissolver acid to the inside of the hulls. The side vievs .
(see Fig. 2) showed surface features along the length of the hulls. Some of
the surfaces were clean vhereas others vere coated vith oxide films of
varying thicknesses which produced s mottled effect. On some hulls the
presence of psrciculate material was noted. The oxide films are formed by
iateraction of <he clad with the low levels of oxygen prazent in the coolant
under the conditions of the irradiation and provide additional gites for the
sbsorstion of fission products snd other activities. Oxide films will also
be prasent on the internal surfaces of the hulls due to interacti m between
the cladding and the fuel.



Another feature shown in the side vievs is the location of spacers; .the
structure of a spacer is shown in Pig. 7. In one case wvhere the criamped
seczion was very close to the end of the hull, the shear had actually gone
through the spacer body and a cross section of this can bde seen, socmevhat
distorted, in the end view of hull number & in Fig. 3.

4.4 Cutting of Rulls
The radistion levels frcm the hulls were very high, The facilities

available for the characterisation and decontamination work consisted of a
numder of shielded fume hoods, and in order to be able to use these
facilities vithout incurring high radiation doses to the operator, it was
necessary to limit the size of hull samples to rings about ! mm wide. This

() in their work on

is siasllar to the 1-2 mn rings used by Jenkins et al
thernmal hulls.

About ten | mm rings were cut from a defined end of each of the selected
hulls, aod the individual rings wvere separately packaged so that their exact
locati-~u along the length of the hull was known.

The cptisuwm size of hull slilce. for packing into the moulds for cement
immobilisation on a small scale had been found from inactive trials to be
about 10 mm, sc ic order to provide sufficient material to muks about 11
samples of immobilised waste the bulk of the material from each batch of

hulls vas cut to this length.

S. EXPERIMENTAL
S.1 Characterisation

5.1.1 Yotal Fissile Meszsurema:: S
A weighed ring of hull was s iled {nto a polythens tube and-
irradiated briefly for « known tise 'n a reactor. After a short,

measured cooling time, the delayed teutrouns eaitted were counted duriug
a known time interval. From the experimevtal data it vas possible to
gsleulste the amount of fissile material “t pot tc differentiate the
contributing isotopes. The results were normally expressed as though
all the fissile material vas Pu-239.
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5.1.2 Fission Track and a-Autoradiography

In Jenkins' Horlgl7

fission track sutoradiography had shown that
fissile materials were present in significant quantities on both the
inner and outer surfaces of the hulls. Since the onl' time the outer
surfaces came into contact with fissile material was in the dissolve:
liquors, these results pointed to deposition having occurred. Owing to
-he higher levels of activity sssociated with the PFR hulls, it was not
possible to use this technique with the handling facilities that were
available. A few measurements using c-autoradiography, hovever,
confirmed that the fast reactor hulls also contained actinides ou both
inner and outer surfaces, that they were restricted to the top 2-3 um,
and that the amounts were very variable.
$.1.3 Dissolutior Experiaments

The hulls were dissolved by refluxing with SM nitric scid - 2M
hydrochloric acid for sdout a half to one hour,

The principal fission and activation products in the solutions were
detesmined by y-spectrometry using s lithium-drifted germanium detector
connected to an Iantertechnique IN90 Programamable Multichacnel Analyser.

S$r-90 wvas deterained by f~counting following a radiochemical
nepcratton(IO).

The gross a-content of the solutions was found by evsaporating small
aliquots to dryness on stainless steel disca, bdriefly flsming theam, and
measuring the c-activity with a scintillation counter. To obtain
inforaation about the component isotopes, a solvent extraction
separation was carried out. The Pu in the solution was conditioned to

~ the four valent state by addirg & few crystals of sodium nitiite and the
° solution contacted with at. equal volume >f 102 tri-n-octylamine in
xylene. Under these conditions the majority of the Py extracted fnto
the solvent phase vhilst the Aa and Ca remained in the aqueous.
- a-Spectrometry vas carried out on each phase.

The plutonium isotopic composition was obtained by mass
spectrometsy on the btull dissolution soluti{on after an ion-exchange
clean~up to remove the steel components aand fissioa products.




S.1.4 Tc=99 Determination

The hull vas dissolved in 3M sulphuric acid and conditioned with
hydrogen peroxide to engure that the Tc vas present as the
pertechnetate., The Tc was separated from the other fission and
activation products by first treating the hot solution with
tetraphenylarsonium {ons in the presence of a pérchloric acid
catrtet(ll). On cooling, the tetraphenylarsont{um pertechnetate and
perchlorate cocrystallised almost quantitatively. The crystals were
tfiltered off, dissolved in ethancl and passed through an anioa exchange
coluan, The tetraphenylarsonium cation vas removed by washing with
ethanol and the technetium then eluted with perchloric acid and reduced
to Tc(V) with ascorbic acid in the presence of thiocyanate. Tue red Te
thiocyanste complex was extracted vith butyl acetate and analysed by
(12). using the absorption at 516 mm. The limit of
detection was sbout 1 ug Tec.
$.1.5 C=14 Determinatioca

The hulls wer: dissolvad by refluxing 1o an oxidising acid medtun
vhich released the C-l14 as a mixture of carbon dioxide, cardon monoxide
and siaple hydrocarbons. These gaseous products wers transported by a
nitrogen stresm to 8 catalyst column where tha cardbon monoxide and

spectrophotometry

hydrocarbons were coaverted to carbon dioxide. The catalyst used was
300-850 ym cupric oxide heated to 400-425°C. The cupric oxide was
prepared by precipitation from hot cupric sulphate solucion; according
to Kabat this route produces the sost effeczive form of catalyst.
After leaving the catalyst column the gas stream was passed through a
sodiua hydroxide sbsorption train to remove the earbon diorzide. The
alkaline solution was then analysed for carbon-14 by liquid
scintillation counting dsing an Instagel or Picofluor-30 cocktail.

A oumber of preliminary tests on the experimental equipment were
carried out. These showed that no carry-over of fission product
radioactivity occurred during the dissolution of an active hull, gave
ioformation on the likely extent of scid carry-over during a run, and
established that oo measurable "blanks” would be produced. The
recoverability of C-14 from the systea was exanined by adding C-l4
labellad sodiua carbonate to the acid in the dissolver and conducting a

run in the usual way. Initially recoveries no better thsn 702 were
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obtained, but these rose to a zorsiatent 902 when the cupric oxide was
omitted, indicating that contrary to Kabat's findings, soze absorption
of C-14 on to the copper oxide was taking place. The reasining 102 of
the C-14 can be accounted for in teirms of councing errors and adbserption
on the surfaces of the equipment. As a result of these findings the
apparatus vas modified for the active runs by the insertion of a second
sodium hydroxide absorption train in front of the catalyst coluan.

5.2 Decountamination
The decontamination procedure ccnsisted of treating the weighed hull

slice under the specified conditions, followed by retrieval, removal of Lhe
excess liquid by blotting on filter paper, and reweighing after each stage.
Finally the hull wvas dissoived in s nitric-hydrochloric acid mixture and the
solution ansiysed in order to establish the residual, and hence the total
activity, sssociated with the originsl hull.

Barlier uotk(s's) had indicated that high levels of decontamination
could de achieved using four different reagents:

(1) Nitric Acid -

The standard couditions dsin; this reagunt were 9 aolar acid at
reflux. The effeact of the number of contacts, the duration of the
contacts and the variatiocn of acid conceatration and temperatrre were
studied.

(2) Nitric Acid in the Presence of Caric Iouns

Two molar nitric acid containing 0.1 molar ceric 1ons were used in
single one hour contactings st 90-95°C,
(3) Alkaline Permangsnate

This wvas a two-stage process involving firstly a treatment at
reflux with 3% potassium peraasnganate - 10X sodium hydroxide followed by
a vash based on the CITROX formula consisting of 2.5 oxalic acid and 52
diasmonium hydrogen citrate at 85°C.

(4) Oxalic Acid

Oxalic acid was used both on its own and in the presence of s
hydrogen peroxide corrosion inhibitor. Treatments vere noéially carried
out at reflux and involved one or more contactings of 2-6 hours’
duration., The effect of varying the oxalic acid concentration was
examined.




5.3 lxzmobilisation

5.3.1 1lnactive Trials
The techniqus sdopted for preparing the immobilised produzts vas

estadlishad inactively defore the equipment wvas installed for remote
application in s shielded facility, It involved vibrecompacting a
wveighed quantity of the hulle in a plastic mould with the appropriate
amount of cement grout (Fig. 5), which coaprised either sard/ordinary
Portland cement /OPC)/water or blsst furnace slag (BFS)/QPC/water in the
ratios 3:1:0.48 and 2:1:1.28 respectively by weight. The size of the
ismobilised product wss chosen to be & 50m right cylinder (Fig. 6) to
facilitate handling and storage of the active samples during leach
testing. To obtain an adequate loading of the hulls their lengths were
reduced from a nominal 50 ma to 10 ma,

After vibrocoapsction the cement samples wec: kept in & moist
atacsphere for 48 hours bdefore demouiding and curing. Ssaples
containing sand/OPC vere cured for 28 days and those coantaining BFS/OPC
for 950 days, both at ambient temperature, prior to leach testing. This
vas to ensure that the samples had sttained a comparable strength and
microstrusture.

5.3.2 Active Studies

The active, immobilised ssmaples were made in 2 shielded facility
according to the optimised conditions established frum {nactive trials.
Eleven immobilised camples containing sections of irradiated BFR aulls
vere mnade (see Table 2). 1In one case soms insctive material vas
included to make up the weight. Nioe of the samples were lsach tested
end two vere stored as archive sadples pending further exaaination,

A sample of the wvasie to be immobilised was analysed
radiocheaically and it was auund that this was representative of the
complete batch of waste and hence of the total activity (Ao) that was
incorporated in the final product. Leachates were subsequently analysed
for all the detectable radionuclides. The Cs, Ru and Sd activities were
detemined by y-spectrometry, the Sr by B-counting following &
radiochenical separation, and the asctinides by scintillation counting.
Bare hulls vere lesch tested with (i) distilled wvater, (i1) water that
tad previously been equilibrated with sand/OPC matrix, and (iii) vacer
that had earlier been equilibrated with BFS/QOPC matrix, to ascertain the
effectiveness of immobilisacion.




5.3.3 Leach Testing

The conditions and methods of lesch.ng were ~ variant of those

tecommended by the International Standards Organisation test - IS0 69%51
(1980). The immobilised waste form was suspended in 295 al of
distilled water contained in . lidded polypropylene pot. The water was
changed after a one day contacting and four further changes were made at
iatervals during the next 1) days. This wvas followed by four contacts
of 7 days and two or three of 28 days, all at ambient temperature. In
each casn, the vater after removal from the waste was acidified with §
al aitric acid prior to analysis to keep the leached activities in
soluction., In tha'caoc of bare hulls, ten [0 =zm lengths of hull ware
suspended on a plastic mesh wvithin the polypropylene container.

It wvas noted that in some cases the y-radiation emitted frue the
iamobilised waste forms wvas sufficient to cause embrittlesent of the
plastic contalner within sbout 28 days. The use of stainless steel
countainers in future studies is recommended.

RESULTS AND DISCUSSION

Characterisation -

6.1.1 Total Fissile Content

The total fissile contents of rings cut from hulls of ecch of the
batches sre given in Table 3, The values assume ail the fissile
nmaterial to de Pu=-239., There were considerable variatioans ia the
results, vith some of the highest values being found in hulls where it
wvas least expectead, for exsaple, on unirradiated hulls and on ones fcom

aTound the lover breeder regions. This suggesced that deposition was
making a significant contridution to the fissile material on the hulls.
The variability of fissile contents of fast reactor hulls was previously

(1,14) ia cononection with hulls froa the Dounreay

reported by Jen“ins
Tast Reactor.

As the density and Pu content of the original fuel were known, the
fissile contents could be expressed as peré;ntages of the fnitial fuel
associated with the particular hull slice. The values obtained ware
generally less cthan 0.1%. These are not, hovever, realistic measures of
the amount of undissolved fuel sssociated with the hulls due to the
apparent importance of deposition.

6,1.2 ac-Emitters - Constituent lsotopes

a-Spectrometry was used to analyse the phases obtained from the
s0lvent extraction treatment of the dissolved hull solutions (see
Section 5,1,3).
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The organic phases showed two peaks, one due to Pu=239 + Pu~240,
the other to Pu=238 + As~241, Because of the slnllarity of the
c—-enargies of the constituent iiotopen. these peaks could not bde
resolved further, but since the partition coefficlent for Am=24]1 was
very low i{ndeed under the conditions of the extraction, the second neak
vas attributed solely to Pu-238. The aqueous phases produced peaks
corresponding t~ Am~241+Pu~238, Ca~242 and Ca~2434Ca~244, together with
8 small peak due to unextracted Pu-239+Pu~240. Difflcultiss were
encountered in anslysing these aqueous phases owing to the high salt
content that originated I{n the stainless steel. This meant that only
saall sliquots of the solutlon could e mounted foc counting, and evan
then the scurces ware sufficiencly thick to give rise to some
self-gbsorption vhich resulted {n s loss of resolution and peak

| shifting. The small Pu-238 contribution to the Am=24] peak could bs

| . corrected for by using the ratio (Pu~239+Pu~240):Pu=238 obtained from
the organic phasa results. The curium peaks were generally sasll and
the assoclated counting statistics poor, sven on very long counts.
Becauns the principal isotope Ca~242 uss & relatively shert half 1life
(163 days), it is A1fZicult to correct the activity back to s refererce
data (e.g. the completion of the irrvadiation) without introducing
sigoificant errors. From a study of FISPIN data, Cm=244 should asks the
majotr contribution to the other Ca peak.

The results presented in Table 4 show the percentages of the
individual 1isotopes 1in each phase on an sctivity basis. The columns
labelled "OTHER" normally refer to amall unidentified peaks bdut in s few
cases vhere It was not possible to obtain data concerning the individual
curium izotopes, tha gross Ca figures are included under this heading.

By combining the percentage compositions and tae gross a=-counts of
each phase, the oversll percentage composition of the hull solutions can
be computed. This 1is showa on the right hand side of Table 4. The cata
was obtalned at three different dates over a seven month period, and
because of ({ts short half 1life the smount of Ca~242 altered consideradly
during this period, theredby altering significantly the percentage
composition of the phases. 1In crder to perai: a comparison to be umade,
the Ca~242 activitlies vere corrected to 16th February 1984 and the
resulting cospositions cllcuictcd. The cnrrected figures are given in

Table 5 and are compared with percentage compositions obtained from
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PISPIN data for the fuel, In view of the uncertainties i{nvolved a
reasonable correlation appéan to exist. This is also shown by tle
tatios of the isotopes Aw=-241:Pu-238: (Pu~2394Pu-240) given 1o Table S.

The actinide composition of the fuel will vary gccording to its
position along the fuel pin. When FISPIN calculactions for the core
tegion and the axial breeder regions are co-ynre& it can bde shown that
the weight ratio of (Pu=239+Pu-240:Aa~24]1) is approximately 30 for the
core regions but ~ 5.3 x 10" for the breeder regions. Values for this
ratio cosputed from the data obdtained in the pruint work varied froa 70
to 150 irrespective of the position of the hull in the fuel pin.

These findings again suggest that the activit on the hulls arises
largely by deposition from the dissolver liquors.

The isotopic composition of the jlutonium found on some of the
hulls 43 reported in Table 6. Uranium was also sought but the levels
vere too low to be detected.

6.1.3 Activation Products

The prinuipal activation products detected by y-spectroaetry ware

Ho-54, Co=60 and Co~58. The Co-58, because of {ts short half-life (70
, days), had largely decayed by the time of msasurement.and heace orly
suall peaks were obtained. It was generally found on the higher burn-
up dulls. The relative quantitiee of Mn-54 and Co-60, corrected to the
time of completion of irradisti.o, were found to vary according to the
position of the hull along tis fuel pia. Por the skiny hulls
originating from around the lower axiszl breeder regions, the ratic Mn-

54:Co~60 was low (¢3), for black hulls froa the core region values of
75110 were observed, and for a hull from the upper breeder sectica
(identified by the presence of a fuel retainer {o the null) a value of
sbout | vas obtainad. Thus the ratio Mn-54:Co-60 can be regarded as an
indicator of the location of the hull 1in the fuel pin. Refetence to the
profile diagrams (see Sectinm 6.1.4) showed that it wis the levels of —
Mn-54 that changed sore than those of Co-60 along the lengths of ths
fuel pins. Table 7 gives the levels of activation products for a nuaber
of hulls which {nclude one containing s spacer. This hull (A/5) was
sectioned right acraoss the spacer body and from the meacturenmenis snd

visual observations of th- geomerry of tha individual slices, it vas
possible to ascertaln the orientation of the huli in the original fuel




pin. A disgram of s specer is included in Pig. 7. In the fuel pin,
the end containing the molybdenum wire disc is uppermost. At the lover
end of the hull just delow the spacer no Mn-54 cculd be detected.
Arouud the positior of the crisp, velues of 0.08 and 0.10 were found for
Mn-54:Co~60. The values rose to 0.13 at the position of the molybdanum
vire disc, 0.48 just above the epacer and 0.54 at the upper end of the
hull. The sample was thought to have originated from between the lower
axial breeder and the plemum regions.

The other aetintion product msasured was carbon-lé. On 4.12
bura=up hulls the activity levels of this isotope increased from 0.06 to
0.44 4 Ci/g with incressing neutron irrsdistion as indicated by the
Mo-354:Co-60 ratio (Teble 8), The 7.32 burn-up hull, followed a similsr
psttern with values ranging from 0.15 to 1.0 4 Ci/g, although higher
-values (up to $ uCi/g) were found on two of the hulls with intermediate
Mn=-354:Co~60 ratios. The results obtained were in ressonadble accord with

the figure of 0.6 uCi/g predicted from calculations (see Section
2.2.4). -

6.1.4 PFission Products and Activity Profiles
The combined analytical results from dissolution and

decontamination experinents provided a considerable mmount of data
relating to the activity content of sections from s oumber of hulls.
Since the'reletive positions of the various sections along s given hull
were koown, it was possible to construct am activity profile diagram for
esch hull examined, and thus provide s simple method for comparing
different hulls. The profile diagrame (Figs. 7-10) show the sctivity in
uCt/g tull decay-corrected to the date of completion of irrsdiation,
plotted vertically on s log scale, and the location of the hull section
relative to the hull end, shown ou the horisz~atal axis. The bdlack
squares correspond to hull material lost during cutting., The dotted
lines indicete the presence of sections for which dats is oot svailable.
The diagrams show that the range of activity lcvels for the different
isotopes varies consideradly - 6 orders of magnitude. The levels of the
sctivation products Mn~54 and Co~60 are fairly constant along s given
hull, whereas the oither activities show grester variations and csn
chsnge considerably over quite short distances. In spite of this the
various isotopes often follow similar patterns. ’n general the order of
the sctivities 1s Ru=-106>>Sb=125>Ce~137>tvtal a. Sr-90, where data is
available, noroally lies between Cs-137 and total a. Table 9 gives

numerical values for the average activities on 12 of the hulle
examined,
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The possidility of explaining the wide variation of activity levels
slong the hulls in termss of physical losses from the surface oxide fila
during the cutting of the | am slices was considered. It was noted in

' earlier work however, that vhen slices 0 the same size had been cut
under identical conditions from both Zircaloy and stainless steel
thermal hulls, the activities slong these hulls were reasonably unifors.
Saaples previously cut from experiamental hulls froam the Douareay Fast
Reactor had shown some variations though oot quite as large as those on
hulls from PFR. The significant variations appeared to be coafined to
fast reactor hulls and may be due to the plate out of very sasll
discrete particles of dissolver insoluble material which {s found a2
such greater quantities in solutions of irradiated last reactor fuel
than in Jissolved thermal reactor fusl., The experimental observations
sre consistent with this, eince the particulate saterial is normally
rich in ruthenium and this is the nuclide that has shown the greatest
varistion along the hulls., In addition the presence of particulate
material adhering to the sucface of some of the hulls has deen observed
(sec for exasple Fig. 24).

A number of 10 mm sections of the batch b hulls were dissolved in
acid in the hot cells and the sclutions avalysed. With these larger
sazples any effects of “cutting losses” would be smal'ec. When the
levels of the activities wvere compared with those from | mm slice: from
hulls of the ssme batch, they were found to be very similar. The
comparison for the principal fiseion products activities is made
pictorially in Fig. 11. The first cclumn in the figure contains data
for the 10 =m slices, the second for the | mm slices and since tha
oumber of results is rather smsll, the third column gives datas for
similar 1| =m slices from the ssae batch dut obrtained outside of the
present contract., It can be seen that the activities of the different
1sotopes fall within well defined bands with only a very szall amount of
overlap. The width of the bands wvas slightly wider at the | ma end Mt
the extension was upwards rather than downvards., [t seems unlikely
therefore, that sigunificant losses of activity were encountered during

the cutting operations, other than that of loose activity arising froam
the drying out of dissolver liquor residues wvhich would be partly lost
anyvay in general handling and cannot really be considered as part of




the asctivity of the hull., These findings wern later confirmed when the
analytical data from the complete hull decont.minations (see Section
6.2.7) were cslculsted., The hulls involved had not been cut at all, but
the activity levels still fell wvithin the same bands (see fourth coluan
of Pig. 11). Corresponding plots of the activation =ioduct sctivity
levels found in this series of experiments are given in Fig,12, vhich
shows clearly the difference betwveen the black and ths shiny hulls (no
‘fo-betveen' hulls were involved). The width of the sctivation product
activity bands are smaller then those of the fissfon products : this is
attributed to their being integral to the hulls and not containing
sigunificant contridutions from deposition.

The technetium~99 content of a high burn-up core hull (C2/D) vas
deterained by dissolving the hull in dilute sulphuric acid and snalysing
the solution by the procedure descrided in Section S.1.4, The value
obtained, 40 ug Te/g hull, was about the middle of the calculated range
{see Section 2.2.1).

6.1.5 ‘Activities Associsted with End-Pleces

There were five pin end-pileces among the datch E hulls. These will
have been top end caps since the plenun etde of the pins are ot
normally routed vis the dissolver. They veried in length from 30-110mm
and sowe contained piugs of solid material wiich were identified by
slectron microprodte analysis as 00,. These plugs were located aecar the
fuel retainer (see Fig.l), snd must have been part of the upper breeder
fual which had been incompletely removed in the dissolver, decause the
closed end of the hull had restricted the accens of acid to the
interior. One millimetre rings wvere cut from each end of two of these
hulls as shovn in 7ig. 13. They were diasolved in nitric-hydrochleric
acid and the solutiors analysed. The activity levels are shown in Fig.
14 and Table 10. For doth hulls the Ma-54:Co-¢0 ratios increased with
the distance of the rings frum the closed end. ~This was 2ot surprising

¢8 the neutroa dose received would also %e increasing. Comparing the
profiles for the a=-activities with those from oriinary hulls of the same
bstch showed slightly higher lev.ls associated with these end pleces.
Tals wvae presumably due to deposition since some of the rings vere fr:a
clad vhich had not contained fuel. Data from a single ring of hull
21/13D taken 28 om from the clowed end showed gere-ally lover levels of
activity tlan found on the other twn hulls at comdarable positions.
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lived isotupes (mainly the c-emitters) that could potentially lead to
problems iu the long term vhen the weste has been disposed to an underground
repository, )

of the hulls, oamely treataent with hot solutions and *™ use of ultrasonic
radistion at smbient temperature. Both of these tectaiques gave satisfactory
levels of decontamination under suitable conditions. The ultrasonic
treaataent, however, tended to remove eignificant smmcuants of the activity in
particulate form rather than in solution; another disadvantage w. s that the
methnd wvas likely to de difficult to scale up effectively. The use of
ultrasonics was therefore not pursued further,

“geriaral, the unirradfated hulls had ratios of activities vhich wers

{dentified in Section S.2.

URCTR RO UM NN AUV LR AT AT R AT R N

6.1.6 Activities on Un{rradisted Hulls
The activity on these hulls must have arisen from deposition {a the¢

diesolver, and {ts measurement provided an indication of the mmouat >f

activity s sormal hull could scquire in this way from the dissolver
1iquors, bearing in mind that the surface of the other hulls had deen
modified by oxide fila formation during the {rradfstion. Tadle [}
coupares the activities found on unirradiated hulls with some zypical

mesn values for hulls from batches A und C which paseed through the

dissolver during the same reprccessing zampaign. In each casre the

fission product sctivities of the unirradiated hulls were lover than the

irradiaced ones {parzicularly for Ca-137), but the g-activities wvers

about a factor of 2 greater. In view of the large variatioa of

activities that has been observed on various hulls this asy not be very

significant, An attempt was made to compare the ratios of the principal

fission product activities oo the various hulls with those expected to
be present in the dissolver liquors as calculated from FISPIN data. In

fairly sim{lat to those found on the irradiated hulls, dut differed from
the pradicted values for the dissolver liquors, in that they had lower
ptoportions of Ru-106, and much lover proportions of Cs-137, relative to

S$b>-125, This suggested that deposition of various 1sotopes occurred to

different extents.
Decontamination

The main purpose of decontaninatiag the btulls 1s to remove those long-

Two teciniques were considered in earlier studies on the decontanination

The Pulk of the decontaminstion work concentrated on the four systeas




6.2.1

Nt+-‘~ Acid at Reflux .
Niti.c «cad 1s the most attractive decontaminant since it has the

potential to produce low salt content wvastes which are egcsy to deal with
in ) reprocessing plant.

The decontaaination mechaniss involves the dissolution of the oxide
layer including eny residuai fuel particles, Earlier work suggested
Tablie 12 shows

hov the sctivity was removed during three suyccessive six-nour

that repeated reflux with 9 acid gave the best results.

contactings with fresh acid for hulls of two different burn~ups. In
each case most of the a-sctivity removal occurred during the f{==¢
contac:ing, the second and third contactings being effectively polishing
stages, Tor fission products, lower removals wer2: achieved d 'icg the
first stage and there were quite cvignificant further removais duriag the
second stage.

sable 12 shows the overall percentage removals fuc a bumber of 5.6
and /.32 burn~up hulls treated under the conditions described above.

The hulls examined originated fros a vide range of uifferent positions
along the fuel pins as indicated by the Mn-34:Cc-60 catios. Ir general,
high levels of removal of a-emitters, of Sb-12S, and of the wiamor
fissioa product const’tuents were achieved, whersas the remcvals of
Ru=106 and Cs~137 w>re more variable and tanded to be lower. Raducing
the temperature at vhich the conta:tings were made to 60°C resulted in a
dramatic lowering in the decontamination performance. Oun the other
hand, when the temperaturs was kapt at reflux and the contact times vere
reduced to ¢vo hours, the removals of a-emitters were hardly affected
and the fissioo product removals oualy slightly reduced. Loverirg the
contact time futher to one hour d.d not produce any great change in the
decontanination efficiency, The main effect of using shorter contact
times was to decrease the 'might losses from the hull pslices ia most
cases, -

The waight losses need to be kept to a minimum, particularly if the
acid is to be recycl-d through the reprncessing plant, since the
pressace of ferric ions might enhance dissolver corrceioan and could
producs an unwelcome increase in the salt content of the highly active

vaste liquors,
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The final column in Table 13 gives data for the thickness of hull
reacved during the decontaainations. These values vere calculsted
asauming s unifora loss ol hull material from both {nner and outer
surfaces and from the ends. Since this is not strictly true, the values
can only be regarded as an “order of magnitude” guide.

The effect of reduczing the nitric acid concentration to 6M was also
studied. The reduced level of decontanination was not very marked but
was mote significant for the fission products than the ac-emitters.

Since percentage removal can be a misleading parameter {n
decontamination studies where variable amounts of initial activity are
involved, the inicial and residual activities in all the runs are also
given {Tsole 14). This sspect 14 discussed further in Section 6.2.6.
6.2.2 Nitric Acid in the Presence of Ceric lons

The use of this reagent as a decontaninant has been descrided by
Partridge et 11(15). The ceric 1oa oxidises iron an' ‘“roafum in the
steel's surface causing them to dissolve {n the nitri. acid. It
therefore decontaninates by remcval of the surface layer, and one of the
chief disadvantages of the reagent is that it caanot be used in cormal
stainless steel vessels.

Single ome-iour coatacts at about 90°C were used with 2M nitric

- acid containing 0.1M ceric ions. Under these conditions very good
decontaninacion from both a~enitters and fission products (except for
Ru-106) was schieved, the results (Table 15) being similar to those
obtained over much longer periods with stronger nitric acid oun its own.
The weight losses from the hulls were however quite high, probably
partly due to the aggressive pature of the reagent, and partly to attack
through the unprotected cut ends of the hull slices.

Reducing the ceric ion coucentration to 0.05M, whilst keeping the

other conditions uncﬁanged, led to reduced decontamination efficiency
but lower weight losses. The efficisney could de improved by iacressing
the temperature to reflux bur at the expense of increased weight
losses.
The initial and final activities on the hulls are given in Table 16.
If used on a large scale the ceriua(lV) would be produced

electrolytically from cer{um(1Ii) and some regeneration of the spent

Teagent would be possible and economically desirable. The waste
sansgement of the effluents has not been studied in detail byt could

involve reclamation of the nitric acid Ly, for example, evaporation.
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6.2.3 Alkaline Permanganate (A.P.)

This reagent hae bdeen widely used for the decontamination of
stainless steell(ls-zo). It is noraslly used as the first stage of a
‘two-stage process, the permanganate oxidising the chromiun in the
surface layers of ths corroded steel to the hexavalent state, which ia
removed by the alkali as dichromate. This sction modifies the residual

corrosion product layers on the steel, renderin3 thes more soluble in

the second stage for which a variety of solutions have been proposed,
sostly based cn smmonium citrate together with some other complexing
*gent, The secound stage solution used in the present work wvas based on
the CITROX formula and consisted of a mixture of dismmonium hydrogen
citrate (5X) and oxalic acid (2.52). It was designed to neutralise
residual alkalinity, to dissolve manganese dioxide from the AP stage, to
complex the dissolved metals, and to retard redeposition. The
persanganate solution consisted of 32 potassium permanganate in 102
sodiun hydroxide; the hulls were given one-hour contacts at reflux. The
treatment with the CITROX-type solution involved one-hour contacts ac
80-90°C., Weight losses from the hulls were very low.

The results are given in Tables 17 and 18 wvhich show that for
5.62 and 7.3% burn=-up hulls, high levels of ramoval of both z-emitters

- sud fission products (including Ru-106) were achieved. Fissicn product

removals from 4.12 burn-up hulls were generally posr although earlier
work with other hulls from the ssme batch gave results more in line with .
those of the higher burn-up batches.

Reducing the A.P, concentrations to a half to cut down the salt
content of the effluents had & deletericus effect on the
decontamination.

Table 19 shows the performance of the individual stages of the
prccess for two high burn—up hulls and shows the CITROX stage to be more
important for a-emitters than for fission product removal.

The process is highly effective for decontaminating hulls dbut
suffers the disalvantage that large volumes of secondary vaste,
{ncluding some of high salt content requiring special efflueat
treatment, could be generated.

6.2.4 Oxalic Acid
Oxalic acid is another reagent that has found extensive use in

steel decontamination., It has frequently been used i{n conjunction with




orher substances, including ammonium citrate, hydrogen peroxide,
amonium fluoride and gluconic acid(3’19'21-2“). .

Used on its own for hull decontamination it was found to br rather
corrosive, and the addition of hydrogsn peroxide as a corrosion
{nhidbitor gave improved activity tremoval as well as lover weight
losnes.

The mixture used for most of the work was 0.5M oxalic acid, IM
hydrogen peroxide, Contactings (up to three in number) were carried out
at teflux, their duratfon varying from 2 to 6 hours. Reducing the acid
concentration to 0.1M produced only a small effect. In the presence of
hydrogen peroxide most of the sctivity removal occurred during the first
contacting vhereas the oxslic scid alone the relative proportion of
activit? removed during the second coutscting was somewhat higher. This
vas especially so for Ru and Cs activities.

The results for oxalic acid decontamination are given in Tables 20
and 21.

6.2.5 Other Reagents
6.2.5.1 LOMI reagents
The use of lov oxidation state metal fons has featured much {n
(25,26,27) as thes basis of decontaminants for the
primary coolant circuit of Boiling Water Reactors and of the Steaa
Generating Heavy Water Reactor at Winfrith. These "LOMI“ ruagents

recent literature

operate by reducing the ferric component of the oxide cruds to the
ferrous state vhich goes intn solution and is complexed by a chelating
sgent, The most commonly used LOMI reagent consists of a aixture of.
vanadous formate, formic acid and picolinic acid, typical concentrations
being: V2* &4 = 10=3M, BCOCR 4 x 10~2M, and picolinic acid 2.5 x 10~2M,
Because of the low reagent concentrations used, the decontamination
_liquors can be readily cleaned up by an ifon-exchange process.

To emanine the feasibility of applying these reagents to hull
decontaaination, some vanadous formate vas prepsred electrolytically by
the method of Bradbury et 11(28) and mixed with picolisic acid in the
sppropriate proportions. BHBulls vere treated with the solurion for
periods of up to six hours at 80-85°C and at reflux. The results given
in Table 22 show that the LOMI reagent only removed 80-90% of the
a-smitters and less than 202 of the fission products, {rrespective of




the duration of the contact, when used at concentrations similar co

those employed for cleaning water reactor coolant circuits. The weight
losses were about 1X.' At reflux temperature the weight losses were
surprisingly much lower, although the activity removals, apart from Cs~
137, were not significantly altered.

When the LOMI reagent concentration was increased by a factor of 5,
the removals of a~emitters were greatly reduced and the separation of a
reddish~brown solid from the solutioa was observed.

6.2.5.2 Nitric Acid-Permanganate (The POD Process)

This process ~° was developed in conjunction with the application
of LOMI reagents to PWR circuilts where an oxidative pretreatament vas
necessary to deal with high chromium=content oxides. It consisted of a
three-stage process: (1) KMnO, (0.006M)/HNO; (0.005M) for 5-24 hours
reflux, (1) oxalic acid (C.0156M)/HNO; (0.018M) for 1~2 hour reflux,
and (112) oxalic acid (0.0025M)/citric scid (0.0025M) for up to 6 hours
reflux. When applied to hulls the POD process on its own gave poor
activity removals for all isotopes except those of caesium. In one case
the decontaminated hull was treated with LOMI reagent, but only for
cutheniua was the additional activity removal significant.

6.2.5.3 Formic Acid~Formaldehyde

A mixture of formic-acid and formaldehyde has been described
suitable for decontaminating steel surfaces such as those iu reactor

(29) a8

cooling citéuits. The p’xture gave very poor results when applied to
fast reactor hulls, the c-enitter removals being around 20X and the
fission product rewmovals auch lower.

6.2.6 Comparison of Principal Decontamination Routes

Fig. 1S compares the parformance of the principal decontaminatlon
routes ia terms of g~act.vity removals. For each route the tange of
typicul values of percentage removals, residual activities and welght
losses are plotted against burn=up.

The percentage removals show a wide spread of values, wvhereas the
residusl activities on the hulls generally lie in & narrow band
corresponding to 0.1 to 0.3 uCil/g, irrespective of burn-up or
decontamination route. The msain departure from this behaviour is the
4.1% burn=up hulls treated with alcric scid/ceriuam (IV) which had much
higher residual activities. The sanmples involved all originated from a
single hull which had an abnormally high Mn:lo ratio. The results
cannot be considered typical ones since earlier work with geveral
different hulls from the same batch had given values more in line with
the general trend. Lowest weight losses were recorded with the alkaline

permanganate ard oxalic acid-hydrogen peroxide reagents.




6.2.7 Decontasination of Complete Rulls

A short programme of work on the decontamination of cosplete hulls
by nitric scid was undertaken. The objective was to confira that the
fiodings obtained using small slices of hull were aspplicadle to whole
hulls,

Four batch E hulls were esch contacted for 3 two-hour periods at
teflux with 9M nitric scid. The experimental conditions followed
closely those descridbed in Section 5.2 but additionally, esch of the
solutions generated vas passed through a filter unic consisting of a 0.4
ua HAWP Millipore filter backed by & 0.7 ua glass fibre paper to rezove
any fine particulate material the solutions aight contain.

Three of the hulls used were 50 mm long; the other was 25 mm (see Table
23). The weight losses from the hulls at each stage of the
decontamination could be measured much more accurately because of the
greater size of the samples.

Bull B/3A/4 vas photographed at each stage of the decontamination
to monitor sny visual changes occurring during the process. The
photographs showed that the initially glossy surface of the hull became
progressively more matt and pitted (see Fig.16)., Ho other alteratiom of
the surface was apparent. Sample B/3A/S, on the other hand, initially
sppeared shiny vith large areas of black deposit. After the first
anitric acid contacting, most of this blazk materisal had gone. The few
grey pstches that remained vere removed by the second nitric acid
treatment leaving the hull clean and shiny.

The flasks eaployed in the decontaminations were degreased prior to
use by treatsent with Genklene and with coancentrated nitric ascid. 1In
spite of this, high levels of activity were found to have deposited on
the wlls during some of the coutactings. The activity included some
fine particulate materials. It was found that treatment of the flasks
with a nixture of nitric and hydrochloric acids coantaiaing efther
hydrofluoric acid, or a carrier solutioe (a mixture of {nactive
compounds of the principal fission product elements} reduced the
deposited activities to lowver levels but did not always bring about
coaplete dissolution of the particulates. This could normally be
achieved by an alkali treatment involving reflux with 2M pctassium
hydroxide/5% potassium periodate.
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- The wight losses from the hulls during decontaminativn were, with
one exception, in the range 1.2-2.7%, This compares with values of
. 0.7-3.52 obtained from | mm slices of hulls from the same batch (see
Tables 13 and 24). The exception was B/2A/2 which had a much higher
veight 1568(6.02); tuis was due to s considersble quantity of dense
black particulate material liderated during the first contacting.
Treatment of this with the nitric acid/hydrochloric acid,/mixed fission
product carrier solution extracted large quaatities of ruthenium and
caused the meterial to decome less granular. For complete dissolution
the alkali treataent was required, and the resulting solution contained
further large quantities of ruthenium. As thare had been no observabla
change in the appearance of the nuter surfaces of the hull during the
nitric acid contacting, it 1s thought that the black ruthenium-rich
material may have originated from the inner surfaces of the L:ll, The
| nature of this material suggested it might have been a dissolver
fnsoluble type of residue. Because it had not been compacted in a
centrifuge, it would not have been subjected to a sufficiently high heat
concentration to bring adbout sinteriag, and consequertly would not have
resched the degree of insolubility often associated with this type of
uaterial.

In the small-scale work it had been thought that some of the weight
loss could be asttributed to the attack of scid on the freshly aut, bare
metal ends. Whereas this may have been the case with nitric acid in the
presence of ceric ions, it now seems lass iikely with nitric acid on its
own since the wmight losses 'tro- whole hulls with no untreated bare ends
vers the sams as those from the small slices.

The quantities of activity deposited oo the flasks and in the
particulate materials are included in the analytical figures. Table 24
describes the overall decontamination performance in terms of percentage
removals and activities befors snd after decontaninstion. Comnaring the
percentags removals from vhole hulls with those obtsined from | mm -
slices of hulls from the same batch (Table 13), a considerable
{aprovement for the fission products wvas obcerved wvhereas the removal of
c-emitters vas slightly lower. 1In tetas of residual aczivicy the
a-enitters were a factor of 3-4 times higher on the whole hulls, Tabl.e
25 describes the perceantage removals at each stage c. the
decontaninations. The bulk of the a-activity removal (75-952) occurred
during the first contsctinrg: the second contacting accounted for most of




the rest of the activit; removed and the third contacting was
essentially a polishing stage. Fission product rewovals were more
variable and tended to be spread out more avenly over the three
contactings.

The totsl activities (in uCi/g at coapletion of irradiation) of the
principal isotopes found va the hulls all lay (except for those of
E/2A/2) within the same ranges as those for the | ma and 10 am slices -
see Fig.11. This further vindicaces the use of small sglices, as
discussed in section 6.1.4.

The {ron contents of the solutions from the decontaminaticns were
deternined by a colorimetric method based oo o-phenanthroline.
Prelisinary results {ndicated that only about a third of the weight loss
from the hulls could be attridbuted to dissolved steel. Siailar
measurements on solutions frca the decontamination of lma slices from
the same bdatch of hulls gave similar figures.

Exaaination of the filters through which the solutions wers passed
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indicated tha presence of small amounts of particulates. y-laterrogacion
of these showed Ru-106 to be the main radionuclide present, together
with smaller quantities of Sb~125, Cs-137 and Cs-134 in order of
decreasing activity.

The presence of particulates was sough: in some of the soluctions
arising from the decontsminstion of lmm hull slices. Visually the
solutiovns sppesred quite clear and particle free, but when passed
through a 0.65 o filter, up to 20 small, visible, black particles -rare
collected on the filcer for each ~ 50 al solution examined. These were
vy=~counted and found to coatain principcuy' Ru, Sb and Cs, together with
saall mmounts of Mn-34 aad Co~60. The ratios Sb-125:Ru-106:Cs-137 for
these particles were found to be very similar to those for typical
dissolver i{insoluble particulatn('w) (see Table 26). It has beer shown,

lnacuvcly( 30)

» that simulant dissolver insoluble particulates suspended
in solution in contact with staialess steel enhances the corrosion of
the steel, especially at grain boundaries. 1In the light of these
observations, it seems probable that the particles collected ou the
filters ware dissolver insolubles, the Ma and Co originating from the

corrosion of the activated cladding.
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The prodlea of the plate out of asctivity on the flasks, although
otserved in the very early work on | mm slices, vas auch less
significant in later work.

The preliminar) work on the trestment of whole hulls with 9M nitric
acid at reflux has shown that the levels of deconiaaination are of the
same order of magnitude as those obtained with ! ma hull slices; that
the weight losses incurred are also very similar, and that part of the
waight loss can occur through the removsl of dissolver insoluble-type
material. The specific activity levels on the hulls are in the same
ranges as those found on both 1 =m and 10 == slices.

6.3 Imasobilisatiocn

The inactive tests showed that about 40g of hulls could be iacorporaced
in the 30 ma cylindrical products, whilst still tetaining sdequate strength
for handling in-cell. When higher weight losdings wers used there wus
{asufficient cement detween the hulls and tha product was very brittle., It
.was also found that the vibrator had to be tuned to ainimise voids ia the
product (Fig.17) and to get s fairly uniform distribution of hulls iz the
sasple. -

Geperally it has been possidble to pcoduce mbntintially void-free
products but changes in the compositiocn of the grout have a significant
{nfluence oa the structura of the product. Thus with inactive sections of
PFR hulls imuobilised in BFS/0PC the distribution of hulls is grestly
influenced by the frequency of vibration. In Figure 18 comparison is made
between hulls in sand/OPC snd BPS/CPC vibrated at the same frequency, In the
sand/OPC the hulls are distributed in such s wey that they are reasoaably
uniformly dispersed but with BFS/OPC st the same frequency, the hulls are
very unevenly distributed with g high loading st the bottom of the sample.

Visual fnspection of the surfaces of the ifmmobilised waste foras showed
that they were free ot'cncb. but sone of the sand/OPC samples had small
holes in the sides (Tadble 2).
6.4 Leasch Testing

Radiochemical analysis of the hulls prior to {mmobilisation shoved that
the predcainant nuclide activitles availatle for leaching were the fission
products Sr=9), Ru-106, Sb-125, Ca-134 and Za-137 and the actinides. Other
auclides would ale. de availadle, but they vere oot readily detectale on a

routine bdasis. The activation products Mn~54 and Co-6C were oot regarded as
being resdily available for leasching, unless appreciable corrosion of the
hulls occurred.




The results are expressed as plote of the cumulative fraction of the
activity released (Fign. 19~22), and of the incremental lesching rate (sec
Pig. 23), both as & function of the time of leaching. The cuaulative
fraction (F) is defined as, '
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The cumulative fraction of Sr-90 sctivity leached 1s given n Pig. 19,
whilst Figs. 20, 21 and 22 sre the correspoading curves for Cs~137, Ru-106
and Sb-125 respectively.

.An-lylu of the leachates froa the immobilised samples shuwed that the
only significant sctivities leached were Sr-90 and Cs-137, (Cs-134 is also
leached but siace it behaves 12 the sase msnner as Ca-137 only data for the
latter are reported). Ru-106 and Sb-125 are also leached but only from the
samples made using eand/OPC. .

In order to establish the contridutf{on deing made dy the matrix material
in retaining the available nuclide activities, coaparison was made vith date
obtained from leaching bare material. Thi> material was lesched wder
similar conditions to those of the immobilised samples with the leachsnts
being aither distilled water or water previcusly .equuibtutcd vi.h the
appropriste ceament grout,




The results from leaching the bare hulls (Pigures 19-22) showed there
was little difference {n leaching of the respective nuclides betveen the
three leachants that had deen used. However, it would asppear that $r-90 and
Cs= 137 were more readily lcnckad than Ru-106 and Sb-125. This may be
attributable to bdoth the latter being predominantly present in an insoluble
form such as the dissolver residue which comprises the noble metal fission
froduct alloys ', Tc, Ru, Rh and Pd.

Coaparison of the famobilised products showvs there was very little
d1ffereace {n the lesching behaviour of Cs=137 between sand/OPC and BFS/OPC
(Fig. 20). After 10C days of the ISO test the cumulacive fraction of Cs-137
leached from the famcbilised products averaged 1-22, For the bare material
the fraction lesched was adbout an order of magnitude greater, showing the
difference that could be attributed to the affect of rhe matrix. Boweaver, it
is worth ooting from the lesch rate curvio (Fig. 21) that the biggest
differences betveen the bare snd the immobilised products occurred in the
esrly stages of leiaching. As the leasch tests progressed, 80 the leach rates
of Cs-137 from both the bare and the lsmobilised sanples tended tovards a
similar value (compare the rates at 100 days).

The results for Sr-90 (Fig. 19) inply that BPS/OPC provides a better
retancion for this nuclide than sand/02C by about an order of magnitude.
After 100 days of the ISC test the cumalative fractions leached averaged
7 about 102, 1% and 0.12 for the bars material, sand/QOPC and BFS/OPC,

e reaspscticely. Aguin the greatest differences in the results occurred in the
esrly stages of the cest vhare leach rates for the tare material were
significantly higher.

Th? teason for th.‘letching of Ru~106 and SH>-125 from sand/OPC and not
from BFS/OPC is not obvious (Figures 21, 22). Bowvever the cumulative
3 fraction leached from tne bare bulls tended to be lower by about an order of
,4'~ magnitude than £~ Sr-90 and Cs-137, suggesting that they all do aot arise
) ' from the sawe sourcn. Sr-90 and Ca-137 are likely to arise, at least in

. ‘ . part, from dissolver solu:ion which has dried on the hulls followicg fue.l
dissolution, wiereas the Ru-106 and SH>-125 are major components in the
dissolver resicus +hi:h may adhere to the hulls.

Apart from the firs: one-day leach, it was found that the individual
nuclide activities appearing in sequertial leachates were siaflar,
irrespective of the leaching period. Because of this similiarity in the
activity levels, it wvas assumed that a 'steady state' release was fairly
quickly established, and in order to uaderstand the appertaining mechanisas,

/ future studies will need to include such pavameters as sorption and

: /;" solubilizy,
¥
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The level of c~activity lesched from the immobilised waste forms during
the perfod of the test vas belov the limit of detection (~ $5x10-1921) and the
amount of activity lesched from the bare hulls tndicated that only about 8%
of the totd'avlcuvity associated with the saaples vas l'l-illblf fcr
leaching.

7. CONCLUSIONS

CHARACTERISATION
1. The level of a-activity on the hulls varied from 0.004-0.2 Ci/Kg, the
principal constituents being Pu-239, Pu~240, Pu~238, M-241, Ca-242 and
Ca=~244,
2.. The predominant fission product was Ru=-106 (1-400 Ci/Kg) followed by
Sb-125 (0.4~5 CL/Xg) and Ce~137 (0.02-0.5 Ci/Kg). (The figures refar to the
tine of completion of l.tndu‘;ion). Ca=134, Ca=144 and Tc-99 were also
present as well as trace:c of Eu-155, Eu-154 and Ag-110m.
3. The main acrivation products were Mo-54 (up to 250 Ci/Kg) and Co-60
(generally in the range 1-5 CUK()." Co~58 wvas also detected {n some high
buro-up hulls. Llevels of up to 0.005 Ci/Kg of C-14 were fo\.md in a vacge of
samples. :

4. Profiles of the principal activity levele along lengths of about 17
hulls have been prepared. Substantial variatiocs of, for example, rutheniua
along & hull may result from the presance of particulates deposited from the
dissolver liguors.
S. Llavels of 1-129 and Np-237 were calculated to be too low for ready
seasurement.
6. Actinides u;u coufined to the top 2-3 microns of the hull surface and
the fissile material generally eorrupond'od to ¢ 0,12 ol the initial t;xcl.
7. Evidence from total fissile measurements, fission track autoradiography,
Pu/Aa ratios, and the measurement of the asctivities on unirradiated and _
pio-end hulls suggested that deposition of activity frow the dissolver
liquors sccounted for significant-proportions of the sctivity on the hulls.
DECONTAMINATION
8. Saall scale experiments showed that the level of ag-sctivity oo the hulls
could be raduced to dbelow 0,3 Ci/tonne by a rumber of 1ifferent reagents.

This was {adependent of the reagent type or the burn-up (up to 7.3%) of the
fuel the hulls had contained.
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9. The preferred reagent wes 9M nizric acid at reflux. This should produce
8 lov—-salt effluent which can be recycled to the reprocessing plant.
10. The results of the dezontamination of completa hulls by refluxing with
nitric ascid generally supported the findings from the smailer scale
experiments. The weight losses were very similar; the fission ,roduct
removals were higher and mors consistent, but the g-removals were slightly
lover. There was evidence that some of the wight losses arase through the
removal of psrticles of dissolver insoluble materials. Further work with
vhole hulls is needed to provide s more complete understanding of the
-decontaminazion process.
11, The use of s decoritamination step could perait shallower burial and
hence a cheaper disposal route for the hulls,

DOOBILISATION '
12, The cumulative fraction of Cs=137 leached from the immobilised sampies
after 100 days of the 1SO test averaged about 1-2Z ani there vas oo
significant difference between sand/QPC and EFS/OPC as the marrix material,
13. The cumulative fraction of Sr-90 leached from the immobilised saaples
after 100 days cf the 1SO test averaged sbout 1% for the sand/OFC and sbout
0.12 for the BFS/OPC matrix. Obviousiy the latter “1s better for retaining
$r-90, tut the reeson oeeds further elucidation.
14, The cumulative fractioo of Cs-137 aad Sr-90 leached from the bare
aaterial after 100 days nvcuj.d about 10-20%. This implied thst the
remaining sctivity was not readily availabdle for leaching during the period
of the test and consequently the effactiveness of the mat>ices could de
overestimated. :
15, Co‘purtnon of the leach rates of Cs-137 for the bare and immobilised
waste showed that the biggest difference occurred in the first few days of
leaching. As the leach testing progressed the leach rates tended to become
similar.
16. Ru-106 and S>-125 can be lesched from scnd/OPC but not from BFS/OPC
satrices. -
17. Only about 82 of the a-activity was availadble for leaching. The actual
amoynts leached from the cemented waste forms vere below the limits of

detection. )

18. TFrom visual observations and leach testing studies cement appears to be
A suitable medium for immobilisation of hulls, the BFS/OP matrix bdeing
somevhat better than the sand/OPC.

19, Purther evaluation of the waste forrs needs to be carried out. This
should include: sutoradiography, equilibrium leach testing, degree of
sorption on the matrix, and the activity release on heating.
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Table 1 Details of Hulls and Compasition of the

Fuel they had Contained

1 .

WdFdREA W

| Batch Approximate Length of Burn~-u ' Z Pu in Date of Removal
f Nunber Number of Hulls Hulle (om; of Fuel EZ) Dissolver S~lution from Reactor

A S0 50 5.6 14.1 9.3.82

na s 25-150% 3.9-5.6  14.1-18.5 6.9.79)*
9,3.82)

c 40 50-75 7.3 18.2 6.9.81

D 50-60 S0 0 19.0 Not irradiated

1 , 250 25+ 4.1 19.2 20.2.78

Notes: The majority of the hulls in this batch were 50-75 mm long

N
+  Mixed bstch of hulls originating from 2 sub-assemblies
++ Contained also some fuel pin end pieces 90-110 ms long.

Batch Burn- Activity of Fuel in Curies after 5 Years' Coolin
Number Z) Pu=238 Pu=239 Pu-240 Am-2641 Ca—244 Total a

E sl 289 641 642 §33 2.3 2273
A 5.6 326 455 516 493 14,3 1826
c 7.3 484 584 679 751 20.8 2353
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Table 2 Samples Prepared for Lzach Testiqg

San ie ) Hull Matrix Length of Cure Visual
24ample L2 ] =Aatrix =ength of Cure ~lsual
No. Macerial Before Leach Inspection
- “ Tettlns

Immobilised Bulls

HL) 92.5g batrzh A BFS:0PC:water 91 d No cracks, 3 very
small holes in side

HIX 35.83g datches A,B,C 3FS:0PC:water % 4 No cracks, top edge
chipping

BLL 33.61g batches A,B Sand:OPC:water 41 ¢

HLM 37.19g bacches 2,3 BFS:0PC:water 118 ¢ No cracks

+ 47.33g blank
stainless steel

HLN 93.62g betch C Sand :0PC:warter 41 ¢ No cracks, many hole

in side, side and tc
- edge crumbling

HLU 99.80g batch E/1 Sand :0PC:wvater 28 4 No cracks, hole {n
- side, hulls visible
HV 99.70¢ batch E/1 B79:0PC:vater 9Nd No cracks ;
LW 100.26g batch E/2  Sand:0PC:water 28 d No cracks, some hole I
in side, hulls vigih B
HLX 99.88g batch E/2 BFS:0PC:vater 91 d #0 cracks
HLY 100.26 batch E/3 Sapd :0PC:water 28 d Four blow holes in
sides, no cracks
- HLZ 100.06g batch E/3 BFS:0PC:water 91 d No cracks

Bare Rulls
HULS - $.72g batch A NIL -

HULS 5.65g batch C NTL ' -

HUL? 7.26g bdatch E/} NIL -

HULS 7.24g batch E/2 NIL ) -

7.21g batch E/3




Tahle 3 Total Fissile Content of Fast Reactor Hulls

Idau%c'suql - %%m

' No/Rirg

/8
/A
(<A

Al/A
A/l
A3/
A/G Spacer

El/2/F Shiny
E2/3/B Rlack

Di/B Unirradisted
DI/B Undrradisted

7.3
7.3
7.3

506
5.6
3.6
5.6

4.1
4.1

0
0

tion at 153 Flsgle Coter Psias X of
rad/h a8 Pri9 Original
22 Y =g A xd Ael
1.4 0.28 90 5.6 0.012
11 1.8 0 2% 0.6
3.7 0.8 kDI U} 0.03
4.5 1.1 u 2 0.08
0.8 0.19 S0 3.1 0.008
0.2 0.05 20 1.3 0.004
»S 2.6 810 St 0.14
0.025 0.008 15 0.9 0.002
0.7 0.1 1365 85 0.23
12 0.25 20 1 0.07
0.22 0.05 125 8 0.02
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Table 5 Cuparison of Measawd o-Constituents with FISPIN Predictions at 16.2.84

Hull N X Camposition by Activity . Ratio
P2B+P2d) RiiB An24] (n2e3ned (Om262 _anix m24]: Pu2l8: (PulIo+Pu2s0)

'Y, S 8.8 IS0 26.9 005 209 0.1 1:0.6: 1.6
Y, 420 185 162 0.8 171 0.4 1:1.:29
AS/A 0.9 157 25.8 - 176 = 1:0.6: 1.6

..
~
.

w

FISPIN BATCH A ‘6.7 16.0 1807 0.8 17.8 - 1:09

(~J} J 40.9 15.6 25.8 - 17.7 - 1:0.6:1.6
an 0.3 17,7 19.5 - 125 = 1:0.9:2.6
G/ 55.6 16.4 20.4 0.4 70 0.1 1:0.8 :2.7

FISPIN BATCH C 52.3 19.6 2.8 109 4. - 1:09:23

wm “.o 1503 2700 00‘ 103 - . 1 H 0-6 H 2-1
B/10/A 357 168 8.0 - - 13 1:0J5: 2.0
B/12/A 54.3 129 0.1 - - 19 1:0.4:1.8

FISPIN BATICH E 59.5 15.3 2.1 - - - 1:0.6 : 2.4




Table 6

Bull ldentification

Nunber/Ring
C2/F

Al/H
AS/A

E1/14 (dlack)
E1/15 (black)
E1/16 (shiny)

Burn-up
\

o3
N
)

wwm o~

” e
e ® o
P s b

Atom Percent

Isotopic Composition of the Plutonium cn Fast Reactor Hulls

Pu=238 Pu~239 Pu=-2640 Pu=24] Pu~-342
0.21 76.65 22.29 2.21 0.66
0.25 73.38  23.32 2.¥7 0.58
0.23 73.63 23.09 2.33 0.67
0.23 75.64 21.48 2.08 0.57
0.17 75.53  21.62 2.1l 0.58
0.19 21.36  2.09 0.57

75.80

esdeaDEA L L




c1
c2
c6

Al

Ring®
AS (1)
(1)
(111)
(1v)
(v)

Table 7

Hull No, Burn-u
ji)

y-Eaitting Activation Products

Mn=54:Co~50

Mean Activitiee (uCi/g) at
Tiwe of Coapletiosn of Irradiation Across liull

Mn-54 Co-60 Co=-58
7.3 7,370 4,940 198,863 1 45+ 1,53
7.3 215,943 <,889 3,308,815 73.9 + 76.3
7.3 126,385 1,670 1,958,297 724.0 - 78.0
5.6 21,911 4,107 88,988 .7 +» 5.9
506 Nobo* 2.553 N.D. ~0
1,249 13,716 N.D. 0.08
1,695 11,817 N.D. 0.13
1,613 3,380 N.D. 0.48
1,827 3,365 N.D. 0.54

N.D, - not detected.

(1) Below spacer

(14) Arzound crimp
(111) Around location of Mo wire disc
- - (iv) Just above spacer .
: (v) Above spscer, at other ecd of hull,

- 40 -

*Location of rings along hull AS (see also Fig. 7):
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Table 10 Activities Associsted with End Plece Bulls

Dtltaﬁco Activicies uCi/g
Hull No./ from Mn:To
Ring closed end Gross a SH-125 Ru-106 Cs-137 Sr-90 Mn-S4 Co-60
-
21/10/A 21 a8 674 48409 217 753 10869 3143 13.46
21/10/E 27 272 839 72627 909 NM 11206 3030 3.70
21/10/J 93.5 n” 2471 299070 157 NM 21808 2365 9.22
E1/10/F 99.5 $2 1376 133744 122 44 23632 2347 10.C7
E1/13D/A 28 18 190 8264 301 28 14279 4592 3.11
B2/4/D 4 ] 690 24808 25 S 10243 3604 2.84
22/4/7 7 7 648 39188 41 NM 131322 3620 13,13
B2/4/A 30 84 4009 348588 163 35 13878 3164 4.39

NM -~ Not Measured”.

Total Fissile Content of End Pieces

Hull No./ Distance of Ring from Closed Znd Fissile Content as Pu=239

Ring - LR/
E1/10/8 22.5 1270
El1/10/C 98 360

h_1

§

- 43 - 3

L
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. Table Il Comparison of the Mean Activity Levels of the Batches of Hulls

Mean Activities (uCi/z on 17.5.84)
Batch Burn-up -

; izl Gross & Sb~125 Ru=-106 Cs-137
D Unirradiated 19.3 316 2972 78
A 5.6 9.75 604 4661 392

. : ¢ 7.3 7.95 1676 773 430

;_- . Ratios of Activities of Pission Products

" - $b>-125 Ru-106 Cs-137

- Batch C dissolver solution 1 12.2. 13.6
Batch A dissolver solution 1 18.3 10.7
Batch D on hulls 1 7.9 0.3
Batch A on hulls 1 7.7 0.6
Batch C on hulls 1 4.6 0.2




Table 12 Detsils of Typical Nitric Acid Decontsaiizstiorns for
Hulls of Two Different Burn-ups

L]
X Activity Removalr

Gross a Yission P:oducts Activation Froduc

Sb-125 Ru-106 Cs-137 Cs-il6 fe-144 Ag-110a Mn=54 £o0-60 To=$

Aull No./Ring:Al/P5.62 Burn-up I B, 3 ¥ 6 hr Contactings at Reflux

1st Contecting S$1.8 76.5 S52.7 35.8 - 22.7 100 1.4 1.8 0
2nc Contscting 3.8 4.0 10.6 5.2 - 3.6 ¢ 0.6 0.7 o}
3rd Contscting 2.5 3.3 ¥.0 6.0 - 4.5 0 n.8 0.8 0.8
Total Removal 98.1 83.8 72.3 47,0 - 30.8 100 28 3.3 0.8
Rull No./Ring: C2/H 7.3% Buro-wp 9 BENO; 3 x 6 hr Contactings at Reflut

1st Contacting 9..6 73.C 35.7 49.3 51.9 100 - 5.8 7.3 6.9
2nd Contacting <Z.8 19.4 12.9 46,2 48.1 0 - 3.0 2.8 2.8
er mﬂt.Ctin‘ 0.1 206 501 - ‘.5 o ° - 2.9 209 2-9
Tozal Removal 3.5 100 $3.7 100 }10C 100 - 12.7 13.0 12.7




Toble 1) Decentaminscion _f PFR Nulls with %icric Actd

22X AGE  REMIVALS Vetght Caleula

Wl dermup welicess rercywT tae
ldenci- (i3} Srece o SVIYY B i08 Com137 Comide Comith 5730 Lose (2) Thickness Temovee
Tication (um}
' M WN0, -~ 3 2 6 hour contace st reflus .
caan 7.) 74,7 ”.¢ 100 13.8 1% 100 100 ] 2.0 2
Q/n 7.3 .17 9.5 100 3.7 in0 100 100 ] 13.3 13
2/l 7.3 13.9 9.} 100 119 ] 100 100 - N 13.5 Y
/s 1.3 Ta.} .9 100 .4 100 100 100 h 12.4 14
A/ 3.6 6.0 9.6 6.1 198 [ 281 - 100 ™ 3.3 [}
Al/C 3.6 3.4 7.1 100 M.y 44.0 - 100 | 3.2 3
iy AL/t 3.6 3.4 " 100 80.4 [ 19 1 - 100 ] 4.) )
o] Al/7 .6 3.) "”.1 3.8 NN 47.0 - 3o.8 ] 2.7 b ]
y A)/E $.6 10.7 7.3 100 .1 8.0 'O 1 N 1.7 3
¢ AS/L 3.6 0.08 9.’ 100 R.2 100 - % "t 3.l o
§ AS/Q 5.6 0.1) ”.y 100 %.2 100 - - 4 10.7 .
: B M ENC, - 3 x 6 heur cowtscta ot $0°C
Ad/A 5.6 12.0 .3 6.8 I1.1 2.0 100 106 ™ C.4 «0.8
A/ 3.6 .0 3.9 3.5 13.1 16,9 100 100 ] .l ..
) M ENG, - 3 3 2 hour contact st reflux
' Co/a 7.3 7%, .4 76,7 1.0 s1.9 100 10 n.? 3.9 3
X [~ 721 7.3 n. 9.7 7.7  s6.8 6.0 100 1 - 3.0 3
ML 5.6 11.3 7l.6 100 8.4 3.4 )OO o ] 7.0 ]
i MG 3.6 11.2 %.4 100 .4 9.3 100 100 [ L) 8.0 9
: I1/1/¢ sl [1 18] ”.n 9.1 9.0 30.% 37.8 35.2 "~ 1.6 s
g/1/r a.l 0.2 79.88 %.0 9. 8.0 6.1 7.7 s b %} 3
8172/ 4.1 2.1 nJo 100 70.1 1.4 100 - ™ 1.0 H
i t/1/€ 4.1 2.8 .2 100 34.6 12.3 100 100 "t 0.7 1
‘o t11/10/0 4.1 3.8 .87 9.7° 62 9.3 100 100 L] 1.4 (]
L+ 81/3 [} - %,9 9.4 1.3 93.) 100 Q.3 m 1.2 H
is MW, -~V 2] hour contoct ot reflux -
s ca/a 7.3 17.9 %3 100 #9369 1 100 ™ 1.0 )
A3/Y 3.4 10.4 ”n.2 100 46.7 7.2 100 100 -~ 1.4 2
T2/3/a 4.1 108.3 .3 9.4 85.8 8.} 00 10 9.1 12,9 bl
3 /3% [ 79 112.0 9.8 90.4 32.2- 100 100 100 L] 16.2 2
f 34 ENO, = ) = 6 hour cestact at reflux
- an 7.3 76.9 $7.0 830 %1 3.6 100 100 -~ . .
:', cs/c 7.3 76.4 ”.2 100 9.0 A8.8 100 100 7.9 4.0 s
L SN ENO, - ) x 2 howr cestac: at reflus
/¢ 7.3 8.0 7.8 %.2 4.1 40.0 - 7.0 ] 2.3 b]
g '
N ® Nec calculated, d1tfirsne goemetry of ring.
[y W St mmesured. : )
A\
Al
K
i
e -
K
K
4]
5

: . A X % PN ™)
.w'.!\ 0‘0“ KL AN .O'.‘Q \0"‘-"040. |l e e

4 . E )\ 3 {
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Jable 14 Activities on Wulls Before sad After Decontamination with Nitvic Acid
il ACTIVITY BEPOREZ DECONTAMINATION (ECU. NULL) ACTIVITY AFTZR DECONTAMINATION (uCi/g yeus)
dent =

:luun Grose ¢ SV-125 Ru~106 Co=137 Co—:34 Ce=13é -Sr=97 Grose & Sb-125 Ru-:06 Coe=137 Co=1)* Ce=l4é S$r-9C
M WO, - ) x 6 hour contact ot reflux

! ca/z 6.3 3539 9778 AN 233 %? ™ 0.09 - isa10 - - - "
c/n 3.9 e 30406 332 k33 s2l ] 0.2¢ - 14078 - - - ]
/1 (1% ) 4966 30971 [ 3 [3)] - - 0.17 - 14833 - - - Ny
c2/ 1.4 (383 41080 632 286 768 L. 0.08 - 12018 - . - ]
AL/3 45,9 2664 62523 276 - 1667 L. 1.20 33 12817 166 . - "
AL /C 20.2 1159 33683 P2} - 1817 ™ 1.40 - e 127 - - o
A/t 20.1 1630 51168 181 - 29 L] c.22 - 10,029 [ - - ]
Al/? 13.4 1un 3038: 134 - 1% L] 0.2% 190 8416 n - 1316 ]
AY/E [ ) 458 12026 b 2 308 » 0.16 - 1436 bi) - - ]
AS/L &l 306 11593 16 - 114 - 0.03 - 1262 - - - ]
AS/Q 4.3 1119 e » - - » 0.08 - 1510 - - - L]
9 KNG, - 3 3 6 hour contaces st 6Q°C

T A 1.4 0 1594 68 3 ”  w 1% e 6087 s - ™

AR 4.8 433 10381 (] 2 n » 0.72¢ 159 8810 51 - - ]
9N ENO, - ) x 2 hour contact st reflux
cs/A 14.2 F35y) 22 am [} ] 764 10 0.23 92 971 1% - - 3.2
ce/C 6.0 1%08 23228 449 113 38 » .33 233 12356 178 - - ™
as/t . 500 T61) 442 ] 230 - 0.19 - 1184 29 - - ]
M/ 6.69 730 16152 026 80 283 3 0.23 - 900 22 . - 5.3
z1/1/¢ 8.2 1299 134736 33 133 20438 » 0.2 133 12468 167 % 13261 L
| 3¥4¥4 4 148.1 2031 2333% 418 148 20212 1674 0.18 (T3 ) 172 (1] 4513 TN
21/2/A 1.07 52 8708 19 1 - ] 0.0% - 2599 17 - - »
g£1/2/¢C 1.12 s? (7YY } 1$ 1 130 - 0.110 - 17 134 - - x4
21/10/0 187.5 830 70610 . 347 [ ] 7160 » 0.62 281 2679 13 - - »
0/3 11.7 160 1893 2 4 2 0.59 17 343 1 - ) | |
”» =) x 1 bour comtsct at reflux
ca/a 19.3 W . 19 1w 6 30 wm on - 085 » - - m
A3/? 3.8 17 10876 (] 3 123 » 0.3 - 5798 L ] - - »
I2/31A 209.6 47 A278a2 b1 Y % 23638 120 3.6 (33 60727 [ - - 9.
/3L 84.9 121 12702 149 3 7923 » 1.0 203 111123 - - - -
@ B0, -3 x 6 baur costact o reflux i
ce/t [ 18} 29 19077 343 ” .83 » 0.18 s 7809 33 - - ]
cs/C 4.9 1454 16384 498 ” 34 167 0.14 - $710 253 - - 3.
[1.] 3 2 2 hout ceetasct st refluz
/¢ 25.6 3ne 79907 173 - 3029 » 1.61 sn 29452 108 - 1e5) [}

MM - sot sessured.
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Table 19 Details of Typical AP-CITROX Decontaminations
Z ACTIVITY REMOVALS
Hull C1/E Cross a Pission Products Activation Produc I
Sb-125 Ru=106 Ce-137 Ca=134 Ce-144 Mn-S& Co~50 Co- [

AP 79.6 89.9 95.2 97.1 - o 0.6 0.2

CITROX 17.9 10.1 . 3.0 2.9 - 100 0.3 0.4 0.

TOTAL 97.5 100 98.2 100 - 100 0.9 0.6 0. :
Rull C1/B

AP $4.7 82.7 3.7 95.7 90.0 0 0.3 0

CIIROX 36.7 17.3 5.6 4.3 9.1 100 0.4 0.3 0.

TOTAL 91.4 100 8%.3 100 100 1C0 0.7 0.3 0..
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Table 23

Ided%%%%bntion %ﬁ&gﬁ!
B2A/2 rd]
E2A/4 0
E3A/4 50
E3A/S 50

Hulls Used for Whole Hull Decontaminations
——————e DR Su 2 Jecontaainations

Rediation Appesrance Inftislly
at 75 mm(rad/h)

5-10 Dull, bdlack

S Dull, blaeck

2 Glossy, black

5-10 Shiny with large areas

of black deposit
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Iable 13  Decontamisation of Complets Bulls - Detsile

- Sample Cestscting MmiCs 2 REMOVALS Yioual Obaarvezios
Be. Ne. Croes s 3115 Bwi06 Ce137  Co-138 Sr-%0
B2 9.4 Tutelally mett, Wack.
N 1 8.7 9N 0.2 9%.4 9.3 9.7 Re chasge in sppesranca, but fine

black parciculates s the selutise.

| 2 2.5 (W} 5.0 3%? 3.7 1 )
Yo ereage ta spprarance
3 0.%0 1.3 1.9 1.1 0.8 1.7 )
TOTAL .48 ”.1 9.7 .2 100 7.1
[+7V]} 8.9 Isitially matt bleck,
] 74,99 n.0 30.4 7.2 - e 53.8 Jecaming glossy in pleces dus
te removal of depesite
2 1.9 19.3 40.3 13.7 9.3 18.3 )
A N e further chaage
/ b) 2.4 2.0 3.y - 2.9 3.3 6.y )
/ TOTAL 9.01 .5 2.8 9.9 9.2 18.7
/4 74.8 laittally glossy Mlo:k.
' 1 9.7 9.7 43.6 30.6 [ 3.1 Secanisg matt - probebly dw te pittisg
2 4. 4.3 19.2 19.7 20.6 .7 )
e further change
. 3 1.? 1.3 13.6 11.7 12.3 4.4 )
TOTAL %.? w3 7.4- 8.3 0 N2 B -
gt DS 1.7 Isftially shisy vith large areas of blo N
s depeett,
! . ] 0.2 .0 1.0 .0 7n.? 72.3 ' Much of “epeeit cloaned off. Gresieh
' sppeatance vimte Temoval iacemplete.
, 2 13.42 16.9 3.3 17,27 199 17.3 Semeinting depesit remeved.
' lesving Mmull clesn =md shiay. -
e 3 1.0 1.7 3.4 4.1 7.0 4. N further chasge.
TOTAL %06 N4 ”n.7 % 100 .7
L]
»
.
3
i
4 - .
#

g \ . R A OGN
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Table 26 Relative Activities Associsted with Particulates
in Decontamination Solutions

Particulaces in
Decontaaination
Solutions

Typical Dissolver
Insolutles

Sb-125
2x1073 - 2x10-2

4x10"3 - 6x10-3

Ru-106

e

Cs=137
2x107% - 9x10~3

4x10~% - 2x19-3
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FIG. 1 DIAGRAMMATIC REPRESENTATION OF A PFR FUEL PN
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(c)

(@)

Swde views of some PFFi hulls

') clean shiny hull

(b) cnmped secuon at location of spacer
(c) hull with oxide film

{a) hull with oxige tim ang particulates
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live equipment lo: the production of cement samples
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Fig. 6
Stainless steel hulls incorporated in sand/OPC/water
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FIG. 7 PROFILES OF ACTIVITIES ACROSS 56% BURN UP HULLS (BATCH A)

v " . .7',:7';_7;*-\

IO AN P A A TL M AN W ML M OO M OSSOSO OSSO MO O SO S OO N Wi NILMOCN W N AN



10000001
Al4
(Shiny)
100,000}
| 59
o
o Mn
4
® 19000} Ru
o
£
>
o
o
o Co
] 1000
£
- (3
- b
o
°
o
. =& 100
3 .
E ‘/\‘ 3r
o
<
10
2 L=
o
-lo
(S
R
B A E 6T
8 0ErCul,

F1G.8. PROFILES OF A

AR Aemmer & o

»FEnrd ol Fu

A/3
(Shiny)

50 Er%u!,

Mn

Ru

Co

Sb

Cs

Sr

CTIVITIES ACROSS 56

')“ K\ S r

»p End of hull

8°0°FHJ

DARANNERERNRARNINNY

D/1
{Unirradiated)

 Sb

‘\\ Cs

C E_G, I

% BURN-UP




Tl TEP Al a¥ i gV VAR el alesiEe dibandidandiy

(0 HOLVB)STINH dN-NYNB % E-L SSOYIVY SIILIALLIY 4O S3140Ud "6 914

11y Buojo sBujs jo vo DO

tH 40
J o;u u.<
sesrezenTNe

rn 4 oe
1932Y
revseTesLe

Fu 4
193 a -
1-..--..-.

fFH 4o
t 93¢
ssssonsvneell

: ,.,f/ N\
: o]
f\.... / ' . . vh., 42:
) ¢<\hiijl(\
) {é -, <.\ . g o n(()\ dooos
SN eV
vy 25 ...F.w
. uhr.idl)&‘ o.eoaa.
ny / .\.n..n u te\A/ un \.If!.. .v.)\
ng /ct.. T () _
i | e -] 000008
e Aviysg
" | \ - - ® h . Joooboot

4013002 Butapae) j0 awtl 10 (1Iny B8/t 1) Anady




F1G.10. PROFILES OF ACTIVITIES ACROSS 4-1% BURN-UP HULLS

Activity (uCilg hull) at time of leaving reactor

1000,000

100,000

10,000

1000

100

10

)

L4

= 4

b

f
/

~

g/
(8tack)

Ji o

>

E Enc or I.

C.E

B8 0F

Ru

Mn

Co

Cs

E1/2

(Shiny)
“\

\u Ru
e® Mn
»~4 . Co
o0 €y’
&~4 Cs

3

Lo

S .

'O

(-1

"]
o

8%ofr

ABC

4 ";
‘é

E2/73
(Black)
]
[}
1}
[}
\Y
1
“; Mn
:
1
! Ru
Q
‘\
VA
baM  co
‘\
° Cs

+
}
+

LAALR AR S

ofF

E3/4
(Black)

o= Mn

-
-
a"—
-

Ru

o

=it Co

‘.\.
Q

"\

End ol hull

E

C.E

AgCotr

--------

(ot oot o
Ry
.




[=]
1,000,000-
, 10mm imm imm Complete
R Hulls Hulls Hulls Hulls
, ———————————-a———_u-——-———-—
t a
. a
g a [=]
[+ a
100,000 |- - °
c
a
Ru-106
Q
3 o Q a
§ a Q g
B 10000~
'g a’ ° ° ‘
E r——'——-——-—q—u-.——————-———————’-
° °
c
2 ) °
g’ 1000 o ° o ° °
S ° o b
- -] °° L
) e e e e o — ——h — — — — g —— —— — —
- s A & )
. = s a A
2 s Iy
g T a
S 100F & L
3 A Cs- 137
°
>
E 2
)
«< a
_...;‘._A..._._.__.._._...__..__._.____l
-
e Qnoro
XXX RARN UL
o 18385sss SI33
c@axnxd Lol BBBGAnG Wwww
) SR I [ N A S 11 1 1 —
Hull identification
Fi1G.11. COMPARISON OF FISSION PRODUCT ACTIVITIES (N BATCH
E HULLS.

o
\ R e I » . pmrad Al §.°
N O R L L A o et e O T A N A N



1,000,000

10mm 1mm 1mm Compiete
Hulls Hulls Hulls Hulls
e e
[ ) ®
.o . . Mn-54
100,000} e« o . (Black hulls)
e e e s e oy e e > > . = . e m— = — s = —
e
2
s
-] e e o | - e - nt e — —— ———
9 10,000 ®
s e ¢ . Mn=-54
= _L . (Shiny hulls)
c SR S Y S T -k 5 1T
8 T r .
. s a A sda Co-%80
- L & . A N 2t Black und
13 ry ry ) ry Shmyhull
S 1000fem e A A e
; T
3 r
< i
2 i
o
-8
- 100}
>
3 .
°
<
108~
| - e ™ -
: g N L)
o YpesEss -
oLD<2 |Cow BDDGAAG Ww W W
]l"l_l [ R [ S T I | i S I |
Hull identification

FiG.12. COMPARISCN OF ACTIVATION PRODUCT ACTIVITIES ON BATCH
E HULLS.




-
>

31-Smm N \

-

3mm

Scbiriod X L,

Y od

106G mm

-

e

»-
'

-

-2imm

pt\

>
=5 A

»
-

3

FIG 13 LOCATION OF RINGS CUT - a3
FROM END PIECE HULLS vy




Na BV, A%a & o B e |

_dé ¥ 82 S n .
N 1 Y TNk 40 ONZ N340 32 -
N L NN 8
N\ TN \ \
\\ i Il \\ \ \ ’
= \ “ ; N \ AN ' §i
~ AN i | \ AN N . =
\\ { | \\ \ (N g m
N i ? Mo NG B -~
M TINH 0 o~=lazso‘-:: i 3
§ é 03 (3 3 LR I
[re] * e @ o e ) '
- [}
- TINH 20 ON3 025CT3 T E{ 8
£ 2 42 o TIAH 30 GN3 NZc0 4 =
2] NZeO ¢
<’/ \ ¥ ,J" 7 4 & o
‘\\\ \\\ ! N ”’,/////, } ‘-{J’ %
oy SN TER
§ “w b G N ' bt 5 a O
! & »
o z Y
" a. E
l TIOH 40 ON3 Q350D 8
a
A Y .
§i &~ Py al a1 %7 N TN 0 0\G NGO 32 -
L } P 2| &
A\ / \ /A A =
|‘ \ i . AN / \\\ \\ L'-,)
\ i \
| - . \ I
o — <\ : .
= ) l'\i';?,:k = g _g_: s
<)
Lo

HULL No.

? §P4§A'é’49

(TINH 6/190) ALiALLOY

1000000~




% removal

pCllg residual on hull

Weight loss (%)

GMHNO,  |9MHig, 2M 3NG, AP-CITRSX 'exaLic AciD -
3x 6hr reflux| 3= 2hr reflux [3-1M Ca (IV) 4,0,

100} : E

ss- I I I I ! I

98- I L

9L ‘ T [

82F i

900'1'|_J_I_l_’L__L1'!L".IIL_LI.I
C2468|024628|024L6832268/02¢t608

Lop l

35

3-0[

PR

2.0-

0s <
[ b4 ' I, . I y x' ' » %
o e g | [

20~
1er
16
14
12}
10

oNn -~ O
T

S| v L ] [T E__

6 8 02 4 6 802 ¢ 7
Burn-up (%)

Jverall mean resicual activities on hulls 1uCi/g)

— ] | [ 1
034 0-25 1-63 0-25 019

Fi1G. 15 COMPARISON COF THE DECONTAMINATION RQUTES IN
TERMS OF PERCENT o ACTIVITY REMOVALS AND
RESIOUAL « ACTIVITY ON HULLS




o . D P N o g g e ot i o g T PP 2 A e
a e e W e m o [ e e e Y S e e e P pom e W ST 2l A ll.-n!uvﬁw.ix.... I T

'9,8%¢,9

LN

(M

3*

‘ONH W6 HLIM G3LVNINVLINOO3Q

PGSOV KR

ONIZg (wolj0q) yYald4y pue (doj) 3HO43E +/ved TINH 91°Oid

¥

A LN AL

[T YL T I T T T T O T T I I O T O I O I O I o

3,308,

%
.

IR

#]
=)

)
n.
%
-
=
%
-
-
b
.
-
e

LR IO X

AT R N

LDCNCATA AN |




a8 b astot ok iad b b R M et 0 ted 0

4o fta g

A

saidures pejuswWwe U SPIOA
21 By

PR AL,

-y

AR I T A Y

-
-
-
-
-
-
-
-
-
-
-
Kl
-
-
Y
-
-
'~
-
»
-
-
-~
-
-
-
-
-
-
o
-
"
v
N




e £y W W

” n
“_ A‘ _‘l‘l‘ h!

A
£\ Fy

P wtioatd gt gt o ¥ TR N

!
Stainless steet hutis Hoe3n
tcp sarc CFC bonc~ 8F: .27

Fgq.
jagloy]

W R T T R S T DA e S Ty

YR

Y3.9"8

-8, 4% 4

O oy a1




Cumulative fraciisan leached

Cumulative (raction leached

v

A

] HLJ
X HLK
< HLL
g HwM
1 HLN

HULS (€-8§% burn-up:Bare)
HULSE (7:3% burn-up:Sare)

(S-6% burn-up: IFS/INPC)
{(Mixed®s burn-up: 3FS/OFC)
(Mized *le Burn-up:Sand/QPC;
(Mixed*s burn.up: BFS/QPC)
{7:3% burn-up.3and/OPC)

9F S/OPC water
BFS/OPC water
distilled water
distilled woter
distitlod water
distilled water
distilled 'voter

4 ! ) 1 ' 1 3 ) .
80 40 100 120 140
Leaching time (d)
+ HUL? (4-1% burn-up:Bare) in distilled water
[} HULS (4-1%% burn-~up:Bare) in $and/iQPC water
g HULY (4-1% burn-up:Barel} in BFS/CPC water
S HLU (4-1% burn-yp:Sand/OPC) in distilled water
Q HLW (& :1% burn-up:SandOPC) in distilled water
Y HLY (4-1% burn-up:BSF/OPC) In distilled water
Z HLX (4-1% burn-up:B8SFIOPC in distilled water
——
— ]
G -—Q
< 24
t g ] [ 2
80 100 120 140
Leaching time (d)
Fig.19 Cumulative fraction of Sr-90 leached from bare and

immobilised PFR Hulls




Cumulative fraclion teached

Cumulalive lraction lenched

P 4.8 B8 .8 8.0 &8 AR A A AL BLE"]

HULS (5-6°% burn-up:B8are) in BFS/IOPC water
HULE (7-3%% burn-up:Bare) in BFS/IOPT water
ML) (5:6% burn-up:B8FS/OPC) n distilled water
HLK, (Mixed*e burn-up: BFSIOPC) in distilled water .
HLL (Mixed %% burn-up: Sand/OPC) in distilled water
HLM  (Mixed® burn-up: BFS/OPC) in distilled water
HULN (7-3% burn-up: Send/OPC) in distilled water
= -4
-3 - —
o —a
161 ‘ | g i . ! { < ! 1 1 ]
0 20 &0 60 80 100 120 140
Leaching time (d)
102 -
+ HUL7 (6% burn-up:Bare) in distitled water
0 HULS (4-1% burn-up:Bare) in Sand/OPC water .
8 HULS (41 burn-up: Bare) in BFS/OPC water
' S HLU (4-1% durn-up: Sand/OPC) in cistilled water
10 a HLW (4-1% burn-up:Sand/OPC) in distilled water
\{ HLY (&-i°% burn-up: BSF/OPC) in distilled water
Z HLX (4-1% burn-up: BSF/IOPC) in distilled water
o) -,
'y 144
s s §
v M ——l
- —4‘:. —_—
1 N 5 | s 1 1 ! +
60 80 100 120 148

Fig.20 Cumulative fraction of Cs-137 leached from bare and

Leaching time (d)

immobilised PFR Hulls.




'SHINH Hd4d Pasliiqoww] pup 31bq WoJ} PayIna) 90L-NY JO UOI}IDJ} IA[D)NWNY | Z B4

(P) 2wy Gujysoa

001 08 09 0% (114 0
M i ] ’ 1 v ]
S S
—0D—
?
:
X & A A—— A
-
J9)om Jdo/Sd8 W (e10g :dn uinqg ef,e.L) 9INH A o
J910M palnsIp uy (3dO/puDng :dn uing ¢/,c- L) NIH D .m
Jejom pajiisip uj (3dO/puns :dn uing ¢1.%) NIH S
18vm  )d0/SdE Uy (e4og :dn uing ¢41-%) 6INH D ;
19)oM 2dO/PUDS Uy (eJog :dn winq ¢,1-9) gINH O 4
13)0m pINNISIP U) (e10@ :dn uwing *41-9) LIN0H  + 3

1]

UQII3DJ} AALDIAWNY

paysoa)




‘SIINH Ydd pasiiiqoww) pup 910q WoOJ4} Paysna) GZi-qS jJO uo|)204) aAjyoInwn) 77 "614

(p) swyy bujysoeq
o0t 09 09
R — — v - R | §
S S
D D—
T o
A= B
X - A——k
J010M  340/S4@ Ul (o109 :dn uinqg ¢,c- L) 9INH A
J910M pa|iSIp V| (0dO/puDs :dn uinq ¢,¢.L) NIH D
J910mM papisip u) (0dOo/puos :dn uing ¢41. %) nNTH S
JayDMm U&O\.m..—m u) Acuun :dn uing oso-.*~ 61NH (a]
J910M JdO/puDs U| (esog :dn uinq *41-9) BINH 0
J910M paIISIP V) {e10g :dn-uinq ¢,1-9) LINH +

dAnonwWNy

uo1}902}

paysna




e : < g [T I K T ! 4. \J Al [ MRS TN RN AN RUE MR VRLEWEUSN UM ERET
I 2

L ]
i 16°
v HULS (5-6°% burn-up:Bare) in BFS/OPC water
| A HULS (7-3% burn-up:Bare) in BFS/OPC water
0 HLS (5:6% burn-up:B8FS/0pC) in distilled water
X HLX (Mixed*s burn-up: BI*S/OPC) in distilled water
10" Z HLL (Mixed®. burn-up: Sard/OPC)  in distilled water
=} HLM (Mixed*s burn-up: BFS/OPC) in distilled water
- 1 HLN (7:3% burn-up: Sand/OPC) in distilled water
]
13
<
c
c
2
, o
. -
£
< [}
: o
! [ )
.. -d
140
Leaching time (d)
! 1g°
: 4+  MHUL? (4-1% burn-up:Bare) in distilled water
. Q0 HULS (4:1°% burn-up:Bare) in 3and/OPC water
i C  HULE (4-1% burn-up:Bare) ‘i BFS/OPC water
' S *HLU (4-1% bdurn-up: Sand/OPC) ir distilled waler
107 @  HLW (4-1% burn-up:SandOPC) in distilled water
Y HLY  (4-1% burn-up:BSF/OPC) in distilled water
5 Z HLX (4-1% burn-up : BSFIOPC) in disti'led water
€
<
c
z
2
2
&
“
-]
A ~»
-b
[ Y
¥
10° . I . 1 . ! . ! N ! —
0 20 «Q 60 a0 1C0 120 - 140

Leaching time (d)

Fig.23 Leach rates for CT35-137 from bare and immobilised PFR Hulls.
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