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ABSTRACT

The results of 36 irradiation experiments in the LITR (2.5-3.0 x 1013 n/cm2'sec)
with various thoria and thoria~urania slurries at thoria blanket temperatures indicate
that at relatively low irradiation exposures there is no gross deterioration of slurry
handling characteristics. Particle damage occurred in most cases but resistance to
damage appeared to increase with increasing oxide firing temperatures. With the
exception of cesium, strontium, and iodine, fission products were mainly associated
with the slurry solids. Of the corrosion products (iron, chromium, nickel), only
nickel appeared to a significant extent in the slurry supernatant.

During the course of the work a dash-pot-stirred autoclave was developed
which permitted fluids and slurries to be stirred while under irradiation. Autoclave
operation could be controlled in such a way that the relative viscosity of the auto-
clave contents could be measured as a function of temperature and while the material
was being irradiated. Ability to stir was not impaired by irradiation even at fission
power levels equivalent to the average power level of a thoria slurry in a breeder
reactor blanket.
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1.0 INTRODUCTION

This report summarizes data obtained in irradiation experiments with aqueous
thoria and thoria-urania slurries carried out in the LITR at temperatures of 250-300°C
and a thermal neutron flux of 2.5-3.0 x 1013 n/cm2-sec (1-16). The primary objec-
tive of the experiments was to determine whether or not there was a gross change in
slurry behavior under reactor irradiation. The choice of slurry to be investigated
was determined by the particular reactor concept envisaged and the then current
opinion as to what was the best slurry oxide. All irradiations were carried out in
an electromagnetically stirred stainless steel autoclave developed for the experi-
ments and improved during the course of the irradiations. While information was
obtained in postirradiation examinations on particle damage, fission product distri-
bution, and corrosion product pickup, the principal information obtained was whether
or not the slurry could be readily stirred while it was being irradiated.

Slurries of pure thorium oxide, thorium-uranium oxides containing 0.4, 4, and
8% natural uranium oxide, and thorium-uranium oxides containing 0.4% U-235 oxide
were irradiated. Both light and heavy water were used. Conhcentrations varied from

250 to 1000 g Th/kg H2O (D20).

2.0 EXPERIMENTAL

2.1 Slurry Preparation

The thorium oxides used in the experiments were prepared by thermal decomposi-
tion of thorium oxalate that had been precipitated from thorium nitrate solution (17-
19). The uranium-bearing oxides were prepared in three ways: by wet-autoclaving
mixtures of low-fired ThO9 and UO3 at 300°C and firing the recovered solids (20);
by adsorbing uranium from a carbonate solution on a low~-fired oxide and firingT]
and by coprecipitating thorium and uranous oxalates and firing to the oxide (20). . The
irradiation autoclaves were loaded with about 4 ml of slurry at room temperature,
which expanded to approximately half fill the autoclave at the temperature of the
irradiation. In early experiments HyO was used and in the later experiments, D,0.
When mixed oxides containing U-235 were irradiated, either molybdenum oxide or
palladium was added to catalyze the recombination of radiolytic hydrogen and
oxygen (21-23). In some experiments an oxygen overpressure of 200 to 300 psi was
added at room temperature and in two experiments a deuterium overpressure was
used.

2.2 Autoclave Operation

The experiments were carried out in small cylindrical stainless steel autoclaves
(Fig. 1). Thermocouples welded into the bottom closure and a 20-mil-i.d. steel
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capillary in the top permitted continuous measurement of temperature and pressure.
Stirring was by a dash~pot stirrer of Armco iron clad in stainless steel, with a stain-
less steel stirring head. Continuous stirring of more than 2000 hr was demonstrated.
The capacity of the autoclave with stirrer was approximately 14 ml.

The stirrer was made to reciprocate at 3 to 4 cycles/sec by alternately energiz-
ing two solenoid coils of double-glass-insulated aluminum wire wrapped around the
autoclave body. The timing unit was a multivibrator circuit whose frequency of os-
cillation and cycle time division could be controlled by varying resistances in the
circuit. The timer unit, in turn, controlled the grids of two pairs of thyratrons,
which furnished power to the solenoids. Stirrer operation was monitored by a tickler
coil connected to an oscilloscope. In addition, by means of a microphone connected
to the irradiation facility, a metallic sound was heard when the stirrer struck the
bottom of the autoclave. Dulling of the sound indicated failure of the stirrer to sus-
pend the slurry.

The radiation facility consisted of a double-walled aluminum tube ~7/8 in.
i.d., which extended from the top of the LITR through approximately 20 ft of water
into the reactor core. The autoclave was lowered into this tube on a bundle of
wires containing the electrical leads, thermocouples, and pressure capillary. Dur-
ing reactor shutdown the autoclaves were maintained at ~280°C by the heat gene-
rated by the stirring coils. Heat was removed during reactor operation by air which
flowed down the tube, over the autoclave, and back through the annulus provided
by the double-walled tube. Radiation times were limited by reactor operating
schedules, which required removal of the experiment during refueling operations.

2.3 Slurry Viscosity Measurements

The timing device used with the irradiation autoclave made possible the mea-
surement of relative slurry "viscosity" both in-pile and out-of-pile. It was found
that the time the stirrer required to reach its maximum height for a fixed solenoid
current was dependent on the viscosity of the fluid being stirred. The "rise time"
was determined by adjusting the frequency and load division so that the upper sole-
noid was de-energized the instant the oscilloscope indicated the stirrer had reached
the top of its travel (Fig. 2). The rise time in seconds was then obtained by dividing
the load division by the frequency. Calibration curves made with silicon oil were
linear (Fig. 3). With these curves as a basis, it was demonstrated that slurries with
viscosities of about 20 centistokes could not be stirred in the irradiation autoclave.
Hence, ability to stir in-pile indicated the viscosity of the irradiated slurry to be
less than this value.

Figure 4 shows the typical variation of slurry "viscosity" measured by this
technique as a function of preparation method and slurry concentration. While
the absolute values are not important and are not useful for engineering calcula-

tions, the measurement did permit a determination of relative ease of stirring in






UNCL ASSIFIED
ORNL-L R-DWG. 65806

0.20
o~
0.16 —
§ /./
5
= /.
u - *
= o/ a—
e} / y
o
e .
012 - /
AX
A/
0.08 | L | | | i | |
0 8 16 24 32

VISCOSITY, centistokes

Fig. 3. Viscosity calibration curves for in-pile autoclave.

UNCLASSIFIED
ORNL-LR-DWG. 65807

A 550° D-16
- 8 900° D-16
® PUMPED (X-28)
4
$
2
£ L
[
o
>
=
3 10
O
2
>
6
2 1 I 1 l i
0 500 1000 1500

SLURRY CONCENTRATION, g Th/kg H2O

Fig. 4. Viscosities of ThO2 slurries measured in in-pile autoclave.




Table 1. Summary of LITR Slurry Irradiations

2.5-3.0 x 1013 n/cmZ-sec flux; 250-300°C temperature

Initial Stirring
Autoclave Time
Slurry Gas Irradiation Under Reason Cooling  Method Solids
Catalyst, Cone, Phose, Time, Irrodiation, for Time, of Recovered,

Expt Slurry ug/g Th Medium g Th/kg H2O psi at R.T. hr hr Terminotion  months  Removol % Ref.

3 D-16 ThOy, 650°C fired oxalate None H20 500 Air 258 120 Eq. failure 0.4 Poured 67) 1,2

5 ThOz2, 900°C-fired oxalote None H20 500 Air 175 12 Not stirring 1 Poured 79 1,2

8 D-16 ThOz, 650°C-fired oxalate None H20 500 Air 165 165 Scheduled 3 Rinsed - 2,3

9 Pumped D-30 ThO3, 950°C-fired oxide mixture None H20 500 Air 200 200 Scheduled 3 Poured 73) 2,3

n Th-0.5% Nat U oxide, 900°C-fired autoclaved mixture 1150 PdO H20 1000 Air 151 67 Eq. failure 1.7 Poured (64) 3,4

12 Same 1150 PdO H20O 1000 Air 68 68 Eq. failure 1.3 Poured 63) 3,4

13 Same 1150 PO H20 1000 Air 172 172 Scheduled 0.6 Poured (59) 3,4

7 Same 1150 PdO H20 1000 300 O3 92 9 Not stirring® 12 Rinsed 53 4,7,16
18 Same 1150 PdO H0 1000 Air 20 6 Not stirring® n Poured 21 4,7,16
19 Th-0.4% U-235 oxide, $00°C fired coprecipitated oxalates 1150 PdO H20 1000 300 O2 210 65 Not stirring® 10 Poured 6 4,7,16
20 Same 1150 PdO H20 500 250 O2 85 62 Eq. failure - - - 5
21 Same 1150 PdO H20 750 Air 168 168 Scheduled 10 Poured 52 5,7,16
24 Same 30,000 MoO3 H20 750 Air 16 92 Not stirring - - - 5

25 Some 30,000 MoO3 H20 750 250 Oy 192 172 Scheduled 7 Rinsed 20 57,16
26 TO-10-900-24 ThOg, 900°C-fired oxalate None HO 750 Air 198 198 Scheduled 6 Rinsed 33¢ 6,7,16
27 200 A-6 ThOg, pumped, 800°C-fired ThO2 (15-p spheres) None H20O 750 Air 344 344 Scheduled 5.5 Rinsed >21 6,7,16
28 Th-0.4% U-235 oxide, 800°C-fired coprecipitated oxolates 30,000 MoO3 H20 750 250 Og 136 44 Eq. failure 4.5 Poured 4 6,7,16
29 Same 30,000 MoO3 ~ HO 750 250 Oy 310 290 Scheduled 4 Poured 12¢ 6,7,16
30 Same 30,000 MoO3 0.02 m H2504 750 300 Oy 247 118 Scheduled 1 Poured 1 8,9
31 Same 30,000 MoO3 0.02 m H2SO4 750 300 O 343 168 Not stirring 1 Poured 0 9
33 Pumped ThO32, 1600°C-fired oxalate None H20™ 500 Air 336 320 Scheduled 0.5 Rinsed >29 9
34 ThO2, 1000°C fired oxalate 30,000 MoO3 H20 750 Air 57 0 Eq. failure 0.7 Poured 13 10
37 Pumped and dried ThOj, 1600°C-fired oxolate None D,O 750 300 O2 212 212 Eq. failure i Poured 29 10
38 Th~-0.4% Nat U oxide, 1000°C-fired coprecipitated oxalotes None D20 750 300 O2 332 62 Eq. failure 3 Poured 9 10,11
40 Th-0.4% U-235 oxide, 1300°C-fired coprecipitated oxalotes 10,000 MoO3 D0 500 Air 322 322 Scheduled 2 Poured 55 11
44 Th=-4% Nat U oxide, 1000°C-fired coprecipitated oxalates None D0 750 Air 49 49 Leaked 3 Dry 76 11,12
46 Same None DZO 500 Air 361 361 Scheduled 2 Rinsed 97 N,z
47 Same None D20 250 Air 354 354 Scheduled 1 Rinsed 65 1,12
48 Same None D20 250 Air 310 310 Scheduled 1 Poured 8 12,13
49 Same None D70 250 200 Dy 350 350 Scheduled 1.5 Rinsed d 12,13
50 Th-3% Nat U + 0.5% U-235 oxide, Westinghouse loop drain
2-1PF-1V (23) 120 Pd D20 500 250 O2 127 0 Not stirring 1 Poured 38 13,14

51 Same - 120 Pd D20 500 250 D2 153 120, Leaked 0.4 Poured 56 13,14
52 ThO2+0.5% U-235 oxide, 650°C-fired oxalate 145 Pd D20 500 250 O 286 23 Not stirring 2 Poured 9 13,14
53 Same 145 Pd D20 250 250 O3 242 242 Eq. failure 2 Rinsed 74 14,15
54 Th-8% Nat U oxide, 1050°C-fired ThO2+adsorbed U carbonate  None D20 250 Air 335 335 Scheduled 2 Poured 74 14,15
55 Same None D20 500 Air 370 370 Scheduled 2 Dry 28 15

a . . L .
Qut-of-pile control experiments also stopped stirring after a few hours stirring.

HNO3-HF;only | mg Th leached fram each autoclave. dSample spilled.

chIues in parentheses estimated from volume of recovered solids; other volues based on Th determinations.

CAutoclove leached with hot
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the experiments were first reported are given in the final column of the table. Data
on particle damage, fission product distribution, and corrosion product pick-up
appear in Tables 2 to 5.

Reference to Table 1 will show that little difficulty was experienced in stir-
ring the slurries under irradiation for periods longer than 300 hr and at power levels
up to 7 watts/g oxide. Where stoppages occurred, they could in general be attri-
buted to equipment failure or to the limitations of the dash-pot-stirred autoclave.
As indicated above, ability to stir at all set an upper limit to possible irradiation-
induced viscosity change.

Table 2. Particle Size Effects in Irradiated Thoria Slurries

Flux: 2.5-3.0 x 1013 n/cm2'sec
Temperature: 250-300°C

Average Particle Fractional In-
Size, p % <0.7 p crease in %
Exposure, Unirra-9  Irra=  Unirra=9  lrra- <0.7 p,
Expt fissions/g diated diated diated diated Irradiated

No. Oxide x 10-14 Solids Solids  Solids Solids Unirradiated

8 650°C-fired 0.5 2.0 1.7 11 31 2.9
ThO»

3 2.0 2.0 <0.7 11 64 6.1

27  800°C-fired 4.0 (2.0) 3.4 (15) 24 1.6
ThO»

5 900°C-fired 0.5 (1.1) 0.9 (32) 37 1.2
ThO,

26 0.8 0.8 0.8 40 47 1.2

9  950°C-fired 0.8 0.8 0.6 43 53 1.3
ThO,

33 1600°C-fired 4.0 (1.3) 1.3 (16) 16 1.0
ThO,

a . . . ' .
Values in parentheses obtained on solids from a control experiment, others from
original solids.
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While most irradiated slurries were readily poured from the autoclave, material
recoveries based on thorium determinations were poor. The fact that only small
quantities of solid were involved (1 to 4 g) and that remote handling of the irra-
diated experiments was particularly difficult may have contributed to this result.
There was evidence too that the thorium analyses of the hot materials were not
completely reliablg since in expts 26 and 29 where thorium recovery was poor
(33 and 12%, respectively), washing out the autoclaves with hot HNO3-HF resulted

Table 3. Particle Size Effects in Irradiated Thoria-Urania Slurries

Flux: 2.5-3.0 x 1013 n/cm?-sec
Temperature: 250-300°C

Average Particle Fractional

Size, p % <0.7 u Increase in

Exposure, Unirra-® Irra- Unirra=9 Irra-  %<0.7 ,

Expt fissions/g diated diated diated diated Irradiated

No. Mixed Oxide x 10-16  Solids  Solids Solids Solids Unirradiated

38 1000°C-fired Th- 0.14 (0.8) 0.6 44) 60 1.4
- 0.4% nat U oxide

44 0.15 1.1 0.8 10 40 4.0

48 0.9 1.1 0.4 9 73 8.1

49 1.1 1.1 3.0 9 34 3.8

47 1.1 1.1 1.1 10 32 3.2

46 1.1 1.1 1.0 10 34 3.4

54 1050°C-fired Th- 2.0 1.3 2.0 4 18 4.5
8% nat U oxide .

55 2.2 1.3 0.6 4 56 14

17 900°C-fired Th- 4.9 2.0 1.0 11 34 3.1
0.5% U-235 oxide

21 900°C-fired Th- 7.2 0.9) 1.9 (17) 31 1.8
0.4% U-235 oxide

40 1300°C-fired Th- 13.8 (1.7) 1.5 (32) 23 <1.0

0.4% U-235 oxide

a . . . .
Values in parentheses obtained on solids from a control experiment, others from
original solids.
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in only negligible additional thorium recovery. In addition, in seven out of nine
experiments in which low material recoveries were obtained (< 13%) stirring stopped
for various reasons and the slurries were irradiated in a settled condition, with the
possibility that resuspension was rendered more difficult. The long cooling times
before the irradiated slurries were recovered may also be a factor in the poor ma-
terial recoveries.

The supernatants of most slurries contained only a fraction of a percent of the
uranium and thorium in the system. In two cases, LITR-53 and 54, the supernatants

Table 4. Fission Product Distribution in Irradiated Slurries

% of Fission Product Activity in Supernatant,

Oxide c/m-ml supernatant
Firing c/m-ml supernatant + c/m-g oxide
Expt Temp, Total
No. Slurry Oxide °C GCs Sr I Zr  Nb R.E. Pa
37  Pumped and dried ThO, 1600 2 8 - 02 2 0.1 0.02
38  Th-0.4%nat Uoxide ~ 1000 11 4 05 0.3 03 0.5 0.0l
19 Th-0.4% U-235 oxide 900 5 0.6 - 0.19 0.0040.3 0.2
21 Th-0.4% U-235 oxide 900 4.8 0.1 - 0.49 0.02 0.1 0.4
29  Th-0.4% U-235 oxide 800 11 16 - <0.019 - 0.3 0.004
34 Th-0.5% U-235 oxide 1000 66 3 0.2 2 5 0.3 <0.001
40  Th-0.4% U-235 oxide 1300 86 0.04 -~ 0.01 0.02 0.02 0.02
50  Th-3%nat U + 0.5% 650 4 11 <0.01 0.2 0.3 0.8 0.03
U-~235 oxide@
51  Th-3%nat U + 0.5% 650 21 7 0.4 4 1 5 5
U-235 oxide®
0.02 m Th(SO4)7 Added Before Irradiation
30  Th-0.4% U-235 oxide 800 21 9 0.3 0.07 0.09 1 -

31 Th-0.4% U-235 oxide 800 11 3  <0.01<0.01<0.01 0.3 -

“Zr-Nb activity.



Table 5.. Corrosion Products in Irradiated and Control Slurries

Control Experiment

Irradiation Experiment

Slurry Total Total Ni ,
Conc, Stirring Fe, Ni, Cr, Stirring Fe, Super- Solids, Cir,
Expt Slurry g Th/kg Time, g/kg g/kg g/kg Time, g/kg natant g/kg  g/kg
No. Material HoO hr H2O H20 H20 hr HoO g/kg HOO  HpO  Ho0O
33  Pumped 1600°C- 500 320 6.8 1.3 1.3 330 37 0.56 7.8 0b
fired ThO9
37  Pumped 1600°C- 750 321 37 6.0 2.3 244 18 0.02 2.4 2.0
fired ThOp
. 38 1000°C-fired Th- 750 84 1.4 0.25 0.17 62 16 0.52 7.4 0.13
0.4% nat U oxide
47  1000°C-fired Th- 250 350 22 19 2.7 450 67 0.01 7.8 2.4
4% nat U oxide
40  1300°C-fired Th- 500 240 16 2.6 1.5 355 9.3 0 3.6 ob
0.4% U-235 oxide
0.02 m Th(SO4)2 Added
30  900°C Th-0.4% 750 226 74 0.96% 0 265 90 0.35 12 4.5
U-235 oxide
31 900°C Th-0.4% 750 - - - - 168 33 0.76 5.9 3.5
U-235 oxide

'00.159 Ni/kg H20 found in supernatant.

bAnc:lyzed for but none found.

_Ol...
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failed to clear even on centrifugation and contained 19 and 23% of the thorium, re-
spectively, and 76 and 2.5% of the uranium.

The stirrer degraded particles larger than 1 to 2 microns, making the postirra-
diation particle size data difficult to interpret. Since, however, in some of the
cases control experiments were run and since mechanical degradation did not pro-
ceed much below a micron, qualitative interpretation of the data appeared per-
missible. Some particle damage was indicated in most experiments, resistance to
damage increased with increasing oxide firing temperature, and no relation was
observed between irradiation dose and apparent damage.

Atmosphere seemed not to have a measurable effect (except possibly on the
subsequent particle size analyses; see below), but, since the stirrer introduced
considerable corrosion products, it is entirely possible that most irradiations were
~actually carried out with a reducing atmosphere. Several attempts to sample the
residual gas at the completion of an irradiation were unsuccessful. In only one
experiment, LITR-52, was a significant quantity of radiolytic gas observed. In
this experiment about 300 psi of radiolytic gas was indicated at the temperature
of the experiment.

The bulk of the fission product activity and the corrosion products were found

associated with the irradiated solids. Corrosion product pickup appeared enhanced
by irradiation only in the presence of sulfate.

3.1 Particle Damage

The size distribution curves obtained on the various unirradiated and irra-
diated slurries by a neutron-activation-sedimentation method (24) appear in the
appendix. From these the information in Tables 2 and 3 were taken. Only those
experiments in which material recovery was good and the particle size analyses
were reasonably self consistent were used in the analysis of particle size effects.
While the tables list the average particle sizes of the unirradiated and irradiated
materials, probably the most important information is the increase in the size frac-
tion less than 0.7 p since degradation in the absence of irradiation probably does
not proceed much below this point (see particle distribution curves from LITR-27
in the appendix).

The data of Table 2 indicate that thorium oxide fired at 650-800°C is less
resistant to particle damage by reactor irradiation than thorium oxide fired at
900-1600°C. Little particle damage was observed in two experiments with
1600°C fired ThO2 as a result of the 200 and 300 hr irradiation to which they

were subjected.

The mixed oxides appeared to suffer more damage than the pure oxides
(Table 3), but were subjected to considerably higher exposure. No correlation
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was observed between the dose received and the amount of damage. Hence the ob-
served damage may reflect an effect of preparation method rather than irradiation.
The exposures given all the slurries was much less than they would receive in a blan-
ket, and therefore it is not possible to predict whether the materials that show the
least damage (i.e., 1600°C-fired ThO2; 1300°C-fired Th-0.4% U-235 oxide) are in

fact suitable blanket materials.

Besides the increase in the fine fraction less than 0.7 y, radiation damage was
indicated by the marked change in the size-distribution curves of nearly all the
irradiated samples when compared with those of the original materials (see size
distribution curves in the appendix). In general, where the size-distribution curve
was much steeper and agglomeration had apparently occurred, it was believed that
particle damage had taken place. The apparent discrepancies in Tables 2 and 3
in which a large increase in the fraction of material less than 0.7 p is accompanied
by little or no change, and sometimes even an increase, in average size result from
such agglomeration. There is some evidence that treating a slurry in a reducing
atmosphere will affect the results of the subsequent particle-size analysis such that
particle growth will appear to have occurred. This may account for some of the
agglomeration seen in the irradiated materials, many of which were irradiated
under reducing conditions.

3.2 Fission Product Distribution

Fission product distribution was determined for most of the irradiated slurries.
In the preparation of Table 4, however, only the data obtained from slurries that
were poured from the irradiation autoclave were considered. Where solids were
removed by rinsing with water or had gone to dryness before recovery, the distri-
bution data were not believed to reliably indicate the distribution obtaining under
irradiation.

Only cesium, strontium, and iodine were found in appreciable amounts in the
supernatants (Table 4). With a few exceptions, nearly all the zirconium, niobium,
rare earths, and protactinium were associated with the solid phase. The addition
of 0.02 m sulfate did not appear to significantly affect the distributions.

3.3 Corrosion Products

The stirrer introduced a considerable amount of corrosion products, tending
to obscure somewhat any effect of radiation on the corrosion. Table 5 shows some
typical data obtained in some irradiation and control experiments. Only in the
presence of sulfate did there appear to be a significant enhancement of corrosion
by irradiation. Nearly all the iron and aluminum were found associated with the
slurry solids. Only the nickel was found in the supernatant in significant amounts.
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5.0 APPENDIX

SIZE DISTRIBUTION CURVES FROM OXIDE
SLURRY IRRADIATION EXPERIMENTS

Curves showing particle size distributions of the irradiated oxide and the original

oxide and/or the oxide from the control experiments are given as follows:

Experiment Slurry Page
LITR-3, -8 650°C-fired ThO, 15
LITR-27 800°C-fired ThO9 15
LITR-5 900°C-fired ThO9 15
LITR-26 Same 16
LITR-9 950°C-fired, pumped Th02 16
LITR-17, -21 900°C-fired Th-0.4% U-235 oxide 16
LITR-38 1000°C-fired Th-0.4% nat U oxide 17
LITR-44 1000°C-fired Th-4% nat U oxide 17
LiTR-46, -47 Same 18
LITR-48, -49 Same 18
LITR-54, -55 1050°C~fired Th-8% nat U oxide 19
LITR-40 1300°C-fired Th-0.4% U-235 oxide 19

LITR-33 1600°C-fired, pumped ThO, 19
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