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ABSTRACT

Four small pieces of simulated HTGR fuel (from the GAIL-IIIA loop
experiment) irradiated to approximately 10,000 Mwd/metric ton (U + Th)
were burned in oxygen for 5 hr to determine fission product volatility
and dissolubility of the ash. Two of the fuel pieces 5C-coated Th-U
dicarbide particles dispersed in a graphite matrix; Th/U ratio of about
2.5) were burned at 800°C; the other two at about 1200°C. Essentially
no uranium, thorium, zirconium, or rare earths volatilized in any ex-
periment. Greater than 78% of the ruthenium was volatile at 800“C and
97-99% at 1200°C. About 25-35% of the cesium vaporized at 800°C and
67-88% at 1200°C. The Th0,-U;0g combustion ash from the two 800°C runs
was completely dissolved in 73hr in refluxing 13 M HNO ==0.04 M HF--
0.04 M A1(NO)2; the final solutions were sbout 0.5 M In Th. The ash
from the 120 Oé runs was slightly more refractory. 1in ome case complete
dissolution wes achieved; but, in the other, only 97% was dissolved in
The remaining 3% dissolved in a second 7-hr digestion
with fresh reagent. The results of these preliminary experiments indi-

cate that & Burn-Dissolve process for irradiated graphite-base reactor
fuels is chemically feasible.

NOTICE

This document contains information of a preliminary nature and was prepared
primarily for internal use ot the Oak Ridge National Laboratory. [t is subject
to revision or correction and therefore does not represent a final report. The
information is not to be abstracted, reprinted or otherwise given public dis-
semination without the approval of the ORNL patent branch, Legal and Infor-
mation Control Department.
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completeness, or usefulness of the information contained in this report, or that the use of
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any information, apparatus, method, or process disclosed in this report.
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1. INTRODUCTION

Over the past several years, ORNL has been studying the problems as-
sociated with the processing of graphite-base reactor fuels.l Typical
examples of graphite-base fuels are those proposed for the Peach Bottom2
(HTGR) and AVR3 reactors. The fuel for both of these reactors, although
different in both composition and configuration, is essentially a disper-
sion of carbon-coated U-Th dicarbide particles in the graphite matrix.

Based on prior laboratory-scale studies,l

the most promising head-end
method for solvent extraction recovery of uranium and thorium from the
coated-particle fuels is combustion in oxygen followed by dissolution of

the ash in an aqueous reagent such as fluoride-catalyzed nitric acid.

The purpose of this memo is to summarize the results of four experi-
ments in which small samples of irradiated prototype HTGR fuel were burned
in oxygen at high temperature to determine the fate of fission products
during combustion and to obtain preliminary data on the effect of combus-

tion temperature on the dissolubility of the ThO O8 ash, Data from

-U
23
these experiments, although preliminary, do allow the prediction of fis-

‘sion product behavior and show that the ash is readilyAdissolved even

when the combustion is conducted at an ambient temperature of lEOOOC.
Furthermore, these experiments provide a background for more extensive

studies with larger and more highly irradiated fuel specimens.u

The specimens were from the GAIL-IIIA loop experiment and were pro-
vided by General Atomic for the experiments.5 The Th/U atom ratio in the
specimens was about 2.5, which is lower than expected in actual HIGR or .
AVR fuel. The burnup of the specimens was quoted6 as about 9000 de/metric
ton (U + Th), about 1/7 that expected for full-burnup, 75,000 Mwd/metric
ton (U235 + Th), HTGR fuel.2 Two of the specimens were burned at an ambient
temperature of 800°C and two at lEOOOC, and the extent of fission product

volatilization was determined.
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2. EQUIPMENT AND PROCEDURE
2.1 Equipment ”

The combustion experiments were conducted in a quaftz reaction vessel
heated by a special platinum-wound furnace. A schemstic diagram of the '
entire combustion train is shown as Fig. 1 and a photograph of the actual
equipment in the hot-cell is shown as Fig. 2. The combustion tube was
a 42-mm-0D, 68-cm-long quartz tube to which a size 65/LO ball joint was
connected at the inlet end. A size 18/9 ball joint was sealed to the
exit end to allow for connection to the filter unit (Fig. 1). The fuel
sample was placed at one end of a section of 38-mm-OD quartz tubing which
had the exit end partially sealed off. This tube served as the reaction
boat and was just long enough to position the sample at the center of the
furnace when it was inserted into the combustion tube so that its inlet
end was flush with the inlet end of the combustion tube (Fig. 1). The
large ball joint on the inlet end was affixed with connections for ad-

mitting oxygen or applying a vacuum. ¥

The resistance furnace, with which temperatures of 1400°C were readily %
attained, consisted of an ungrooved l.5-in.-dia alundum tube (Norton Mix-

ture RA 98) wound with 70 ft of #20 alloy wire (80% Pt-20% Rh) which was

held in place with Norton RA 1098 refractory cement and insulated with

Carborundum Fiberfrax. A Pt-Pt/lO% Rh thermocouple was imbedded in the

cement adjacent to the alundum core, and connected to a Barber-Colman

Wheelco Model 402 Capacitrol with associated relays for temperature control.

The entire furnace was mounted on two bearings in line with the center and
perpendicular to the furnace axis so that it could be rotated by a l-rpm

reversible motor in either-.direction fram the normal level position.

The filter unit (ORNL drawing D-57500) contained both a porous nickel
and a millipore paper disk filter (Fig. 1). Porous nickel (about 40 )
disks were machined out of grade E sheet stock obtained from the Micro
Metallic Division of the Pall Corporation, 30 Sea Cliff Avenue, Glen Cove,

/—‘.

New York. These nickel disks were then cemented into the center of alum-
inum flanges which were machined to give a tight fit. Epoxy resin was
applied to the edge of the nickel, thus ensuring that all gaseous combus-



< -

UNCL ASSIFIED
ORNL DWG. 63-4890

C:
Pt. WOUND B.
COMBUSTION FILTER UNIT
TUBE
_______ -
! r—————-- —t e —_———— - =1
A [ | |
OXYGEN — * | | 40-MICRON PAPER !
N 3/ | Ni MICROMETALLIC MILLIPORE | |
VACUUM <—— ; | FILTER FILTER |
'
!

BALL

v . JOINT
) E: |
) FUEL SUCK-BACK TRAP '
REACTION SAMPLE

BOAT _ l

F:
5 M KOH SCRUBBER

1

EXCESS OXYGEN TO H: G:
CELL OFF-GAS ;5 M NoOH SCRUBBER #2 — 5 M NaOH SCRUBBER #1
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tidn products were filtered through the full thickness of the porous
nickel. A picture of a completed nickel filter is shown in Fig. 3. The
paper filter disks (Catalog No. SMWP OLk7 00, Millipore Filter Corporation,
Bedford, Mgsé.) had an average porosity of 5 p but had been shown by ex-
Ts

perience to retain almost all particles with diameters greater than

1 p. The stainless steel filter unit (which was maintained at room tem-
perature) consisted of three flanges hinged together at one:junction
(Fig. 3); a wing nut diametrically opposite the hinge was used to secure
the filters between the flanges. Neoprene gaskets were used to hold the
filters in place. A photograph of the filter unit after the wing nut was

partially tightened is shown as Fig. L.

The filter unit was connected to the first of a series of scrubber
bottles by a ball joint. The scrubber bottles, each of l-liter capacity,
were also connected to one another by ball joints (Fig. 2). The first
bottle was empty and served as a suck-back trap. The next bottle con-
tained 500 m1 of 5 N KOH,'while the last two bottles each contained 500
ml of 5 N NaOH.

2.2 Procedure

At the beginning of each experiment a piece of HTGR fuel (containing
sbout 1 g of U + Th) was placed in one end of the reaction boat. The boat
was then slid into the combustion tube to position the fuel sample in the
center of the furnace. After connection of all the components of the
combustion train, oxygen was admitted to the system at a rate of 960
cc/min, the rate being measured at 25°C. The furnace was then brought
slowly to the desired ambient temperature (thé temperature measured by
the thermocouple imbedded near the heating element). Although the fuel
samples did not ignite until an ambient temperature of about 600°C was
reached, most of the graphite matrix was probably burned during the heat-
ing period since at least 6 hr of heating was required to attain even
the lowest ambient temperature, 800°C. Nevertheless, the system was
meintained at temperature for 6 hr once it was reached. After maintain-
ing the system at the ambient temperature for 6 hr, the furnace was

cooled to room temperature; then, the boat was removed from the combustion
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tube and its contents (the Th029U3O8 ash) were transferred to a dissolver.
The ash was digested for 7 hr in sufficient refluxing 13 M HNO3--O.OM'M HF -~
0.0k M AI(NO3)3 to produce a solution.containing about 0.5 M Th if all the
ash dissolved. If the ash was not dissolved during the first T7-hr diges-

™

tion, the residue was refluxed for 7 more hr in the same volume of fresh
reagent. The solutions obtained from the ash dissolution were analyzed
for uranium, thorium, and fission pfoducts. The reaction boat was washed
with hot 6 M HNO3--O.02 M HF end the resulting solution analyzed. Fission
products found in the solutions obtained from ash dissolution and washing

the boat were considered as nonvolatile fission products.

Fission products condensed on the inner surface of the combustion
tube were\removed as two different samples. First, the furnace was
rotated so that the exit end of the combustion tube was immersed in a
beaker of hot 6 M HNO3--O.02 M HF. Vacuum was applied from the inlet
end of the tube and 60 to 80 ml of the acid was sucked into the tube tip.
The acid was agitated by vacuum in the tube tip for about 15 minutes.

-

The resulting solution was then analyzed. After leaching of the tube

tip, 500 to 700 ml of hot 6 M HNO3--O.02 M HF was sucked into the com- ) i
bustion tube to wash virtually the entire inner surface. This solution

was also agitated for about 15 min; it was then analyzed separately.

The fission products found in the solutions‘obtéined by washing the

combustion tube and those collected on the filters and in the alkali

scrubbers were considered to be volatile fission products.

The metal and paper filters were transferred directly to a "hot"
analytical laboratory for dissolution and'analysis. Aliquots of the

caustic scrubber solutions were taken for analysis.

Virtually no radioactive species passed through the combustion train
into the interiof of the hot cell. Excess oxygen, of course, transited
the system and ultimately entered the cell off-gas system. Preliminary
tests showed that in a typical combustion experiment, about.90% of the
€O, was sorbed in the first scrubber (KOH) and practically all the re-

2
mainder was sorbed by the second scrubber (NaOH).

~y

!1/ ~
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3. RESULTS AND DISCUSSION
3.1 Fuel Burnup and Composition

The burnup and composition of the fuel specimens were computed in
two ways: (1) using the cesium analyses and the amounts of uranium and
thorium determined by direct chemical analyses of the various samples,
and (2) using the cesium analyses and the weight of combustion ash as-
suming a Th/U weight ratio of 2.5. Use of the second method was prompted
by the fact that the ash weights obtained were much greater than those
expected from the amounts of uranium and thorium found (Table 1), although
the Th/U ratio was essentially that expected in the fuel.5 The explana-
tion for this discrepancy may be difficulties in the uranium and thorium
analyses. The burnups calculated by the two methods varied from 4700
to 12,400 Mwd/metric ton (U + Th), but the average value obtained by
each method was within 20% of the average burnup of 8850 Mwd/metric ton
(U + Th) quoted by General Atomicss’6 (Table 2). °

Although the calculated burnups vary considerably, the data on the
volatility of the fission products should not be affected in a qualitative

sense,

Table 1. Comparison of Actual Ash Weights with Those Computed from

Total Uranium and Thorium Found by Analysis

Ash Weight (g)

Calculated

Th/U Wts of Oxides Calc. From From Uranium

Run Wt. U and Th Analyses(g) Actually and Thorium
No. Ratio U308 Th02 Found Anslyses
1H 2.6 0.154 0.390 0.67 0.54L
2H 2.7 0.118 0.310 0.78 ' 0.428
3H 2.4 0.200 0.458 0.90 0.658

LH 2.3 0.229 0.508 0.99 0.737
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Table 2. Comparison of Sample Burnups and Compositions Calculated
From Actual Uranium and Thorium Analyses and From Weight of
Combustion Ash Assuming a Th/U Weight Ratio of 2.5

Burnup [Mwd/metric ton

U in Sample (%) Th in Sample (%) (U + Th)]
From From From From From From
Run Chemical Ash Chemical Ash Chemn. Ash
No. Analyses Weight Analyses Weight Analyses Weight
1H 7.70 . 9.88 20.2 2.7 12300 9900
2H 4,17 8.12 11.3 20.3 8600 4700
3H 5.86 7.76 13.9 19.4 12400 ‘ 4800
Ly 5.70 T7.29 13.1 18.2 8900 9200
Avg: 5.86 8.26 14.6 20,6 10000 7150
GA 6.8 16 8850
Spec.
(ref. 5)

3.2 Fission Product Volatility

As expected, appreciable quantitie; of ruthenium and cesium were
volatilized during the combustion. Although the data were not consistent
at each temperature, perhaps due to incomplete washing of the tube and .
tube tip, it was shown that more than 78% of the ruthenium volatilized
at an ambient temperature of 800°C, while at 1200°C its volatilization
was 97-99% (Table 3). Cesium was somewhat. less volatile; 25-35% vaporized
at 800°C and 67-88% volatilized at 1200°C. Very little zirconium or rare
earths were found outside the reaction boat (Table 3). These results,
along with analyses for uranium, thorium, and gross alpha activity, show
also that little entrainment of ash particles occurred under the condi-

tions used.

Just as the total amounts of ruthenium and cesium volatilized were
different in what should have been identical experiments, their distribu-
tion within the combustion train varied with each run (Table 4). For ex-
ample, in the two runs at 1200°C (runs 3H and 4H), 80% of the ruthenium
was found at the tube tip in one case but only 10% in the other. Although

the amounts of ruthenium and cesium reaching the 40-p-porosity filter

-2

[ T
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Table 3. Amounts of Fission Products Volatilized During Combustion
of HTGR Fuel Samples

Run  Temp. Amount of Fission Product Volatilized (%)

No. (°c) Ru Cs Zr " TRE
1H 800 78 2k 0.008 0.02
2H 800 96 35 0.07" 0.1
3H 1200 97 67 "~ 0.0k4 0.06
LH 1200 99 - 88 0.02 0.01

Table 4. Distribution of Ruthenium and Cesium in
the Combustion Train

Amount Found in Run (%)

1H 2H 3H Ly
Sample Ru Cs Ru Cs Ru Cs Ru Cs
Ash 22.3  75.9 3.6 6L.7 2.9 32.9 0.6 12.2
Tube 58.2  14.0 23.6 0.4 10.4 1.6 2.1 2.0
Tube tip 6.6 9.4 L6. 4 17.5 79.2 60.2 10.1 59.5
Metal filter 12.9 0.8 26.0 17.3 7.3 5.1 65.8 26.1

 Paper filter 0.01 0.008 0.007 0.003 0.04 0.14 21.5 0.19

varied from run to run, generally very little passed through to the paper
filter. Only in run 4H was there a significant (22%) amount of ruthenium
caught on the paper filter. Gross beta and gross gamma analyses of the
scrubber solutions were generally below the limit of detection, showing
that almost no activity passed through the filter unit. The decontamina-
tion factors across the filter unit calculated on the basis of gross beta

and gross gamma activities were at least th.

The results obtained in this study are in general agreement with those
of a previous similar investigationl in which low-burnup (about 0.001%)
graphite fuel specimens containing uranium dicarbide were burned in oxygen

at about 900°C for 3 hr. In the prior study, between 4O and 95% of the
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ruthenium was volatilized; however, no cesium vola@ilization was detected.
The nonvolatility of cesium in the earlier experiments cannot be explained
on the basis of different gas flow rates since the linear gas velocities
were about the same as those in the present study. The only apparent ex-
planation is that the reaction periods were much shorter in the earlier
series of experiments. As in the present study, the previous work showed

zirconium and cerium to be nonvolatile.

The results of the present study are also in qualitative agreement
with ‘those obtained in the in-pile combustion of uranium carﬁide—-graphite
fuel pieces.9 The fuel pieces, which contained carbon-coated uranium di-
carbide particles, were burned in air in the Oak Ridge Research Reactor
for 15 min; the combustion temperature reached 1400°C. Little or no
strontium, zirconium, barium, cerium, or uranium were volatilized; however,

35-40% of the cesium and 5 to 40% of the ruthenium were volatile.

3.3 Dissolubility of the Combustion Ash

One of the primary objectives of this study was to determine, in a
cursory manner, the effect of combustion temperature on the dissolubility
of the Th02--U3
flowing powder, easily poured from the reaction boat. The ash from each
3--o.ol; M HF--
to produce a solution that was 0.5 M in Th if all the ash

08 ash. In each experiment, the ash was a relatively free-

run was digested for T hr.in sufficient boiling 13 M HNO
0.04 M ;\1(1\103)3
dissolved. Only the ash from run 3H was not completely dissolved under
these conditions. About 97% dissolved during the first 7-hr digestion;
the remainder dissolved during an additional 7-hr digestion with the same
volume of fresh dissolvent. These results indicate that combustion at
relatively low temperatures (less than l200°C) of graphite fuels contain-
ing thorium would produce an ash that not only could be easily removed
from the burner but also would dissolve readily in the conventional dis-

solvent for thorium and Th02.

L. RECOMMENDATIONS FOR FUTURE WORK

The results of the preliminary combustion experiments reported in

this memo lead to many suggestions for further study, perhaps in connection

o

o«

«
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with the anticipated graphite-fuel campaign in high-level cellsh. These

suggestions are itemized below:

1. More development of the analytical methods used is indicated so
that fuel compositions and burnups can be determined with a
higher degree of confidence.

2. BStudies of the effect of combustion conditions on the volatility

of fission products should be extended emphasizing the follow-
ing factors:

(a) Fuel composition - for example the effects of other
potential fuel components such as SiC and variations
in the Th/U ratio on the retention of fission pro-
ducts by the ash,

(b) Fuel burnup.

(c) Oxidizing-gas composition (e.g. N,-O, mixtures) and
flow rate (actually, the effect of rate of combustion)
should be studied. In connection with studies of this
sort, perhaps the fuel specimen should be heated to
temperature in an inert gas before the oxidizing gas
is admitted.

(d) Reaction time.

3.- The solubility of the combustion ash from very high burnup fuels
has never been tested. Rates of dissolution and stability of
solutions with high fission product contents need to be deter-
mined.

k., In connection with the dissolution of ash from high burnup fuel,
studies of the solvent extraction behavior should be made.

5. Methods for removing the fission products from the combustion
system and storing them should be considered.
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