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FOREWORD

The Shippingport Atomic Power Station located in Shippingport,

Pennsylvania was the first large-scale, central-station nuclear power
plant in the United States and the first plant of such size in the world
operated solely to produce electric power. This project was started in
1953 to confirm the practical application of nuclear power for large-
scale electric power generation. It has provided much of the technology
being used for design and operation of the commercial, central-station
nuclear power plants now in use.

Subsequent to development and successful operation of the Pressur-
ized Water Reactor in the DOE-owned reactor plant at the Shippingport
Atomic Power Station, the Atomic Energy Commission in 1965 under-
took a research and development program to design and build a Light
Water Breeder Reactor core for operation in the Shippingport Station. In
1976, with fabrication of the Light Water Breeder Reactor (LWBR) near-
ing completion the Energy Research and Development Administration
established the Advanced Water Breeder Applications program
(AWBA) to develop and disseminate technical information which would
assist U.S. industry in evaluating the LWBR-concept. All three of these
reactor development projects have been administered by the Division of
Naval Reactors with the goal of developidg practical improvements in
the utilization of nuclear fuel resources for generation of electrical ener-
gy using water-cooled nuclear reactors.

The objective of the Light Water Breeder Reactor project has been to
develop a technology that would significantly improve the utilization of
the nation’s nuclear fuel resources employing the well-established
water reactor technology. To achieve this objective, work has been di-
rected toward analysis, design, component tests, and fabrication of a
water-cooled, thorium oxide fuel cycle breeder reactor to install and
operate at the Shippingport Station. Operation of the LWBR core in the
Shippingport Station started in the Fall of 1977 and is expected to be
completed in about 3 to 4 years. Then the fissionable fuel inventory of
the core will be measured. This effort, when completed in about 2 to
3 years after completion of LWBR core operation, is expected to contirm
that breeding actually took place.

The Advanced Water Breeder Applications (AWBA) project was initi-
ated to develop and disseminate technical information that will assist
U.S. industry in evaluating the LWBR concept for commercial-scale ap-
plications. The project will explore some of the problems that would be
faced by industry in adapting technology confirmed in the LWBR pro-
gram. Information to be developed includes concepts for commercial-
scale prebreeder cores which will produce uranium-233 for light water
breeder cores while producing electric power, improvements for
breeder cores based on the technology developed to fabricate and
operate the Shippingport LWBR core, and other information and tech-
nology to aid in evaluating commercial-scale application of the LWBR
concept.

Technical information developed under the Shippingport, LWBR, and
AWBA projects has been and will continue to be published in technical
memaoranda, one of which is this present report.
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I.

LHTRODUCTION

Fission gas release data are presented from

51 fuel rods irradiated as part of the LWBR
irradiations test program. The fuel rods were
Zircaloy-4 clad and contained ThO2 or ThO2-UO»o
fuel pellets, with UOp compositions ranging from
2.0 to 24.7 weight percent and fuel densities
ranging from 77.8 to 98.7 percent of theoretical.
Rod ‘diameters ranged from 0.25 to 0.7l inches and
fuel active lengths ranged from 3 to 84 inches.
Peak linear power outputs ranged from 2 to

22 kw/ft for peak fuel burnups up to 56,000 MWD/
MTM. Measured fission gas release was quite low,
ranging from 0.1 to 5.2 percent. Fission gas
release was higher at higher temperature and
burnup and was lower at higher initial fuel
density. ©No sensitivity to UOp2 composition was
evidenced. A calculational model is described
which includes terms to represent fission gas
release as a function of temperature, using a
diffusion model, and as a function of density to
account for release due to knockout and recoil at
free surfaces. The model is developed on both a
best estimate and bounding basis.
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The amount of fission gases released from oxide fuel pellets during irradia-

two design areas.

tion of fuel rods in power reactors is important to reactor design primarily in

First, release of fission gases from the fuel to the internal

rod compartment results in an increase in rod internal pressure with increasing

burnup.

The higher internal pressure increases proximity to material property

limits for a postulated loss of coolant accident (LOCA), during which fuel rod

cladding can potentially experience high temperatures, resulting in loss of

strength and more susceptibility to swelling and rupture. Second, since fission



gases (primarily xenon and krypton) have much lower thermal conductivity than
the initial fill gas (typically helium or argon) used in light *water reactor fuel
rods,lmore fission gas release can result in higher operating fuel temperatures
due to the degraded heat transfer in the fuel-cladding gap. ‘Such a mechanism

has been suggested as a contributor to rod failures in the Maine Yankee reactor

(Reference 1).

During the past 20 years of commercial nuclear power generation, a large
data base has been accumulated on fission gas release for UOo: fuel. However,
prior to this report, very little information has been published on fission gas

release from ThO2 and ThO2-UOp fuel.

This report presents (1) data on fission gas release from thoria and thoria-
urania fuels obtained from 51 fuel rods irradiated -as part ;f the LWBR Irradia-
tions Test Program, and (2) comparisons of the measurements to a calculational
model used in performance assessments. Dimensional, material characteristics,
and environmmental history of the test fuel rods are described in Section III.

The fission gas release measurements are presented in Section IV along with a
description of the measurement procedures and an assessment of measurement uncer-
tainty. In Section V, the calculational model is described and the results of

application of the model are compared to the measurements.
IT. SUMMARY

Fuel rods in the LWBR Irradiation Test Program were Ziréalby—h clad, non-
pressurized (one atmosphere of helium, initial fill), and cohtained ThOo or
ThOo-UO2 fuel pellets. Fuel densities ranged from 77.8 to 98.7 of theoretical,
with over 80 percent of the test rods containing fuel 95 percent of theoretical
density or greater. UOp composition in thoria-urania fuel pellets ranged from
2.0 to 24.7 weight percent. TFuel rod cladding was either recrystallized or
stress relief annealed after fabrication. Rod diameters ranged from approxi-
mately 0.25 to 0.71 inch. Active_(in—core) fuel pellet stack %engths were 3 to

T inches in short rods and 30 to 84 inches in long rods. Peak linear power
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outputs in 4T of the 51 rods ranged from 2 to 15 KWw/ft with a maximum of

22 KW/ft for the 4 rods above 15 KW/ft. Peak. fuel bufnups ranged from about
1,000 to 56,000 MWD/MIM¥, with peak centerline fuel temperatures of about 2,000
to 4,000°F.

Measured fission gas release (measurement uncertainty of plus or minus
8 percent of nominal) was generally low, ranging from less than 0.1 to 5.2 percent
of the fission gases theoreticaily produced by fissioning. Gas release was pre-
dominantly below 2 percent for high density (95 percent theoretical or greater)
fuels. Fission gas'release was higher at higher temperatures, higher burnup and

lower density. No sensitivity to UO. composition was observed.

2
A calculational model is presented which includes terms to represent fission

gas release at both hfgh temperatures (assuming a gas bubble diffusion model)

and low temperatures (based on a recoil plus knockout mechanism). The high

temperature term accounts for migrating gas bubbles which are released from the

fuel due to intersection with a surface (e.g., cracks or open pores). Depending

on specific fuel properties and burnup, critical temperatures for release of

bubbles from dislocations and grain boundaries are calculated.

The low temperatu?e term is adapted from a model which assumes that fission
gas is released by recoil and knockout‘at free surfaces. Pellet density '
initially serves as a measure of free surface area, which increases with burnup
(presumably due to fuel cracking). The model is developed on both a best

estimate and bounding basis.

Gas release for long rods which experience non-uniform power profiles is
calculated in several axial segments (using average power generation for each
segment) and integrated along rod length. The best-estimate model fits through
the middle of the scattered data. All data are conservatively bounded by the

bounding model.
III. DESCRIPTION OF TEST FUEL RODS

A. Rod Characteristics

Test fuel rods from the LWBR development program were Zircaloy-4 clad, non-
pressurized (one atmosphere of helium, initial fill) and contained ThOp or

ThO»-UOp fuel pellets. Rod characteristics are summarized in Table 1 for the

amm = miem masiasem——

¥MWD/MTM = Megawatt-days per metric tonne of metal (uranium + thorium).



51 rods for which fission gas release data have been obtained. The table is
composed of 3 groups of rods classified by fuel type (100 percent ThOp, ThO,
+ U23305 and ThOo + U23502).

Fuel characteristics given for each rod are composition, pellet density,
pellet dimensions, and in-core fuel pellet stack length. Fuel compositions
ranged from pure thoria to about 25 w/o UO Fuel densities were generally

and 10.24 gms/cc~ThO

o
95 to 98 percent theoretical oxide density (10.0 gms/cc—ThO2

-+ 25 w/o U02). Nominal fuel pellet dimensions are given, including endface

2

geometry (flat or dished, with 4 to 22 mil dish depth). Fuel pellet diameters
were 0.21 to 0165 inch, with length/diameter ratios of 1.0 to 3.0. In-core fuel
pellet stack length ranged from about 3 inches to T inches in short rods and from

30 inches to 84 inches in long rods.

Cladding heat treatment (RXA—recrystallization anneal or SRA-stress relief
anneal), outside diameter, and diameter to wall thickness ratio are given for
each rod. Rod diameters.ranged from approximately 0.25 to 0.7l inch, with
cladding OD/t ratios of 12 to 25. As-fabricated fuel-cladding diametral gaps
were 0.002 to 0.010 inch. Fuel-cladding diametral gaps (no direct contact) are
a source of thermal impedance and lead to higher fuel temperatures and greater
gas release. Cladding C”D/t and heat treatment affect the rate of creep down of
the cladding diameter (under external pressure) and thereby the fuel-cladding

diametral gap and gas release.

B. Rod Operating Parameters

''est tuel rods in the LWBR development program were operated in three
different test reactors: (1) the Engineering Test Reactor (ETR) and (2) the
advanced Test -Reactor (ATR), both at the National Testing Station in Idaho, and
(3) the National Test Reactor-Experimental (NRX) at Chalk River Nuclear Laboratory
in Ontario, Canada.” In-pile operating times ranged from less than 1000 to about
20,000 hours under nominal coolant conditions of 2000 psi and SSOOF. Individual

rod operating parameters are summarized in Table 2.

Peak and average axial linear power and fuel burnup are reported for each
rod. Axial average values are equal to peak values for short rods, but are

approximately 0.6 to 0.9 times the peak values for long rods. Figures 1 to b



show peak power-burnup histories for four rods typical .of those tested. Peak
linear power of most rods ranged from 2 to 15 kw/ft with four of the 51 rods higher
than 15 kw/ft up to a maximum of 22 kw/ft and peak burnup from about 1;000 to
56,000 MWD/MTM.

Peak values (axial position and operating history) of fuel temperatures* at
the rod centerline and pellet surface were calculated using the CYGRC/FIGRO com-
puter prograﬁs (References 2 and 3). Centerline fuel temperatures at the peak
axial power locations ranged from less than 2000 to over L4000°F and fuel pellet
surface temperatures ranged from about 800 to 1800°F. These temperatures are
low relative to the thoria-base oxide nelting temperatures (about 5900°F) so that
no significant fuel redistributions due to pellet coring or melting were expected.

Such conditions have not been observed in the test rods examined to date.

The ThO, dislocation release temperature (for release of gas bubbles from
dislocations) was also calculated for each rod, assuming peak conditions and
using the model by Warner (Reference 4). This temperature provides a measure
. of fractional fuel pellet volume for intermediate-high temperature fission gas
release as discussed in Section V.A.1l below. The ThO2 dislocation release tem-

peratures range from about 2630 to 2930°F.
IV. FISSION GAS RELEASE MEASUREMENTS

In the following sections, IV.A through IV.C, remote measurement procedures
and techniques and calculational procedures are presented for the determination
of percent fission gas release data from irradiated test fuel rods. Measure-
ment and calculational uncertaintiés also are presented and discussed. The data

are presented in tabular and graphical form in Table 2 and Figure 8, respectively.

A. Measurement Procedures

After a delay time sufficient to allow short lived fission products (espe-
cially iodine) to decay, irradiated test rods selected for fission gas measure-
ments are punctured (through-cladding hole drilled) and the free internal gases

collected. Fission gas measurements are obtained by the following procedure:

Rod is punctured while in an evacuated chamber.
Al) gas released from the rod is collected in several sealed bulbs
(including an initial and final bulb for background atmosphere in the

evacuated chamber).

*Time averaged temperatures are approximately 80 percent of peak temperatures.



3. Each bulb is measured for pressure, temperature, and total gas volume.

4. Mass spectrometric analyses are run on each bulb and the percent Xe,
Kr, He, 02, NE’ H2, H2O, and CO2 reported. (Not all these gases are
analyzed for every rod.)

5. The number of fission gas atoms (Xe + Kr) are calculated for each bulb
using the volume percent from mass spectrometry, the pressure, and
temperature and total volume of each bulb, and the ideal gas law.

6. The number of gas atoms produced in the fuel-are calculated from the
average rod burnup (fissions/cec), the fuei volume, and the fission
yield (0.33 atom Xe + Kr gasés per U233 fission or 0.30 atom Xe + Kr

gases per U235 fission).

T. Percent fission gas released is calculated from the number of fission
gas atoms collected out of the punctured rod divided by the number of

gas atoms calculated to have been produced.

B. Uncertainties

There are several sources of uncertainty or error in determining the per-
cent fission gas release. These uncertainties are of 3 major types: (1) effi-
ciency of gas collection, (2) uncertainty in .mass spectrometry measurements,

and (3) uncertainties in the actual fuel burnup and fission product yields. .
These uncertainties are discussed below:

l. Gas Collection Efficiency

The eft'iciency of fission gas collection trom a punctured tuel rod is
evaluated relative to collection of the helium fill gas and relative amounts
of Xe and Kr. Relative average yields of the 2 fission product gases, Kr and
Xe, were 15 percent Kr (%1.2 percent) plus 85 percent Xe (%1.2 percent) for

5 o .
U23’ fissioning and 19 percent Kr (*1.3 percent) plus 81 percent Xe (*1.3 percent)

for U'233 fissioning. The uncertainties are 1 sigma values. These measured

Kr and Xe yields are in good agreement with theoretical yields. Helium recovery
measurements from irradiation test rods are summarized in Table 3. Irradiation
test rods were filled with helium at approximately 1 atmosphere pressure to pro-
vide an inert atmosphere with high thermal conductivity. Since variations from

1 atmosphere pressure were considered to be allowable in meeting these objectives,
the initial gas pressure in many test rods was not measured. In the case of

some test rods, however, a Bourdon gage indicating a zerov(O) dial reading at

atmospheric pressure with a scale of *1 atmosphere was used to establish the

helium pressure in the rods within a range of 0.95 to 1.05 atmospheres. Six of



these rods (79-610, 613, 617, 623, 631, and 632) were punctured for fission

gas collection after irradiation. Measurements of helium in the rod atmosphere
showed a 1 sigma variation of *0.05 atmospheres with a mean value of 0.97 atmos-
pheres and a range of 0.92 to 1.07 atmospheres. This range represents about a
*7 percent variation from the target pressure of 1 atmosphere and is considered
to be the variatién in the weld box pressure during rod fabrication. It is noted
that the additional helium produbed as a result of ternary fissioning is con-
sidered to be negligible in its effect on collection efficiency for the fission
gas releases of Table 2. -In addition to these measurements performed directly
on punctured fuel rods, an unirradiated'dummy rod filled with helium at a gage
pressure of 1 + 0.02 atmospheres was punctured for ﬁelium collection. In this
case, the collected helium corresponded to 1.02 atmospheres internal pressure

at original loading conditions, thus indicating essentially complete gas col-
lection. These results for the unirradiated dummy rod together with the test
rod fill gas pressure data discussed above indicate complete gés collection. It
is concluded that 100 percent efficiency in collection of fission gases may be

assumed.

©

2. Fission Gas Atom Measurement

An overall accuracy has been assessed for the measured pressure, volume,
and temperature and for the mass spectrometer analysis to estimate the measure-
ment accuracy for the number of fission gas atoms collected. Standard samples
of fission gases were prepared by mixing known quantities of Xe + Kr in a sample
bulb which was certified by mass- spectrometry and gas chromotography measure-
ments. These standard sample bulbs were introduced into the fission gas mass
spectrometer system for measurement of the overall system accuracy. The ambient
temperature was measured by a thermometer, pressure was measured by a capacitance
manometer, and the sample bulb volumes were calibrated by weighing the volume
of water which filled these bulbs at a measured temperature. The two sigma
acéuracy of the mass spectrometric analyses including the pressure, volume, and

temperature measurements is *4 percent.

3. Calculation of Fission Gas Produced

The above errors pertain to uncertainties for measurements of the amount

of fission gases released from the fuel. Additional uncertainty exists, in the



calculation of percent gas release, for the amount of fission gas produced which
is dependent on the rod average burnup and fission yield (i.e., gas atoms pro-

duced = burnup x gas atoms per fission).

A 2 sigma error of +6 percent has been established for burnup measurements.
In addition, a bias of about -10 percent in the rod average burnup computed from
the test reactor axial prefile is shown by burnup measurements on several long
test rods (i.e., T9-439, 79-576, and 79-605). The bias on average burnup based
on the core axial profile is attributed to a change in the test axial power
profile as a result of non-uniform burnup of the rods in the axial direction.
The effect of this axial variation in test burnup is to flatten the test power
shape. This produces relatively higher axial factors for the lower power test
positions. As a result of this blas, the average test burnup and hence the cal-
culated amount of fission gas produced is increased by 10 percent. Thus, ﬁhe
percent gas release (i.e., measured/produced x 100 percent) for long test rods

is potentially reduced 10 percent below the values presented in Table 2.

A 2 sigma measurement uncertainty of th percent is assigned to the fission

yield of xenon and kryptbn fission gases by the data compiled in Reference 13.

4. Combined Uncertainty for Fission Gas Release

The overall 2 sigma uncertainty in the fission gas release is given (from

analysis of variance) by:

o] n o] 1/2
26 = E2ol)" v (20,)% + ‘(20,)L—|

assuming independent errors where

201 = fission gas measurement uncertainty

20, = burnup measurement uncertainty (not including the bias discussed
above)

20, = fission yield uncertainty.

3

Hence,

1/2
20 = Etg +6° 4+ hi] = +8 percent

of the measured percent gas release.



For example, the percent gas release for a measured 1 percent release would

be 0.92 to 1.08 percent. If the 10 percent relative bias in rod average burnup
is included, the measured 1 percent release would be 1 percent + (-0.1 + 0.08)

or 0.9 percent * 0.08 percent ="0.82 to 0.98 percent.

C. Data

Fission gas reléase data were obtained on 51 irradiated test rods and per-
cent fission gas release computed from calculations of the fission gas produced
in the fuel, using average burnup in long rods based on the test reactor axial
profile as shown, for example, in Figure 5. The data on percent of fission gas

release are presented .in Table 2.

Due to the scatter of the fission gas release data presented in Table 2,
a correction factor was estahlished to account for the effect of sintered fuel

pellet density on the fission gas release. This factor was assumed to take the

“form:
h- ()" s
n 100 m

where

Rn = normalized gas release

Rm = measured gas release

TD = theoretical density

u = a constant.

The measured gas release data were used to determine the value of the exponent,

u, as follows:

1. The measured gas release data were plotted as a function of the average
“burnup (in 10°°0 fiss/cc).
2. A best fit curve correlating gas release and burnup was established.

The necessary correction to fit the exceptionally high gas release

[&V)

‘data point from low density test rod 79-318 to this curve was determined
using the above equation.  The resulting value of u, 10.25, was used to

normalize the gas release data for all the samples.

The normalized gas releases are presented in Table 2 and in Figure 6 where
the normaliied gas release is plotted versus rod average burnup. Open symbols
_in Figure 6 represent those rods in which calculated fuel centerline temperatures
were lcss than the dislocation release temperature, discussed below in Sec-

tion V.A.1l. Solid symbols in Figure 6 represent those rods in which calculated



fuel centerline ternperatures were greater than the dislocation release temperature.
This normalization does tend to reduce data scatter by an apprdkimate_factor

of 2. The wide data scatter for similar environment is unexplained at present.
However, gas release values are quite low for the ThO2 and Th02—U02 fuel, and
variations in pellet cracking patterns may account for the scatter. Note that
normalized gas release tends to increase with increased operating fuel temperature

and burnup.
V. COMPARISON OF MEASUREMENT DATA TO CALCULATIOUAL MODEL

A. Description of Calculational Model

A number of investigators (References 4, 5, 6, 7, 8, and 12) have proposed
models for fission gas release from oxide fuels. These models have in common the
assignment of fission gas release fractions to sevefal temperature intervals,
e.g., Lewis (Reference 5) selects 1000°C, 1300°C, and 1600°C as defining the
intervals. Beyer and Hann (Reference 6) select 1200°C, 1400°C, and 1700°C. Tn
these models, the fission gas release fraction increases with increasing tempera-
ture. At low temperatures (below about 1000°C), most models include a term that
allows for some fractional release due to fission product recoil and knockout at
free surfaces. Warner's model (Reference h)yrelates low temperature fission gas
release linearly to irradiation time. Bellamy and Rich (Reference 8) proposed
a low temperature fission gas release model which relates gas release to fuel
initial density (as a measure of free surface area) and burnup (as a measure of

the increase in fuel fracture surfaces with increasing irradiation).

The model selected to correlate the fission gas release measurements reportcd
above combines the high temperature model of Warner_(Reference 4) with a modified

low temperature model derived from Bellamy and Rich (Reference 8).

1. High ''emperature KFission Gas Release Model

In Warner's model, fiésion gas atoms are assumed to nucleate in small
bubbles that migrate up the thermél gradient to dislocation lines. At a dis-
location, coalescence with pre-existing bubbles occurs and bubble size is
inereaged. With time, a critical bubble size is reached for pull-off from the
dislocation and the bubble again migrates up the thermal gradient. A fraction
of these bubbles are released by intersection with a free surface. The remaining
bubbles continue to migrate until intersection with a grain boundary. At a grain

boundary, coalescence with existing bubbles occurs, ihcreasing bubble size, until

10



the critical grain boundary pull-off size is reached. On pull-off from the grain
boundary, the bubble is again free to migrate up the thermal gradient. Some bub-
bles released from both disloéation lines and grain boundaries, after traveling
some distance, intersect with free surfaces (such as cracks or pores) and are

released from thc fuel matrix.

A critical temperature tor pull-ott from dislocation lines and grain bound-

aries can be calculated (Reference L) from critical bubble radii:

3 2
for dislocation lines, rd = ELJL%?ll—ll—
2m Q aT/ax
Qv TF
- A —_— . b
for grain boundaries, Yy o ———%}—————-
& 2 q_ dT/dxX
where
ry = critical bubble radius for pull-off from dislecation lines (cm)
rgb = critical bubble radius for pull-off from grain boundaries (cm)
Q = nolecular volume transferred per diffusing species (cm3)
T = temperature (°K)
p = shear modulus (dyne/cmg)
b = Burger's vector ot the dislocation (cm)
U ne = dislocation line tension (lO—h dyne)

Ygb = grain boundary surfacé tension (dyne/cm)
Q = heat of transport for surface diffusion (cal/mole)

dT/dX = fuel thermal gradient (°K/cm)
16

F = unit conversion factor = 1.4387 x 10~ cal/dyne-mole-~cm.

The bubble Vclocity io computecd uning the following cquation:

v - 3DS 95 Q Z ar
rK T2 N dX
where
V = bubble velocity (cm/sec)
. . . -Qs/RT 2
<= surface diffusion coefficient = Dwe (cm™/sec)
. activation energy for surface self-diffusion (ca}/mole)
R = universal gas constant = 1.986 cal/mole - °K
v_ = concentration of rate controlling diffusing species = 9—2/3 (l/cme)

r = bubble radius (cm)

11



Boltzmann's constant = 3.2982 x lO_thal/°K

Avogadro's number = 6.0222 x 1023/mole.

K
N

Assuming that the bubble radius during migration is unchanged from the
critical radius at pull-off and that its velocity is unchanged during migration,
the time the bubble takes to migrate a fixed distance can be calculated as a
function of bubble temperature. This assumption introduces some inaccuracy
since the bubble radius increases as it migrates up the gradient, thus tendipg
to decrease velocity. However,-as it migrates to a region of higher temperature,
its velocity tends to increase. Overall, the temperature effect should nullify
the radius effect. Thus the inaccuracy introduced by the above assumptions is

small.

Migration distances of 10 microns for release from dislocation iines (the
order of the grain size) and 0.1 cm for release from grain boundaries are assumed
in this analysis. A temperature gradient of 103°C/cm is assumed, also. A value
of 300 dyne/cm is used for grain boundary surface tension. The other constants

used in this analysis are listed below

Parameter ThOo ¥ U022
Q 4.38 x 10723 op 4.09 x 10723 om3
QS = Qs 1.26 x 10° cal/mole 9.507 x 10 cal/mole
Do h.h x 105 cma/sec th cmz/sec

The calculated critical (release) temperatures are shown in Figure 7. As
indicated, release temperatures (from both disliocations and grain boundaries)

for ThO,, are higher than for U02. This suggests that, at equivalent temperatures,

2

UO2 fuel releases a larger fractional amount of fission gas than does ThO

o°
The fractional amount ot tission gas released can be calculated using the

critical release temperatures shown in Figure 7 and calculated radial temperature

profiles for the fuel. Let RH equal the percent fission gas released at high

temperature, V, equal the fraction of total fuel volume at temperatures above

d
Td (the critical release temperature from dislocations) but below Tgb (the
critical release temperature from grain boundaries) and ng equal the fraction

of total fuel volume above Tgb'

RH = A ng + BV

I'hen,

d 3

*ThO2 values were used for both ThO2 and Th02—U02.

12



where A and B are fitted coefficients.

For a parabolic radial temperature profile,

T -T T - T
v - L___g._b. and V - _gb____g
gb TP - TS a . TC - TS

where TC = fuel center temperature and TS = fuel outer surface temperature. Thus,

A(TC - Tgb) + B(T.gb - Td)

H T - T
c s

Calculated values of the dislocation release temperature (Td) for thoria

base fuel using ThO, properties for both ThO, and ThO,-UO, fuel are given in

2 2 2
Table 2 for the test rods. Grain boundary release temperatures are not given

since, in these fuels, the higher temperature contribution was insignificant.

2. Low Temperature Fission Gas Release Model

The low temperature release model of Bellamy and Rich (Reference 8) relates
gas release to a measure of fuel free surfaces (including cracks and pores),
which is dependent on initial fuel density and burnup. Beyer and Hann (Refer-
ence 6) present data indicating an exponential relationship between fuel free
surface area and burnup for fuel at high iﬁitial density (98 percent of
theoretical), and a power law relationship between fuel free surface area and
initial density. However, for burnups less than about 12 x lO20 fissions/cc
(45,000 MWD/MTM) a linear dependence results in an adequate fit to the data

reported above. The resulting low temperature release model is given by:

u
R. = (3@) (v + WD)

L n
where
RL = low temperature fission gas release (percent)
p.= fuel initial density (percent of theoretical)
2 .. . .
D = burnup (10 O fissions per cubic centimeter of fuel)

and u, V and W are fitted constants.

B. Model for Fission Gas Release in Thoria Base Oxide Fuels

A model that incorporates both the high and low temperature gas release

mechanisms of the two models described above would be the most suitable for



predicting gas release from thoria base oxide fuels. As described below, the
proposed model was applied to the fission gas release measurements reported in
Section III to obtain constants for the high and low temperature release terms.
Both best fit and bounding values for ‘the constants were obtained using the
values for burnup and temperature presented in Table 2. A number of test rods
operated at fuel temperatures below the temperature for release from dislocations
and from grain boundaries. Data from these rods were used to obtain values for
the constants in the low temperature release term, as shown in Figure 6. Then,
using the resulting calculated values for low temperature release and the data
from rods that operated at higher temperatures, values for the constants in the
high temperature release term were obtained. Since only a few of the test rods
operated at temperatures above Tg_, little sensitivity to the constant B was
calculated for fission gas release. Thus, A and B were assigned the same value.

The resulting models for both best estimate and bounding values are:

Bect Ectimate

Bounding

T -7 10.25
S ol S} 100
R = 15 (Tc - Ts> + (0.5 + O.lD> < p>

A comparison of the measured fission gas release data to the calculational
model is presented in Figure 8. Figure 8a displays the best cstimate fit while
Figure 8b shows the comparison to the bounding model. Calculated values for
long rods which experience a non-uniform power profile were obtained by calculat-
ing fission gas release appropriate to the highest temperature calculated during
irradiation life at several axial locations along the length of the rod (using
the power generation appropriate .to each location, per Figure 5) and intagrating
along the length of the rod. Both long (30 to 100 inches) and short (U4 to
11 inches) rod data are presented in Figure 8. As indicated, the best estimate
model gives a good average fit to the data, while all data are conservatively

upper bounded by the bounding model.

1L



VI. CONCLUSION

Within the range of parameters tested for 51 fuel rods containing ThO, or

ThO,-UO, fuel, the following is concluded: :
1. Fission gas release is greater at higher fuel temperatures and burnups.
These effects can be satisfactorily predicted by a model which accounts
for gas bubble coalescence and release from grain boundaries and
dislocations.

2. Higher initial fuel density results in significantly less fission gas
release. This effect can be satisfactorily predicted by a model which
accounts for release due to recoil and knockout of gas bubbles at free
surfaces.

3. DNo sensitivity to UO, composition or rod diameter was observed.

2
The values of fission gas release obtained from Th02 and Th02—UO2 fuel for
51 fuel rods are quite low, less than about 3 percent release for high density
(95 percent TD or greater) fuel. These data support other performance advantages
exhibited by Th02—based fuels relative to UO2 fuels. For example, compared to

UO,, ThO,, has a higher melting temperature (Reference 9), higher thermal con-

2’ A
ductivity (Reference 10), and is more corrosion resistant when exposed to oxygen-—

ated reactor coolant (Reference 11). Thus, Th02—based fuel rods could be designed
for higher power ratings than U02 fuel rods for equivalent fuel temperature or

margin- to melting.

Peak power ratings (from Table 2) of 82 percent of the test rods are in the
range of about 6 to 14 KW/ft. The peak.power rating generally occurred at the
beginning or early in the test life, with typically a 40-50 percent .decrease in
power rating throughout the test life. The test data reported here would éup—
port low expected fission gas release for high density ThO2 and ThO?—UOP fuels
with initial peak power ratings up to at least 14 KW/ft in rods operated at

generally decreasing power rating throughout life.

The calculational model proposed for thoria base fuels satisfactorily bounds
the measuremehts and thus is suitably conservative for use in performance assess-
ments. Improved agreement might bBe obtained by including explicitly in the model
representations of grain restructuring, fission gas resolution effects, fuel
crack formation, and the effect of time varying temperature. However, there are
insufficient data at temperatures above LOOO®F to assess such representations

gquantitatively.
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TABLE 1. SUMMARY OF FUEL ROD CHARACTEFRISTICS
el Cladding
Compo- Fuel In-Core Fuel-
sition Average Pellet Dimemsions (in.) Pellet Clad
Rod (Wt. % Density End Stack Diam. Rod Heat
Serial Udp in (% Theo- Dia- Face Lengtt. Gagp Diam. oD/t Treat-
No. ThO2 ) retical) meter Length Geom* (ia.; (mils) {in.) Ratio¥*# ment +
A. ThOp Fuel
&1-39 0.0 77.8 0.2h41 0.25 Flat 3.3 1.3 0.237 17.5 RXA
&1-46 0.0 96.2 0.2h1 0.25 Dish 3.3 7.7 0.231 17.0 RXA
61-53 0.0 96.3 0.2kl 0.25 Dish 3.3 3.9 9.277 17.3 RXA
E1-Th 0.0 97.6 0.2k2 0.h47 Dish 3.5 3.0 0.234 1L4.6 SRA
€1-76 0.0 28.7 0.2k2 0.h47 Dish 3.5 3.0 0.284 1L.6 SRA
€1-81 0.0 37.6 0.239 0.4 Dish 3.5 6.4 0.28% 14.6 RXA
€1-85 0.0 93.5 0.238 0.khg Dish 3.5 6.9 0.234 1L.6 SRA
B. ThOp + U°5305 Fuel
79-439 6.6 36.0 0.2.0 0.42 Dish 30.0 h.o 0.255 13.3 RXA
T9-lhk2 6.6 6.0 0.208 0.42 Dish 30.0 7.1 0.255 12.5 RXA
T9-hhc 6.6 6.0 0.2.0 0.h2 Dish 30.0 4.8 0.255 13.2 RXA
T9-kLa 6.6 36.0 0.208 0.42 Dish 30.0 6.L 0.255 12.3 RXA
79-L55 6.6 6.0 0.208 0.k2 Dish 30.0 7.0 0.255 12.h4 RXA
T9-L7T 8.5 37.0 0.210 0.41 Dish 3.2 5.3 0.253 13.h4 RXA
79-L81 8.5 8.0 0.206 0.41 Dish 3.2 8.5 0.253 13.k RXA
C. ThO2 + U2320p Fuel ,
79-318 7.7 6.2 0.219 0.23 Flat 3.2 2.3 0.264 12.6 SRA
T79-32C 7.7 :1.2 0.219 0.23 Flat 3.2 2.1 0.264 12.6 SRA
T9-349 £0.0 $5.0 0.652 0.23 Flat 3.2 L. o 0.716 23.9 SRA
T9-363 2h.7 £9.3 0.207 0.23 Flat 30.0 2.0 0.2h9 12.4 SRA
79-332 20.3 20.1 0.208 0.40 Dish 3.2 2.« 0.248 12.9 RXA
79-429 2.0 8.0 0.5kL2 0.83 Dish 30.0 10.C 0.600 24.6 SRA
T9-L6T 3.k 8.1 0.5Lk7 0.50 Dish 84.0 4, ¢ 0.600 25.0 SRA

*¥Dished ends have spherical

¥*Diameter to wall thickness ratio is a measure of cladding stability under external pressure.
+RXA = rezrystallization =nneal; SRA = stress relief anneal.

zegment cavities with depths of U4 to
about 10 percent of the pellet diameter,.

22 mils and

end lands have widths



TABLE 1 (Cont)

Fuel Cladding
. Compo- Fuel In-Core Fuel-
sition Average Pellet Dimensions (in.) Pellet Clad
Rod (Wt. % Density End Stack Diam. Rod Heat
Serial UO2 in (% Theo- Dia- Face Length Gap Diam. OD/t Treat -
No. ThO2) retical) meter ILength Geom* (in.) (mils) (in.) Ratio¥** ment
C. TrO2 + Ud3502 Fuel (Cont)

) 79-478 11.k 97.2 0.206 0.41 Dish 3.2 9.2 0.253 13.L4 RXA
79-500 22.6 97.9 0.210 0.47 Dish 84.0 5.k 0.250 1h.7 RXA
79-501 22.6 97.9 . G.206 0.47 Dish 84.0 8.7 0.251  13.9 RXA
79-506 17.1 95.3 0.462 0.93 Dish 36.0 6.9 0.527 18.0 SRA
79-509 17.1 96.8 0.464 0.65 Dish 36.0 5.4 0.523  19.7 SRA
79-513 17.1 95.6 0.504  -0.75 Dish 15.0% 6.1 0.568 20.1 SRA
T9-514 17.1 95.6 0.507 0.87 Dish 15.0% 4.0 0.568 19.7 SRA

. 79-522 17.1 98.7 0.466  -0.77 Dish 36.0 4.2 0.522  20.0: SRA
79-551 &.h 94.8 0.455 0.68 Dish 6.6 2.7 0.508 19.7 SRA
79-570 2.8 97.8 0.507 1.01 Dish 30.0 3.8 0.568 19.9 SRA
79-572 2.8 . 98.2 0.507 . 0.75 Dish 30.0 3.7 0.569 19.6 SRA
79-573 2.8 92.7: 3.503 0.77 Disk 30.0 7.8 0.568 19.6 SRA
79-575 3.1 97.6 2.548 0.82 Dish 84.0 L.o 0.612 20.1 SRA
79-576 3.1 97.5 0.545 0.82 Dish 8h.0 7.1 0.613 20.2 SRA
79-586 2.8 93.0 0.503 0.77 Dish 30.0 7.7 . 0.567 20.2 SRA
79-588 5.7 97.3 0.247 0.58 Dish 6.9 9.8 0.301 13.6 RXA
79-590 5.7 97.4 0.247 0.58 Dish 6.9 10.0 0.301 13.6 RXA
79-591 5.7 97.3 0.2h7 0.58 Dish 6.9 9.8 0.301 13.6 RXA
T79-502 19.2 96.5 0.252 0.60 Dish 84.0 5.6 0.300 14.0 RXA
79-603  ‘19.2 95.5 0.248 0.72 Dish 84.0 8.8 0.300 13.8 RXA
79-605 19.2 96.4 0.248 0.60 Disn 8h.0 8.8 0.301 13.6 RXA
79-608 © 19.2 97.5 0.251 0.72 Dish 8.0 5.8 0.301 13.6 RXA
79-610 " h.5. 97.2 0.250 0.7h Dish 35.0 8.7 0.305 13.2 RXA
79-613 k.5 . 96.6 0.250 0.74 Dish 35.0° 8.5 0.306 12.9 RXA
T9-617 4.5 97.2 0.249 0.75 Dish 35.0 10.3 0.303 13.8 RXA
79-623 4.5 97.2 0.250 0.7h Dish 35.0 8.6 0.301 14.3 RXA

" ¥Dished ends have spherical segment cavities with depths of 4 to 22 mils and end lands have widths
aboutn 10 percent of the pellet diameter.
¥%¥Diameter o wall thickness ratio is a measure of cladding stability under external pressure.
TRY¥A = recrystallization anneal; SRA = stress relief anneal .
- FAn-additional 21 inches of thoria pellets is ir the core region.



017

TABLE 1 (Cont)

) a2l Cladding
Compo- Fuel In-Core  Fuel-
sition Averagz Pellet Dimensions (in.) Pellet Clad
Rod (W-. % Density End Stack Diam. Rod Heat
Serial .UO0O2 in (% Theo- Dia- Face  Length  Gap Diam. 0D/t Treat-
Ho. ThO2) retical) mezer Leagth Geom*® (in.) (mile) (in.) Ratio¥**¥ mentt
C. ThOp + U23502 Fuel (Cont)
T9-b31 4.5 97.0 0.251 Q.74 Dish 35.0 7.5 0.2939 b7 RXA
T79-632 4.5 97.0 0.252 9.7h Dish 35.0 8.6 0.300 14.5 RXA
T9-656 4.5. G7.2 0.252 0.7k Dish 7.0 8.0 0.300 1k.3 RXA
T9-6T1 4.5 g7.0 0.250 0.7k Dish 7.0 8.1 0.300 14.3 RXA

¥Dished ends have svherical s2gment cavities wita depths of 4 to 22 nils and end lands have widths
about 10 percent of the pellet diameter.

¥%Diameter to wall thickness ratio is a measure o cladding stebility under extzrnal pressure.

TRXA = reerystallization anneal; SRA = stress reiief anneal. '



TABLE 2. SUMMARY OF FUEL ROD OPERATING PARAMETERS AND FISSICN GAS RELEASE

ThGo
Time ' Disl"' cn. i
Rod In-Pile . Linear Power U + Th Burnup Peak Fuel Temp. Release Fission Gas
Serial (1000 (Kw/ft ) __(MWD/MTM) (°F) ~ Temp., T, Release (%)
No. - Hours) Peak Ave. Peak Ave. Center Surface (°F) Measured Normalized'
A. ThC2 Fuel .
' 81-39 T7.40 6.52 6.52 16,400 16,400 * * 2,700 1.2 0.091
81-46 10.38 9.06 9.06 38,000 38,000 2,54k 1,200 2,670 0.2 0.13%4
81-53 10.40 11.26 11.26 38,000 38,000 * * 2,662 1.0 0.679
8L-Th 4,75 8.72 8.72 4,800 4,800 * * 2,980 0.5 0.370
81-76 9.20 4.36 k.36 - 8,200 8,200 * * 2,905 0.2 0.16L4
81-81 2.55 2.18 2.18 900 900 * * 2,805 0.1 0.078
81-85 2.55 2.18 2.18 900 900 * * 2,805 0.2 0.100
B. ThCpz + 02330, Fuel :
' 79-439 3.70 10.00 T7.04 23,800 16,700 2,780 1,270 2,770 0.4 0.263
T9-k4k2 8.54 10.35 7.2k 45,300 31,700 3,310 1,520 2,685 0.5 0.329
T79-4L5 8.54 9.94 6.96 Lk, ,000 30,800 2,725 1,268 2,680 0.6 - 0.401
79-4L9 8.54 10.12 T7.07 45,300 31,700 3,125 1,430 2,685 0.5 0.329
T9-455 3.70 9.29 6.54 23,800 16,700 2,970 1,450 2,770 0.L 0.243
79-47T7 11.00 8.12 8.12 52,100 52,100 2,206 *% 2,660 2.3 1.683
79-481  11.00 8.26 8.26 49,900 49,900 2,950 1,470 2,660 2.8 2.276
C. ThOo + U2350p Fuel
79-318 5.20 8.91 8.63 30,300 29,400 2,920 80 2,735 5.2 1.13h
79~-320 4.70 7.98 7.98 2L,hoo 24,417 2,320 870 2,740 2.0 0.236
79-349 11.10 22.45 15.30 9,700 6,600 3,93k 829 2,660 1.8 1.064
T79-363. 3.80 10.45 T7.35 27,500 18,500 * L 2,762 0.3 0.094
79-382 0.55 10.94 10.94% 5,600 5,600 * * 2,960 0.1 0.034
79-429 L4y 13.67 9.94 L4 800 3,500 3,525 1,525 2,750 0.1 0.0k49
T9-467 16.40 17.27 15.32 26,800 23,700 3,060 890 2,630 1.2 0.985
79-478 11.00 7.94 T7.94% 50,600 350,600 2,900 1,500 2,660 2.6 1.942
T79-500 8.46 10.05 7.61 47,100 35,700 3,250 1,400 2,710 0.k4 0.322
79-501 8.46 9.71 T7.37 k45,900 34,800 3,970 1,810 2,710 0.3 0.241

. *Not calculated, but assumed to be low temperature rod with fuel center temperature < disclocation
release temperature.
tMeasured gas release times (% TD/lOO)lO'25
¥¥Calculated value not available.

, where TD = theoretical density.
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TABLE 2 (Cont)

ThC2
Time . Disl' en.

Rod In-Pile Linear Power U + Th Burnup Peak Fuel Temp. Release Fission Gas

Serial  .1000 "KW/t ) (MWD/MIM) (°F) Temp., T Release (%

No. Hours) Peak Ave. P=ak Ave. Center Surfece (°F) Mzasured Normalizedt

2. ThO2 + U23500 Fuel (Cont)

79-506 -2.10 14.48 10.25 21,100 14,500 3,231 1,026 2,660 2.0 1.222
79-509 22.10 13.20 9.43 15,100 10,800 2,497 &&o 2,660 0.1 0.093
79-513 12.10 7.19 5.48 9,2c0 7,000 1,LkcC 175 2,660 <0.1 0.032
79-514  2.10 7.19. 5.48 9,2c0 7,000 1,kko 175 2,660 <0.1 0.025
79-522 2.10 11l.74 7.95 13,160 8,900 2,028 e 2,660 0.2 0.166
T9-551 3.26 16.37 16.37 8,500 §&,500 3,629 &16 2,780 0.9 0.520
79-570 5.90 14.03 10.14 7,800 5,600 2,466 &CL 2,720 0.1 0.080
79-592 1k.40 14,23 9.82 17,200 11,900 2,554 c1lh 2,645 0.1 0.116
79-573 5.90 13.64 9.63 7,800 5,600 3,160 1,Chy 2,720 1.8 0.828
79-575 16.90 16.40 12.33 26,000 19,500 3,240 &20 2,625 1.3 1.01k
79-576 10.20 13.88 10.46 28,200 21,300 2,860 1,CE0 2,670 0.4 0.308
79-586 iLk.40 13.79 9.85 18,200 12,000 3,235 1,159 2,6kL5 1.0 0.475
79-588 6.90 5.80 5.80 24,300 24,300 2,908 1,u4C3 2,705 0.2 0.150
79-520 6.90 6.00 6.00 25,200 25,200 2,908 1,453 2,705 0.2 0.175
79-591 6.90 6.10 6.10 25,700 25,700 2,908 1,463 2,705 0.2 0.166
79-602 0.70 11l.7+ 9.39 4,300 32,500 3,k10 1,250 2,930 0.1 "0.069
79-603 0.70 11.46 9.17 4,500 2,500 4,260 1,5€0 2,930 0.3 0.187
79-605 14.50 10.86 8.23 55,400 42,000 3,780 1,570 2,640 1.1 0.756
79-608 14,50 11.13 9.11 56,500 L6,200 3,240 1,310 2,640 1.1 0.848
79-610 3.65 8.2¢ 4.81 0,400 6,100 2,980 1,520 2,770 0.1 0.C60
79-613 5.90 9.69 5.8 28,800 11,k00 3,070 1,475 2,720 0.2 0.119
79-617 5.90 9.05 5.39 20,500 12,200 3,010 1,600 2,720 0.1 0.G75
79-623 5.90 9.55 5.65 21,300 12,600 2,915 1,455 2,720 0.1 0.c82
79-631 3.3k 8.28 5.03 10,900 6,500 2,470 1,235 2,780 0.1 0.081
79-632 3.34 8.56 5.14 10,900 6,500 2,655 1,430 2,780 0.1 0.073
79-656  19.70 7.27 T7.27 48,900 48,900  ** ** *% 0.2 0.16k
79-671  10.50 T7.34% 7 0.3 0.220

.34 28,600 28,600 2,325 1,30 2,265

*¥¥Calculated value not availzble. )
tMeasured gas release times (% TD/100)10.25, wrere TD = theoretical density.



TABLE 3. SUMMARY OF IRRADIATED FUEL ROD HELIUM RECOVERY MEASUREMENTS

" Rod
Serial

No.

. 81-39
8L-L6*
81-53
81-7hL

- 81-76
81-81
81-85
79-318
79-320
79-349
79-363
79-382
T79-h29
T79-439
79-L42
T9-kL5*
T9-LL9
79-455
T9-467
TO-UTT*
T9-478
79-481L
79-500
79-501
T9-506
79-509
79-513
79-51h
19-522
79-551
79-570
79-572
79-573
79-5T5
T9-5'(b

Helium
Recovery

(%)

8L.
60.
92.
117.
10T7.
9k,
.91.
12L.
75.
85.
98.
85.
87.
88.
96.
36.
107.
871.
95.

157.

102.
105.
138.
203.
107.
105.
100.
9T.
99
95.
89.
90.
105.
9l1.
83.

Comments

COCOOMNMNIAIFNOOOOOOVOOOVMCVIOOTIO0O0OO0OO0OO0CO0OOC

Low helium recovery

Helium overpressure possible

Low helium recovery

High helium recovery

Helium overpressure possible
Helium overpressure possible

¥Gas release questionable because of exceptionally low or high helium recovery.

23



Rod
Serial
No.

79-586
79-588
79-590
T79-591
79-602
79-603
79-605
79-608
79-610
79-613
T9-617
19-6273
79-631
79-632
79-656
T9-671%

¥Gas release questionable

2k

TABLE 3 (Cont)

Helium
Recovery

__iﬁj____ Comments

122.
105.
93.
117.
120.
120.
113.
116.
9.
97.
96.
93.
91.
107.
132.
160.

Helium overpressure possible

Helium overpressure possible
Helium overpressure possible

Helium overpressure possible
High helium recovery

OCOOVEXOH®COOOOWR O

because of high helium pressure.
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Figure 1. Rod 79-442 Peak Power-Burnup History
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Figure 2. Recd 79-481 Peck Power-Burnup History
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Figure 3.

Rod 79-506 Peak Power-Burnup History
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Figure 4.

Rcd 79-5T6 Peak fower-Burntp History
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RELATIVE POWER (%)
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Figure 5. Schematic of Average Power Segments at Constant
Temperature: Sample Rod T79-573
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RELEASE TEMPERATURE -°F
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NOTE:. RELEASE TEMPERATURE IS THAT REQUIRED FOR A GAS
BUBBLE OF CRITICAL RADIUS TO TRAVERSE THE CRITICAL
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Figure 7. Bubble Reiease Temperatures
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MEASURED FISSION GAS RELEASE (PERCENT)

MEASURED FISSION GAS RELEASE (PERCENT)
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Figure 8. Comparison of Measured to Calculated Fission Gas
Release from ThOp and ThO,-UOp Fuel
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