











An earlier test facility, labeled the “A”-test graphite furnace, shown in Figure A-4, was capable of
conducting tests up to 2,500°C. This facility was used to conduct isothermal testing on irradiated LEU
UO, TRISO spheres at temperatures from 1,800 to 2,100°C. It was also used to conduct tests with linearly
increasing temperature from 1,250 to 2,500°C at a nominal rate of 47°C per hour. An important limitation
of this facility was the inability to collect time-dependent metallic-fission-product release. In the absence
of replaceable deposition plates, the fractional release of solid fission products was only available at the
end of the test. In addition, the temperature, which was controlled by a pyrometer, may have been

significantly higher than intended during some of the tests due to the effect of fouling of the pyrometer
window.
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Figure A-4. “A”-test heating test facility.?
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A standard procedure was developed to establish a common initial condition prior to starting the
elevated temperature testing, as depicted in Figure A-5. The hold at 300°C provided for cleanup of the
helium circuit and removal of moisture from graphite components. Holds at 1,050 and 1,250°C were for
simulation of operating temperatures and equilibration of fuel and fission products. The heat-up rate to the
test temperature reflects the thermal characteristics of HTRs.
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Figure A-5. Temperature profile in standard heating test.>

The results of the heating tests conducted on German LEU UO, TRISO fuel are summarized in the
following sections.

A-1.3.2 Heating Test Results — °Kr Release (Exposed Kernel Failure Fraction)

A primary input to the accident analysis is the exposed-kernel failure fraction as a function of
temperature. At the elevated temperatures of the heating tests, a substantial fraction of the long-lived
isotope *’Kr diffuses out of the kernel and is available for rapid release if the coating layers fail. Thus, the
$5Kr fractional release data typically give a clear indication of coating failure during the test. In the figures
that follow, a line indicating 100% release from a single particle is shown. This value is 1/(number of
particles in the sphere = 16,400) or 6.1 x 10, and applies to all isotopes. The ¥Kr release results as a
function of temperature are discussed in the following sections.

1,600°C Isothermal and Transient Testing

A large number of post-irradiation heating tests of fuel spheres with a maximum temperature of
approximately 1,600°C were conducted, mainly in support of the HTR Modul design and licensing. The
test fuels included fuel irradiated in the AVR as well as in Petten (HFR) and DIDO (FRJ2), and the tests
included both isothermal tests at 1,600°C and transient simulations with a maximum temperature of
1,620°C. Burnups ranged from 3.5% to 9.8% FIMA. The isothermal *’Kr release data for the fuel spheres
irradiated in both the AVR and in MTRs are given in Figure A-6.
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Figure A-6. 1,600°C isothermal testing ¥Kr release.

The legend in Figure A-6 provides the identifier for each fuel test specimen (FRJ2 refers to irradiation
in DIDO, HFR to Petten) along with the end-of-irradiation burnup and, for the MTR irradiations, the
irradiation temperature. The tests are listed in the legend approximately in order of decreasing release at
100 h. The theoretical release fraction resulting from 100% release from a single coated particle is shown
for comparison. No particle failures were indicated in any of the spheres tested, with the variation in
levels of release associated with variation in levels of HM contamination fraction among the spheres.

Additional 1,600°C isothermal tests of irradiated fuel particles were conducted on particles from the
same coating batch as was used for the LEU TRISO Phase 1 spheres (EUO 2308). These particles were in
a different fuel form, contained in a fueled sphere 2 cm in diameter located within a cylinder of matrix
material. The fueled zone was formed in an isostatic press and surrounded by a 2-cm layer of matrix to
form a sphere that was then machined to a cylinder of dimensions as required by the HFR and Siloe
irradiation test rigs. In the data presented here, the burnups for HFR-P4 and SL-P1were adjusted to reflect
the results of burnup measurements of selected fuel specimens at Seibersdorf.” This resulted in a
reduction of the KFA burnup measurements of approximately 13%. Although there is no consensus
regarding whether the Seibersdorf or the KFA measurements are more credible, it was considered
conservative for the purposes of this paper to adjust to the Seibersdorf results. The heating test results,
along with burnup, fluence, and irradiation temperature, are shown in Figure A-7.
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1600C Isothermal MTR Small Sphere Heating Tests
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Figure A-7. 1,600°C isothermal testing, small spheres *Kr release.

The theoretical release fraction resulting from 100% release from a single coated particle is shown for
the small spheres from HFR-P4 and SL-P1. The small spheres have a higher release fraction for a single
particle failure because they have fewer particles than full-sized spheres (1,631 in the HFR P4 spheres
and 1,666 in the SL. P1spheres).

The HFR-P4 irradiation rig contained three axial stacks or “legs” of small spheres. HFR-P4 Leg 1 and
Leg 3 contained small spheres with particles from coating batch EUO 2308, and Leg 2 contained small
spheres with particles from batch EUO 2309, having 51-um-thick SiC. The results from Leg 2 were not
included in this assessment because of the different particle design. The results may indicate a
dependence of heating test performance on the combination of burnup, fast fluence, and irradiation
temperature at these elevated values.

Several fuel spheres irradiated in the AVR were subjected to a simulated thermal transient with a
maximum temperature of 1,620°C; results are shown in Figure A-8 (burnup for each sphere is indicated in
the legend). The temperature traces are included, showing the close replication of the temperatures among
the tests.
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Figure A-8. 1,600°C transient temperature testing *’Kr release.

In some of these tests, there is an indication of progressive failure of particles, with sudden increases
followed by longer term releases. Assuming 100% release from the failed particles results in an estimate
of four failed particles in AVR 90/20 and two failed particles in AVR 90/2. Again, the tests are listed in
order of decreasing release in the legend. It is noteworthy that the releasing particles are from the spheres
with the highest burnup, and that all of the AVR spheres in this test had higher burnup than those in the
isothermal tests of Figure A-6. The elevated temperatures likely experienced by fuel irradiated in the
AVR, as discussed in Section A-1.1, in conjunction with the higher burnup, may be a factor.

The small spheres irradiated in HFR-P4 and SL-P1 provide valuable data with regard to particle
performance to high burnup. However, they represent a substantial departure from the geometry of the
full-sized spheres, and thus are not included in the performance statistics regarding normal operation (no
failures were observed during irradiation; thus, their inclusion would slightly reduce the failure fraction).
The overall results of the 1,600°C testing of the prototypical GLE 3 and LEU Phase 1 spheres are
summarized in Table A-3. In summary, for the 1,600°C heating tests, a total of six failed particles was
observed out of a total of 213,200 particles. AVR spheres 88/15 and 88/33 were included with the other
spheres heated for 100 h, although their test durations at 1,600°C were 50 h. They were subsequently
tested at 1,800°C, and their inclusion is based on their performance at both temperatures.

The average burnup and fast fluence of the population of spheres subjected to heating tests at 1,600°C
(8.3% FIMA and 2.2 x 10°5 n/m” from Table A-3) are considerably higher than the average NGNP
pebble-fuel discharge burnup and fast fluence (8.31 and 2.01 as given in Table 10). Thus, the data can be
conservatively applied to project the performance of NGNP pebble-bed fuel. A possible trend between
particle failure during heating testing and higher burnup and temperature during irradiation is observed,
but the statistics are limited. The release profiles of the failures indicate progressive failure of individual
particles in some cases, and multiple failure modes. The maximum through-coating failure fractions from
these 1,600°C heating tests at 50 and 95% confidence are 3.1 x 10” and 5.6 x 10~ respectively. It is worth
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noting that these failure fractions would include any failed particles resulting from manufacturing and
irradiation, and the 50% confidence value is lower than the mean as-manufactured free-uranium fraction
for both the GLE 3 and LEU Phase 1 fuels. As noted earlier in the normal operation discussion, this is not
surprising, since the burn-leach process used to determine the free-uranium fraction identifies both
particles with through-coating failures and particles with defective SiC layers but intact pyrocarbon
layers. The latter particles would not be identified by gaseous fission-product release but will show up in
solid fission-product release, as discussed in Section A-1.3.3.

Table A-3. Summary of 1,600°C heating test krypton release results.

Irradiation
Burnup Fast Fluence Temperature Number of | Exposed
Identifier |(% FIMA)| (10*' n/cm?) (°O) Test Type | Particles Kernels
AVR Spheres (GLE 3)
90/20 9.8 2.94 Not available Transient 16,400 4
90/2 9.2 2.66 Not available Transient 16,400 2
90/5 9.2 2.66 Not available Transient 16,400 0
85/18 9.15 2.63 Not available Transient 16,400 0
89/13 9.1 2.61 Not available Transient 16,400 0
82/9 8.9 2.52 Not available Isothermal 16,400 0
88/15 8.7 2.43 Not available Isothermal 16,400 0
82/20 8.6 2.38 Not available Isothermal 16,400 0
88/33 8.5 2.33 Not available Isothermal 16,400 0
71/22 3.5 0.48 Not available Isothermal 16,400 0
MTR Spheres (LEU Phase 1)

HFR-K3/1 7.5 4 1,200 | Isothermal 16,400 0
FRJ2-K13/2 8 0.2 1,150 | Isothermal 16,400 0
FRJ2-K13/4 7.6 0.2 1,120 | Isothermal 16,400 0

Average 8.3 2.2 Total| 213,200 6
Maximum Parent Population Exposed Kernel Fraction, 50% confidence 3.1x107
Maximum Parent Population Exposed Kernel Fraction, 95% confidence 5.6 x 107

1,700°C Isothermal and Transient Testing

The isothermal and transient heating test of irradiated German LEU TRISO fuel to 1,700°C was
limited to two spheres irradiated in AVR and two small spheres irradiated in Siloe. One of the spheres
from the AVR was subjected to a transient temperature profile with a maximum of 1,700°C, while the
remainder were subjected to an isothermal test at 1,700°C, with results as shown in Figure A-9. In the
isothermal tests, it appears that the AVR sphere experienced a partial failure of one particle, while the
small spheres irradiated in Siloe remained approximately three orders of magnitude below the level of a
single particle failure during the first 100 h.

The AVR sphere subjected to the transient simulation experienced an estimated total of 19 particle
failures, with the first failure indicated as the temperature reached 1,600°C. The statistics for these tests
are extremely limited, so it is difficult to reach any conclusions from the results. It is noteworthy that the
sphere experiencing the most failure was irradiated in AVR to a significantly higher burnup than the AVR
sphere in the isothermal test. While the small spheres in Siloe experienced a higher burnup, the irradiation
temperatures were relatively low. Thus, the relative behavior of the tested fuel is consistent with the
service conditions experienced during irradiation.
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Figure A-9. 1,700°C combined testing *’Kr release.

The results of the 1,700°C testing for the GLE 3 spheres are summarized in Table A-4. The results are
dominated by the failures observed in Sphere AVR 91/31.

Table A-4. Summary of 1,700°C heating test krypton release results.

Irradiation Number
Burnup Fast Fluence Temperature of Failed

Identifier | (% FIMA) (10*' n/em?) O Test Type | Particles | Particles
AVR Spheres (GLE 3)
AVR 91/31 |9.0 2.6 Not available Transient 16,400 19
AVR 74/11 |6.2 1.4 Not available Isothermal |16,400 1
Average 7.6 2.0 Total 32,800 20
Maximum Parent Population Exposed Kernel Fraction, 50% confidence 6.3 x 10"
Maximum Parent Population Exposed Kernel Fraction, 95% confidence 8.9 x 10
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1,800°C Isothermal Testing

Isothermal tests at 1,800°C were conducted on six GLE 3 spheres irradiated in the AVR, two LEU
Phase 1 spheres irradiated in Petten and DIDO, and one small sphere irradiated in Petten. The results are
shown in Figure A-10 on the same time scale as the plots of the 1,600°C and 1,700°C results. It is
apparent by comparison with the 1,600°C isothermal results of Figure A-6 that the releases are in general
considerably higher and occur much earlier in the 1,800°C testing. Also, the burnup dependency that was
apparent in the lower temperature tests appears to be absent. In fact, the two highest releasing spheres had
the lowest burnup. The AVR 74/10 and AVR 70/33 spheres were heated in the “A”-test furnace, while the
remainder were heated in the KUFA facility. The following was noted in Reference 3:

In some experiments performed with the ‘A’-heating furnace the measured
temperatures may have been underestimated. The fuel-element temperatures
were measured with a hand-held pyrometer through a window in the furnace. It
was found that sometimes the window became colored or blackened, thus
reducing the measuring effect, which is equivalent of indicating a lower
temperature than was actually present.

Thus, the curves in Figure A-10 for AVR 74/10 and AVR 70/33 may represent releases at
significantly higher temperature than the other curves from tests conducted in the KUFA facility. Another
factor was that these two spheres were each heated in serial tests conducted several months apart, with the
results combined. The two tests were retained in the data set since their inclusion conservatively increases
the calculated failure fraction.
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Figure A-10. 1,800°C isothermal testing *’Kr release.
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To better illustrate the time dependence of the 1,800°C data, Figure A-10 is repeated on a shorter time
scale in Figure A-11. In this figure, a sharp inflection in the AVR 70/33 release at 30 h is apparent. This is
the beginning of the second 30-h heating test, which was conducted approximately three months after the
first 30-h test. The sudden increase may have been the result of significantly higher temperatures in the
second test due to possible temperature control errors noted previously. If the AVR 74/10 and AVR 70/33
data are excluded, the release trends with burnup and irradiation temperature are generally consistent with
the observations at the lower temperatures.

Combined Isothermal Heating Tests 1800C

1.E-03 ‘
One particle, 100%release ¢ ——AVRGLE3
b e MTR LEU Ph. |
1044 | ST /S| MTR Small Spheres
One particle, 100%release
c
.2
'g 1.E-05 s AVR74/10, 5.5
" —«—AVR70/33, 1.6
Py —a—AVR 88/15, 8.7
b4 —x—AVR 88/33, 8.5
2 — - —HFR K3/3, 10.6, 920
& -« -FRJ2K13/4,7.6
+ 1.E-06 - ---m--- HFR P4/3/12, 8.7, 1082
P - % —AVR 88/41, 7.6
@ ——o--AVR 76/18, 7.1
1.E-07 4
_____ g
1.E-08
-25 0 25 50
Time, hr

Figure A-11. 1,800°C isothermal testing short-term *’Kr release.

The results of the 1,800°C heating tests for the GLE 3 and LEU Phase 1 spheres are summarized in
Table A-5 for three different heating times. The resulting 50% and 95%, confidence failure fractions for
each of these three durations are shown. As shown in Table A-5Figure A-13, the results are dominated by
the failures in AVR 74/10 and AVR 70/33. Since the basis for inclusion of these data is uncertain
(temperatures may have been significantly higher than indicated), the results are also analyzed without
them. This results in a reduction in the failure fraction at 100 h by more than a factor of two. For
consistency with the results of the 1,600°C and 1,700°C testing, the 100-h duration data will be used for
comparison in the summary discussion of the heating test results.
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Table A-5. Summary of 1,800°C heating test krypton release results.

Burnup Irradiation Failed Particles
(% Fast Fluence | Temperature Number of

Identifier | FIMA) | (10*' n/cm?) (°C) Test Type Particles |30 h |50 h {100 h
AVR GLE 3
88/15 8.7 2.4 Isothermal 16,400 3 5 | NM*
88/33 8.5 2.3 Isothermal 16,400 3 |NM | NM
88/41 7.6 1.9 Isothermal 16,400 0 [NM| NM
76/18 7.1 1.7 Isothermal 16,400 0 0 0
74/10 5.5 1.1 Isothermal 16,400 2 11 31
70/33 1.6 0.2 Isothermal 16,400 1 8 26
MTR LEU Phase |
HFR K3/3 |10.6 59 920 Isothermal 16,400 0 1 11
FRJ2 Isothermal 16,400
K13/4 7.6 0.2 1,120 1 1 1
Results Including all Spheres
Heating Time 30h 50h 100 h
Average Burnup 7.2 6.9 6.5
Average Fast Fluence 2.0 1.9 1.8
Number Failed Particles 10 26 69
Total Number Particles 131,200 98,400 82,000
Exposed Kernel Fraction, 50% confidence 8.1x10° 2.7 x10" 8.5x 10"
Exposed Kemel Fraction, 95% confidence 1.3x10" 3.7x10" 1.03 x 10™
Exposed Kernel Fraction, 97.5% confidence 1.4 x 10™ 3.9 x10™ 1.06 x 10~
Results Excluding Spheres AVR 74/10 and 70/33
Heating Time 30h 50h 100 h
Average Burnup 8.4 8.5 8.4
Average Fast Fluence 2.4 2.6 2.6
Number Exposed Kernels 7 7 12
Total Number Particles 98,400 65,600 49,200
Exposed Kermnel Fraction, 50% confidence 7.8 x 107 1.2 x10" 2.6x10™
Exposed Kemel Fraction, 95% confidence 1.3x10" 2.0 x10" 4.0 x 10

Note: * NM — Not Measured.

Higher Temperature Heating Tests

Although the 1,800°C tests were considered sufficient for exploration of performance margins for the
HTR-Modul, additional higher temperature tests were conducted in support of other large plant designs
(data from References 1, 3 and 5). These include isothermal tests at 1,900; 2,000; and 2,100°C and
linearly increasing temperature up to 2,500°C. All of these tests were conducted in the “A”-test furnace,
so the temperatures could have been higher than indicated in some cases due to fouling of the pyrometer
window. The results of these tests are shown in Figure A-12 and Figure A-13. These results show
generally consistent effects of burnup and generally increasing failure fractions and release rates with
temperature at temperatures far above conditions that are expected in the pebble-bed design. They also
show that the failure and release fractions increase progressively and do not indicate any sudden shift in
performance. For the 1,900 and 2,000°C tests, three of the five spheres tested did not indicate particle
failures. Thus, even at temperatures up to 2,000°C for 25 h, the releases are on the order of 1% for the
highest releasing spheres, and the majority of the spheres tested did not evidence particle failure.
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Figure A-13. Temperature ramp testing *’Kr release.
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A-1.3.3 Heating Test Results — Metallic-Fission-Product Release

The primary metallic fission products of radiological interest for LEU UO, TRISO fuel under NGNP
pebble-bed service conditions, due to a combination of their yield as well as thermo-chemical and nuclear
properties, include silver, cesium, and strontium. Their relative characteristics as they relate to the
radiological profile of the NGNP pebble-bed fuel are summarized here:

¢ Silver is known to begin to be released from TRISO fuel at long-term operating temperatures above
1,200°C and from intact particles in significant fractions after several days at 1,600°C. It deposits in
graphite at ~900°C and plates out on metallic surfaces at relatively high temperatures (~800°C) and
diffuses into the substrate, where it is effectively captured. As a result, silver does not present an
important concern with regard to offsite dose but can be a dominant contributor to occupational dose
depending on component maintenance requirements.

e Strontium is retained in oxide kernels during normal operation, even when coatings are defective,
and is slowly released at elevated temperatures beyond pebble-bed design accident conditions (i.e.,
approaching 1,800°C for several days). Additionally, it is absorbed in matrix graphite, and little is
released from spherical fuel elements. Since strontium does not emit gamma radiation, it is difficult to
measure, and the results shown have an uncertainty of an order of magnitude, while the other
fission-product release data have an uncertainty of around 10%.

e Cesium is also released from particles with defective SiC layers in normal operation and can be
released from the fuel spheres depending on the local conditions. However, there is a significant delay
in release from the sphere due to holdup in the matrix.

Since they can be released from particles with intact pyrocarbon layers and have significant lag times
for release from a sphere if a through-coating failure develops, metallic fission products are not good
indicators of through-coating failures during the heating tests. However, they provide important data on
the presence of particles with defective SiC layers and intact pyrocarbon layers. In order to illustrate the
relative behaviors of silver, strontium, and cesium, data on releases of all three are discussed for
representative heating tests at 1,600°C; 1,700°C; and 1,800°C. Cesium release is also presented in
conjunction with krypton release for all of the available GLE 3 and LEU Phase 1 sphere tests at 1,600;
1,700; and 1,800°C. The primary cesium isotopes of interest are '**Cs and *’Cs, whose inventories
developed differently as a function of burnup, but whose release fractions under accident conditions are
very similar. Thus, to maintain focus and limit the amount of data presented, the *’Cs releases will be
provided, recognizing that the '**Cs data are also available. The combination of **Kr and "*’Cs data in the
early phase of the heating tests allows determination of both through-coating failure fractions and failure
fractions of particles with SiC defects and an intact pyrocarbon layer. The **Kr behavior was discussed in
Section A-1.3.2 but is also included here to contrast with the '*'Cs release.

1,600°C Isothermal and Transient Testing

The 11O"‘Ag, %Sr, and "*’Cs release data for a representative 1,600°C isothermal heating test are
presented in Figure A-14 (data from Reference 3). At 1,600°C, the silver is released relatively slowly
from intact particles. With the exception of low-level initial release likely resulting from contamination
near the surface, the strontium is retained within the sphere, although some release may occur from the
particles, and the cesium is retained within the particles. (At this temperature, if cesium were released
from intact particles, a significant fraction would be released from the spheres.)
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Figure A-14. AVR 71/22 1,600°C isothermal testing ''""Ag, *°Sr, and "*'Cs release.

The *¥Kr and "*’Cs 1,600°C isothermal heating test results for the AVR GLE 3 fuel are shown in
Figure A-15. As with earlier plots, the legend includes the sphere burnup in % FIMA. The primary value
of these data is the identification of particles with a defective SiC layer at the end of irradiation, as
indicated by the "*’Cs release at the beginning of the test. As was discussed in Section A-1.3.2, the ¥Kr
data show that there were no particles with through-coating failure in any of the four spheres presented.
The AVR 82/9 sphere data, which were presented in Section A-1.3.2, are not included here because the
7Cs release data were reported to have been distorted by contamination.

As shown in Figure A-15, the '*’Cs release for spheres AVR 71/22 and AVR 88/15 levels out well
below one particle inventory, indicating that the release is from externally deposited cesium onto the
sphere surface and HM contamination in the sphere. (The level of '*’Cs due to HM contamination at the
end of irradiation is much higher than that of *Kr because most of the **Kr from contamination would
have been released from the sphere during the irradiation.) The '*’Cs data for AVR 82/20 were
asymptotically approaching the single-particle inventory through the first 70 h. The '*’Cs release for the
last data point of AVR 88/33 corresponds to two particle inventories. Since it is not clear that the curve is
approaching the asymptote, the response was interpreted as three particles with defective SiC layers. In
summary, the *’Cs data indicate there were no particles with SiC defects in spheres AVR 71/22 and
AVR 88/15, one in AVR 82/20, and three in AVR 88/33.
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Figure A-15. 1,600°C isothermal GLE 3 testing ¥Kr and '*’Cs release.

The ¥Kr and "*’Cs 1,600°C transient heating test results for the AVR GLE 3 fuel are shown in
Figure A-16.
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Figure A-16. 1,600°C transient GLE 3 testing *’Kr and "*'Cs release.
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The initial *’Kr responses for the 1,600°C transient tests indicate there were no through-coating
particle failures at the end of irradiation for any of the spheres. The '*'Cs responses indicate one particle
with a SiC defect in sphere AVR 90/2, and no particles with SiC defects in the other four spheres.

The ¥Kr and "*’Cs 1,600°C isothermal heating test results for the LEU Phase 1 fuel are shown in
Figure A-17. The initial **Kr responses indicate that there were no through-coating particle failures at the
end of irradiation for any of the spheres. The "*’Cs responses indicate one particle with a SiC defect in
sphere FRJ2 K13/2, and no particles with SiC defects in the other two spheres at the end of irradiation.
The beginning of an upward trend in the cesium release from HFR K3/1 after 200 h may indicate the
onset of increasing permeability in a SiC layer, with the level of release remaining an order of magnitude
below a single-particle inventory after 300 h.
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Figure A-17. 1,600°C isothermal LEU Phase 1 testing *’Kr and *’Cs release.

1,700°C Isothermal and Transient Testing

The """™Ag, °Sr, and "*’Cs release data for a selected 1,700°C isothermal heating test are presented in
Figure A-18 (data from Reference 3). At 1,700°C, the silver is released more quickly from intact
particles, the strontium is retained within the sphere as it was at 1,600°C, and the cesium is retained
within the intact particles (as will be discussed in relation to Figure A-19, sphere AVR 74/11 had a
particle with a defective SiC layer). As discussed in Section A-1.3.2, the krypton release indicates a
partial particle failure at ~80 h. The cesium release after 80 h changes from an asymptotic approach to a
single-particle inventory, associated with a particle with a defective SiC layer, to an increasing trend,
apparently reflecting release from the partially failed particle.
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1700C Isothermal Heating Test AVR GLE 3 Fuel
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Figure A-18. AVR 74/11 1,700°C isothermal testing ''"Ag, **Sr, and "*’Cs release.

The ¥*Kr and *’Cs 1,700°C isothermal and transient heating test results for the AVR GLE 3 fuel
are shown in Figure A-19. The initial *Kr responses for the 1,700°C tests indicate there were no
through-coating particle failures at the end of irradiation for either of the spheres. The "*’Cs responses
indicate one particle with a SiC defect in sphere AVR 74/11, and no particles with SiC defects in the
AVR 91/31 sphere. (The failure of approximately 20 particles beginning approximately 12 h into the
transient, as indicated by *’Kr, produced the subsequent increase in *’Cs release.)
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1700C Isothermal and Transient AVR GLE 3 Fuel Heating Tests
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Figure A-19. 1,700°C isothermal and transient GLE 3 testing *Kr and "*’Cs release.

1,800°C Isothermal Testing

The """Ag, *Sr, and "*'Cs release data for a selected 1,800°C isothermal heating test are presented in
Figure A-20 (data from Reference 3). At 1,800°C, the silver approaches complete release after several
hundred hours. Both the cesium and the strontium indicate high levels of release through “intact”
particles. (The krypton release for AVR 76/18 is still only a fraction of a particle inventory at 200 h, as
shown in Figure A-21, indicating that the pyrocarbon layers are still intact.)

131



1800C Isothermal Heating Test AVR GLE 3 Fuel
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Figure A-20. AVR 76/18 1,800°C isothermal testing ''""Ag, **Sr and '*’Cs release.

The ¥*Kr and *’Cs 1,800°C isothermal and transient heating test results for the AVR GLE 3 and LEU
are shown in Figure A-21 and Figure A-22 (data from Reference 3). These responses require more
detailed interpretation than the lower temperature tests because the response is faster and the *’Cs is
released from intact particles as the test proceeds, as shown in Figure A-20. Spheres AVR 88/15 and
AVR 88/33 had been shown to be free of through-coating failures by the response to the 1,600°C heating
tests. For the other two GLE 3 spheres and the two LEU Phase 1 spheres, the initial **Kr responses for the
1,800°C tests of the other spheres indicate there were no through-coating particle failures at the end of
irradiation.

The "*"Cs responses to the 1,600°C heating tests indicated no SiC defects in AVR 88/15 and three in
AVR 88/33, as discussed earlier. The response of the AVR 88/41 sphere was interpreted to indicate two
particles with SiC defects at the end of irradiation. The responses for the other GLE 3 sphere and the two
LEU Phase 1 spheres indicate no particles with SiC defects at the end of irradiation.
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Figure A-21. 1,800°C isothermal GLE 3 testing ¥Kr and '*’Cs release.
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A-1.4 Additional Post-Irradiation Examination Data

As noted earlier, these data are compiled from References 1, 2, and 3. Table 7 in Section 3.2.3.2 lists
exposed kernels and SiC defects in irradiated AVR 19 (GLE 3) spheres that were inferred from the initial
response to heating tests.

In addition to the GLE 3 spheres irradiated in AVR that were subjected to heating tests, as discussed
in Section 3.2.3, GLE 3 and GLE 4 spheres were destructively examined to determine the fission-product
profile in the fuel-free zone, as discussed in Section 7.2.3 of Reference 3. In this procedure, the fuel-free
zone was mechanically turned off in steps, and the samples were examined with gamma spectrometry to
determine the concentration profile of fission products in the fuel-free zone. The cesium profiles for
spheres with no SiC defects decreased from the outside surface toward the fueled region, reflecting
exterior contamination collected as the cooled spheres were in the extraction tube. A sphere containing a
particle that was releasing cesium produced a profile that turned upward moving into the fuel-free zone.
Some representative profiles, including a sphere with a releasing particle, are provided in Figure A-23.
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Figure A-23. Representative fission-product profiles in fuel-free zone.’

The results of the fission-product profile examinations of fuels irradiated in the AVR are provided in
Table A-6. This procedure was indeterminate as to whether the particle releasing fission products was a
particle with an exposed kernel or with a SiC defect with an intact pyrocarbon layer. The heating-test data
would strongly indicate that particles releasing cesium are particles with SiC defects, but since the
procedure cannot make the distinction, the exposed-kernel column indicates “N/D” for “not determined,”
and the sphere is not included in the statistics for exposed kernels. The fast-fluence values of the spheres
were estimated by a correlation as noted at the bottom of the table. This is a nominal value, with the
actual value for a given sphere determined by the trajectory taken on passes through the core. The
variation in fluence due to this effect was estimated to be less than 10%.
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Table A-6. GLE 3 and GLE 4 sphere failure fractions from fission-product profile in fuel-free zone.

No. of Exposed

Sphere Particles Burnup Fast Fluence' Kernels SiC Defects
GLE 3 Spheres
69/9 16,400 1.7 0.19 0 0
70/25 16,400 2.2 0.24 0 0
70/23 16,400 2.4 0.27 N/D 1
71/26 16,400 3.2 0.41 0 0
71/19 16,400 3.9 0.58 0 0
73/31 16,400 5.9 1.23 0 0
76/32 16,400 6.4 1.43 0 0
76/30 16,400 6.7 1.55 0 0
80/19 16,400 7.2 1.76 0 0
76/33 16,400 7.7 1.98 0 0
80/33 16,400 8 2.11 0 0
80/32 16,400 8.8 2.47 0 0
81/22 16,400 9.1 2.61 0 0
GLE 4 Spheres
77/11 9,560 4 0.36 0 0
77/2 9,560 4.5 0.42 0 0
777 9,560 4.7 0.44 0 0
80/7 9,560 7.5 0.86 0 0
79/4 9,560 8.3 1.02 0 0
82/4 9,560 9.2 1.22 0 0
Notes:
1. Fluence calculated from burnup using correlation from note by Werner (AVR AZ: Hr-X1, 23.5.1984).
2. Failure fraction determined by '*’Cs profile.

Five additional GLE 4 spheres were subjected to deconsolidation for further examination of
individual particles. This process supported identification of failed particles by measuring the
fission-product concentration in the leachate as the sphere was progressively deconsolidated. The results
are interpreted assuming that uranium in the leachate would be from a particle with an exposed kernel,
which should be included in both the exposed kernel and SiC defect columns. It is conceivable that the
particle was damaged in the deconsolidation process, but it will be included as a failed particle from
manufacturing or irradiation. This interpretation produces the results given in Table A-7.
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Table A-7. GLE 4 sphere failure fractions from deconsolidation leachate.

Exposed
Sphere No. of Particles | Burnup Fluence' Kernels SiC Defects’

78/1 9,560 3.5 0.32 0 0

78/2 9,560 3.5 0.32 0 0

78/3 9,560 3.5 0.32 1 1

78/4 9,560 3.5 0.32 0 0

78/5 9,560 3.5 0.32 0 0
Notes:
1. Fluence calculated from burnup using correlation from note by Werner (AVR AZ: Hr-X1, 23.5.1984).
2. Failed particles identified by progressive deconsolidation and examination of leachate.

The results listed above from PIE of GLE 3 and GLE 4 fuel spheres irradiated in the AVR are
included with the exposed kernel and SiC defect fractions inferred by initial response during heating tests
in the evaluation of normal operation fuel performance in Section 3.2.

The data from MTR irradiations of LEU UO, TRISO fuel in the following tables were drawn from
References 1, 2, 3, and 4. Reference 9 lists the German fuel specimens that were irradiated in MTRs in
the Netherlands and France in locations that had harder spectra than the pebble-bed design, and thus
produced higher fast fluences. The HFR-P4 and SL-P1 specimens were small (~2-cm diameter) fueled
spheres embedded in a matrix cylinder. The HFR Kx specimens were full-sized spheres from the LEU
Phase 1 (HFR K3) and Proof Test (HFR K5 and K6) campaigns (refer to Table 3). The temperatures are
sphere center values consistent with the pebble-bed design service conditions of Table 10.

Table A-8. High fluence irradiations in the Netherlands (HFR) and France (SL).
Compact or | Number of Irradiation Fast Heating
Experiment | Capsule Sphere* Particles | Burnup | Temperature | Fluence | Temperature
HFR-P4 1 1 1,631 11.6 999 7
HFR-P4 1 2 1,631 12.4 982 7.3
HFR-P4 1 3 1,631 12.3 965 7.6
HFR-P4 1 4 1,631 12.5 953 7.8
HFR-P4 1 5 1,631 12.5 941 8
HFR-P4 1 6 1,631 13.5 941 7.9
HFR-P4 1 7 1,631 12.6 940 7.5
HFR-P4 1 8 1,631 12.1 973 7.2 1,600
HFR-P4 1 9 1,631 12.1 1,006 7
HFR-P4 1 10 1,631 10.2 1,007 6.5
HFR-P4 1 11 1,631 10.4 1,008 6.1
HFR-P4 1 12 1,631 9.7 1,008 5.5 1,600
HFR-P4 3 1 1,631 11.0 1,010 7
HFR-P4 3 2 1,631 11.3 1,020 7.3
HFR-P4 3 3 1,631 11.7 1,030 7.6
HFR-P4 3 4 1,631 12.9 1,023 7.8
HFR-P4 3 5 1,631 12.3 1,015 8
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Compact or | Number of Irradiation Fast Heating
Experiment | Capsule Sphere* Particles | Burnup | Temperature | Fluence | Temperature
HFR-P4 3 6 1,631 12.3 1,017 7.9
HFR-P4 3 7 1,631 12.2 1,019 7.5 1,600
HFR-P4 3 8 1,631 11.5 1,051 7.2
HFR-P4 3 9 1,631 11.1 1,082 7
HFR-P4 3 10 1,631 11.0 1,082 6.5
HFR-P4 3 11 1,631 9.6 1,082 6.1
HFR-P4 3 12 1,631 8.7 1,082 5.5 1,800
SL-P1 1 1,666 7.5 743 5
SL-P1 2 1,666 8.1 750 54
SL-P1 3 1,666 8.8 759 5.8
SL-P1 4 1,666 9.3 785 6.2
SL-P1 5 1,666 9.6 788 6.5
SL-P1 6 1,666 9.4 790 6.7 1,600
SL-P1 7 1,666 9.8 793 6.8
SL-P1 8 1,666 9.7 794 6.6
SL-P1 9 1,666 9.4 794 6.3 1,700
SL-P1 10 1,666 9.0 794 6 1,700
SL-P1 11 1,666 9.1 780 5.7
SL-P1 12 1,666 8.3 763 52
HFR-K3 A 1 16,400 7.5 1,200 4 1,600
HFR-K3 B 2 16,400 10 920 5.8
HFR-K3 B 3 16,400 10.6 920 5.9 1,800
HFR-K3 C 4 16,400 9 1,220 4.9
HFR-K5 A 1 14,580 7.8 923 4
HFR-K5 B 2 14,580 10.1 909 5.8
HFR-K5 B 3 14,580 10.3 903 5.9
HFR-K5 C 4 14,580 9.3 921 4.9
HFR-K6 A 1 14,580 8.3 1,090 3.2
HFR-K6 B 2 14,580 10.6 1,130 4.6
HFR-K6 B 3 14,580 10.9 1,140 4.8
HFR-K6 C 4 14,580 9.9 1,130 4.5
Total Number of Particles 241,376 9.8 1,010 5.3 Averages

Note: * In the German irradiation test program of HTR fuels, Position 1 is always the top position. SL-P1 is an exception with
Position 1 at the bottom.
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Table A-9 lists the German fuel specimens that were irradiated in the DIDO reactor in Germany. The
sphere irradiation rigs (FRJ2-Kxx) were located in the reflector region to accommodate the sphere
diameter, resulting in very low fast fluence. The compact irradiations (FRJ2-Pxx) were irradiated in the
core region with correspondingly higher fast fluence but still a softer spectrum than the pebble-bed
design.

Table A-9. Low fluence irradiations in Germany (FRJ2).

Compact or | Number of Irradiation Fast Heating
Experiment | Capsule Sphere Particles | Burnup | Temperature | Fluence | Temperature
FRJ2-K13 A 1 16,400 7.5 1,125 0.2
FRJ2-K13 A 2 16,400 8 1,150 0.2 1,600
FRJ2-K13 B 3 16,400 7.9 1,150 0.2
FRJ2-K13 B 4 16,400 7.6 1,120 0.2 1,600
FRJ2-K15 A 1 9,560 14.1 970 0.2
FRJ2-K15 B 2 9,560 15.3 1,150 0.2
FRJ2-K15 C 3 9,560 14.7 990 0.1
FRJ2-P27 1 2 2,424 7.2 1,080 1.4
FRJ2-P27 1 3 2,424 7.6 1,080 1.4
FRJ2-P27 1 4 2,424 7.6 1,080 1.4
FRJ2-P27 2 9 2,424 8 1,320 1.7
FRJ2-P27 2 10 2,424 8 1,320 1.7
FRJ2-P27 2 11 2,424 8 1,320 1.7
FRJ2-P27 3 14 2,424 7.6 1,130 1.3
FRJ2-P27 3 15 2,424 7.6 1,130 1.3 1,400
FRJ2-P27 3 17 2,424 7.2 1,130 1.3
Total Number of Particles 116,096 9.4 1,119 0.4 Averages

The burnup values listed for irradiations HFR-P4 and SL-P1 were adjusted to be consistent with the
results of the Seibersdorf burnup measurements on selected compacts. Two independent burnup
measurement methods produced nearly identical results that were, on average, approximately 12% less
than the FZJ gamma-scan measurements that were performed on all of the compacts. The Seibersdorf
results were used for the three compacts measured, and the other compact burnups were reduced by the
average difference. This approach is conservative relative to using the FZJ data and was chosen because
the Seibersdorf measurements are considered by some to be more accurate, although questions remain
regarding the limited number of particles used in the Seibersdorf measurements. The MTR irradiations
listed above included a total of 357,000 particles with an average burnup, fast fluence, and temperature of
9.4% FIMA, 3.9 x 10”' n/cm’ and 1045°C.

As noted earlier, these data are compiled from References 1, 2, 3, and 4. Table 7 in Section 3.2.3.2
lists exposed kernels and SiC defects in irradiated AVR 19 (GLE 3) spheres that were inferred from the
initial response to heating tests.

In addition to the GLE 3 spheres irradiated in AVR that were subjected to heating tests (as discussed
in Section A-1.3.3), GLE 3 and GLE 4 spheres were destructively examined to determine the
fission-product profile in the fuel-free zone, as discussed in Section 7.2.3 of Reference 3. In this
procedure, the fuel-free zone was mechanically turned off in steps, and the samples were examined with
gamma spectrometry to determine the concentration profile of fission products in the fuel-free zone. The

138




cesium profiles for spheres with no SiC defects decreased from the outside surface toward the fueled
region, reflecting exterior contamination collected as the cooled spheres were in the extraction tube. A
sphere containing a particle that was releasing cesium produced a profile that turned upward moving into
the fuel-free zone. Some representative profiles, including a sphere with a releasing particle, are provided
in Figure A-23.
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Appendix B

Statistical QC Methods
B-1. Statistical QC Methods

Given that the quantities of fuel particles and fuel compacts in the reactor core number in the billions
and millions, respectively, acceptance testing of the fuel particles and fuel compacts to determine
conformance to specification requirements is necessarily performed on a statistical basis (i.e., statistical
quality control). The statistical methods are summarized below, and the risks of false acceptance and false
rejection that are inherent in statistical sampling are discussed.

The basic approach is to collect a representative sample, apply an acceptance test to the sample, and
accept or reject the product based on this test. Even though a sample satisfies the acceptance test, it is not
certain that the population meets the acceptance criteria. A chance of a wrong decision always exists
when the decision is based on a random sample, but this can be quantified and made small.

Two types of errant decisions can be made. The first is made when a product that does not meet the
specifications is accepted (false acceptance). A test corresponds to c% confidence when any unacceptable
product has at most a (100 - ¢)% chance of being accepted. For example, if the acceptance test has a 95%
confidence level, there is no more than a 5% chance of accepting a product that should be rejected.

The second type of wrong decision is made when an acceptable product is rejected (false rejection).
The risk associated with making this decision must also be minimized. For a fixed sample size, the two
kinds of wrong decisions are inversely related. As the sample size increases, both risks decrease.

The product specifications establish acceptance criteria for the properties of concern as well as the
confidence levels with which the population must meet the criteria. A property may be stated in terms of
kernels, coated particles, or compacts. Each property is one of two types: attribute or variable.

An attribute property is discrete in the sense that the particle is either defective or not in terms of that
property. For example, “missing buffer” is an attribute property—either the buffer is present or it is
missing. The acceptance criterion for an attribute property is stated in terms of the allowable fraction of
defective particles. To test whether the population satisfies a criterion for an attribute property, a sample
is drawn and each item is found to be either acceptable or defective in terms of the criterion. If the
number of defective items is small enough, the population is accepted. The numbers defining the test are
adjusted so that the probability of a false acceptance is, at most, 5%.

A variable property is a property defined by a continuous distribution, such as the normal distribution.
The acceptance criterion for a variable property is stated in terms of the population mean and/or the
population dispersion. For the population mean, the criterion is that the mean must lie within a specified
interval. In some instances, this interval is one-sided. The endpoints of the interval are the acceptance
limits for the mean. For population dispersion, the criterion is that no more than a specified fraction of the
population can exceed and/or be less than predetermined values. These values are called the critical limits
for the dispersion.

A confidence interval is used to test whether the population meets a criterion for the mean. There are
two ways to test whether the population meets a criterion for dispersion. The first way is to assume that
the population is normally distributed, and to base the test on the sample mean, the sample standard
deviation, and tabulated tolerance factors for the normal distribution. The second way, if the normality
assumption is not justified, is to treat the property as an attribute property, in which case the particle is
called defective if it exceeds the critical limit and is acceptable otherwise. The test is based on the number
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of defective items found in a sample. The price for not assuming normality is that a considerably larger
sample size is required.

An acceptance test is simply a decision rule for determining acceptance or rejection of a population
based on a sample. When testing for a variable property based on the population mean, and given a
two-sided acceptance criterion, the quantities A and B are calculated:

A= X—ts/\/_nandBZ 3(+ts/\/7n

where
X = sample mean,
s = sample standard deviation,
t = Student's t value based on sample size and confidence level, and
n = sample size.

If A <L,, the lower acceptance limit for the mean, or B > U, the upper acceptance limit for the
mean, the population is rejected. Otherwise, the population is accepted based on the sample. The 95%
confidence level is achieved by use of the 95™ percentile of Student’s t distribution, with n-1 degrees of
freedom. For a one-sided interval, the method is the same, except that only A or B applies. The 95"
percentile of Student’s t ensures that an unacceptable population is rejected with probability 0.95.

The acceptance test of a variable property based on the population dispersion, using the assumption of
normality, is as follows. Given a two-sided acceptance criterion, the quantities C and D are calculated:

C=X—ksand D= X+ks

where
X = sample mean,
s = sample standard deviation, and
k = tolerance factor for normal distribution based on sample size, confidence level, and allowable

fraction outside of critical limit

If C <L,, the lower critical limit for the population, or D > U, the upper critical limit for the
population, the population is rejected. Otherwise, the population is accepted. For one-sided acceptance
criteria, the method is the same except that only C or D applies. The confidence level is achieved by the
appropriate use of the tolerance factor, k. One-sided tolerance factors are used for both one- and
two-sided acceptance criteria.

For testing attribute properties, a double sampling plan is generally employed. Under such a plan, the
first sample is drawn and inspected. If the first sample is sufficiently good (in terms of the number of
defective particles), the product is accepted without further testing. If it is sufficiently poor, the product is
rejected. If the sample falls into neither category, a second sample is taken and inspected before the
decision is made. For acceptance testing of product populations for attribute properties, the sample sizes
are based on binomial probabilities to ensure a <5% false acceptance rate.

A variable property may be treated as an attribute property and subjected to the type of test described
above if the normality assumption is not justified. One such property is the sphericity (aspect ratio). It is
ideally 1.0; it may be larger, but it cannot be smaller. Therefore, it has an asymmetrical distribution rather
than a normal distribution. To treat sphericity as an attribute property, a particle is counted as defective if
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the particle’s aspect ratio is greater than the allowed limit and counted as acceptable if its aspect ratio is
less than the allowed limit.

Table B-1 provides an example of the relationship between the sample size and acceptance criterion
for an attribute test based on the binomial distribution. This example is for an attribute having an
acceptance limit of 5.0 x 107,

Table B-1. Acceptance number vs. sample size for attribute property acceptance test.

Max. Number of Defects for Acceptance at
Sample Size 95% Confidence Level Indicated Defect Level
59914 0 0
94876 1 1.1 x 107
183068 4 2.2x107
314101 9 2.9 %107
996164 38 3.8 x107

As noted above, two kinds of acceptance test errors may occur—false acceptance, which is
acceptance of product that does not actually satisfy the required criteria, and false rejection, which is
rejection of product that actually satisfies the criteria. These errors can occur because each decision to
accept or reject is based on a random sample, not on examination of the entire population. The probability
of each kind of error can be found by calculating the probability of rejecting the population, assuming that
the population is specified. Ideally, the probability of rejection should be large for an unacceptable
population and small for an acceptable population. This is accomplished by careful selection of the
sample size.

As an example, consider the acceptance criterion for the mean kernel diameter of a composite. In this
particular example, the acceptance criterion requires that the population mean be less than the upper
acceptance limit of 360 um and greater than the lower acceptance limit of 340 pm. Figure B-1 shows the
probability of rejection (power curve) of the composite for the kernel diameter criterion as a function of
sample mean value and sample size, assuming a standard deviation of 10 pum. The specifications on the
mean are shown as vertical lines at 340 and 360 um. The figure shows that for a small sample size
(n = 10), the probability of rejection when the true mean is within the specifications is unacceptably high.
For example, if the true mean is 355 pum, the probability of rejecting the composite based on a sample size
of 10 is more than 0.50. If the sample size is increased to 50, the probability of rejecting a composite with
a true mean of 355 pm is less than 0.05. This suggests that a sample size of at least 50 kernels should be
collected for this property.

Table B-1 and Figure B-1 illustrate a very important aspect of statistical QC. Specifically, as the true
value of a property in a population that is within specification with respect to that specification
approaches the specification limit, the minimum sample size that will be needed in order to accept the
population at the 95% confidence level (and to avoid false rejection of the population) becomes quite
large. Indeed, for testing of an attribute such as the SiC defect fraction, essentially 100% inspection would
be required if the actual value of the SiC defect fraction is just below the specification limit.
Consequently, the economics of fuel manufacturing dictate that the fuel manufacturer must strive to
achieve a quality level that is significantly better than specification requirements to avoid excessive
rejection of good product with reasonable sample sizes. What this means is that the necessary use of
statistical QC for acceptance testing of HTGR fuel effectively guarantees that the average fuel quality
delivered by the fuel manufacturer to the reactor will significantly exceed that required by the
fuel-product specifications.
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Figure B-1. Probability of rejecting composite for mean kernel diameter.
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