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ABSTRACT

High-Temperature Gas-Cooled Reactors
(HTGR) in both the United States and West Ger-
many use an all-ceramic, coated fuel particle
to retain fission products. Data from irradia-
tion, postirradiation examinations and postir-
radiation heating experiments are used to study
the performance capabilities of the fuel parti-
cles. The experimental results from fission
product release tests with HTGR fuel are dis-
cussed. These data are used for development of
predictive fuel performance models for purposes
of design, licensing, and risk analyses. Dur-
ing off normal events, where temperatures may
reach up to 1600°C, the data show that no sig-
nificant radionuclide releases from the fuel
will occur.

INTRODUCTION

High-Temperature Gas-Cooled Reactor
designs are being developed in the United
States, Federal Republic Of Germany (FRG),
Japan, China, and the USSR. The HTGRs in
operation today, such as the THTR-300 in West
Germany and the Fort St. Vrain nuclear (FSV)
generating station in the United States, are
characterized by very lov fission product
activities in the primary circuit. These low
activities are obtained by use of inert helium
coolant and an all-ceramic coated particle fuel
that is very retentive of fission products.
During the last decade, the as-manufactured
quality and thus, the fission product reten-
tlvity, of HTGR fuel has been improved sig-
nificantly, resulting in less heavy metal con-
tamination and lower particle defect fractions
in fresh fuel. Improved fuel quality trans-
lates directly to higher fission product reten-
tivity within the HTGR core during both normal
operation and during off normal events. The
key to demonstrating low offsite doses is

assuring that the off normal condition perfor-
mance of the coated particle fuel is adequate.
The intent of this paper is to describe the
passive safety features of the HTGR fuel sys-
tem, as well as the mechanisms and data sup-
porting the basis for HTGR fuel performance
models in both the United States and the FRG.

The West German High Temperature Reactor
(HTR) concepts HTR-Hodul and HTR-100 utilize a
nearly homogeneous pebble bed core composed of
graphitic spherical fuel elements. The U.S.
Modular High-Temperature Gas-Cooled Reactor
(MHTGR) design utilizes a heterogeneous core
composed of a carbonaceous matrix fuel compact
inserted into prismatic blocks of graphite
(Fig. 1). However, the principal barrier for
fission product release in both designs, the
coated particle, is of a generic nature. The
coated particle is a microsphere of -0.8 mm
diameter consisting of a fuel kernel, UO2 for
the West German designs and UCO or ThO2 for the
MHTGR, surrounded by three successive zones of
pyrolytic carbon, silicon carbide and pyrolytic
carbon.

PASSIVE SAFETY DESIGN FOR HTGRs

The merits of significantly lower safety
risks, as compared to the current generation of
nuclear plants, have increased the interest in
small sized gas-cooled reactors throughout the
world. The U.S. MHTGR and the West German HTR-
Modul and HTR-100 are power reactor designs
which emphasize passive safety by reliance on
design selections and inherent materials prop-
erties. Specifically, selection of power den-
sity, core geometry, total power, and primary
circuit geometry, coupled with the uninsulated
steel vessel, allow for adequate passive decay
heat removal from the core through the natural
processes of radiation, conduction, and convec-
tion. In addition, inherent compensation for
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Fig. 1. U.S. (prismatic element) and FRG (pebble element) HTCR fuel concepts

positive reactivity insertions is provided by
selection of fuel enrichment values and fuel
cycle bucnup characteristics assuring negative
temperature coefficients.

As a result of the above design selec-
tions, and without the necessity for operator
Intervention, the MHTGRs limit core temper-
atures to the point chat fission products are
retained in the ceramic fuel particles. This
applies to a broad spectrum of unplanned events
extending beyond the traditional design basis
events. The most severe challenge to fission
product retention in the fuel particle is
represented by a loss of helium coolant and
loss of all forced circulation from a state of
full power operation. Under such a challenge,
the passive safety features alone ensure that
core temperatures are limited such that fission
products are retained within the fuel particle.

The coating of the HTGR fuel particle
is analogous to the containment building of
a traditional reactor design. This analogy
results from the limiting of fuel temperatures
such that the particle coating remains intact
through all off normal event conditions.
Instead of a containment building as the ulti-
mate barrier to fission product release, the
ceramic coating performs this task. The coated

particle fission product containment system has
a number o£ safety advantages which include:

* The fission products are kept at the site
of their origin, even during off normal
events.

* The particle/containment performance can
be continually monitored during normal
operaclons by measuring the primary cir-
cuit activity.

* The fission product containment system
is distributed over more than 10^ micro-
spheres, rather than depending upon only a
few barriers.

* The pressure bearing capability of the SiC
coating is approximately 80 times that of
a traditional LWR containment.

POTENTIAL TRISO COATED FUEL PARTICLE FAILURE
MECHANISMS

Information gathered from extensive
irradiation and heating tests have provided
a fundamental understanding of the performance
capabilities of modern HTGR fuel and allowed
continuous advances in the state of fuel
performance models. Several potential



performance-limiting mechanisms for parti-
cie failure have been identified:

• Pressure Induced Failure. The buildup
of pressure Inside the particle coatings
due to the geaeracion of fission gases
resulcs in a tensile stress in the SiC
load-bearing layer. If this stress
exceeds che strength of the layer, the
result Is a simultaneous failure of all
coating layer*. The extent of pressure
Induced failure is controlled by product
specifications on the distribution of
kernel diameters and tne distribution of
available void volume in the particles for
fission product accumulation.

• Kernel/Coating Interactions. Carbon
transport in the presence of a thermal
gradient may result In kern«l/SiC layer
contact and coating degradation. Design
selections of temperatures and power dis-
tribution: act to control thermal gradi-
ents and the extent of failure by kernel/
coating interactions.

• SiC Thermal Dissociation. Thermal dis-
sociation of the SIC layer may result in
degradation of the SiC integrity with
respect to fission product release after
extended times at temperatures In excess
of those found in modular reactors. Ther-
mal dissociation can progress to complete
SiC degradation as the temperatures exceed
approximately 2200°C. Design selections
uhich limit maximum core temperatures to
less than ~1600°C ensure that coating
failure by SiC dissociation is small.
This mechanism has a high activation
energy and thus, the rate of degradation
at temperatures attained in passively safe
HTGRs is negligible.

• SIC/Fission Product Interactions. Fission
products chat are released from the kernel
and reach the SIC layer may interact chem-
ically with the SIC layer and result in
SiC degradation and, ultimately, failure.
Testing under severe conditions with high
thermal gradients specifically intended to
concentrate fission products at the SiC
has shown that the fission product pal-
ladium interacts and degrades the SIC.
Design selections limit core thermal gra-
dients and maximum temperatures to control
the amount of SiC failure by interaction
with fission products.

While not discussed herein, quantitative
performance models based on data from irradia-
tion tests, heating tests, and materials prop-
erties investigations have been derived for
each of the above potential fuel failure mecha-
nisms. 1,2,3,4 these models are utilized in
design to assess the available performance
margin for the fuel system. As illustrated
below, in the discussion of the fission product

release data, appropriate design selections
have been made to limit fuel temperatures such
that fuel failure during both normal snd off
normal events will not occur at any significant
level.

HTGR FUEL PERFORMANCE DATA FROM NORMAL
CONDITION TESTING

Irradiation testing of high quality HTGR
TRISO fuel has utilized Material Test Reactors
(MTRs) as well as operating gas-cooled reac-
tors, the AVR in Jullch, West Germany, and the
U.S. FSV nuclear generating station. Parame-
ters such as heavy metal burnup, operating tem-
perature, and fast fluence are used to assess
the extent of irradiation exposure for fuel
characterization and performance modeling pur-
poses. The continuous monitoring of released
fission gases during irradiation teats is a
direct indicator of the integrity of fuel par-
ticles. Metallic fission product release is
determined by postirradiation gamma spectro-
scopy of capsule components. The deconsolida-
tion of fuel elements and subsequent individual
particle gamma spectroscopy allows the determi-
nation of the fission product distributions and
performance variabilities within a large popu-
lation of particles. Leaching of the deconsol-
idated, irradiated fuel allows a determination
of coating failure fractions.

Wichin the German program, nine Irradia-
tion tests comprising "212,000 coated fuel par-
ticles have been completed with modern UO2 fuel
and have shown no coating failure based on gas
release. The statistical statements associated
with these observations are as follows: the
actual failure fraction has a 502 probability
of being less than 3 x 10"^ and a 951 probabil-
ity of being less than 1 x lO"-*. These compare
to an "expected value" (50Z confidence) for
failure during normal operation of 5 x 10*^
used for design purposes for the MHTGR and 2 x
10"5 for the HTR-Modul. In the U.S., a similar
program for demonstration of the extremely low
failure fractions during irradiation of modern,
high quality U.S. fuel is now underway.

HTGR FUEL PERFORMANCE DATA FROM OFF NORMAL
CONDITION TESTING

As part of the postirradiation examina-
tions, off normal condition testing is con-
ducted and fission product release is monitored
during heating.5 Key radionuclides considered
in the assessment of event consequences are
iodines, noble gases, strontium and cesium.
Since short-lived radionuclides have decayed by
the time of the measurements, Kr-85 release
is used as the Indicator of both noble gas and
iodine releases. The results are confirmed for
1-131 by reactivation of Irradiated fuel imme-
diately prior to heating tests. Cesium-137 and
Sr-90 release are measured by collection on a
condensing plate adjacent to the fuel sphere.
G«9 release results from modern German high-



quality irradiated fuel elements are shown
during ramp tests to 25OO°C In Fig. 2. Each
fuel element contains between 10,000 and 16,400
particles for a total of ~79,OOO particles. As
illustrated, temperatures of 2200° to 2300°C
are necessary to result in the release of the
Inventory of one particle In the fuel elements.
These data demonstrate well the excellent higfl-
temperature retention capability of che TRISO
coated particle fuel system.
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Fig. 2. Ramp tests to Z500°C show TRISO fuel
contains radionuclides beyond Modular
HTGR maximum conditions

Figure 3 shows gas release results from
modern German high-qualicy irradiated fuel ele-
ments heated at 1600°C for time periods up to
500 h. In reality, modular HTGR's sustain a
maximum temperature of ~1600°C foe time periods
of only ~100 h. Effective retention o* fission
products is demonstrated for time periods many
times longer chan required for the passively
safe reactor designs. The statistical state-
ments associated with Che observation of no
failure are as follows: che actual unknown
failure fraction in the hottest part of a pas-
sively saft reaccor core during a licensing
basis event has a SOZ probability of being less
than 9 x 10"6 and a 95Z probability of being
less than 4 x 10"^, compared to an "expected
value" (50% confluence) for failure during off
normal events of ~5 x 10"° used for design
purposes for the MHTCR and for the HTR-Modul.
The statistical statements derived from the
heating data tre upper limits based o.i the sam-
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Fig. 3. TRISO fuel heated at 1600°C shows
negligible gas release

pie sizes that have been tested (approximately
75,000 particles at 1600°C). As additional
test data become available, it is expected that
these statistical statements will show even
lower values for particle failure.

CONCLUSIONS

Extensive irradiation tests, post irradia-
tion heating tests and postirradiation examina-
tions of coated particle fuel has provided a
good understanding of the failure mechanisms
and provided the basis for the development of
quantitative fuel performance models. Irradia-
tion tests and off normal heating tests under
maximum design conditions for passively safe
modular HTCRs with modern high-quality FRG-
produccion fuel demonstrate with 951 confidence
that fuel failure will not exceed 1 x 10"^ dur-
ing normal operating conditions or 4 x 10"^
during off normal events. These values are
upper limits based on Che sample sizes that
have been tested, additional cesting is
expected Co result in demonstration of
lower values for particle failure.
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