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ADVANCES IN HTGR FUEL PERFORMANCE 
MODELS 

Fuel performance models based on empirical evidence are used to predict particle failure and fission product release in the design of high-
temperature gas-cooled reactors (HTGRs) Advances in HTGR fuel performance models have improved the agreement between observed and 
predicted performance and contnbuted to an enhanced position of the HTGR with regard to investment risk and passive safety Heavy metal 
contamination is the source of about SS% of the circulating activity in the HTGR dunng normal operation, and the remainder comes pnmanly 
from particles which failed because of defective or missing buffer coatings These failed particles make up about S x 10''' fraction of the 
total core inventory In addition to prediction of fuel performance dunng normal operation, the models are used to determine fuel failure and 
fission product release during core heat-up accident conditions The mechanistic nature of the models, which incorporate all important failure 
modes, permits the prediction of performance from the relatively modest accident temperatures of a passively safe HTGR to the much more 
severe accident conditions of the larger 2240-MW(t) HTGR 

INTRODUCTION 
1 The merits of very high temperature operating capability, cou

pled with excellent passive safety charactenstics during postulated 
accidents, have raised the interest in small and medium sized high-
temperature gas-cooled reactors (HTGRs) in the U S The U S Na
tional program has included evaluation of a modular HTGR concept 
of 250-MW(t) rating [with four modules in a lOOO-MW(t) plant] as 
well as medium sized integrated designs of l260-MW(t) and 1170-
MW(t) ratings The modular concept can utilize pebble-type fuel as 
developed in the Federal Republic of Germany (FRG) The inte
grated designs, along with an alternative vanant of the small modular 
design, are based on pnsmatic fuel elements 

2 The design and construction of HTGRs having very high de
grees of passive safety appears achievable by utilizing (I) all-ce
ramic fuel elements made from pyrocarbon/silicon carbide coated 
fuel particles within graphite bodies, (2) reactor core size and power 
density which assure that decay heat can be transported at moderate 
temperature by conduction or convection from the core if coolant 
flow IS stopped, and (3) a capability to remove decay heat passively 
from the pressure vessel Mechanistic models which define coated 
particle fuel performance play an important part in demonstrating 
the safety of the HTGR and showing that very low worker irradiation 
exposures can be achieved 

3 Models for quantifying the performance of TRISO coated* fuel 
particles are available for either the prismatic or the pebble fuel 
elements Figure 1 illustrates the TRISO coated particles concept 
and both the prismatic and the pebble type of fuel elements The 
US TRISO particle and fuel compact designs to be discussed in 
this paper are descnbed in Tables I and 2 
4 For many years the development of coated particle fuels and 

models in the USA, FRG, and UK has emphasized the performance 
under (1) normal operating conditions having peak fuel temperatures 
of approximately 1250'C, (2) moderate transient conditions where 
fuel temperature may rise an additional 100'C, characteristic of an 
accident event where an auxiliary coolant circuit would start up, and 

* TRISO refers to a four-layer composite coating with three ma
terials (1) low-density pyrocarbon on the kernel to accommodate 
storage of fission gases, (2) a high density inner pyrocarbon layer to 
act as a barrier to HCI during SiC coating, (3) a SiC layer to retain 
metallic and gaseous fission products, and (4) a high-density outer 
pyrocarbon to protect the SiC and retain gases in particles with 
failed SiC 

(3) very severe hypothetical loss-of-cooling events which define the 
limiting site releases of radioactive gases This work culminated in 
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Fig 1 HTGR fuel concepts 

Table I U S TRISO Particle Design 

Coating 

Inner Silicon Outer 
Pyrocarbon Carbide Pycarbon 

Property Kernel Buffer (IPyC) (SiC) (OPyC) 

LEU Fuel (20% U-235 enriched) 

Composition UC03O17 - _ - _ 

Density (Mg/m )̂ 110 10 1 90 3 20 1 87 

Mean diameter or 350 115 35 35 40 

thickness (̂ m) 

Fertile fuel 

Composition Th02 _ _ _ _ 
Density (Mg/m') 9 8 10 1 90 3 20 1 87 

Mean diameter or 500 80 35 35 40 
thickness (̂ m) 
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Table 2 Fuel Compact Characteristics 

Process 

Diameter (mm) 

Length (mm) 

Carbonizing 

Heat-treat temp, 'C 

Shimming 

Binder type 

Filler 

Matrix density, (Mg/m-') 

Hot injection 

124 

50 8 

In packed AI2O3 bed 

1700 

Graphite particles 

Petroleum pitch 

Petroleum-derived 
flake graphite 
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Fig 2 Comparison of measured and predicted fission gas release 
in the FSV HTGR 

the U S with the design of a 2240-MW(t) HTGR In the past two 
years there has been greater emphasis on performance models at fuel 
temperatures charactenstic of the smaller passively safe HTGRs in 
which active auxiliary cooling is not required to avoid rapid fuel 
failure when coolant flow stops In this design, peak fuel tempera
tures would be around 1600'C in the most severe postulated loss-of-
cooling event Even during this type of postulated accident, radio
active nuclide release from the core is small, and the plant could be 
expected to restart with a low investment for repairs 

5 The HTGR fuel development effort has been international in 
scope, and although fuel failure models published by different con
tributors differ somewhat in detail, they have the same general form 
A genenc performance model for predicting the impact of each fail
ure mechanism on fission product release has been developed using 
this expenence base and is used in the US HTGR design effort 
Limited release of metallic fission products such as Cs-137 or Ag-
llOm can take place through unfailed SiC coatings at extreme tem
peratures and long times, but gases are completely retained Release 
of metallic fission products through intact coatings is primarily a 
concern for reactor maintenance, whereas circulating gaseous activ
ity IS a pnmary concern in safety analysis This paper describes the 
most advanced models for predicting fuel failure and their use in 
core design for predicting release of gaseous activity under normal 
and accident conditions of the HTGR 

APPLICATION OF PERFORMANCE MODELS 
Operating Reactor 

6 The observed circulating activity in the Fort St Vrain (FSV) 
330-MW(e) HTGR operated by the Public Service Company of 
Colorado provided support for the conservatism of the performance 
models The generic fuel failure models, modified to account for 
high-ennched uranium mixed carbide fuel kernels, and a somewhat 
higher defect fraction for coatings were used to predict circulating 
activity for the first two cycles The average fast neutron exposure 
was —1 X 10" n/m^ (E>25fJ) and the average burnup was 7% 
and 0 4% fissions per initial metal atom (FIMA) for fissile and fertile 
fuel, respectively The predictions were made for two conditions 
(I) no pressure vessel or defective particle failure and (2) defective 
particle failure in accordance with the model The predictions were 
compared with observation of Kr-85m release, as shown in Fig 2 

7 Short-term vanations m gas release were caused by tempera
ture changes with power and flow adjustments However, the long-
term trend in gas release was a gradual increase during cycle I from 
about 4 X I0-'to9 x IQ-* R/B Kr-85m In cycle 2, the gas release 
was slightly lower than in cycle 1 because fuels with relatively high 
levels of contamination were removed during the standard refueling 
of one-sixth of the core The spent fuel was replaced with fuel having 
lower contamination levels more representative of current production 
( < 1 X 10"* fraction HM) The predictions made assuming failure 
of defective particles showed a more rapid increase with exposure 

than was actually observed, and at the end of cycle 2 the predicted 
release was about a factor of 7 higher than observed However, when 
only the contribution from HM contamination was considered as a 
fission gas source, the predicted gas release was typically within 
about 30% of the observation The evidence suggests that the per
formance models are conservative 

8 As the burnup and fast neutron exposure increases, the prob
ability for failure of defective particles increases Under these con
ditions, the observed fission gas release may become more consistent 
with the generic model, which assumes defective particle failure very 
early in the service life Thus far, the generic fuel performance model 
has provided a means for interpreting the FSV HTGR core fission 
gas release and making a conservative prediction of future core 
performance 

HTGR Core Design 
9 During normal steady-state power operation, the fuel in an 

HTGR core is exposed to temperatures up to 1250*C, fast neutron 
fluence up to 6 5 x 10 '̂ n/m^ (E>29 fj), and maximum HM 
burnups of 26% and 7% FIMA in fissile and fertile fuel, respectively 
The fuel performance models discussed in the previous sections are 
employed along with the design exposure conditions to predict the 
fuel failure and associated fission product release from the core For 
the 2240-MW(t) HTGR, with a pressurized water reactor type of 
containment building, the most constraining factor in design is a 
limit on primary circuit plateout activity which restricts maintenance 
dose rates to < 100 mr/h In this case the plateout of 1-131 from 
circulating gases effectively places a limit on circulating noble gas 
activity since iodine and noble gases have the same release char
acteristics For the passively safe HTGR, which has confinement 
rather than a containment building, other factors such as accident 
doses may be the limiting constraint in core design 

10 The fuel specifications permit up to 10"'' fraction of thorium 
and uranium to be exposed as contamination during the manufac
turing process The release of fission gas from the contamination is 
calculated for the reactor by accounting for release from contami
nation in different parts of the reactor core based on the expected 
contamination and the temperature dependence of release The pre
dicted plateout activity for I-I3I and circulating Kr-85m activity 
denved from contamination in one recent core design was about 55% 
of the expected value as shown in Fig 3 

11 Predicted core average coating failure, based on the different 
failure models discussed previously and the design service conditions, 
IS relatively small at about lO"' fraction This predicted failure frac
tion includes as-manufactured defective SiC coatings, which result 
in metal release, but there is insignificant gas release because of the 
retentive nature of the OPyC coating on such particles Those fail
ures that release fission gas, such as Kr-85m. are limited to less than 
5 X 10"* fraction on a core average basis and consist of defective 
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Fig 3 I-131 plateout activity Design limits for the 2240-MW(t) 
HTGR compared with predicted core average sources and 
corresponding Kr-8Sm R/B at equilibrium 

particles with no buffer layer as shown in Fig 3 In addition, failure 
of particles due to thermal effects such as SiC — fission product 
attack or kernel migration have been eliminated through limiting 
maximum temperature in the core design Therefore, the HTGR 
maintains a coolant circuit with exceptionally low radioactivity, 
which minimizes safety hazards and maintenance expense 

12 Dunng a loss-of-forced-coolant accident in the HTGR, the 
graphite moderator acts as a thermal sink which retards the nse in 
temperature so that there is a time margin for operators to take 
remedial action and minimize core damage However, if corrective 
action cannot be taken, the core is designed to perform without undue 
nsk to the public In the case of the 2240-MW(t) HTGR, power 
density is relatively large (— 7 W/cc), so that decay heat at the onset 
of a loss-of-forced-circulation accident is also large and core tem
peratures in excess of 2500* C can occur 

13 In the passively safe HTGR design the power density is typ
ically low (—4 W/cc) and other design features operate so that 
maximum accident temperatures are much less than in the 2240-
MW(t) HTGR An illustration of the fuel temperature history for 
a passively safe HTGR during a depressunzed core heatup event is 
shown in Fig 4 The predicted fraction release of Kr-S5 as well as 
iodine and xenon nuclides dunng such an event is also illustrated m 
Fig 4 The initial rapid rise in fission gas release fraction is caused 
by the temperature escalation However, as temperature decreases 
the release rate becomes insignificant The decay of shorter half-
lived nuclides pnor to release reduces their fractional release relative 
to long-lived gases such as Kr-85 The refractory nature of HTGR 
fuel retards release even in failed particles and acts to minimize 
release of short-lived nuclides 

CONCLUSIONS 
14 Empirical testing of a wide range of HTGR fuel variants has 

contributed to developing advanced performance models that predict 
fission gas release from fuel as a function of exposure conditions 
Improvements in the accuracy of performance models provide a 
means for optimizing overall core design to meet specific goals with 
regard to fission product retention and power production The models 
help to establish allowable maximum fuel temperature-time condi
tions and areas for potential fuel and design improvements 

15 Mechanical failure of particles with both gaseous and metallic 
fission product release under normal operating conditions is pre
dicted to be less than 5 x 10"'' fraction, which results from failure 
of fuel with missing or defective buffers An insignificant amount 
of failure takes place in standard particles as a result of pressure 
vessel effects The other source of circulating activity (55%) is de
nved from HM contamination outside particle coatings A summary 
of the predicted 2240-MW(t) HTGR particle failure fractions cal
culated with the performance models on a core average basis is 
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Fig 4 Predicted release of important nuclides during a depres
sunzed core heatup 

shown, along with the associated contnbution to circulating activity, 
in Table 3 

16 The fuel performance models have been advanced and made 
more descriptive of fuel performance in the areas of (1) gaseous 
release from contamination and failed particles, (2) pressure vessel 
failure prediction, and (3) high-temperature performance under ac
cident conditions This work indicates that the most effective way 
to reduce fission gas release under normal operating conditions is to 
reduce fuel contamination and the number of particles with defective 
buffer layers In addition, the effective limitation of metallic release 
requires that defective SiC layers be minimized 

17 Fuel heat-up testing of irradiated fuel particles has charac
terized the performance relative to fission product release in the 
temperature range of 1000' to 2600'C This testing simulates tem
perature conditions which would exist in the most severe postulated 
loss-of-cooling accidents for the large 2240-MW(t) HTGR The 
smaller passively safe HTGRs have a more modest peak accident 
temperature of about 1600 X Use of the model shows that "walk
away" and "walk-back" goals can be achieved with the passively 
safe HTGR with negligible long-term damage to the fuel, to the core 
components, and to the plant The fuel performance models provide 
confidence that the predicted safety advantages and low risk of in
vestment losses can be achieved 
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Table 3 Fuel Particle Failure and Circulating Activity in the 
2240-MW(t) HTGR Under Normal Operating Conditions 

Source of Fission Product 

Core Average 
Particle 

Failure Fraction 

Resulting Fraction 
of Circulating 
Kr-88 Activity 

HM contamination 

Defective particle failure 

0 55 

Buffer OPyC defective 

SiC IPyC defective 
HM dispersion 

Standard particle pressure 
vessel failure 

Fission product - SiC reaction 

Kernel migration 

Total 

<5 X 10"" 

< 4 x l 0 " ' ' ^ ' 

•«:10-' 

• « i o - ' 

•«I0"5 

<5 X 10"* 

0 45 

000 

000 

000 

000 

100 

'"•The fraction of particles with defective SiC IPyC and HM 
dispersion but initially intact OPyC is <4 x 10"* These particles release 
metallic fission products but not gases and during irradiation < 10% of 
the OPyC coatings fail so that <4 x 10"' fraction release gas 
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