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APPENDIX C 
 

PANEL MEMBER DETAILED PIRT SUBMITTALS FOR TRISO FUEL 
DEPRESSURIZED HEATUP ACCIDENT 

 
The INEEL submittal is provided in Appendix C.1 (pages C-2 through C-48). 

The ORNL submittal is provided in Appendix C.2 (pages C-49 through C-102). 

The SNL submittal is provided in Appendix C.3 (pages C-103 through C-148). 
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Appendix C.1 

 

Detailed PIRT Submittal by the INEEL Panel Member 

D. A. Petti 
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TRISO Fuel PIRT: Heatup Accident 
 
 

Life Cycle 
Phase 

Factor, Characteristic or 
Phenomenon Definition 

Fuel Element Heatup 
Accident Irradiation history 

The temperature, burnup and fast fluence history of the layer 

 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 for UO2 fuel.  3 for UCO fuel Remedy: DOE Advanced Gas Reactor Program 

will test UCO fuel at high temperature.   
Rank:  H 

 > 1600 °C : 5 for UO2 fuel and 3 for UCO fuel  
Rationale: (≤ 1600 °C) Data on UO2 pebbles shows 
that irradiation conditions, especially burnup and 
fluence have an effect on fission product release at 
high temperature. No data on UCO fuel. 
 

Closure Criterion:  
 

Rationale: Data from German heating tests suggest 
that irradiation history influences releases of 
fission products under accident conditions. 

Rationale (> 1600 °C) Same as above for UO2 
except that the amount of fuel heated in excess of 
1600°C is much smaller than that below 1600°C. 
No data on UCO fuel. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element Heatup 
Accident  Condensed phase diffusion 

Inter-granular diffusion and/or intra-grannular solid-state diffusion 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  H 
 > 1600 °C : 5  
Rationale: (≤ 1600 °C) Effective diffusion 
coefficients exist for the major fission products 
(Cs, Sr, Ag) in the Henrian concentration regime.  
The effects of irradiation and corrosion on the 
diffusive process are also known. For U.S. 
compacts no holdup is assumed because of the 
rapid transport through this material.  For future 
designs with new matrix material, additional data 
will be needed to confirm that the German data are 
applicable. See IAEA TECDOC 978 Appendix A. 
Site poisoning could be important if the levels are 
high and the amount of fission products in the 
graphite are relatively low so that there is 
competition by the two species for the absorption 
sites.  Impurity levels in graphite matrix material 
should be measured but no specific measurements 
are planned.  Perhaps sensitivity studies can be 
performed to evaluate the magnitude of the effect. 

Closure Criterion:  
 

Rationale: Transport at high temperature in the fuel 
element may be a combination of bulk and surface 
diffusion. Some holdup of fission products can be 
expected in pebble matrix material.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element Heatup 
Accident Gas phase diffusion 

 Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure). Other factors include holdup, cracking, adsorption, 
site poisoning, permeability, sintering, and annealing. 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  M 
 > 1600 °C : 5  
Rationale: (≤ 1600 °C) A limited number of 
effective diffusion coefficients for noble gases and 
iodine have been measured. See IAEA TECDOC 
978 Appendix A. 
 

Closure Criterion:  
 

Rationale: For fission gases, this mechanism in 
addition to bulk diffusion may be important at the 
high temperatures expected under accident 
conditions. Little holdup is expected under 
accident conditions. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element: Transport of 
metallic FPs through fuel 

element 

Heatup 
Accident 

Chemical form 

Chemical stoichiometry of the chemical species that includes the radioisotope of interest 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  H 
 > 1600 °C : 5  
Rationale: (≤ 1600 °C)  
 

Closure Criterion:  
 

Rationale: Important to determine behavior in fuel 
element matrix  

Rationale ( > 1600 °C) 
 

 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident  Gas-phase diffusion  

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: (≤ 1600 °C) Effective diffusion 
coefficients for noble gases through PyC exist for 
both German and U.S. PyC.  The Knudsen 
diffusion formalism has not been historically used 
in the modeling. 
 

Closure Criterion:  
 

Rationale:  Perhaps the mechanism responsible for 
transport through the layer.  Calculations suggest 
transport is much slower than would be predicted 
by Knudsen diffusion. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Condensed-phase diffusion  

Inter-granular and/or intra-grannular solid-state diffusion  

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: (≤ 1600 °C) Data exist on the effective 
diffusivity of Cs, Ag, and Sr through the PyC 
layer.  The mechanism responsible for the transport 
has not been definitively identified. 
 

Closure Criterion:  
 

Rationale:  Probably the mechanism responsible 
for transport of fission product metals through PyC 
layer. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Layer oxidation 

Uptake of oxygen by the layer through a chemical reaction 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  L 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Oxidation of the OPyC layer has been 
studied in an integral sense.  Its importance to 
fission product release in a heatup event in which 
no air is present is very low. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Stress state 

(compression/tension) 

The state of the forces induced by external forces that are acting across the layer to resist movement 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  L 
 > 1600 °C : 5  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: The OPyC layer is in compression 
during irradiation.  Heating produces a reduction in 
the tangential compressive stress because of 
differential thermal expansion between the SiC and 
OPyC and an increase in internal pressure due to 
fission gases and CO.  Impact on fission product 
release is small if SiC layer is intact. 
 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Intercalation  

Trapping of species between sheets of the graphite structure  

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 4 Remedy: Rank:  M 
 > 1600 °C : 4  
Rationale: (≤ 1600 °C) In an intact particle, little 
diffusion of fission products is expected.  If the 
level of adsorption or defect sites is high in the 
OPyC due to neutron irradiation for example, then 
these sites may be effective in holding up fission 
products if they are not annealed out during the 
high temperature heatup event.  In a failed particle 
the number of fission product atoms is so large that 
such a mechanism is very small. This is based on 
diffusion and trapping modeling performed for 
tritium under the NPR program in the early 1990s. 
 

Closure Criterion:  
 

Rationale: Could be important in OPyC layer. 
Concentration of fission products is on the order of 
trap density. Thus, some trapping could influence 
transport. 

Rationale ( > 1600 °C) 
 

 



C-12 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Trapping  

Adsorption of fission products on defects 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 4 Remedy: Rank:  M 
 > 1600 °C : 4  
Rationale: (≤ 1600 °C) In an intact particle, little 
diffusion of fission products is expected.  If the 
level of adsorption or defect sites is high in the 
OPyC due to neutron irradiation for example, then 
these sites may be effective in holding up fission 
products if they are not annealed out during the 
high temperature heatup event.  In a failed particle 
the number of fission product atoms is so large that 
such a mechanism is very small. This is based on 
diffusion and trapping modeling performed for 
tritium under the NPR program in the early 1990s. 
 
 

Closure Criterion:  
 

Rationale: Could be important in OPyC layer. 
Concentration of fission products is on the order of 
trap density. Thus, some trapping could influence 
transport. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Cracking 

Lengths, widths and numbers of cracks produced in layer during operation or an accident 

 
 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C :5 Remedy: Rank:  H 
 > 1600 °C : 5  
Rationale: (≤ 1600 °C). Models can be used to 
calculate the stress state in the OPyC layer. A 
failed OPyC will not retain fission gases. OPyC 
tends not to retain metallic fission gases. OPyC 
tends not to retain metallic fission products like Cs 
very well at high temperature. 
 

Closure Criterion:  
 

Rationale: Modeling the cracking would be very 
important in the event the SiC layer failed during 
the heatup allowing the Kr, Xe, and iodine to be 
released more quickly than in the event of an intact 
OPyC. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Gas-phase diffusion  

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C :7  Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: (≤ 1600 °C)  Effective diffusion 
coefficients exist in both the U.S. and Germany for 
the fission gases through the SiC. (Knudsen 
diffusion requires porosity to be present in the 
material.  Although SiC in coated particles is very 
dense and hence might not have significant 
porosity, small nanoscale porosity has been 
suggested as a mechanism for fission product 
release.  This has never been definitively 
established but is included here as a possibility.)  
The parameters needed for such detailed models 
and the changes in microstructure of the SiC 
particle to particle and sometimes across the layer 
make such an effort very expensive and time 
consuming.  The use of effective diffusion 
coefficients although less scientifically satisfying is 
more pragmatic and may be completely acceptable 
in system safety analysis when accompanied by 
proper sensitivity studies. 
 

Closure Criterion:  
 

Rationale: As the primary fission product barrier 
understanding the transport is very important   A 
combination of bulk diffusion and Knudsen 
diffusion at these high temperatures but the two 
mechanisms have never been individually sorted 
out in any experiment.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Condensed-phase diffusion  

Inter-granular and/or intra-grannular solid-state diffusion.  

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: (≤ 1600 °C) Effective diffusion 
coefficients exist in both the U.S. and Germany for 
the metallic fission products through the SiC. The 
parameters needed for such detailed models and 
the changes in microstructure of the SiC particle to 
particle and sometimes across the layer make such 
an effort very expensive and time consuming.  The 
use of effective diffusion coefficients although less 
scientifically satisfying is more pragmatic and may 
be completely acceptable in system safety analysis 
when accompanied by proper sensitivity studies. 
 

Closure Criterion:  
 

Rationale: As the primary fission product barrier 
understanding the transport is very important.  A 
combination of bulk diffusion and grain boundary 
diffusion at these high temperatures are probably 
occurring, but the two mechanisms have never 
been individually sorted out in any experiment.  

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Thermal 

deterioration/decomposition 

Decline in the quality of the layer due to thermal loading 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 8 Remedy: This will be studied in the EU program as 

they take German fuel to higher burnups and study 
the accident heatup behavior. 

Rank:  H 

 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) Below 1600°C, this 
mechanism is not very important and simple 
bounding models for this phenomena have been 
developed and incorporated into accident source 
term codes in the U.S. and Germany.  Above 
1600°C, some enhanced release has been observed, 
especially at higher burnups and fast fluences, and 
attributed to fission product interactions with the 
SiC (perhaps Cs) that degrades the SiC layer.  The 
kinetics of this mechanism is not known with 
certainty.  More PIE after heating tests would help 
develop a better understanding of the phenomena 
and its impact above 1600°C. 
 

Closure Criterion:  
 

Rationale: The deterioration of the SiC layer has 
been postulated as a key mechanism of enhanced 
fission product release at high temperature.   

Rationale ( > 1600 °C) 
 

 



C-17 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product corrosion 

Attack of layer by fission products, e.g., Pd 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Current testing using non-fueled SiC 

specimens may help better elucidate kinetics.  
Additional PIE during accident heating tests of 
high burnup fuel in the U.S. and EU will help. 

Rank:  H 

 > 1600 °C : 5  
Rationale: (≤ 1600 °C) Various research 
institutions have performed many measurements. 
The kinetics of this mechanism is not known with 
enough certainty since extrapolations from the 
database are required.  More testing would help 
develop a better understanding of the phenomena 
and its impact above 1600°C. 
 

Closure Criterion:  
 

Rationale: The deterioration of the SiC layer via 
Pd attack has been postulated as a key failure 
mechanism because Pd forms silicides based on 
phase diagram and experimental measurements.  
This is very important for the high burnup fuel 
being proposed in new reactor designs since the Pd 
yield from Pu fission is much greater (~ 25 x) than 
from U fission.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Heavy metal diffusion 

Diffusion of heavy metals through the intact layer 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 3 Remedy: Rank:  L 
 > 1600 °C : 3  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Heavy metal diffusion has never been 
observed in any accident heating tests performed in 
Germany or the U.S. Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Layer oxidation 

Uptake of oxygen by the layer through a chemical reaction 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  M 
 > 1600 °C : 6  
Rationale: (≤ 1600 °C) Limited postheating 
examination of past fuel has been performed to 
verify that such a reaction is occurring. 
 

Closure Criterion:  
 

Rationale: External oxidation by air is not 
considered for a heatup event.  However, in UO2 
fuel, the CO that is produced during irradiation can 
react with the SiC causing degradation, if the CO 
can contact the SiC layer directly.  This can 
happen if the IPyC layer is failed (cracked) or if 
there is some permeation of the CO through the 
IPyC layer.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product  release through 

undetected defects 

Passage of fission products from the buffer region through defects in the SiC layer 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  H 
 > 1600 °C : 6  

Rationale: As the primary fission product barrier 
understanding the transport is very important.   

Rationale: (≤ 1600 °C) Effective diffusion 
coefficients exist in both the U.S. and Germany for 
the fission gases through the SiC.  Release via 
defects has never been individually sorted out from 
the other transport mechanisms in any experiment.  
The parameters needed to model release via defects 
and the presence or absence of defects in the SiC 
layer particle to particle makes such an effort very 
expensive and time consuming.  The use of 
effective diffusion coefficients although less 
scientifically satisfying is more pragmatic and may 
be completely acceptable in system safety analysis 
when accompanied by proper sensitivity studies 
that assume some percentage of defective SiC 
layers present in the core. There is sometimes 
evidence from some postirradiation examination of 
a few particles in a batch in which the cesium has 
been released suggesting enhanced transport in 
those few particles.  The exact nature or reason for 
the cesium release (e.g. linking it to a defect or 
microstructural flaw) has never been performed.  
Nor has the presence of such flaws been linked to 
some aspect or anomaly in the fabrication of the 
particles. 
 

Closure Criterion:  
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 Rationale ( > 1600 °C) 
 
 

 

Additional Discussion 
 
 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product release through 

failures, e.g., cracking  

Passage of fission products from the buffer region through regions in the SiC layer that fail during 
operation or an accident. 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) Heating tests have clearly 
demonstrated this behavior when Cs is released 
from a particle with an initially failed SiC layer 
and then only after some time when the PyC layer 
fails will the fission gas be released. A failed layer 
sometimes is modeled as having no fission product 
retention characteristics in fuel performance 
models.  This conservative assumption is 
reasonable assuming that the code can adequately 
calculate when an SiC layer can fail. 
 

Closure Criterion:  
 

Rationale: A particle with a failed SiC layer but 
intact PyC layers will not release fission gas.  The 
PyC layers must fail in order to have fission gas 
release.  

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Thermodynamics of the SiC-

fission product system 

Chemical form of fission products including the effects of solubility, intermetallics, and chemical 
activity. 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Thermodynamic 
calculations have been performed for both the UO2 
and UCO systems over a broad temperature, 
burnup and enrichment range to establish the 
chemical forms of the fission products. 
 

Closure Criterion:  
 

Rationale:  Understanding of thermodynamics of 
the SiC-fission product system is necessary to 
understand behavior expected in the heatup event. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Sintering 

Change of  SiC microstructure as a function of temperature 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  L 
 > 1600 °C : 5  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: The CVD SiC is very high density 
almost theoretical so it is difficult to see that there 
would be much of a role for sintering to change the 
microstructure. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Gas-phase diffusion  

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Effective diffusion 
coefficients exist in both the U.S. and Germany for 
the noble gases through IPyC. The parameters 
needed for detailed models and the changes in 
microstructure of the IPyC particle to particle and 
sometimes across the layer make such an effort 
very expensive and time consuming.  The use of 
effective diffusion coefficients although less 
scientifically satisfying is more pragmatic and may 
be completely acceptable in system safety analysis 
when accompanied by proper sensitivity studies. 
 

Closure Criterion:  
 

Rationale: The IPyC can hold up gaseous fission 
products  A combination of bulk diffusion and 
Knudsen diffusion probably are the controlling 
mechanisms at these high temperatures but the two 
mechanisms have never been individually sorted 
out in any experiment.  

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Condensed-phase diffusion  

Inter-granular and/or intra-grannular solid-state diffusion.  

 
 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C :  7 Remedy: Rank:  H  
 > 1600 °C :  7  
Rationale: ( ≤ 1600 °C) Effective diffusion 
coefficients exist in both the U.S. and Germany for 
the noble gases through IPyC. The parameters 
needed for detailed models and the changes in 
microstructure of the IPyC particle to particle and 
sometimes across the layer make such an effort 
very expensive and time consuming.  The use of 
effective diffusion coefficients although less 
scientifically satisfying is more pragmatic and may 
be completely acceptable in system safety analysis 
when accompanied by proper sensitivity studies. 
 
 
 

Closure Criterion:  
 

Rationale: The IPyC does not significantly hold up 
metallic fission products.  A combination of bulk 
diffusion and grain boundary diffusion at these 
high temperatures are probably responsible for 
transport, but the two mechanisms have never been 
individually sorted out in any experiment. 

Rationale ( > 1600 °C) 
 

 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Pressure loading (Fission 

products) 

Stress loading of the layer by increased pressure from fission products 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C :  8 Remedy: Rank:  M 
 > 1600 °C :  8  
Rationale: ( ≤ 1600 °C) This mechanism is easily 
calculated. 
 

Closure Criterion:  
 

Rationale: The key pressure loading is noble gases. 
The pressure if too high can lead to particle failure. 

Rationale ( > 1600 °C) 
 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Pressure loading (Carbon 

monoxide) 

Stress loading of the layer by carbon monoxide by increased pressure 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank: H for UO2 and L for UCO 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Thermodynamic estimates 
exist for CO pressure.  The pressure if too high can 
lead to particle failure.  This mechanism is easily 
calculated and has been attributed to particle 
failure observed during postirradiation heating tests 
of AVR spheres. 
 
 

Closure Criterion:  
 

Rationale: CO is only important in UO2 fuel and 
potentially in UCO fuel particles where the C/O 
ratio in the kernel is not correct. 

Rationale ( > 1600 °C) 
 

 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Layer oxidation 

Reaction of pyrolytic graphite with oxygen released from the kernel.  

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  L 
 > 1600 °C : 5  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Excess oxygen from fission is either 
tied up with fission products, the UC phase in the 
case of UCO, or the buffer carbon to form CO in 
the case of UO2.  In a heatup event external air is 
not considered. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Stress state 

(compression/tension) 

The state of the forces induced by external forces that are acting across the layer to resist movement 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  M 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) The stress state of the IPyC 
can be calculated with reasonable accuracy given 
our current understanding of material properties 
and finite element models.  Failure of the IPyC 
does not imply fission product release from the fuel 
since the SiC may still be intact.  Finite element 
models can also examine the effect of failure of the 
IPyC on the stress state in the SiC and its 
propensity to fail. 
 

Closure Criterion:  
 

Rationale:  Moderately important compared to 
fission product/ SiC interactions as a precondition 
leading to failure. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Cracking 

Lengths, widths and numbers of cracks produced in layer during accident 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 5 Remedy: Rank:  H 
 > 1600 °C : 5  
Rationale: ( ≤ 1600 °C) The stress state of the IPyC 
with a crack can be calculated with reasonable 
accuracy given our current understanding of 
material properties and finite element models. 
Finite element models can also examine the effect 
of the crack in the IPyC on the stress state in the 
SiC and its propensity to fail.  The stress in a 
particle with a cracked IPyC and intact SiC will 
increase during a heatup event according to finite 
element calculations. 
 

Closure Criterion:  
 

Rationale: A cracked IPyC does not imply fission 
product release from the fuel since the SiC may 
still be intact. (under normal conditions about 1% 
of the SiC fails in particles with cracked IPyC).   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Intercalation 

Trapping of species between  the basal planes of the structure 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  M 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) Transport models do not 
consider intercalation. Effective diffusion 
coefficients exist in both the U.S. and Germany for 
the Cs and Sr through IPyC.  The data are probably 
a combination of diffusion and trapping via 
intercalation at these high temperatures but the two 
mechanisms have never been individually sorted 
out in any experiment. The parameters needed for 
such detailed models and the changes in 
microstructure of the IPyC particle to particle and 
sometimes across the layer make such an effort 
very expensive and time consuming.  The use of 
effective diffusion coefficients although less 
scientifically satisfying is more pragmatic and may 
be completely acceptable in system safety analysis 
when accompanied by proper sensitivity studies. 
 

Closure Criterion:  
 

Rationale: Surface and bulk diffusion with 
intercalation of Cs and Sr (trapping) is probably 
the underlying mechanism of transport through the 
PyC.  Given the large number of Cs atoms, the 
trapping may be somewhat less important in the 
IPyC than in the OPyC where fewer Cs atoms are 
expected and their concentration may be more on 
the order of the number of trapping sites.   
 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Trapping 

Adsorption of fission products on defects  

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank: L 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Number of defects are much less than 
number of fission product atoms expected in IPyC 
layer. Thus, trapping is not expected to be 
important in IPyC layer. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Gas-phase diffusion  

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Rapid diffusion through 
the porous structure of the buffer is assumed in 
both U.S. and German transport models.  Knudsen 
diffusion calculations suggest rapid transport. 
 

Closure Criterion:  
 

Rationale: Mechanism responsible for transport of 
gaseous fission products. 

Rationale ( > 1600 °C) 
 

 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Condensed-phase diffusion  

Inter-granular and/or intra-grannular solid-state diffusion.  

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy:. Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Key measurements needed 
to develop grain boundary diffusion models along 
the edges of the crystallite plans have never been 
obtained.  Instead effective diffusion coefficients 
are used. 
 

Closure Criterion:  
 

Rationale: Rapid transport of metallic fission 
products through the buffer has also been 
historically assumed in U.S. and German models. 

Rationale ( > 1600 °C) 
 

 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Response to kernel swelling 

Mechanical reaction of the layer to the growth of the kernel via swelling 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 4 Remedy: EU irradiations in Petten will determine 

if this mechanism is important. 
Rank:  L 

 > 1600 °C : 4  
Rationale: ( ≤ 1600 °C) Has not been shown to be a 
problem in current irradiation database at relatively 
low burnup. 
 

Closure Criterion:  
 

Rationale: Has been predicted by EU fuel modelers 
to be important at high burnup where swelling is 
large.  Usually this is accommodated by 
appropriate changes in the buffer thickness to 
ensure that the kernel does not come in contact 
with the TRISO coating and cause large 
mechanical stresses.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Maximum fuel gaseous fission 

product uptake 

Maximum loading of fission products that can deposit from the gas phase onto surfaces of materials 
surrounding the fuel kernel 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 2 Remedy: Rank:  L 
 > 1600 °C : 2  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Not important in heatup events; 
probably more important in reactivity related 
events. Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Layer oxidation 

Reaction of buffer layer with oxide material in the kernel  

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  H 
 > 1600 °C : 6  
Rationale:(≤ 1600 °C) In UO2, excess oxygen from 
fission reacts with fission products and then carbon 
from the buffer.  This is well known and can be 
calculated and has been measured at low burnups.  
In UCO fuel no oxidation is expected.  
Thermodynamic calculations provide CO yield as a 
function of temperature and burnup. 
 

Closure Criterion:  
 

Rationale: Additional CO can be formed at high 
temperature as oxidic fission products become 
unstable.  

Rationale ( > 1600 °C):   
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Thermal gradient 

Change in temperature with distance 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  L 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) Values of the heat of 
solution needed to model the fission product 
transport are sorely lacking. Thus, this effect is 
important as an initial condition for the accident. 
Under heatup events, the gradients are much 
smaller and thus much less important. 
 

Closure Criterion:  
 

Rationale: Temperature gradients can drive 
thermal diffusion (Soret effect).  Temperature 
gradients under normal operation are very high in 
prismatic cores (up to 10000 K/cm), which can 
cause Soret effects in fission product transport.  In 
pebble cores, the temperature gradients are much 
smaller because of the lower power per particle in 
the core.  Thus, Soret effects are much less 
important.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Irradiation and thermal 

shrinkage  

Dimension changes in the buffer layer or changes in its porosity produced by irradiation or by exposure 
to elevated temperatures 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  L 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Rapid densification can 
occur in the buffer under exposure to neutrons.  
This is fairly well known and can be calculated. 
 

Closure Criterion:  
 

Rationale: The state of the buffer is an important 
initial condition in fission product modeling.  
Thermal densification is not expected to be 
important at these temperatures. 

Rationale ( > 1600 °C) 
 

 

 

Additional Discussion 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Maximum fuel temperature  

Maximum fuel temperature attained by the fuel kernel during the accident 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) This can be calculated and 
sensitivity studies can determine its overall 
importance in any accident scenario. 
 

Closure Criterion:  
 

Rationale: Temperature is the key parameter that 
drives fission product migration in the coated 
particle fuel.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Temperature vs. time transient 

conditions 

The time-dependent variation of fuel temperature with time 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Sensitivity studies can be 
easily performed to determine the impact of this 
factor on the overall progression of the accident. 
 

Closure Criterion:  
 

Rationale: Similar to temperature and time at 
temperature, the thermal response of the particle is 
important to calculating fission product behavior in 
the particle.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Energy Transport: Conduction 

within kernel 

Flow of heat within a medium from a region of high temperature to a region of low temperature 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  M 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) Thermal conductivity of 
UO2 is fairly high and reasonably well known.  
Conductivity of UCO is assumed to be that of UO2.  
Can be varied easily in sensitivity studies to 
determine impact. 
 

Closure Criterion:  
 

Rationale:  

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Thermodynamic state of fission 

products 

Chemical and physical state of fission products 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) Thermodynamic studies 
have been performed for UO2, UCO, and UC2 
systems. Chemical states of major fission products 
have been identified as a function of burnup and 
temperature. 
 

Closure Criterion:  
 

Rationale: Thermodynamic state of fission 
products can determine volatility and mobility of 
the species.   

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Gas-phase diffusion  

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) The models ignore these 
details and instead use effective diffusivities in the 
Booth model that implicitly includes all of these 
phenomena.  However, none of these have ever 
been individually sorted out in the detail required 
for a first principles based model. Based on LWR 
work, the parameters needed for such detailed 
models make such an effort very expensive and 
time consuming.  The use of effective diffusion 
coefficients although less scientifically satisfying is 
more pragmatic and may be completely acceptable 
in system safety analysis when accompanied by 
proper sensitivity studies. 
 
 

Closure Criterion:  
 

Rationale: Booth diffusion model is used to 
describe fission gas and metallic fission product 
release from kernels.  The exact mechanism is 
probably a mixture of bulk and surface diffusion 
for metallic fission products and bulk and Knudsen 
diffusion for fission gases. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Condensed-phase diffusion 

Inter-granular and/or intra-grannular solid-state diffusion. 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 7 Remedy: Rank:  H 
 > 1600 °C : 7  
Rationale: ( ≤ 1600 °C) The models ignore these 
details and instead use effective diffusivities in the 
Booth model that implicitly includes all of these 
phenomena.  However, none of these have ever 
been individually sorted out in the detail required 
for a first principles based model. Based on LWR 
work, the parameters needed for such detailed 
models make such an effort very expensive and 
time consuming.  The use of effective diffusion 
coefficients although less scientifically satisfying is 
more pragmatic and may be completely acceptable 
in system safety analysis when accompanied by 
proper sensitivity studies. 
 
 

Closure Criterion:  
 

Rationale: Booth diffusion model is used to 
describe fission gas and metallic fission product 
release from kernels.  The exact mechanism is 
probably a mixture of bulk and surface diffusion 
for metallic fission products and bulk and Knudsen 
diffusion for fission gases. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Oxygen flux 

Mass transport of oxygen per unit surface area per unit time 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  M for UO2, L for UCO 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Kernel migration in UO2 is driven by 
oxygen and carbon mutual diffusion across a 
temperature gradient in the particle.  Influence on 
fission product release is not as important as it is 
on establishing the rate of kernel migration and the 
potential for fuel failure. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Grain growth 

Enlargement of grains as a result of diffusion 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 4 Remedy: Rank:  L 
 > 1600 °C : 4  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: Grain growth is not expected at these 
temperatures.  Furthermore for the high burnups 
being proposed the crystal structure after 
irradiation is almost completely non-existent which 
makes the concept of a grain difficult. 

Rationale ( > 1600 °C) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Buffer carbon-kernel interaction 

Chemical reaction between carbon and the fuel (UO2) to form UC2 and CO ( gas) 

 

Additional Discussion 

 

 
 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C : 6 Remedy: Rank:  H 
 > 1600 °C : 6  
Rationale: ( ≤ 1600 °C) 
 

Closure Criterion:  
 

Rationale: The reaction of the kernel and the buffer 
is known to form a “rind” of UC2 at the interface 
between the two layers. Photomicrographs show a 
different phase that is easily distinguished 
optically.  

Rationale ( > 1600 °C) 
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Appendix C.2 

 

Detailed PIRT Submittal by the ORNL Panel Member 

R. Morris 
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TRISO Fuel PIRT: Heatup Accident 
 
 

Life Cycle 
Phase 

Factor, Characteristic or 
Phenomenon Definition 

Fuel Element Heatup 
Accident Irradiation history 

The temperature, burnup and fast fluence history of the layer 

 

Additional Discussion 

This characterization is more a TRISO performance vs. overall fuel element performance issue.  For a discussion of the best performing fuel see: 
 
Performance Evaluation of Modern HTR TRISO Fuel, R. Gontard, H. Nabielek, HTA-1B-05/90, July 1990 
 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None if the operating envelope remains 

the same, otherwise additional testing is necessary. 
Rank:  H 

 > 1600 °C: 5 None if the accident envelope remains the same, 
otherwise additional testing is necessary 

Rationale: (≤ 1600 °C) The Germans have 
collected a large database for their fuel under their 
specific operating conditions.  Deviations from 
these conditions warrant additional testing. Note 
that the proven fuel envelope is less demanding 
than that required for the turbine concepts. 

Closure Criterion: Verification that the fuel can 
meet any new operating condition. 
 

Rationale: The fuel behavior is strongly related to 
its irradiation history.  Increasing burnup and 
fluence beyond established limits generally 
degrades performance.  1600°C has been the 
accepted long term (100’s of hours) accident limit 
for SiC coated fuels.  Normal (test) operating 
temperatures are generally considerably lower 
(800° - 1200 °C)  

Rationale (> 1600 °C) Less testing has been done 
on this fuel at the higher temperatures, but a 
reasonable amount has been done at 1800°C and 
ramp tests to well over 2000°C have been done.  

Verification that the fuel can meet any new 
operating condition.  Closer examination of the 
1600 to 1800°C region may allow an increase of 
accident temperatures. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element Heatup 
Accident Condensed phase diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 

 

Additional Discussion 
Diffusion through the fuel element matrix is fairly rapid compared to the particle coating layers.  Gases are not held up, but there is significant sorption of the 
released metals.  Overall, the reactor core components can provide an attenuation factor of 10-1000 for the metallics. The GT-MHR may change its matrix 
composition from the historical resins; if so, additional investigations may be necessary.  For examples of diffusion and sorption behavior in different HTGR 
materials see: 
 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 
 
For general interest in the transport of volatile fission products through the reactor system see: 
 
 
An analytical Study of Volatile Metallic Fission Product Release From Very High Temperature Gas-Cooled Reactor Fuel and Core, S. Mitake, et. al., Nuclear 
Technology, 81 (1988), pages 7-12. 

 

For a review of the types of models in use see: 

Compilation of Fuel Performance and Fission Product Transport Models and Database for MHTGR Design, Martin, R.C., ORNL/NPR-91/6 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: Defer to fission product transport area. Rank:  H 
 > 1600 °C: 5 Defer to fission product transport area. 
Rationale: (≤ 1600 °C) The fuel element matrix 
sorbs some of the released fission products 
(metals), and can be a significant barrier to the 
release of some fission products.  It provides some 
attenuation of the metal releases.    

Closure Criterion: Diffusion and trapping 
coefficients for the material of interest as a 
function of temperature. 
 

Rationale: The major barriers to fission product 
release are the particle coating layers.  The 
diffusion through the fuel element matrix is 
considered to be relatively high, although it does 
sorb and trap some fission products. 

Rationale (> 1600 °C) Under accident conditions 
the fission products may become mobile again.  
The element matrix will hold up some fraction of 
the less volatile fission products. 

Diffusion and trapping coefficients for the material 
of interest as a function of temperature 
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Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16 

Methods and Data for HTGR Fuel Performance and Radionuclide Release Modeling during Normal Operational and Accidents for Safety Analysis, K. 
Verfondern, et. al., Jul-2721 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element Heatup 
Accident Gas phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure).  Other factors include holdup, cracking, adsorption, 
site poisoning, permeability, sintering, and annealing. 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  H 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) The gases are assumed to 
escape rapidly and quickly enter the coolant. 
 

Closure Criterion: None 
 

Rationale: The fission gas migration through the 
fuel element matrix after escape from the particle 
is rapid compared to other processes and is usually 
assumed to be instantaneous.  This fact is used to 
monitor fuel behavior via R/B. 

Rationale (> 1600 °C) The gases are assumed to 
escape rapidly and quickly enter the coolant. 

None 

Fission gases move rapidly to the coolant once they exit the particle. In a reactor they are removed by the coolant purification system so the circulating inventory 
is low.  Transport of volatile metallics is determined by the sorption isotherms and dust.  See the references in the previous entry. 



C-54 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element: Transport of 
metallic FPs through fuel 

element 

Heatup 
Accident 

Chemical form 

Chemical stoichiometry of the chemical species that includes the radioisotope of interest 

 

Additional Discussion 
This issue of chemical forms probably should be covered under fission product transport since the reactor system has a difference chemical potential than the 
fuel.  See: 
 
Fission Product Plateout and Liftoff in the MHTGR Primary System: A Review, NUREG/CR-5647 
 
Chemical Behavior of Fission Products in Core Heatup Accidents in High-Temperature Gas-Cooled Reactors, R. Moormann, Nuclear Technolgy, 94 (1991), 
pages 56-67. 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 5 Remedy: Determine the need for this detailed 

knowledge. 
Rank:  H 

 > 1600 °C: 5 Determine the need for this detailed knowledge. 
Rationale: (≤ 1600 °C) Thermochemical 
calculations can give plausible chemical forms, but 
this author is not aware of any measurements 
confirming the chemical states. 
 

Closure Criterion: If necessary, collect or calculate 
the compounds. 
 

Rationale: The chemical form of the fission 
product will determine how it interacts with the 
reactor system materials.  The chemical 
environment of the kernel and the reactor system 
can be quite different and depend on the kernel 
composition and the coolant impurities.  The 
kernel is expected to be somewhat oxidizing and 
the reactor system quite reducing, thus the 
chemical form of the fission product may change 
as it leaves the fuel. 

Rationale (> 1600 °C) Thermochemical 
calculations can give plausible chemical forms, but 
this author is not aware of any measurements 
confirming the chemical states. 

If necessary, collect or calculate the compounds. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Gas phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 
Extensive testing has been done of the PyC for BISO and TRISO fuels see: 
 
Performance Evaluation of Modern HTR TRISO Fuel, R. Gontard, H. Nabielek, HTA-1B-05/90, July 1990 
 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 
 
Nuclear Technology, 35, Number 2 (entire issue devoted to coated particle fuels) 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: Insure that proper PyC is manufactured  Rank:  H 
 > 1600 °C: 7 Insure that proper PyC is manufactured 
Rationale: (≤ 1600 °C) A great deal of testing has 
been conduced on PyC at the temperatures of 
interest.  The primary concern is fabricating the 
proper material. 

Closure Criterion: Test fuel performs as expected 
 

Rationale: The PyC layers hold gases well.  The 
diffusion coefficients are generally quite low.  The 
biggest concern is the rupture of the layer and the 
release of gases. 

Rationale (> 1600 °C) A great deal of testing has 
been conduced on PyC at the temperatures of 
interest.  The primary concern is fabricating the 
proper material. 

Test fuel performs as expected 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Condensed phase diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 
 

 

Additional Discussion 
Extensive testing has been done of the PyC for BISO and TRISO fuels see: 
 
Performance Evaluation of Modern HTR TRISO Fuel, R. Gontard, H. Nabielek, HTA-1B-05/90, July 1990 
 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 
 
Nuclear Technology, 35, Number 2 (entire issue devoted to coated particle fuels) 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  H 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) The OpyC offers little 
holdup to metallics at accident temperatures. 

Closure Criterion: None 
 

Rationale: Metallic fission products generally 
diffuse through the layer rapidly at high 
temperatures. Rationale (> 1600 °C) The OpyC offers little 

holdup to metallics at accident temperatures. 
None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Layer oxidation 

Uptake of oxygen by the layer through a chemical reaction 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: None for helium heatup Rank:  L 
 > 1600 °C: 6 None for helium heatup 
Rationale: (≤ 1600 °C) Little oxygen is available 
under these conditions. 
 

Closure Criterion: None 
 

Rationale: This issue is not important for the 
heatup under helium.  It is more important for the 
water and air ingress cases. 

Rationale (> 1600 °C) Little oxygen is available 
under these conditions. 

None 

This accident scenario does not expose the fuel to an oxygen source.  
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Stress state 

(compression/tension) 

The state of the forces induced by external forces that are acting across the layer to resist movement 

 

Additional Discussion 

Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16Methods and Data for HTGR Fuel Performance and 
Radionuclide Release Modeling during Normal Operational and Accidents for Safety Analysis, K. Verfondern, et. al., Jul-2721 

Compilation of Fuel Performance and Fission Product Transport Models and Database for MHTGR Design, Martin, R.C., ORNL/NPR-91/6 

Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16 

Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: Review and collect new data for the 

codes if necessary. 
Rank:  M 

 > 1600 °C: 6 Review and collect new data for the codes if 
necessary. 

Rationale: (≤ 1600 °C) The fuel design codes 
include these calculations.  (Assumes the PyC is 
irradiation stable) 

Closure Criterion: Adequate test fuel performance. 
 

Rationale: The stress state of the OPyC helps keep 
a compression force on the SiC.  Failure of the 
OpyC increases the likelihood of SiC failure. 

Rationale (> 1600 °C) The fuel design codes 
includes these calculations.  (Assumes the PyC is 
irradiation stable) 

Adequate test fuel performance. 
 

See the PIRT Design Table for references on fuel design.  Also see the accident models.  The most common accident model is pressure vessel failure, although 
this may not reflect reality.  See: 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Intercalation 

Trapping of species between sheets of the graphite structure 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 2 Remedy: Determine if relevant Rank:  L 
 > 1600 °C: 1 None 
Rationale: (≤ 1600 °C) At present, this level of 
detail has not been explored in much detail.  It is an 
area of study. 
 

Closure Criterion: None 
 

Rationale: The modeling often uses an effective 
diffusion coefficient and does not always look at 
this level of detail.  The diffusion inventory can be 
computed. 

Rationale (> 1600 °C)) At present, this level of 
detail has not been explored in much detail.  It is an 
area of study. 

None 

The models generally do not go down to the mirco level.  With good SiC, the fission product transport to the OPyC is very low.  Current modeling efforts are 
investigating this effect.  Even if it is a real effect, it may be consumed up by general data uncertainties. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Trapping 

Adsorption of fission products on defects 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 2 Remedy: Determine if relevant Rank:  L 
 > 1600 °C: 1 None 
Rationale: (≤ 1600 °C) This area has not been 
explored in much detail. 
 

Closure Criterion: None 
 

Rationale: Some trapping is used in the modeling 
and it may play a role in the transport. 

Rationale (> 1600 °C) This area has not been 
explored in much detail. 

None 

The models generally do not go down to the micro level.  With good SiC, the fission product transport to the OPyC is very low.  Current modeling efforts are 
investigating this effect.  Even if it is a real effect, it may be consumed up by general data uncertainties. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Cracking 

Lengths, widths and numbers of cracks produced in layer during operation or an accident 

 

Additional Discussion 
For some work on examining the effects of cracks on fuel performance and general models see: 
 
Consideration of the Effects on Fuel Particle Behavior from Shrinkage Cracks in the Inner Pyrocarbon Layer, G.Miller, et. al., Journal of Nuclear Materials, 295 
(2001), pages 205-212. 
Key Differences in the Fabrication, Irradiation and Safety Testing of U.S. and German TRISO-coated Particle Fuel and Their Implications on Fuel Performance, 
D.A. Petti, et. al., Nuclear Engineering and Design, 222 (2003) 281-297. 
MHTGR TRISO-P Fuel Failure Evaluation Report, DOE-HTGR-90390Compilation of Fuel Performance and Fission Product Transport Models and Database 
for MHTGR Design, Martin, R.C., ORNL/NPR-91/6

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 5  (models determine failure rather 
than cracks) 

Remedy: Better data and model for fuel 
performance, especially PyC behavior. 

Rank:  H  

 > 1600 °C: 5  (models determine failure rather 
than cracks) 

More careful examination of PyC & SiC in the 
1600 to 1800°C region. 

Rationale: (≤ 1600 °C) Irradiation and heating tests 
has examined releases; cracks are hard to observe.  
Fuel models have been developed to model normal 
and accident behavior.  Particles are assumed to 
fail when they meet some weakness criteria based 
on a layer stress.  Details of cracks are not modeled 
(yet).  Agreement has been good for high quality 
fuel. 

Closure Criterion: Models that predict fuel 
behavior under normal and accident conditions. 
Does one need cracks or just failure?  This adds a 
lot of complexity. 
 

Rationale: Failure of the OpyC affects the 
likelihood of SiC failure.   Cracking of particle 
layers can result in particle failure.  One intact PyC 
can retain gases, but metallic release will be high if 
SiC has failed.  Modeling often assumes that 
particles fail by overpressure rather than a small 
crack.  A crack is assumed to equal failure. 

Rationale (> 1600 °C) At this temperature, the 
models indicate that SiC decomposition is 
occurring and the particles slowly (~hours) begin 
to release. 

Same. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Gas phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

Most of the high quality fuel testing results have come from the German program.  For a summary see: 

Performance Evaluation of Modern HTR TRISO Fuel, R. Gontard, H. Nabielek, HTA-1B-05/90, July 1990 
 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None unless the fuel operation envelope 

is different.  In that case, additional testing may be 
necessary. 

Rank:  H 

 > 1600 °C: 5 None unless the fuel operation envelope is 
different.  In that case, additional testing may be 
necessary. 

Rationale: (≤ 1600 °C) Extensive testing by the 
Germans on their fuel has generated a database. 
Note that gas turbine fuel will operate at higher 
burnup and temperatures. 

Closure Criterion: Adequate test fuel performance, 
particularly at higher burnups. 
 

Rationale: The SiC is the primary fission product 
barrier. 

Rationale (> 1600 °C) Less, but similar testing has 
been done at the higher temperature. 

Adequate test fuel performance. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Condensed-phase diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 
 

 

Additional Discussion 

The German fuel design performance is summarized in: 

Performance Evaluation of Modern HTR TRISO Fuel, R. Gontard, H. Nabielek, HTA-1B-05/90, July 1990 
 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None unless the fuel operation envelope 

is different.  In that case, additional testing may be 
necessary.  Testing may be necessary for fuel made 
by a different process. 

Rank:  H 

 > 1600 °C: 5 None unless the fuel operation envelope is 
different.  In that case, additional testing may be 
necessary. 

Rationale: (≤ 1600 °C) Extensive testing by the 
Germans on their fuel has generated a database. 
Note that gas turbine fuel will operate at higher 
burnup and temperatures. 

Closure Criterion: Adequate test fuel performance, 
particularly at higher burnups. 
 

Rationale: The SiC is the major barrier to the 
migration of metallic fission products.  Its integrity 
is important. 

Rationale (> 1600 °C) Less, but similar testing has 
been done at the higher temperature. 

Adequate test fuel performance. 
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The primary challenge is to duplicate the SiC that performed so well.  Materials characterization is the difficult part of this fuel.  A new fuel line will probably 
require extensive testing as the product depends on process specifications as well as product specifications. 
 

From Schenk & Nabielek, Testing of Irradiated Spherical Fuel 
Elements at HTR MODUL Relevant Accident Conditions 
(1991).  Also in IAEA TECDOC-978

Note that the 
matrix sorbs a 
significant 
amount of 
fission
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Thermal 

deterioration/decomposition 

Decline in the quality of the layer due to thermal loading 

 

Additional Discussion 

1600°C has been used as the maximum temperature; it is conservative and some researchers feel that 1650-1700°C may be allowable.  Greater resolution in the 
data between 1600 and 1800°C would be necessary to raise the acceptable limit.  Also, the reference fuel envelope was for 10% burnup fuel.  Higher burnup fuel 
may not work as well due to high temperature corrosion. 

 

 

 

 

 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: If 1600°C and the irradiation envelope 

are adequate then okay; otherwise testing may be 
necessary. 

Rank:  H 

 > 1600 °C: 5 Better resolution in the 1600°C to 1800°C range. 
Rationale: (≤ 1600 °C) Extensive testing at 1600°C 
has shown it to be a “safe” limit for low burnup 
fuel. 
 

Closure Criterion: Satisfactory fuel performance, 
particularly at higher burnups. 
 

Rationale: The thermal decomposition of the SiC 
layer will result in particle failure.  Generally 
1600°C has been used as the limit. 

Rationale (> 1600 °C) Significant, but much less 
testing has been done above 1600°C 
 

Satisfactory fuel performance. 
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FP Releases Increase with Accident Temperature 

From Schenk & Nabielek, Testing of Irradiated 
Spherical Fuel Elements at HTR MODUL Relevant 
Accident Conditions (1991)  Also see IAEA 
TECDOC- 978 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product corrosion 

Attack of layer by fission products, e.g., Pd 

 

Additional Discussion 

Palladium is one element that is of great concern for high temperature corrosion of SiC and temperature is an important driving factor.  Corrosion rates are strong 
functions of temperature.  See: 

Fission Product Pd-SiC Interaction in Irradiated Coated-Particle Fuels, T.N. Tiegs, Nuclear Technology, 57, pages 389-398. 

Silicon Carbide Corrosion in High-Temperature Gas-Cooled Reactor Fuel Particles, H. Grubmeier, et. al., Nuclear Technology, 35 (1977), pages 413-427 

Out-of-Reactor Studies of Fission Product-Silicon Carbide Interactions in HTGR Fuel Particles, R. Lauf, et. al., Journal of Nuclear Materials, 120 (1984), pages 
6-30 

Carbon Monoxide-Silicon Carbide Interaction in HTGR Fuel Particles, K. Minato, et. al., Journal of Materials Science, 26 (1991), pages 2379-2388 

Note that higher burnup material will see less kernel retention and larger amounts of corrosive material.  This could significantly affect the performance of the 
fuel. 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None, if the particle operating 

temperature/time and burnup is below an 
acceptable damage limit. 

Rank:  H 

 > 1600 °C: 5 None, thermal effects become important. 
Rationale: (≤ 1600 °C) This effect has been studied 
both in-pile and out of pile.  Controlling the 
maximum operating temperature is a major factor. 

Closure Criterion: Insure that the operating 
conditions are acceptable, including consideration 
of fuel type and FP concentration histories. 
 

Rationale: Some fission products may migrate to 
the SiC layer and damage it.  This corrosion 
process is a function of temperature.  The 
corrosion mostly occurs during normal operation at 
the higher temperatures and weakens the particle 
for the accident.  At the higher accident 
temperatures, thermal decomposition effects 
dominate. 

Rationale (> 1600 °C) Above 1600 °C, 
decomposition becomes more important. 
 

None, thermal effects become important 
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Thermal decomposition 
Vs. corrosion as a  
function of temperature 

Prediction for US Fuel:  16% FIMA, 
Fluence of 4.0 x 1015 n/m 2/s, Irradiation 
Temperature of 1000C.  Comparison of 
frequency factors for failure (from 
Goodin, 1989). 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Heavy metal diffusion 

Diffusion of heavy metals through the intact layer 

 

Additional Discussion 

Compilation of Fuel Performance 
and Fission Product Transport Models and Database for MHTGR Design, Martin, R.C., ORNL/NPR-91/6 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 5 Remedy: None Rank:  L 
 > 1600 °C: 5 None 
Rationale: (≤ 1600 °C) To this author’s knowledge, 
heavy metal diffusion through the SiC is not a 
problem. 

Closure Criterion: None 
 

Rationale: Diffusion of heavy metal through the 
particle could result is the redistribution of fissile 
material. 

Rationale (> 1600 °C) To this author’s knowledge, 
heavy metal diffusion through the SiC is not a 
problem at the accident temperatures of interest. 

None 

Significant migration of fissile material through SiC during an accident is not an issue at the temperatures of interest.  See; 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Layer oxidation 

Uptake of oxygen by the layer through a chemical reaction 

 

Additional Discussion 

Carbon Monoxide-Silicon Carbide Interaction in HTGR Fuel Particles, K. Minato, et. al., Journal of Materials Science, 26 (1991), pages 2379-2388 

 

 

 

 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 5 Remedy: None, as long as the integrity of the IPyC 

layer is good. 
Rank:  M 

 > 1600 °C: 5 None, as long as the integrity of the IPyC layer is 
good. 

Rationale: (≤ 1600 °C) A reasonable amount is 
known about CO corrosion and controlling the 
properties of the IPyC layer to prevent failure will 
limit the expose. 

Closure Criterion: Demonstrated good fuel 
performance. 
 

Rationale: If the IPyC breaks, the SiC layer may be 
exposed to CO that could slowly corrode it.  This 
is less of a concern for UCO fuel.  Also a concern 
for air/water ingress with OPyC failure (but not in 
a He environment). Rationale (> 1600 °C) Same Demonstrated good fuel performance. 

CO corrosion can be a problem at the higher pressures and temperatures if a crack in the IPyC allows access to the SiC.  Controlling the IPyC properties and 
controlling the CO by using UCO or gettering the fuel can mitigate this problem.  See: 

 

CO can oxidize SiC (through cracked IPyC) at high 
temperatures and CO pressures over a period of 
weeks/months 

� Weakens SiC 

� Minor concern for UCO 

WAR UO2 kernel at ~1500C in HRB-10 (ORNL) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product release through 

undetected defects 

Passage of fission products from the buffer region through defects in the SiC layer 

 

Additional Discussion 

Poor SiC can have much higher diffusion coefficients that good SiC. 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 5 Remedy: Defer to fuel fabrication Rank:  H 
 > 1600 °C: 5 Defer to fuel fabrication 
Rationale: (≤ 1600 °C) Good quality SiC has been 
made.  Process knowledge exists as to how to make 
it. This is a manufacturing issue that shows up 
during accident conditions. 
 

Closure Criterion: None 
 

Rationale: Defective SiC will allow gas transport if 
the PyCs both fail.  This is more of a 
manufacturing issue that shows up when the fuel is 
stressed. 

Rationale (> 1600 °C) Same, thermal 
decomposition effects begin to dominate. 
 

None 
 

The SiC layer can be damaged during compact fabrication by iron impurities.  The particles will still retain gases as long as one of the PyCs is good.  See the 
PIRT on Manufacturing Design. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product release through 

failures, e.g. cracking 

Passage of fission products from the buffer region through regions in the SiC layer that fail during 
operation or an accident. 

 

Additional Discussion 
Most SiC failure models are based on pressure vessel failure.  More recent models are considering cracking.  See: 
 
Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16 
 
Methods and Data for HTGR Fuel Performance and Radionuclide Release Modeling during Normal Operational and Accidents for Safety Analysis, K. 
Verfondern, et. al., Jul-2721 
 
MHTGR TRISO-P Fuel Failure Evaluation Report, DOE-HTGR-90390, 1993 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

 
For some work on examining the effects of cracks on fuel performance and general models see: 
 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: If the fuel is used outside of its tested 

region, more testing is needed. 
Rank:  H 

 > 1600 °C: 5 Thermal decomposition models are needed. 
Rationale: (≤ 1600 °C) Accident testing has not 
shown much SiC failure for high quality material 
Accident models have been compared to 
experiments to approximately model the situation.  
If material properties are consistent, useful 
predictions can be made. 

Closure Criterion:  Acceptable performance 
 

Rationale:  Failure of the SiC (with cracked IPyC) 
will allow fission gas to pass through it.  If the 
OPyC remains intact, the gas will not be released, 
if not, the gas will be released.  Metallics will be 
released in both cases.  See previous entry. 

Rationale (> 1600 °C) Above this temperature the 
decomposition is important. 

 Acceptable performance 

German testing has shown good results for 10% burnup fuel.  Few failures were seen during heatup testing.  Good PyC seems to be important. 
During normal or accident conditions, the SiC can crack or break due to over pressure or an interaction with cracked PyC.  High temperatures increase the 
pressure in a particle.  Above 1600 °C or so, decomposition begins to weaken the SiC and it can fail. 
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Consideration of the Effects on Fuel Particle Behavior from Shrinkage Cracks in the Inner Pyrocarbon Layer, G.Miller, et. al., Journal of Nuclear Materials, 295 
(2001), pages 205-212. 
Key Differences in the Fabrication, Irradiation and Safety Testing of U.S. and German TRISO-coated Particle Fuel and Their Implications on Fuel Performance, 
D.A. Petti, et. al., Nuclear Engineering and Design, 222 (2003) 281-297. 
 
 

MHTGR TRISO-P Fuel Failure Evaluation Report, DOE-HTGR-90390 

Compilation of Fuel Performance and Fission Product Transport Models and Database for MHTGR Design, Martin, R.C., ORNL/NPR-91/6 
Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16 
Methods and Data for HTGR Fuel Performance and Radionuclide Release Modeling during Normal Operational and Accidents for Safety Analysis, K. 
Verfondern, et. al., Jul-2721 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 
 

 

 

 

 

 

 

 

 

 

 

 

High pressures and/or weakened layers can 
lead to failure 

Pressure Vessel Failure in HRB-8, Specimen 5 (UO2).
Holman and Long 1976 (ORNL) 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Thermodynamics of the SiC-

fission product system 

Chemical form of fission products including the effects of solubility, intermetallics, and chemical activity 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None, if the particle operating 

temperature/time is below an acceptable damage 
limit. 

Rank:  H 

 > 1600 °C: 5 None, thermal effects become important. 
Rationale: (≤ 1600 °C) This effect has been studied 
both in-pile and out of pile.  Controlling the 
maximum operating temperature is a major factor. 
 

Closure Criterion: Acceptable performance. 
 

Rationale: Some fission products may migrate to 
the SiC layer and damage it.  This corrosion 
process is a function of temperature.  See the entry 
on corrosion. 

Rationale (> 1600 °C) Above 1600 °C, 
decomposition becomes more important. 
 
 

None, thermal effects become important 

See entries on corrosion.  Also see entries on UCO.  One of the goals of kernel design is to stabilize the corrosive elements so they do not migrate to the SiC.  
Corrosion could be a limit to high burnup. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Sintering 

Change of SiC microstructure as a function of temperature 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None if temperatures are below 1600 °C. Rank:  L 
 > 1600 °C: 7 Testing would be necessary if one want to operate 

at somewhat higher temperatures like 1600-1700°C 
Rationale: (≤ 1600 °C) Extensive testing at 1600 
°C for hundreds of hours has shown the good 
behavior of SiC 

Closure Criterion: None 
 

Rationale: SiC doesn’t appear to suffer any 
significant changes at normal operating conditions 
and survives at 1600 °C without large changes. 

Rationale (> 1600 °C) SiC begins to decompose 
above this temperature. 

Acceptable performance at the slightly higher 
temperature. 

The major challenge is to reproduce the SiC that performed so well in past testing. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Gas phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 
Extensive testing has been done on various fuels over a range of temperatures.  The challenge is to reproduce this good material.  See: 
 
Performance Evaluation of Modern HTR TRISO Fuel, R. Gontard, H. Nabielek, HTA-1B-05/90, July 1990 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 
Fission-Product Release During Postirradiation Annealing of Several Types of Coated Fuel Particles, R.E. Bullock, Journal of Nuclear Materials, 125 (1984), 
pages 304-319 
 
For accident models see: 

Compilation of Fuel Performance and Fission Product Transport Models and Database for MHTGR Design, Martin, R.C., ORNL/NPR-91/6 
Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16 
Methods and Data for HTGR Fuel Performance and Radionuclide Release Modeling during Normal Operational and Accidents for Safety Analysis, K. 
Verfondern, et. al., Jul-2721 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None at present Rank:  H 
 > 1600 °C: 6 Additional testing if credit for higher temperatures 

is desired. 
Rationale: (≤ 1600 °C) Extensive testing has been 
done on BISO and TRISO fuels. Gas diffusion 
through this layer is low.  The principal concern is 
irradiation stability. 

Closure Criterion: Acceptable test fuel behavior 
 

Rationale: Gas diffusion through the PyCs is 
generally quite low at the temperatures of interest.  
The SiC layer must be breeched for the gases to 
get out. 

Rationale (> 1600 °C) Significant, but less testing 
has been done above this temperature. 

Acceptable test fuel behavior 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Condensed-phase diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 
 

 

Additional Discussion 

For a discussion of PyC and metallics see: 

Nuclear Technology, 35, Number 2, Fission Product Release Section, pages 457-526 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None, nothing can be done  Rank:  H 
 > 1600 °C: 7 None, nothing can be done 
Rationale: (≤ 1600 °C) The PyCs are generally 
assumed to provide limited retention to metallic 
fission products at accident temperatures. 
 

Closure Criterion:  None 
 

Rationale: The diffusion of metallic fission 
products through the PyCs is known to be fairly 
high. Only modest credit can be taken for PyC as a 
barrier or release delay for metallics. 

Rationale (> 1600 °C) Same None 

For the higher accident temperatures, the PyCs are assumed to have essentially no resistance to metallic transport. 



C-78 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Pressure loading (Fission 

products) 

Stress loading of the layer by increased pressure from fission products 

 

Additional Discussion 

According to the fuel models, the PyC functions as an important load-bearing component of the fuel particle.  See the PIRT Design Table for more information 
concerning the stresses. 

A major concern is the proper material properties – see the Manufacturing Design PIRT 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy:  Proper design and fabrication Rank:  M 
 > 1600 °C: 7 Proper design and fabrication 
Rationale: (≤ 1600 °C) Pressure can be controlled 
by particle design, burnup, and kernel composition. 
Analysis and designs are available 

Closure Criterion: Acceptable fuel performance 
 

Rationale: Depending on the particular 
configuration, the PyC layers can help keep the 
SiC in compression.  Loss of a PyC layer can 
increase the probability of SiC failure.  Stress 
loadings are kept within limits by TRISO design. 

Rationale (> 1600 °C) Same. 
 

Acceptable fuel performance 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Pressure loading (Carbon 

monoxide) 

Stress loading of the layer by carbon monoxide by increased pressure 

 

Additional Discussion 

For a discussion on kernel design to minimize CO and immobilize key fission products see: 

Stoichiometric Effects on Performance of High-Temperature Gas-Cooled Reactor Fuels from the U-C-O System, F.J. Homan, et. al., Nuclear Technology, 35, 
pages 428-441. 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: Control pressure by design Rank:  H 
 > 1600 °C: 7 Control pressure by design 
Rationale: (≤ 1600 °C) Pressure can be controlled 
by particle design, burnup, and kernel composition. 
Analysis and designs are available 

Closure Criterion: Proof testing of final fuel design 
 

Rationale: High CO product will result in high 
particle pressures, especially at the higher accident 
temperatures.  Changing the kernel composition 
can control CO production.  (See previous entry) Rationale (> 1600 °C) Same 

 
Proof testing of final fuel design 
 

See the PIRT Design Tables for fuel design issues. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Layer oxidation 

Reaction of pyrolytic graphite with oxygen released from the kernel 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  L 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) Extensive testing of the fuel 
at 1600 °C in an inert atmosphere has shown no 
unusual oxygen behavior that might destroy this 
layer. 

Closure Criterion: None 
 

Rationale: For the accident of interest, a helium 
heatup, the environment is inert and reducing, 
rather than oxidizing.   The buffer layer reacts with 
the oxygen released from the fuel. 

Rationale (> 1600 °C Same None 

This is an issue for the air/water ingress if the outer protective layers fail. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Stress state 

(compression/tension) 

The state of the forces induced by external forces that are acting across the layer to resist movement 

 

Additional Discussion 

See the table entries about pressure loading and also the PIRT Design Tables. 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: Control pressure by design Rank:  M 
 > 1600 °C: 7 Control pressure by design 
Rationale: (≤ 1600 °C) Pressure can be controlled 
by particle design, burnup, and kernel composition. 
Analysis and designs are available 
 

Closure Criterion: Proof testing of final fuel design 
 
 

Rationale: Failure of the PyC can increase the 
likelihood of SiC failure.  See the previous 
pressure loading entries.   

Rationale (> 1600 °C) Same 
 

Proof testing of final fuel design 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Cracking 

Lengths, widths and numbers of cracks produced in layer during accident 

 

Additional Discussion 

 
For some work on examining the effects of cracks on fuel performance and general models see: 
 
Consideration of the Effects on Fuel Particle Behavior from Shrinkage Cracks in the Inner Pyrocarbon Layer, G.Miller, et. al., Journal of Nuclear Materials, 295 
(2001), pages 205-212. 
Key Differences in the Fabrication, Irradiation and Safety Testing of U.S. and German TRISO-coated Particle Fuel and Their Implications on Fuel Performance, 
D.A. Petti, et. al Nuclear Engineering and Design, 222 (2003) 281-297. 
 
 

MHTGR TRISO-P Fuel Failure Evaluation Report, DOE-HTGR-90390 

Compilation of Fuel Performance and Fission Product Transport Models and Database for MHTGR Design, Martin, R.C., ORNL/NPR-91/6 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 (failure only, cracking is not 
calculated) 

Remedy: Review and collect new data for the 
codes if necessary. 

Rank:  H 

 > 1600 °C: 6 (failure only, cracking is not 
calculated) 

Review and collect new data for the codes if 
necessary. 

Rationale: (≤ 1600 °C) There is some evidence that 
IPyC failure can drive SiC failure, mostly from 
fuel with bad PyC. Fuel models have been 
developed to model normal and accident behavior.  

Closure Criterion: Models that predict fuel 
behavior under normal and accident conditions. 
Does one need cracks or just failure?  This adds a 
lot of complexity. 

Rationale: Failure of the IPyC affects the 
likelihood of SiC failure.  See the entry on stress 
state.  The lengths, widths, and number of cracks 
don’t really matter – the failure does.  Many 
models assume the SiC layer will dominate the 
particle failure. 

Rationale (> 1600 °C) At this temperature, the 
models indicate that SiC decomposition is 
occurring and the particles slowly (~hours) begin 
to release.  Intact PyC will still hold gases. 

Adequate test fuel performance 

Under accident conditions, a pressure vessel type failure model has been used with the particle failing when the pressure exceeds a critical value.  Particles are 
assumed to fail when they meet some weakness criteria.  Details of cracks are just starting to be modeled.  Models indicate that cracks and debonding in the IPyC 
can lead to local stresses in the SiC that result in SiC failure.  
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Revised MHTGR High-Temperature Fuel Performance Models, R.C. Martin, ORNL/NPR-92/16 
Methods and Data for HTGR Fuel Performance and Radionuclide Release Modeling during Normal Operational and Accidents for Safety Analysis, K. 
Verfondern, et. al., Jul-2721 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

 

Massive pyrocarbon failure In HRB-21 due to a design flaw (seal coats) resulted in cracks that appear to have compromised the SiC and resulted in releases. 
(ORNL) 



C-84 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Intercalation 

Trapping of species between the basal planes of the structure 

 

Additional Discussion 

The performance models generally do not use micro data (to date).  Recent model development is examining some of these effects.  It is likely that data 
uncertainties will overwhelm this effect. 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 1 Remedy: Determine if relevant. Rank:  L 
 > 1600 °C: 1 None 
Rationale: (≤ 1600 °C) This situation has not 
caused problems 
 

Closure Criterion: None 
 

Rationale: The IPyC is likely to be saturated with 
fission products so this effect may not be 
important. 

Rationale (> 1600 °C) This situation has not 
caused problems 

None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Trapping 

Adsorption of fission products on defects 

 

Additional Discussion 

The performance models generally do not use micro data.  It is likely that data uncertainties will overwhelm this effect. 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 2 Remedy: None Rank:  L 
 > 1600 °C: 1 None 
Rationale: (≤ 1600 °C) This situation has not 
caused problems 
 

Closure Criterion: None 
 

Rationale: Some modeling has investigated 
trapping.  The IPyC is likely to be saturated with 
fission products so this effect may not be 
important. Rationale (> 1600 °C) This situation has not 

caused problems 
None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Gas-phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  H 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) The buffer layer appears to 
work as planned.  Gases are expected to diffusive 
through this layer. 

Closure Criterion: None 
 

Rationale: The buffer layer is design to be a void 
to collect the gases released from the kernel.  The 
problem would be if it weren’t porous. 

Rationale (> 1600 °C) The buffer layer appears to 
work as planned.  Gases are expected to diffusive 
through this layer. 

None 

See the design PIRT for the Buffer layer design. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Condensed-phase diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 
 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  H 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) The buffer layer appears to 
work as planned.  Fission products are expected to 
diffusive through this layer. 

Closure Criterion: None 
 

Rationale: The buffer layer is essentially void 
volume and is not expected to offer resistance to 
transport.  Some material may be sorbed on this 
layer. Rationale (> 1600 °C) The buffer layer appears to 

work as planned.  Fission products are expected to 
diffusive through this layer. 

None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Response to kernel swelling 

Mechanical reaction of the layer to the growth of the kernel via swelling 

 

Additional Discussion 

In the accident fuel testing done to date, no evidence of adverse buffer reaction to kernel swelling was apparent. 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  L 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) All evidence to date 
indicates that the buffer layer performs as 
expected. 

Closure Criterion: None 
 

Rationale:  The buffer layer is weak enough that it 
will deform or crush without transmitting high 
forces to the IPyC as the kernel distorts. 

Rationale (> 1600 °C) All evidence to date 
indicates that the buffer layer performs as 
expected. 

None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Maximum fuel gaseous fission 

product uptake 

Maximum loading of fission products that can deposit from the gas phase onto surfaces of materials 
surrounding the fuel kernel 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  L 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) All evidence to date 
indicates that the buffer layer performs as 
expected. 

Closure Criterion: None 
 

Rationale: The buffer layer must have sufficient 
void volume to control the pressure from released 
fission gases and CO.  

Rationale (> 1600 °C) All evidence to date 
indicates that the buffer layer performs as 
expected. 

None 

This is really a design issue.  See the PIRT Design Table. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Layer oxidation 

Reaction of buffer layer with oxide materials in the kernel 

 

Additional Discussion 

See the discussions on the use of UCO to control CO pressure. 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  L 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) No problem has been 
observed.  The basic problem is CO production 
that has been outlined elsewhere. 

Closure Criterion: None 
 

Rationale: A small portion of the layer is oxidized 
by the excess oxygen released form the kernel.  
This is of no consequence, as the layer has no 
structural function.  Rationale (> 1600 °C) No problem has been 

observed.  The basic problem is CO production 
that has been outlined elsewhere. 

None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Thermal gradient 

Change in temperature with distance 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  L 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) The codes can compute 
these temperatures. 

Closure Criterion: None 
 

Rationale: During accident conditions, the particle 
gradient is even lower than normal because the 
power production is low relative to operating 
conditions. 

Rationale (> 1600 °C) The codes can compute 
these temperatures. 

None 

Controlling the gradients across the particle is a design issue. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Irradiation and thermal 

shrinkage  

Dimension changes in the buffer layer or changes in its porosity produced by irradiation or by exposure 
to elevated temperatures 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: None Rank:  L 
 > 1600 °C: 6 None 
Rationale: (≤ 1600 °C) Modest buffer shrinkage 
and small cracks don’t seem to result in problems. 

Closure Criterion: None 
 

Rationale: Ideally, the buffer layer should isolate 
the kernel from the IPyC, but small cracks or 
limited shrinkage do not seem to cause trouble. Rationale (> 1600 °C) Modest buffer shrinkage and 

small cracks don’t seem to result in problems 
None 
 

In this high burnup Pu kernel (ORNL), considerable shrinkage took place in the buffer layer and the IPyC separated from the SiC.  While one would like to see 
less behavior of this sort, the particle performed well under irradiation. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Maximum fuel temperature  

Maximum fuel temperature attained by the fuel kernel during the accident 

 

Additional Discussion 

An Analytical Study of Volatile Metallic Fission 
Product Release From Very High Temperature Gas-Cooled Reactor Fuel and Core, S. Mitake, et. al., Nuclear Technology, 81, 7-12. 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: Determine what is required of the kernel 

to meet accident limits for a given damaged fuel 
fraction. 

Rank:  H 

 > 1600 °C: 7 Determine what is required of the kernel to meet 
accident limits for a given damaged fuel fraction. 

Rationale: (≤ 1600 °C) Temperatures can be 
computed to a reasonable degree by modern codes.  
Uncertainties come from material properties. 

Closure Criterion: Acceptable fuel performance.  
 

Rationale: The kernel retains a considerable 
amount of material and release is a function of 
temperature. 

Rationale (> 1600 °C) Temperatures can be 
computed to a reasonable degree by modern codes 

Acceptable fuel performance. 

For a study comparing the relative contributions of core and fuel materials and fission product retention see: 

In some accident situations, retention of some key fission products may be required to meet accident release goals. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Temperature vs. time transient 

conditions 

The time-dependent variation of fuel temperature with time 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None expect to watch for hot spots. Rank:  H 
 > 1600 °C: 7 None expect to watch for hot spots. 
Rationale: (≤ 1600 °C) Modern codes can 
computer the time history of the fuel.  The greatest 
problem is material property uncertainties. 

Closure Criterion: Calculations within the needed 
uncertainties. 
 

Rationale: The temperature history of the fuel is 
important.  Higher temperature operation (hot 
spots) even if it is followed by lower temperature 
operation can result in greater corrosion problems.  
High temperatures also increase fission product 
diffusion.  (See previous entry) 

Rationale (> 1600 °C) Same 
 

Calculations within the needed uncertainties. 
 

This is really a core design issue. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Energy Transport: Conduction 

within kernel 

Flow of heat within a medium from a region of high temperature to a region of low temperature 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 7 Remedy: None Rank:  L 
 > 1600 °C: 7 None 
Rationale: (≤ 1600 °C) These numbers have been 
calculated for the fuels of interest.  No major issues 
are associated with them. 

Closure Criterion: None 
 

Rationale: Temperature gradients within the kernel 
during heat up accidents are very small. 

Rationale (> 1600 °C) These numbers have been 
calculated for the fuels of interest.  No major issues 
are associated with them. 

None 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Thermodynamic state of fission 

products 

Chemical and physical state of fission products 

 

Additional Discussion 

For a discussion on kernel design to minimize CO and immobilize key fission products see: 

Stoichiometric Effects on Performance of High-Temperature Gas-Cooled Reactor Fuels from the U-C-O System, F.J. Homan, et. al., Nuclear Technology, 35, 
pages 428-441. 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: If fuel kernels other than UO2 are to be 

used, testing is required to assure that they work as 
expected. 

Rank:  H 

 > 1600 °C: 6 If fuel kernels other than UO2 are to be used, 
testing is required to assure that they work as 
expected. 

Rationale: (≤ 1600 °C) A considerable amount of 
work has been done kernel composition to limit the 
migration of fission products and control CO 
pressure.  However, only UO2 has been extensively 
tested in a high quality fuel. 

Closure Criterion: Demonstrated performance 
under the conditions of interest. 
 
 

Rationale: The chemical state of the fission 
products determines how they will migrate and the 
temperature dependence.  Its is desirable to oxidize 
some fission products without producing CO. 

Rationale (> 1600 °C) Same 
 

Demonstrated performance under the conditions of 
interest. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Gas-phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure).   

 

Additional Discussion 

A considerable amount of work has been done on gas diffusion in UO2.  It is of great importance in LWR fuels.  One can look into the latest LWR models or the 
historical references such as: 

The Diffusion Coefficients of Gaseous and Volatile Species During the Irradiation of Uranium Dioxide, J.A. Turnbull, et. al., Journal of Nuclear Materials, 107 
(1982), 168-184. 

 
Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, IAEA-TECDOC-978 (1997) 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: Determine what is required of the kernel 

to meet accident limits for a given damaged fuel 
fraction. 

Rank:  H 

 > 1600 °C: 6 Determine what is required of the kernel to meet 
accident limits for a given damaged fuel fraction. 

Rationale: (≤ 1600 °C) Data on fission product 
diffusivities has been collected. 
 

Closure Criterion: Demonstrated performance 
under the conditions of interest. 
 
 

Rationale: While the SiC layer is the primary 
barrier to fission product release, diffusion through 
the kernel does have a modest influence.  It may be 
important during accidents for damaged fuel. 

Rationale (> 1600 °C) Some data is available, but 
the release may be so high as not to matter. 
 

Demonstrated performance under the conditions of 
interest. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Condensed phase diffusion 

Bulk diffusion is diffusion through the grain of a material.  Surface diffusion is diffusion on the surface of 
the grain of material.  Grain boundary diffusion is diffusion through the material at grain edges in the 
material 

 

Additional Discussion 

For a study comparing the relative contributions of core materials and fission product retention see: An 
Analytical Study of Volatile Metallic Fission Product Release From Very High Temperature Gas-Cooled 
Reactor Fuel and Core, S. Mitake, et. al., Nuclear Technology, 81, 7-12. 

Stoichiometric Effects on Performance of High-Temperature Gas-Cooled Reactor Fuels from the U-C-O 
System, F.J. Homan, et. al., Nuclear Technology, 35, pages 428-441. 

Fission-Product Release During Postirradiation Annealing of Several Types of Coated Fuel Particles, R.E. 
Bullock, Journal of Nuclear Materials, 125 (1984), pages 304-319 

Also, the kernel must retain some corrosive fission products for good performance.  To meet accident limits, 
damaged fuel releases may need to be bounded and this implies limits on the kernel diffusion.   This is a 
tradeoff between kernel retention, fuel quality, and reactor design. 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 6 Remedy: Determine what is required of the kernel 

to meet accident limits for a given damaged fuel 
fraction.  Significant retention may be required for 
several key isotopes. 

Rank:  H 

 > 1600 °C: 4 Determine what is required of the kernel to meet 
accident limits for a given damaged fuel fraction.  
Significant retention may be required for several 
key isotopes. 

Rationale: (≤ 1600 °C) Data on fission product 
diffusivities has been collected. 
 

Closure Criterion: Acceptable performance 
 

Rationale: While the SiC layer is the primary 
barrier to fission product release, diffusion through 
the kernel does have a modest influence.  It may be 
important during accidents for damaged fuel. Rationale (> 1600 °C) Some data is available, but 

the release may be so high as not to matter. 
Acceptable performance 
 

The primary goal is to tie up the fission products as much as possible in the kernel without producing CO.  See: 
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At the right is a highly burned up (~70%) plutonium fuel (ORNL).  Note the complete loss of structure in the kernel and the large voids.  In this case, Pd had 
migrated from the kernel to the SiC coating, but the attack was minimal. 

At low burnups the kernel crystal is intact and can help retain fission products.  As the burnup continues and bubbles and gaps appear, the ability to retain the 
mobile fission products drops greatly. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Oxygen flux 

Mass transport of oxygen per unit surface area per unit time 

 

Additional Discussion 

Production of Carbon Monoxide During Burn-up of UO2 Kerneled HTR Fuel Particles, E. Proksch, et. al., Journal of Nuclear Materials, 107 (1982) pages 280-
285. 

Influence of Irradiation Temperature, Burnup, and Fuel Composition on Gas Pressure (Xe, Kr, CO, CO2) in Coated Particle Fuels, G.W. Horsley, et. al., 
Journal of the American Ceramic Society, 59, Number 1-2, pages 1-4. 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 3 Remedy: Determine if this area is of any 

significance. 
Rank:  L 

 > 1600 °C: 3 Determine if this area is of any significance. 
Rationale: ( ≤ 1600 °C) Some work has been done 
in this area.  The full implications are not clear. 
 

Determine if this area is of any significance. Rationale: The mass of oxygen from the kernel 
will determine the rate at which CO is formed and 
particle pressure.  Since the particles are designed 
assuming maximum pressure, the rate does not 
seem that important, but his area is somewhat 
unexplored.  

Rationale (> 1600 °C) Little has been done.  The 
rate is assumed to increase.  
 

Determine if this area is of any significance. 

Tests have shown that the oxygen does not immediately leave the kernel, leading to a somewhat lower CO pressure than normally would occur.  This effect is 
probably more important for low burnup fuel than high burnup fuel.  Upcoming tests on German fuel at higher burnups should shed more light on the oxygen 
issue.  See: 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Grain growth 

Enlargement of grains as a result of diffusion 

 

Additional Discussion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 3 Remedy: None Rank:  L 
 > 1600 °C: 3 None 
Rationale: (≤ 1600 °C) The grain growth issue 
appears to be less important with coated particle 
fuel because the layers form the fission product 
boundary. 

Closure Criterion: None 
 

Rationale: Kernel grain growth has not been an 
issue.  The higher burnups of coated particles fuels 
often results in the destruction of any structure.  
See grain boundary separation entry. 

Rationale (> 1600 °C) Same 
 

None 

Unlike LWR fuel, the grain structure appears to be less important.  Grain growth can result in the release of fission products from the kernel.  So far, this has not 
been a big issue, because the coatings are used for fission product retention.  However, under accidents conditions with tight limits, kernel release may need to be 
better quantified. 
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Buffer carbon-kernel interaction 

Chemical reaction between carbon and the fuel (UO2) to form UC2 and CO (gas) 

 

Additional Discussion 

This issue is discussed to some extent in: Stoichiometric Effects on Performance of High-Temperature Gas-Cooled Reactor Fuels from the U-C-O System, F.J. 
Homan, et. al., Nuclear Technology, 35, pages 428-441. 

 

 
 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue 

Closure Criteria 
 ≤ 1600 °C: 5 Remedy: None Rank:  L 
 > 1600 °C: 5 None 
Rationale: (≤ 1600 °C) Reactions of this nature can 
be investigated using thermochemical codes.  
Nothing has come up to date. 

Closure Criterion: None 
 

Rationale: No significant problems in this area 
have been observed. 

Rationale (> 1600 °C) Reactions of this nature can 
be investigated using thermochemical codes.  
Nothing has come up to date. 

None 

Generally, this issue has not been a problem under accident conditions.  Under normal operation it can lead to kernel migration. 
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Appendix C.3 

 

Detailed PIRT Submittal by the SNL Panel Member 

D. A. Powers 
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TRISO Fuel PIRT: Heatup Accident 
 

This PIRT is based more on geometry than it is on phenomenology, despite the name.  The PIRT seems to be attempting to identify the critical component of the 
coated particle fuel structure that deserves the most attention.  This is done at the expense of identifying the critical phenomena that need to be understood to 
anticipate the behavior of the fuel in normal and off normal circumstances.  As a result questions are asked repetitively about each of the major elements of the 
fuel perhaps to see if one or more of the elements are more vulnerable than others.  The questions do not illuminate in any detail the type of information that must 
be derived for coated particle fuel or the types of testing that must be done to gather the information.  For instance, lumped within the simple question of gas 
phase diffusion are bulk and Knudsen diffusion.  Though the question is repeated for each layer even when the layers are very similar, such as inner and outer 
PyC, there is no request for details of the materials that would be essential to estimate Knudsen versus bulk diffusion such as porosity and tortuosity.  There is no 
indication of whether tests of permeability need to be done for layers in situ or such data can be obtained from macroscopic samples of analog material.  We do 
not know from the PIRT whether phenomena such as thermal diffusion require testing to be done in prototypic gradients or just known gradients.  We do not 
know from the PIRT whether diffusion must be considered as approximately binary diffusion or has to be viewed as a multicomponent process.  This focus on 
the structure at the expense of phenomena limits the utility of the PIRT for the design of fuel models and experimental studies.  Perhaps, the PIRT is more useful 
in other respects because of its focus on structure.  
 

Life Cycle 
Phase 

Factor, Characteristic or 
Phenomenon Definition 

Fuel Element Heatup 
Accident Irradiation history 

The temperature, burnup and fast fluence history of the layer 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank:  H 
  
Rationale:  Whereas there is some limited 
information on the effects of radiation on graphite 
material, we do not have a usefully large data base 
on the specific materials to be used in the proposed 
fuel.  Nor do we have a reliable irradiation history 
for the material 
 

Closure Criterion:  
 

Rationale: Fast fluence will determine the amount 
of radiation damage sustained by the fuel element 
material, its ‘growth’ and possible cracking. These 
items will affect the transport of radioactive 
material released from fuel particles through the 
matrix material.  Cracks will provide short circuit 
pathways.  Defects will provide adsorption sites 
for transporting gases and vapors   
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Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element Heatup 
Accident Condensed phase diffusion 

Intergrannular diffusion and/or intragrannular solid-state diffusion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: M  
  
Rationale  We have some limited understanding of 
mass transport in graphite.  What information we 
have suggests that condensed phase diffusion is 
strongly dependent on the particular graphitic 
material and that it is challenging to apply results 
for one material to another that differ in 
microstructure and impurity levels.  We donot have 
the detailed information to predict condensed phase 
mass transport for the particular graphitic material 
making up the fuel matrix. 
 

Closure Criterion:  
 

Rationale Condensed phase mass transport of 
radioactive materials through fuel elements will 
not be a significant transport mechanism in 
comparison to gas phase diffusion.  Condensed 
phase mass transport may affect some limited 
aspects of the mass transport such as the 
accumulation and release of material from basal 
planes of the graphite 

  



C-106 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element Heatup 
Accident Gas phase diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure 
and pressure driven permeation through structure) Other factors include holdup, cracking adsorption, site 
poisoning permeability, sintering and annealing 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank:  H 
  
We have some generic knowledge of gas phase 
mass transport through irradiated porous media.  
Unfortunately, we do not now have the material 
characterization data to apply this understanding in 
any quantitative sense to the matrix material, nor 
do we have the gas phase species data to predict 
transport through the matrix. 

Closure Criterion:  
 

Rationale: Gas phase mass transport will be the 
fastest mechanism for the transport of fission 
products released from the fuel particles to reach 
the fuel element surface.  The mass transport will 
involve flow through a porous medium that has 
been irradiated and probably has a thermal 
gradient.  Permeability data are not available now 
for this material.   



C-107 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Fuel Element: Transport of 
metallic FPs through fuel 

element 

Heatup 
Accident 

Chemical form 

Chemical stoichiometry of the chemical species that includes the radioisotope of interest 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H  
  
Rationale  We have a fairly primitive 
understanding of the chemical forms of fission 
products that could be present in the fuel element 
material.  To a real extent this understanding is 
based on experience in systems that are fairly 
oxidizing and only involve oxides and elemental 
forms.  In the reducing circumstances of graphite 
coated particle fuels, vapor phase carbides, 
carbonyls and even cyanides could be important 
forms of the fission products. 
 

Closure Criterion:  
 

Rationale: The chemical form of the fission 
product species will largely dictate the relative 
efficiencies of transport of the various fission 
products released from fuel particles through the 
fuel element material. 

  



C-108 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Gas Phase Diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank:  H 
  
Rationale: We have at best a generic knowledge of 
gas phase mass transport through porous PyC.  We 
do not have the detailed characterization of 
permeability and tortuosity needed to predict the 
rates of gas phase mass transport through this 
layer.  Of course, if the layer is cracked in a 
macroscopic fashion, transport can be estimated 
more easily. 
 

Closure Criterion:  
 

Rationale: Gas phase diffusion through the porous 
outer PyC layer will be the fastest mechanism for 
fission product transport across this layer even if 
the layer is nominally intact but has pores and 
microscopic cracks 

  



C-109 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Condensed Phase Diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: M  
  
Rationale We lack adequate data for the specific 
material to estimate bulk diffusion , grain boundary 
diffusion  or surface diffusion. The later two 
diffusion process are known to depend critically on 
the specifics of the material and we do not have 
detailed material property data for Outer PyC layer 
 

Closure Criterion:  
 

Rationale: Condensed phase diffusion will be 
expected to contribute modestly to fission product 
transport across the Outer PyC layer relative to gas 
phase mass transport.  Of the various mass 
transport mechanisms, it is likely that grain 
boundary diffusion will be the only significant 
condensed phase mass transport mechanism 

  



C-110 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Layer oxidation 

Reaction of pyrolytic graphite with oxygen released from the kernel 

 

Additional Discussion 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 8 Remedy: Rank: L  
  
Rationale: We understand a lot about the reaction 
of oxygen with graphite and can be reasonably 
confident that there will not be a lot of oxygen 
from the kernel reaching the outer graphite layers 
 

Closure Criterion:  
 

Rationale: The kernel will release oxygen and this 
oxygen can react with the carbon in the outer 
pyrolytic graphite layer. But, before the oxygen 
can reach this layer it will have to pass through the 
more reactive and hotter buffer layer and the Inner 
pyrolytic graphite layer. Consequently, it seems 
unlikely that much oxygen will survive this 
transport and be available to react with the Outer 
Pyrolytic Graphite layer  

  



C-111 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Stress state 

(compression/tension) 

The state of the forces induced by external forces that are acting across the layer to resist movement 

 

 

 

 

 

 

 

 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank:  M 
  
Rationale: The evolution of the forces and the 
potential for rupture under accident conditions 
have not been definitively described in the 
literature 
 

Closure Criterion:  
 

Rationale: The forces are only important if they 
lead to rupture of the layer. Such a rupture will 
permit the short-circuit release of gas and vapor 
fission products 

  



C-112 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Intercalation 

Trapping of species between sheets of the graphite structure 

 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: L  
  

Rationale It is known that fission products do 
accumulate in the basal planes of the graphite 
regions of pyrolytic graphite. They become 
intercalated. This, however, can be viewed as a 
peculiarity of the graphite structure that makes 
diffusion potentially anisotropic. Still the potential 
for intercalation can be handled in the diffusion 
formulation rather than as a unique topic. As 
temperature increases, the preferential 
accumulation of fission products in the basal 
planes will abate 

Rationale: There is not a great deal of quantitative 
information on the intercalation of fission products 
in the particular type of graphite to be used for the 
outer pyrolytic layer  
 

Closure Criterion:  
 



C-113 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Trapping 

Adsorption and defect occupation 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: L  
  
Rationale: There is not a great deal of information 
on the defect adsorption (See review article in the 
Chemistry and physics of Carbon). Certainly, there 
is nothing specific to the particular carbon that will 
be selected eventually for the fuel particles  
 

Closure Criterion:  
 

Rationale: It is known that irradiation produces 
defects in graphite that will absorb species 
including, but not exclusively fission product 
species. This adsorption can be significant during 
operations. It probably has only a transient 
importance during a heat up accident for at least 
two reasons. First, heat up thermally anneals the 
defects and when this happens the adsorbed fission 
products are released. Second, at the higher 
temperatures the vapor pressures of the fission 
products in equilibrium with the defects are higher 
so the impact of adsorption becomes less 
significant 

  



C-114 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Outer PyC Layer Heatup 
Accident Cracking 

Lengths, widths and numbers of cracks produced in layer during accident 

 

Additional Discussion 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: H  
  
Rationale: We do not have the capability to predict 
the occurrence or characteristics of cracks formed 
in the layer. We have limited capabilities to predict 
the flow rates of gases through these cracks. 
 

Closure Criterion:  
 

Rationale: Cracks provide short circuit pathways 
for the release of gaseous and vapor fission 
products across the layer 

  



C-115 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Gas Phase Diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank: H 
  
Rationale:  There is not sufficient information on 
the specific, rapidly formed SiC material to predict 
gas phase mass transport across this layer.  
Permeability data, porosity data, pore structure data 
as well as data on the effects of radiation damage 
and stress will be needed and don’t appear to be 
forthcoming with the kind of detail needed to 
predict fuel performance. 
 

Closure Criterion:  
 

Rationale:  Gas phase transport will certainly be 
the most rapid means of fission product transport 
across the SiC layer if the layer has macroscopic 
cracks.  Even if the layer is nominally intact, pores 
and microscopic cracks should be numerous 
enough in this rapidly formed material to mean 
that gas phase mass transport across the layer will 
be more rapid than any of the condensed phase 
mass transport mechanisms discussed below.  The 
pressure driven term in the diffusion equation for 
this layer will be particularly important to 
consider. 

  



C-116 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Condensed-phase diffusion 

Inter-granular diffusion and/or intra-granular solid-state diffusion 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: : M  
  
Rationale : There is not the material 
characterization for the SiC layer to predict 
condensed phase diffusion processes.  Certainly, 
diffusion coefficients for the specific material are 
not available though there is an active research 
program at MIT looking at unirradiated material.  
More importantly, the SiC formed by chemical 
vapor deposition processes at very high rates will 
be quite unlike bulk materials for which there are 
some data. 
 

Closure Criterion:  
 

Rationale: : Condensed phase diffusion across the 
SiC layer is thought to contribute to the transport 
of some fission products, notably  radioactive 
silver.  But, for most fission products condensed 
phase diffusion will be a modest mechanism for 
transport relative to gas phase diffusion even if the 
layer is nominally intact with no macroscopic 
cracks.  Of the condensed phase diffusion 
processes, grain boundary diffusion and surface 
diffusion are likely to be more important than bulk 
diffusion even if diffusion along the basal planes is 
included in bulk diffusion.  Grain boundary 
diffusion and surface diffusion are notoriously 
sensitive to details of microstructure and impurity 
levels of the material.  

  



C-117 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Thermal 

deterioration/decomposition 

Decline in the quality of the layer due to thermal loading 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: : M  
  
Rationale : Detailed data on the specific material 
that is formed in the very dynamic coating process 
and its irradiation stability for the protracted 
irradiation times now envisaged are simply not 
available.  Furthermore, it is not at all clear how 
any incipient decomposition will affect the 
transport of fission products. 
 

Closure Criterion:  
 

Rationale: : Whereas, we cannot be certain 
whether the equilibrium SiC structure actually 
exists in the coated particle fuel as opposed to one 
of the Many metastable forms of SiC, it appears 
that temperatures envisaged for the hypothetical 
accident are too low to produce significant 
decomposition of SiC.  Perhaps irradiation might 
cause some decomposition 

  



C-118 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product corrosion 

Attack of layer by fission products, e.g., Pd 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank:  : L 
  
Rationale  : A quantitative analysis of phase 
equilibria in the M-Si-C system where M is 
represents various fission products has not been 
undertaken to evaluate this potential failure 
mechanism. 
 

Closure Criterion:  
 

Rationale: : Some fission products, notably 
palladium, are thought to attack SiC by the 
formation of stable silicides or carbides. The 
inventories of these fission products that are likely 
to reach the layer are however low and unless there 
is some feature of the asymmetry of the particles 
that lead to concentration of these fission products 
at some particular location, it is unlikely that they 
can breach the layer by themselves 

  



C-119 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Heavy metal diffusion 

Diffusion of heavy metals through layer 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: M 
  
Prediction of transport across the SiC layer is just 
not possible with the limited characterization data 
now available in the literature. 

Closure Criterion:  
 

Rationale: It is not entirely clear what is meant by 
“heavy metals” here. It may mean U, Pu, Th, etc.  
It could mean any element from the second and 
third transition series to the Actinides and 
Lanthanides.  Regardless, the transport of these 
materials will be entire like the transport of fission 
products discussed above – dominated by gas 
phase mass transport.   

  



C-120 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Layer oxidation 

Uptake of oxygen by the layer through a chemical reaction 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: L  
  
Rationale Though there are data on the reaction of 
SiC with oxygen it is not evident that these data are 
applicable to the particular form of SiC that will be 
produced in a strained condition in the coated 
particle fuels. 
 

Closure Criterion:  
 

Rationale: The only source of oxygen for this 
particular accident is from the kernel. Oxygen 
released from the kernel will have to pass through 
the reactive buffer layer and the inner pyrolytic 
graphite layer both of which may be hotter and 
more reactive than the SiC layer. It is difficult to 
see how much oxygen will actually reach the SiC 
layer to react. 

  



C-121 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission product release through 

undetected defects 

Passage of fission gas from the buffer region through defects in the SiC layer 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H  
  
Rationale: We do not have a good data base on the 
kinds of likely defects or the ability of fission 
products to pass through these defects. 
 

Closure Criterion:  
 

Rationale: this could be a predominant mode of 
fission product release in the intial stages of an 
accident before accident progression causes 
additional damage to the SiC layer.   

  



C-122 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Fission gas release through 

failures 

Passage of fission gas from the buffer region through regions in the SiC layer that fail during operation or 
an accident 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H  
  
Rationale: We do not have a capability to predict 
the performance of the SiC layer under a wide 
range of accident conditions. 
 

Closure Criterion:  
 

Rationale: this will be an important mechanism of 
fission product venting from the region bounded 
by the SiC layer 

  



C-123 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Thermodynamics of the SiC-

fission product system 

Include solubility, intermetallics, and chemical activity 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank:  H 
  
Rationale: the carbide systems are not easily 
predicted and there are scant data for very high 
temperatures. The reliability of what data there are 
for the particular SiC that will be used in the 
particles is not well established. 
 

Closure Criterion:  
 

Rationale: The thermodynamics of these systems 
will dictate whether fission products corrode the 
SiC layer and lead to rupture of the layer 

  



C-124 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

SiC Layer Heatup 
Accident Sintering 

Change of SiC microstructure as a function of temperature 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 6 Remedy: Rank: M  
  
Rationale: There is a lot of data on the sintering of 
SiC. Its applicability to the SiC used in particulate 
fuel is open to question 
 

Closure Criterion:  
 

Rationale:Sintering will refine the structure of the 
SiC perhaps making it stronger and more resistant 
to failure  

  



C-125 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Gas Phase Diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 6 Remedy: Rank: H  
  
Rationale: We have some generic understanding of 
the gas phase mass transport across porous graphite 
layers.  This understanding leads us to the 
identification of properties of the material that are 
not available for the inner PyC layer. Without this 
information on permeability, pore structure, 
tortuosity etc., it is just not possible to make 
meaningful estimations of the gas phase mass 
transport across this layer. 
 

Closure Criterion:  
 

Rationale: Gas phase diffusion across the inner 
PyC layer will be a dominant mechanism of mass 
transport of fission products across this layer.  The 
transport across an intact layer (no macroscopic 
cracks) will involve both chemical diffusion and 
Knudsen diffusion.  There may be some modest 
contribution from pressure diffusion across the 
layer.    

  



C-126 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Condensed phase diffusion 

Inter-granular diffusion and/or intra-grannular solid state diffusion 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: M  
  
Rationale: We know that surface and grain 
boundary diffusion are critically dependent on the 
microstructure and impurity levels in the host 
material.  Neither of these are known with the 
detail needed for analysis of condensed phase 
diffusion of fission products in the inner PyC layer.  
Attempts to make estimates based on the behavior 
of fission products in other materials would be 
susceptible to error of unpredictable magnitude. 
 

Closure Criterion:  
 

Rationale: The situation with respect to condensed 
phase mass transport in the inner PyC layer is quite 
like that in the outer PyC layer – so much so that 
one wonders why the layer will have to be 
repeated.  Condensed phase diffusion will be slow 
relative to gas phase diffusion.  Of the condensed 
phase diffusion processes, surface and grain 
boundary diffusion will be more important than 
bulk phase diffusion at the relatively modest 
temperatures envisaged for the hypothesized 
accident.    



C-127 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Pressure loading (Fission 

products) 

Stress loading of the layer by fission products by increased pressure 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 7 Remedy: Rank: L  
  
Rationale:  
Some estimates of the pressure loading from 
fission gases are possible using crude release 
models. 

Closure Criterion:  
 

Rationale: The pressure loading will be on the SiC 
layer rather than on the inner PyC layer and that 
loading will come more from CO gas than from 
fission gases, though clearly fission gases could 
contribute.   



C-128 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Pressure loading (Carbon 

monoxide) 

Stress loading of the layer by carbon monoxide by increased pressure 

 

Additional Discussion 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank:  H 
  
Rationale: The magnitude of the pressure drop 
across the inner PyC layer is not known, so it is not 
possible to assure that the loading is on the inner 
PyC layer rather than on the SiC layer.  In either 
case, the extent of reaction of the buffer layer with 
the fuel oxide during the accident is not known 
well.  Equilibrium calculations of the CO partial 
pressure suggest very high partial pressures.  What 
limited experimental data there are suggest high 
partial pressures but partial pressures that may be a 
factor of 4 less than equilibrium for fuel that has 
not experienced the temperature transient of the 
hypothesized accident. 
 

Closure Criterion:  
 

Rationale: Reaction of the buffer layer with oxide 
fuel will be the source of a lot of CO within the 
confines of the SiC layer.   

  



C-129 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Layer oxidation 

Uptake of oxygen by the layer through a chemical reaction 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: M  
  
Rationale: We don’t have the capability now to 
predict the transport of oxygen from the kernel 
through the various layers of the coated particle 
fuel especially when reactive defects are present. 
 

Closure Criterion:  
 

Rationale: The only source of oxygen for this 
accident is from the kernel. The source is quite 
small and the oxygen released from the kernel has 
to pass through the buffer which is inherently more 
reactive and hotter than the Inner PyC layer. Much 
of the oxygen may react with the buffer before it 
reaches the Inner PyC.  But, still it is possible that 
local pore pathways may alloy oxygen to impinge 
on the Inner PyC layer and create preferential 
pathways for release of fission products across the 
layer  

  



C-130 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Stress state 

(compression/tension) 

The state of the forces induced by external forces that are acting across the layer to resist movement 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: L  
  
Rationale: There is some limited information on 
the stress state of the layer.  There is no 
information on how this layer will affect fission 
product transport across the layer baring layer 
failure which is treated in other questions. 
 

Closure Criterion:  
 

Rationale: It is known that the stress state of a 
material can affect both condensed phase diffusion 
and gas phase diffusion. These effects are rather 
subtle.  More important is whether the layer 
remains intact or develops macroscopic cracking 
that will allow the venting of the pressurized gases 
from within the SiC layer.  This issue is, however, 
treated in other questions.  

  



C-131 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Cracking 

Lengths, widths and numbers of cracks produced in layer during accident 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 1 Remedy: Rank:  H 
  
Rationale: There is no evidence of a calculational 
capability to predict details of layer failure.  It is 
difficult enough just to define criteria when failure 
will occur. 
 

Closure Criterion:  
 

Rationale: Gross cracking of the layers will allow 
venting of the pressurized gases containing fission 
product vapors in an exceptionally rapid mass 
transport process.  More problematical is the 
formation of micro-cracks that do not allow 
venting but do provide short circuit pathways for 
gas phase mass transport across the layer. 

  



C-132 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Inner PyC Layer Heatup 
Accident Intercalation 

Trapping of species between sheets of the graphite structure 

 

Additional Discussion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank:  M 
  
Rationale: There does not seem to have been a 
systematic examination of intercalation for the 
range of fission products that are of interest. 
 

Closure Criterion:  
 

Rationale: Intercalation could help retain or at least 
retard the release of fission products. Intercalation 
is known to occur for some species such as 
potassium and could be expected for cesium. Of 
more interest is the generalized tendency of fission 
products to accumulate preferentially at the basal 
plains of the graphite structure 

  



C-133 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Gas Phase Diffusion 

Diffusion of gaseous fission products through layer (Knudsen and bulk diffusion through pore structure, 
and pressure driven permeation through structure) 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank: H  
  
Rationale: We have some generic knowledge of the 
transport of gases across a porous layer.  This layer 
is complicated by the existence of radiation-
induced defects that can absorb fission products, a 
thermal gradient that can enhance or inhibit fission 
product release, and the existence of a pressure 
gradient with simultaneous flow of the majority 
gas – carbon monoxide.  The necessary material 
characterization data and even the gas properties 
are not available to make predictions at this time. 
 

Closure Criterion:  
 

Rationale: Gas phase diffusion will be the 
dominant transport mechanism for fission products 
across the highly porous buffer layer 

  



C-134 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Condensed phase diffusion 

Intergrannular diffusion and/or intra-granular solid-state diffusion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 1 Remedy: Rank:  L 
  
Rationale: Insufficient material characterization or 
condensed phase diffusion coefficients are 
available to estimate mass transport by condensed 
processes. 
 

Closure Criterion:  
 

Rationale: Because of the highly porous nature of 
the buffer material, it will be unlikely that 
condensed phase mass transport will contribute 
significantly to transport across this layer on the 
time scales of the hypothesized accident.  

  



C-135 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Response to kernel swelling 

Mechanical reaction of the layer to the growth of the kernel via swelling 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank:  M 
  
Rationale: There is almost no information on how 
the buffer layer behaves under accident conditions.  
There are not data characterizing the gas phase 
mass transport characteristics of the material at any 
condition – accidents or normal operations. 
 

Closure Criterion:  
 

Rationale: The buffer layer is included to absorb 
the swelling of the kernel during normal operations 
and one just presumes that it will be capable of 
absorbing the incremental swelling that might 
occur in the accident. The crushing of the layer 
could have some effect on the material 
permeability and because of this fission product 
transport by gas phase processes could be affected. 

  



C-136 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Maximum fuel gaseous fission 

product uptake 

Maximum loading of fission products that can deposit from the gas phase onto surfaces of materials 
surrounding the fuel kernel 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: L  
  
Rationale No definitive data on the potential 
uptake of irradiated buffer material 
 

Closure Criterion:  
 

Rationale: Even if the layer can uptake a lot of 
fission products the temperatures reached in the 
heat up accident will essential reverse this uptake 

  



C-137 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Layer oxidation 

Reaction of buffer layer with oxide materials in the kernel. 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H  
  
Rationale: Little data on reaction rates of either the 
buffer or the urania. Useful data would have to be 
for irradiated materials 
 

Closure Criterion:  
 

Rationale: The uptake resulting in pressurization 
by CO is quite important during operations and the 
reactions will remain important during the 
accident. Also the reaction will produce release by 
the refinement of the reacting urania fuel.   



C-138 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Thermal gradient 

Change in temperature with distance 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 2 Remedy: Rank: H  
  
Rationale: We don’t have the data needed to assess 
the effects of gradients on the transport across the 
layer in a multicomponent system 
 

Closure Criterion:  
 

Rationale: Thermal gradients can affect 
multicomponent gas phase diffusion across porous 
media in unexpected ways 

  



C-139 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Buffer Layer Heatup 
Accident Irradiation and thermal 

shrinkage of buffer 

Dimension changes in the buffer layer or changes in its porosity produced by irradiation or by exposure 
to elevated temperatures 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 5 Remedy: Rank: L  
  
Rationale: Some understanding of these processes 
exists in a qualitative sense. I doubt we are 
predictive for the materials of interest. 
 

Closure Criterion:  
 

Rationale:These phenomena are more important 
for operations and as initial conditions for the 
accident. During the accident the irradiation will 
be modest. The temperature scenario is sufficiently 
modest that no major sintering of the graphite is to 
be expected  

  



C-140 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Maximum fuel temperature  

Maximum fuel temperature attained by the fuel kernel during the accident 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 5 Remedy: Rank:  H 
  
Rationale In principle, it should be possible to 
calculate the maximum temperature of the kernel. 
But, complexities of the thermal conductivities of 
layer surrounding the fuel kernel mean that major 
uncertainties in the fuel temperatures under 
accident conditions must exist – on the order of 50 
to 200 Kelvin.  Fission product releases from the 
highly burned kernels are not especially well 
known since the existing data base extends to only 
burnups of about 35 GWd/t 
 

Closure Criterion:  
 

Rationale: Temperature is well known to be one of 
the dominant factors affecting the releases of 
fission products from uranium dioxide fuel kernels 

  



C-141 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Temperature vs. time transient 

conditions 

The time-dependent variation of fuel temperature with time 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 4 Remedy: Rank:  H 
  
Rationale: See above. 
 

Closure Criterion:  
 

Rationale: See above; time at temperature is, of 
course an important consideration in thinking 
about the release of radionuclides.   



C-142 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Energy Transport: Conduction 

within kernel 

Flow of heat within a medium from a region of high temperature to a region of low temperature 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: M  
  
Rationale: A predictive model of the effects of 
burnup on fuel heat transfer for very high burnups 
in coated particle fuel is not available. 
 

Closure Criterion:  
 

Rationale: Ordinarily the conduction of heat in 
urania fuel is calculable.  The urania kernels for 
coated particle fuel are expected to be taken to 
much higher levels of burnup than is usual for such 
fuel.  The development of a ‘rim’ region and 
macroscopic porosity in the urania as the irradiated 
material restructures will greatly complicate the 
calculation of temperatures. 

  



C-143 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Thermodynamic state of fission 

products 

Chemical and physical state of fission products 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 5 Remedy: Rank: H 
  
Rationale We have quite a lot of information on 
fission product chemical form and physical state in 
conventional urania fuels.  There is much less such 
information for fuel kernels in the more reducing 
conditions of coated particle fuels and the 
information gets very scarce when very high 
burnups are achieved in the fuel. 
 

Closure Criterion:  
 

Rationale: Fission product release depends on the 
chemical activity of the fission products.  
Completely diluted in the urania matrix, the fission 
product chemical activities could be quite low.  
But, fission products are known to segregate under 
more oxidizing conditions to form metallic nodules 
and urinates. This can greatly affect the chemical 
activities of these fission products. 

  



C-144 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Gas phase diffusion 

Diffusion of gaseous fission products through the kernel (Knudsen and bulk diffusion through pore 
structure, and pressure driven permeation through the structure) 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H 
  
Rationale Difficult to model for the high burnup 
high porosity kernel material which may not have a 
simple geometry. 
 

Closure Criterion:  
 

Rationale: This is the dominant mechanism of 
fission product transport through the pore structure 
of urania fuel 

  



C-145 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Condensed phase diffusion 

Intergranular diffusion and/or intragranular solid state diffusion 

 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H 
  
Rationale  A defensible set of diffusion coefficients 
does not exist.  The formalism for calculating the 
diffusion has not been developed since it appears 
the Booth type modeling is grossly inapplicable 
 

Closure Criterion:  
 

Rationale: This is the predominant mechanism for 
transport of fission products from inside fuel grains 
to the interconnected pore structure of the kernel 

  



C-146 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Oxygen flux 

Mass transport of oxygen per unit surface area per unit time 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank:  H 
  
Rationale We lack the necessary fundamental data 
to accurately predict the effect of an oxygen flux to 
the surface of fuel kernels on fission product 
release. 
 

Closure Criterion:  
 

Rationale: Usually in urania fuels, the oxygen flux 
is accommodated by the molybdenum-
molybdenum dioxide equilibria and the reaction 
with clad which quickly becomes passivated.  For 
coated particle fuels, the oxygen flux will be to the 
strongly reducing buffer graphite. This flux will 
affect the flux of fission products through the fuel 
as a result of multicomponent effects. 

  



C-147 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Grain growth 

Enlargement of grains as a result of diffusion 

 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 8 Remedy: Rank: L  
  
Rationale There is a fairly good understanding of 
grain growth in urania fuels. 
 

Closure Criterion:  
 

Rationale: Grain growth is not the problem 
because fission products tend to pin the grain 
boundaries.  Far more important is the 
restructuring of the fuel as burnup progresses   



C-148 

 
Life Cycle 

Phase 
Factor, Characteristic or 

Phenomenon Definition 

Kernel Heatup 
Accident Buffer carbon-kernel interaction 

Chemical reaction between carbon and the fuel (UO2 or UOC) to form UC2 and CO ( gas) 

 

 
 

Importance Rank and Rationale Knowledge Level and Rationale 
Remedy for Inadequate Knowledge/Issue Closure 

Criteria 
Level: 3 Remedy: Rank: H  
  
Rationale There is very little information on the 
rates of buffer carbon reaction with highly 
irradiated urania fuel 
 

Closure Criterion:  
 

Rationale: This is a crucial interaction that affects 
both the thermodynamic state of fission products 
and the pressurization of the gases within the SiC 
layer. 

  


