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Summary

The feasibility of using tristructural-isotropic (TRISO) fuel, a German developed fuel for use in gas cooled reactors, in Pacific Northwest National Laboratory’s Atoms for Peace Reactor (AFPR) concept was assessed.  Numerous fuel and material property models were described and a finite element analysis model was developed and used to predict the behavior of TRISO fuel under AFPR conditions.  The assumed AFPR conditions were derived from PNNL-16050, A Summary of Technical Data and Requirements needed to evaluate the Feasibility of using a modified TRISO Fuel element in the Atoms for Peace Reactor Concept.  The conclusion of the assessment is that TRISO fuel would not be a good candidate for use in the AFPR concept due primarily to unacceptable irradiation swelling, which in turn causes the inner and outer pyrocarbon layers to crack, and the pryrocarbon being dimensionally unstable at such high neutron fluence levels.  Additional concerns associated with the use of TRISO in a light water reactor environment were also discussed.
Contents

iiiSummary


1.11.0
Introduction


2.12.0
Reference Concept


3.13.0
Irradiation Swelling and Thermal Mechanical Properties for UO2


4.14.0
Irradiation Swelling and Thermal Mechanical Properties for SiC


5.15.0
Performance of SiC in a Water/Steam Environment


6.16.0
Irradiation Swelling and Thermal Mechanical Properties for Isotropic PyC


7.17.0
Performance of Isotropic PyC in a Water/Steam Environment


8.18.0
FEA Modeling of Reference Concept


9.19.0
Chemical Compatibility of the SiC Layer with Fission Products


10.110.0
Additional Material Considerations


11.111.0
Conclusions


12.112.0
References




Figures
2.1Figure 1.  Reference concept for fuel particle


3.2Figure 2.  Fuel swelling and densification model predictions as a function of burnup for 95% T.D. fuel


3.3Figure 3.  Young’s modulus for UO2 as a function of temperature for 95% T.D. fuel


3.3Figure 4.  Shear modulus for UO2 as a function of temperature for 95% T.D. fuel


3.4Figure 5.  Thermal expansion strain for 95% T.D. UO2 fuel


3.5Figure 6.  Specific heat for 95% T.D. UO2 fuel.


3.6Figure 7.  Thermal conductivity for 95% T.D. UO2 fuel at various burnup levels


3.7Figure 8.  Athermal fission gas release model


4.2Figure 9.  Model and data predictions for irradiation swelling in SiC


4.2Figure 10.  Irradiation swelling predictions for SiC at 300°C and 350°C as a function of time.


4.3Figure 11.  Young’s modulus data and model predictions for SiC


4.4Figure 12.  Shear modulus data and model predictions for SiC


4.5Figure 13.  Thermal expansion strain data and model predictions for SiC


4.6Figure 14.  Specific heat data and model predictions for SiC


4.7Figure 15.  Thermal conductivity data and model predictions for SiC


4.7Figure 16.  Thermal conductivity model predictions for SiC at 300°C and 350°C as a function of time


5.2Figure 17.  Corrosion data for SiC in water and steam


6.3Figure 18.  Young’s modulus for IPyC, OPyC, and buffer PyC for unirradiated PyC


6.3Figure 19.  Shear modulus for IPyC, OPyC, and buffer PyC for unirradiated PyC


6.4Figure 20.  Thermal expansion strain data and model predictions for isotropic PyC


6.5Figure 21.  Specific heat data and model predictions for isotropic PyC


6.6Figure 22.  Unirradiated thermal conductivity data and models for high density and low density PyC


6.7Figure 23.  Ratio of irradiated to unirradiated thermal conductivity models for high density and low density PyC


8.1Figure 24.  Axi-symmetric model layout and mesh


8.2Figure 25.  Von Mises Stress as function of time for the TRISO layers


8.3Figure 26.  Mises Stress at the end of 136.8 Days


8.3Figure 27.  Plastic Strain at the end of 136.8 Days


10.2Figure 28.  A plane of particles arranged in a close-packed arrangement



Tables

2.1Table 1.  Reactor normal operating conditions for fuel particle reference concept




1.0 Introduction

The purpose of this report is to assess the feasibility of using tristructural-isotropic (TRISO) fuel, which was originally developed in Germany for use in gas-cooled reactors, for application in Pacific Northwest National Laboratory’s Atoms for Peace Reactor (AFPR) concept37.  This work was funded under a FY06 Laboratory Directed Research and Development (LDRD) proposal, Advanced Particle Fuel Element Feasibility Study. The objective of the LDRD study was to assess the feasibility of using a modified TRISO fuel element in the AFPR concept and to identify an approach to developing an anticorrosion outer protective layer for TRISO in the event that TRISO was found to be compatible. As a first step in the feasibility assessment the performance of TRISO fuel (without modification) is examined herein.  The reactor conditions used to examine the performance of TRISO in the AFPR concept were reported in Reference 18. This report presents material properties for the different TRISO fuel particle layers as well as estimates of irradiation and water/steam‑side corrosion performance.  The predicted behavior of the TRISO fuel under accident conditions was evaluated for only limited scenarios based on available information.  
2.0 Reference Concept

The reference design for this fuel particle is the German-manufactured TRISO particle with larger dimensions.  An outer coating that serves as a protective layer between the TRISO-like particle and the reactor primary coolant will likely be necessary.  Candidate materials for the outer protective coating will be addressed in a separate report.  A drawing of this reference fuel concept is given in Figure 1.  


[image: image1]
Figure 1.  Reference concept for fuel particle

In addition to the geometry of the fuel particle as shown above, the reference concept will contain layer material properties similar to TRISO particles fabricated in Germany.  These particular properties are discussed below.  

The dense pyrocarbon inner and outer layers will have a density of 1.8 g/cm³ and will be completely isotropic.  Typically, pyrocarbon has a density close to the theoretical density of 2.2 g/cm³.  In addition, pyrocarbon is typically composed of flat plates of highly isotropic carbon that has drastically different properties in each direction.  However, since this coating will be isotropic and not fully dense, it will behave more like dense graphite than pyrocarbon1.  

The reactor normal operating conditions that these particles must be able to survive were reported in Reference 18 and are listed in Table 1.  While accidents conditions have not been fully developed for the AFPR concept, it is assumed that the fuel temperatures will not exceed 600° C.
Table 1.  Reactor normal operating conditions for fuel particle reference concept

	Average fuel temperature
	300°C-350°C

	Average particle heat generating rate
	0.18 W

	Average fast flux (E>0.1 MeV)
	1.0x1014 n/cm²-s

	Fast fluence (E>0.1 MeV)
	8.9x1022 n/cm²

	Damage per year (SiC)
	1.73 dpa

	Damage per year (C)
	2.28 dpa

	Time in core
	31 years (26.6 effective full power years)

	Coolant Conditions
	

	Pressure
	7.5 MPa

	pH at room temperature
	7.0

	Conductivity
	<0.2 S/cm

	O2 concentration
	200 ppb

	Chloride
	<15 ppb

	Sulfate
	<15 ppb

	Silica
	<100 ppb


3.0 Irradiation Swelling and Thermal Mechanical Properties for UO2
Empirically derived models describing the irradiation swelling and thermal-mechanical properties of UO2 over the range of conditions described in Table 1 are presented in this section.  These models were obtained from the US NRC fuel performance code FRAPCON and are well verified.  In addition to the models, plots are provided showing the model predictions over the applicable ranges.  The models presented in this section described irradiation swelling, elastic modulus, thermal expansion strain, specific heat, and thermal conductivity behavior.  In addition, the model from FRAPCON for athermal fission gas release is provided.  The temperature for this design is not expected to exceed the threshold where thermal gas release is seen.  

The theoretical density of UO2 is 10.96 g/cm³.  The density in the equations given below are expressed in a percent of the theoretical density (T.D.)
Irradiation Swelling and Densification

The model for irradiation swelling in UO2 is given in Equation 1 and Equation 22-3.  This model is a function of fuel density and burnup.  It has been validated up to a rod average burnup of 62 GWd/MTU and for fuel temperatures between 293K and 1000K, but is expected to be valid beyond 100 GWd/MTU.  The model for UO2 densification is given in Equation 32-3.  This model is a function of fuel density, burnup, and sintering temperature, and is valid for fuel temperature between 293K and 1000K.  
Swelling
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Equation 2
V/V = volume change, fraction

bu=burnup, GWd/MTU

D = fraction of theoretical density (Assume D=0.95)

Valid from 273K-1000K

Densification
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Equation 3

where
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V/V = volume change, fraction

bu=burnup, GWd/MTU
D = fraction of theoretical density

Ts=Fuel sintering temperature, K (Typically Ts=1873K)

B = constant such that V/V=0 when bu=0

Predicted UO2 volume change as a function of burnup based on the above relationship can be seen in Figure 2 for a case with 95% T.D. fuel.  It should be noted that these particles will likely be greater than 98% T.D. and most likely will exhibit no densification and swelling will begin at the rate seen below at beginning of life.  
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Figure 2.  Fuel swelling and densification model predictions as a function of burnup for 95% T.D. fuel

Elastic Moduli
The Young’s modulus, shear modulus and Poisson’s ratio for UO2 are given in Equations 4-62-3, respectively.  These models are valid from 293K to 1700K.  These models do not change with fluence and are a function of temperature and density.  
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Equation 5
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Equation 6

E = Young’s modulus, GPa

G = shear modulus, GPa

 = Poisson’s ratio

T = temperature, K

D = fraction of theoretical density

Figures 3 and 4 show the model predictions for Young’s modulus and shear modulus of UO​2 as a function of temperature for the case with 95% T.D. fuel.  
[image: image10.emf]180

182

184

186

188

190

192

194

196

0 100 200 300 400 500 600

Temperature, °C

Elastic Modulus, GPa

FRAPCON-3.3 Model


Figure 3.  Young’s modulus for UO2 as a function of temperature for 95% T.D. fuel
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Figure 4.  Shear modulus for UO2 as a function of temperature for 95% T.D. fuel

Thermal Expansion Strain
The linear thermal expansion strain in UO2 is given in Equation 72-3.  This model is a function of temperature and is valid between 293K and 1700K.  
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Equation 7
th = thermal expansion strain, in/in

T = temperature, K

Figure 5 shows the thermal expansion strain for 95% T.D. fuel.  
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Figure 5.  Thermal expansion strain for 95% T.D. UO2 fuel

Specific Heat

The specific heat of UO2 is given in Equation 82-3.  This model is a function of temperature and is valid between 293K and 1700K.  
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Equation 8
cp = specific heat, J/kg-K

T = temperature, K

Figure 6 shows the specific heat for 95% T.D. fuel.  
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Figure 6.  Specific heat for 95% T.D. UO2 fuel.
Thermal Conductivity

The thermal conductivity of UO2 is given in Equation 92-3.  This model is a function of temperature and burnup and is valid between 293K and 1700K.  This model has been validated up to a burnup of 62 GWd/MTU, but is expected to be valid up to 100 GWd/MTU.  This model is for 95% T.D. fuel.  The porosity correction is given in Equation 102-3 and can be used to adjust for different density.  
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Equation 9
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Equation 10

K = thermal conductivity, W/m-K

T = temperature, K

d = fraction of theoretical density

Figure 7 shows the thermal conductivity for 95% T.D. fuel at various burnup levels.  
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Figure 7.  Thermal conductivity for 95% T.D. UO2 fuel at various burnup levels
Athermal Fission Gas Release

The model for athermal fission gas release is given in Equation 112-3.  This model is a function of burnup and is valid up to a burnup of 62 GWd/MTU.  However, it is expected to provide reasonable predictions of the athermal release up to 100 GWd/MTU.  The athermal gas release is the xenon and krypton that is released from the UO2 matrix by recoil and knockout.  At temperature below 600°C it is not expected that any gas will be released due to gas diffusion from the UO2 matrix.  The models provided here give fission gas release as a percent of the total gas produced.  Equation 12 gives the gas produced as a function of burnup and density.  
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Equation 11
FGR = % fission gas released, of that produced

bu=burnup, GWd/MTU

[image: image23.wmf]336

.

13

×

×

=

D

bu

G

prod



Equation 12
Gprod=gas atoms produced, moles/m³ UO2
D = fraction of theoretical density

Figure 8 shows the athermal fission gas release as a function of burnup.  
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Figure 8.  Athermal fission gas release model
4.0 Irradiation Swelling and Thermal Mechanical Properties for SiC

In this section models describing the irradiation swelling and thermal-mechanical properties of SiC over the range of conditions described in Table 1 are presented.  In general these models are derived from various open literature sources.  In addition to the models, plots are provided showing data comparisons to the model predictions.  The models and data provided in this section describe irradiation swelling, elastic modulus, thermal expansion strain, specific heat, and thermal conductivity behavior.  

The density of SiC is 3.2 g/cm³.  

Irradiation Swelling

The radiation swelling in SiC is given in Equation 13.  This model is a function of temperature and radiation damage.  The radiation swelling in SiC has been found to saturate after 1.39 dpa.  It has been suggested that there may be a temperature dependence to saturation dose4.  However, due to a lack of data available to quantify this, the value of 1.39 will be used for this study.  This model is valid over the temperature range of 200°C to 800°C.  
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Equation 13
V/V = volume change, %

DPA = radiation damage, displacements per atom

T = temperature, °C

The values in Table 1 can be used to convert the time or fast neutron fluence to dpa for SiC.  It can be seen from this table that the saturation value of 1.39 dpa in less than one year.  Figure 9 shows the model predictions for several different fluence levels as well as for the saturation swelling.  The data includes measurements taken at several different levels of irradiation damage5 and measurements of the saturation swelling6.  It can be seen from this figure that the model and data are in reasonable agreement.  
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Figure 9.  Model and data predictions for irradiation swelling in SiC
Figure 10 shows the model predictions as a function of time at 300°C and 350°C.  It can be seen that in this temperature range, the swelling in SiC will saturate after about 200 days at a level between 1.9% and 2.1%.  
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Figure 10.  Irradiation swelling predictions for SiC at 300°C and 350°C as a function of time.
Elastic Moduli
The Young’s modulus, shear modulus and Poisson’s ratio for SiC are given in Equations 14-16, respectively.  These models are valid from 20°C to 600°C.  Irradiation does not change the moduli of SiC.  In addition, since there is no void swelling at this temperature, there will be no change in the cross section.  The elastic moduli will be the same for irradiated SiC as unirradiated SiC under these conditions.  
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Equation 14
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Equation 15
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Equation 16
E = Young’s modulus, GPa

G = shear modulus, GPa

 = Poisson’s ratio

T = temperature, °C

Figure 11 and Figure 12 show plots of the models for data7-8 and model predictions of Young’s modulus and shear modulus as a function of temperature.  It can be seen that there is about 9% scatter in the data at room temperature.  
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Figure 11.  Young’s modulus data and model predictions for SiC

[image: image32.emf]178

180

182

184

186

188

190

192

0 100 200 300 400 500 600

Temperature, °C

Shear Modulus, GPa

MatWeb Coors HR CVD SiC MatWeb Coors LR CVD SiC

CVD Materials Model


Figure 12.  Shear modulus data and model predictions for SiC
Thermal Expansion Strain

The thermal expansion strain for SiC is given in Equation 17.  This model is valid from 20°C to 600°C.  Thermal expansion data from SiC irradiated up to 1.0 dpa at 1100°C showed no change in thermal expansion strain with irradiation.  Based on this, it is assumed that the thermal expansion strain in SiC will not change with irradiation.  


[image: image33.wmf]5

6

2

9

10

76399

.

3

10

47185

.

2

10

03690

.

3

-

-

-

´

-

´

+

´

=

T

T

th

e


Equation 17
th = thermal expansion strain, in/in

T = temperature, °C

Figure 13 shows the thermal expansion strain model as a function of temperature.  This figure also shows the data8-10 that were used to derive this model.  It can be seen from this figure that the model predicts the data well, and that the data show no difference between irradiated and unirradiated SiC.  
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Figure 13.  Thermal expansion strain data and model predictions for SiC
Specific Heat

The specific heat for SiC is given in Equation 18.  This model is valid from 20°C to 500°C.  The specific heat of SiC will not change with irradiation.  
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Equation 18
cp = specific heat, cal/g-K

T = temperature, °C

Figure 14 shows the specific heat model as a function of temperature.  This figure also shows the data7, 8,11, & 12 that were used to derive this model.  It can be seen from this figure that the model predicts the data well.  
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Figure 14.  Specific heat data and model predictions for SiC
Thermal Conductivity

The thermal conductivity for SiC is given in Equation 19.  This model is valid from 20°C to 1100°C.  This model is a function of temperature and radiation damage.  
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Equation 19
K = thermal conductivity, W/m-K

DPA = radiation damage, displacements per atom

T = temperature, °C

Figure 15 shows the thermal conductivity model as a function of temperature.  This figure also shows the data7, 8, 9, & 13 that were used to derive this model.  It can be seen from this figure that the model predicts both the unirradiated and irradiated data well.  

The irradiated data shown above was irradiated at 1100°C.  The saturation of the thermal conductivity as a function of fluence may be different for lower temperatures.  However, this model gives a general idea of what the effect of fluence on thermal conductivity will be.  
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Figure 15.  Thermal conductivity data and model predictions for SiC
Figure 16 shows the model predictions as a function of time at 300°C and 350°C.  It can be seen that in this temperature range, the thermal conductivity in SiC will saturate after about 250 days at a level between 53 and 54 W/m-K.  
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Figure 16.  Thermal conductivity model predictions for SiC at 300°C and 350°C as a function of time
5.0 Performance of SiC in a Water/Steam Environment

Results of Literature Search

The computer program, HSC Chemistry14, was used to determine if the reaction of SiC with water given in Equation 20 is thermodynamically feasible at the fuel operating temperature of 300°C.  This program determined that at 300°C, the G of this reaction is -75.156 kcal.  A negative value of G indicates that the reaction is thermodynamically feasible.  
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Equation 20
Based on this, a literature search was performed to attempt to determine what the corrosion rate of SiC would be at this temperature.  

Hirayama et al15, performed corrosion tests on sintered SiC in 290°C water.  The results of these tests were that the corrosion rate for SiC increases with increasing pH and oxygen concentration.  For the AFPR reactor application, the oxygen concentration will be low (<200 ppb).  The expected pH of the coolant water is 7 at room temperature and 5.6 at operating temperature.  It was determined, that at higher pH and temperature, the protective layer of SiO that is formed by the reaction of SiC with water is dissolved into the water, allowing the reaction of the SiC with water to continue.  

Kim et al16, performed corrosion tests on sintered SiC and CVD SiC in distilled water at 360°C for 7 days.  The results of these tests were that the CVD SiC proved to be almost totally inert under these conditions.   However, it should be noted that the corrosion times available in the AFPR are significantly longer than 7 days.  

In a later paper, Kim et al17 performed corrosion tests on sintered SiC and CVD SiC in distilled water at 360°C for 10 days.  The results of these tests were that between 0 and 7 days, the weight loss in the sample followed a parabolic relationship that was reaching a very low corrosion rate.  However, the weight loss for the CVD specimen at 10 days was considerably higher, and micrographs showed that at this time the grain boundaries had begun to appear and that by 10 days more aggressive attack had occurred along the grain boundaries.  The weight loss in the CVD specimen at 10 days was around 1.25 mg/cm².  This corresponds to about 0.39 microns in thickness lost.  This is about 1.6% of a 25 micron layer.  Since the thickness loss is already approaching the limit of 10%18 of the thickness after 10 days, it is not expected to stay below this limit for the duration of 40-60 years.  The CVD material displayed lower weight loss for a little longer than the sintered material, but not enough to cause a significant difference over the time frame of several years.  

Falkovsky41 performed corrosion tests on SiC in water at 350°C and in steam at 550°C.  The results of these tests show that the corrosion rate for SiC in water at 350°C is about an order of magnitude lower than the results of Kim et al. showed.  Figure 17 shows the results of the corrosion tests performed by Kim et al. and Falkovsky.  
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Figure 17.  Corrosion data for SiC in water and steam
It is not clear why these test results are drastically different.  However, even at the lower corrosion rate the was observed by Falkovsky, the SiC layer would loose 10% of its thickness in the first two years of operation
Although the tests performed by Kim et al and Falkovsky are at 50 to 60°C higher temperature than expected under the AFPR conditions, it is not expected that the lower temperature will significantly reduce the corrosion rate.  The conditions of the Kim tests are similar to the AFPR conditions and the observed corrosion behavior is expected in the AFPR.  Based on these results, it can be seen that SiC will not provide an adequate corrosion barrier for this design.  

6.0 Irradiation Swelling and Thermal Mechanical Properties for Isotropic PyC

This section will provide models for the irradiation swelling and thermal-mechanical properties for isotropic PyC over the range of conditions described in Table 1.  In addition to the models, plots will be provided showing data comparisons to the model predictions.  The models and data provided in this section will be irradiation swelling, elastic modulus, thermal expansion strain, specific heat, and thermal conductivity.  

The theoretical density of graphite is 2.2 g/cm³.  For the inner PyC (IPyC) and the outer PyC (OPyC) layers, a density of 1.8 g/cm³ will be used.  For the buffer PyC, a density of 1.0 g/cm³ will be used.  

Irradiation-Induced Dimensional Changes 

Irradiation-induced dimensional changes in graphitic materials are highly dependent on the microstructure and irradiation conditions (temperature and fluence).  All graphitic materials possess a layered hexagonal crystal structure.  The basic mechanism of irradiation damage in graphite is displacement of carbon atoms from lattice sites on the basal planes of the hexagonal crystals to interstitial sites between adjacent basal planes.  At lower temperatures such as those expected in the AFPR (e.g., 300°C), the mobility of carbon atoms is low, and diffusion of the interstitials back to lattice sites is limited.  Therefore, there is a tendency for continuous accumulation of carbon atoms in interstitial positions.  Eventually, these atoms form new basal planes with a resulting expansion in the direction perpendicular to the basal planes (i.e., the c-direction).  The loss of atoms from the basal planes results in a net shrinkage perpendicular to the c-direction.  Thus, single-crystal or highly-oriented polycrystalline graphite will swell in one direction and shrink in the other directions.  

The PyC layers in the German TRISO fuel are deposited such that they are relatively isotropic.  In other words, the hexagonal crystallites have limited preferred orientation or texture.  The deposition conditions that produce this microstructure create PyC layers with relatively high porosity (approaching 20%).  Because of this, the German TRISO PyC is more resistant to irradiation-induced dimensional changes than fully dense and highly oriented PyC such as that produced in US TRISO fuel from the New Production Reactor (NPR) program19.  The random orientation of graphite crystallites and the porosity in the German TRISO PyC initially accommodates the anisotropic shrinkage and swelling of individual crystallites.  However, eventually, the differential strains in the material will reach a point that causes total disintegration of the PyC20.  For example, there are data that suggest the increase in the c lattice parameter of individual graphite crystallites will be approximately linear with dose and approach a value of about 2.6%/dpa-C at an irradiation temperature of 300°C21.  This degree of swelling, coupled with the shrinkage in the basal planes, will lead to significant internal strains in the PyC layer after only a few dpa‑C.

Irradiation dose calculations were made using the SPECTER22 code along with a representative neutron energy spectrum previously calculated for the AFPR23.  For the 31 year fuel residence time in-core, the end-of-life dose in the PyC is approximately 71 dpa-C.  This dose appears to be very challenging based on the available irradiation data for TRISO PyC and nuclear graphites.

High burnup irradiation experience with TRISO fuel is limited.  The peak irradiation dose achieved by the German TRISO fuel was about 6 dpa-C.  The US TRISO fuel tested during the NPR program reached a peak dose of about 11 dpa-C.  However, the US fuel experienced significant failures, particularly in the IPyC (inner PyC) layer, presumably due to the dimensional instability of the dense, anisotropic PyC layer in this fuel19.  More recent irradiation tests on TRISO fuel have not extended the maximum fluence of the PyC layers.  Recent work in Japan on extended burnup TRISO fuel only reached about 3.6 dpa-C24.  

Dimensional instability of nuclear graphites in general was a significant concern for US production reactors and UK power reactors beginning in the late 1940s and continuing into the 1990s1, 21.  A considerable amount of effort was devoted to the development of polycrystalline nuclear graphites with appropriate microstructures to minimize concerns associated with shrinkage and swelling.  Even so, irradiation data for bulk nuclear graphites exist only up to doses of about 30 dpa-C20, 21.  However, these data cannot reliably be applied to the behavior of TRISO PyC due to significant differences in microstructure and irradiation conditions.

It is doubtful whether the German TRISO PyC coatings could survive the significant dimensional changes experienced by individual crystallites at irradiation doses up to 71 dpa-C.  Irradiation data for this specific material do not exist beyond 6 dpa-C, and data from other nuclear graphites at doses as high as 30 dpa-C are difficult to apply to this material.  Even with the random arrangment of crystallites and the porosity associated with the German TRISO PyC, it is difficult to imagine this material maintaining its structural integrity at the extremely high doses required by the AFPR core design, based on the linear swelling rate of individual graphite crystallites at 300°C (2.6%/dpa-C).

Elastic Moduli

The Young’s modulus, Poisson’s ratio, and shear modulus for isotropic IPyC (inner PyC) and OPyC (outer PyC) are given in Equations 21-23, respectively25.  These equations are a function of temperature, fluence, and density.  These equations are valid between 20°C and 2000°C.  

The Young’s modulus, Poisson’s ratio, and shear modulus for isotropic buffer PyC are given in Equations 24-26, respectively25.  These equations are a function of temperature and fluence.  There equations are valid between 20°C and 2000°C.  
IPyC and OPyC
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Equation 21
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Equation 22
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Equation 23
buffer PyC
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Equation 24
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Equation 25
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Equation 26
Where:

E = Young’s Modulus, GPa

G = Shear Modulus, GPa

 = Poisson’s ratio

 = density, g/cm³

 = fast neutron fluence, 1021 n/cm²

T = temperature, °C

The Young’s modulus and shear modulus for IPyC, OPyC, and buffer PyC are shown in Figure 17 and Figure 18, respectively.  
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Figure 18.  Young’s modulus for IPyC, OPyC, and buffer PyC for unirradiated PyC
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Figure 19.  Shear modulus for IPyC, OPyC, and buffer PyC for unirradiated PyC
Thermal Expansion Strain

The thermal expansion strain for isotropic PyC is given in Equation 27.  This equation is not a function of density.  Therefore, this equation is valid for the OPyC, IPyC, and buffer PyC.  This equation is a function of temperature and is valid between 20°C and 600°C.  
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Equation 27
th = Thermal expansion strain, in/in

T = Temperature, °C

Figure 19 shows the thermal expansion strain model as a function of temperature.  This figure also shows the data26-27 that was used to derive this model.  It can be seen from this figure that the model predicts the data well.  

[image: image51.emf]0

0.001

0.002

0.003

0.004

0.005

0 100 200 300 400 500 600

Temperature, °C

Thermal Expansion Strain, in/in

Taylor Poco Model


Figure 20.  Thermal expansion strain data and model predictions for isotropic PyC
Specific Heat

The specific heat for isotropic PyC is given in Equation 28.  This model is valid from 20°C to 600°C.  The specific heat of isotropic PyC will not change with irradiation.  This model is valid for the low density buffer PyC and the high density IPyC and OPyC
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Equation 28
cp = specific heat, J/g-K

T = temperature, °C

Valid from 20°C-600°C

Figure 20 shows the specific heat model as a function of temperature.  This figure also shows the data27-29 that was used to derive this model.  It can be seen from this figure that the models predicts the data well and that there is no significant difference between irradiated and unirradiated PyC.  
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Figure 21.  Specific heat data and model predictions for isotropic PyC
Thermal Conductivity

The thermal conductivity of unirradiated PyC is given in Equation 29 and Equation 30 for IPyC/OPyC and buffer PyC, respectively.  These equations are a function of temperature and are valid between 20°C and 2200°C

Model for IPyC and OPyC
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Equation 29
Model for buffer PyC
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Equation 30
K0 = unirradiated thermal conductivity, W/m-K

T = temperature, °C

Figure 21 shows the unirradiated data28-33 and model predictions for IPyC/OPyC, and buffer PyC.  
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Figure 22.  Unirradiated thermal conductivity data and models for high density and low density PyC
Wu et al.34 examined the degradation of thermal conductivity under neutron irradiation at various irradiation temperatures between 420°C and 540°C up to a dose of 30 dpa.  The conclusion of this work was that the degradation of the thermal conductivity saturates at around 15 dpa.  In addition, the level of degradation was greater at lower temperatures.  Based on saturation values given over this temperature range, and assuming the degradation occurs linearly up to 15 dpa, the model seen in Equation 31 was developed to describe the thermal conductivity of irradiated IPyC/OPyC and buffer PyC.  
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Equation 31
Kirr = Thermal conductivity of irradiated PyC, W/m-K

K0 = Thermal conductivity of unirradiated PyC W/m-K(Given in Equation 29 and Equation 30)

dpa = Neutron dose, displacements per atom

Tirr = irradiation temperature, °C
Figure 23 shows a plot of this model for irradiation temperatures of 300°C and 350°C.  

[image: image58.emf]0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50

DPA

K(irr)/K(0)

T(irr) = 300°C T(irr) = 350°C


Figure 23.  Ratio of irradiated to unirradiated thermal conductivity models for high density and low density PyC

7.0 Performance of Isotropic PyC in a Water/Steam Environment

Results of Literature Search

The computer program, HSC Chemistry14, was used to determine if the reaction of carbon with water given in Equation 32 is thermodynamically feasible at the fuel operating temperature of 300°C.  This program determined that at 300°C, the G of this reaction is -0.950 kcal.  A negative value of G indicates that the reaction is thermodynamically feasible.  However, the G is very low, and at 280°C G is not negative.  
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Equation 32
Based on this, a literature search was performed to attempt to determine what the corrosion rate of isotropic graphite would be at this temperature.  No information on graphite corrosion in water at 300°C was found and based on the results given above, it is not expected that there will be very much corrosion of graphite under AFPR conditions.  

8.0 FEA Modeling of Reference Concept

A FEA thermal/structural coupled-field model was developed with the use of the general FEA code ABAQUS/Standard code 6.535 to predict the behavior of the reference concept.  Discussions of the model development and results are presented below.

FEA Model Development

The ABAQUS FEA model was constructed with 8-node quadratic axisymmetric heat transfer quadrilateral (DCAX8) elements and An 8-node biquadratic axisymmetric quadrilateral (CAX8) elements to represent the thermal and structural bodies, respectively.  The mesh for this model consisted of 21276 nodes and 6877 quadrilateral elements.  As indicated previously, the reference concept requires the presence of a robust exterior layer to protect the OPyC layer as well as layers beneath it from the reactor core environment.  A 0.03mm thick NbN exterior layer was selected for the purpose of performing the evaluation.  The mesh was created so that the thinnest layer would have at least three elements across its region (outer NbN layer, 0.03 mm).  The model is shown in Figure 24.  As shown in this figure, elements shared common nodes at material interfaces.  This simplification was selected because delamination between layers is not desired and its existence could assist in the failure of some of the encapsulated layers.  
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Figure 24.  Axi-symmetric model layout and mesh

For simplicity, the NbN layer was assumed to display material properties similar to the SiC layer with the exception of swelling due to irradiation.  Fluence was assumed to have no influence on the NbN layer.  Additional modeling assumptions and boundary conditions include an internal UO2 heat generation of 9.465E+07 W/m3, a constant external surface temperature of 300 °C due to coolant flow, time dependent internal pressurization as indirectly specified in Figure 8, and an external pressure 7.5 MPa as indicated previously.  As discussed, swelling of the SiC layer increases from 0 to 2% during the first half year and remains constant thereafter.  Finally, all material properties were assumed to be isotropic.

Initial steady state thermal analysis results yielded an insignificant temperature gradient.  As such, all material properties were assumed independent of temperature and were assigned material properties at a reference temperature of 300 °C.

Results from FEA Model Development

Presented in Figure 25 are Von Mises stress results for the representative TRISO layers as function of time.  The critical TRISO layers are the inner PyC (IPyC) and outer PyC (OPyC) layers because of their weak relative strength in comparison to the other layers.  Data is presented for 96.6, 136.8, 161.0, and 370.3 days after startup.  At 136, 161, and 370 days of operation the failure strength of the PyC forming the inner and outer layers is projected to elevate to 286, ~291, and ~334 MPa, respectively, due to its fluence levels.  As shown in this figure, the Von Mises stress of the OPyC has reach its failure strength at ~136 days.  This is due to swelling of the SiC layer.  As also shown in this figure, the Von Mises stress of the IPyC has exceeded its failure strength at ~370 days.  This is due to swelling of the UO2 core and the the SiC layer.  Figure 26 and Figure 27 display the stress and strain state of the TRISO encapsulation layers at 136.8 days with emphasis placed on the OPyC layer.
Conclusions that can be drawn from the FEA evaluation are as follows.  The swelling of 2% in the SiC layer will cause unacceptable cracking in the IPyC and the OPyC.  In fact stresses in OPyC reach the fail strength before the end of 136 days, i.e., before the swelling strain reaches a constant 2% (161 days).  Stresses in both IPyC and OPyC reach fail strength before internal pressure begins to form due to gas generation.
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Figure 25.  Von Mises Stress as function of time for the TRISO layers
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Figure 26.  Mises Stress at the end of 136.8 Days
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Figure 27.  Plastic Strain at the end of 136.8 Days
9.0 Chemical Compatibility of the SiC Layer with Fission Products
The fission products that have been of the most concern for TRISO fuel in the past have been silver (Ag) and Palladium (Pd).  The silver is a concern, because it has been found to rapidly diffuse through the SiC layer and plate out on the reactor internals.  The Pd is a concern because it has been found to chemically attack the SiC.  It is not expected that the migration of either of these elements will be a concern for the reference concept.  The diffusion of these elements typically begins at around 1600°C36.  Since the average fuel temperature is expected to be between 300°C and 350°C as given in Table 1, it is not expected that either of these elements will become mobile and leave the UO2 matrix.  Further evidence that neither of these fission products will leave the UO2 matrix is that in LWR fuel does not show any signs of migration of Ag and Pd.  LWR fuel operates at higher fuel temperature than the reference concept and lower fuel temperature than TRISO particles in a gas cooled reactor.  

The main fission products of concern in LWR fuel are Xe, Kr, and Cs.  It has previously been determined that for the reference concept, the temperature will be too low to allow diffusion of Xe and Kr through the fuel matrix, and any Xe and Kr that is released will be due to recoil and knockout and will be contained in the buffer PyC layer.  Cs has a similar diffusion constant to Xe and Kr in UO2, so it is not expected that it will diffuse out of the fuel matrix.  In addition, since Cs is not a gas a room temperature and very reactive, Cs atoms that are released from the matrix via recoil and knockout will likely remain on the grain boundaries and react with constituents at that location.  

Based on this analysis, there are no concerns with the chemical compatibility of the layers in the reference fuel and fission products.  
10.0 Additional Material Considerations

Settling of Particles into More Close Packed Configuration

For high temperature gas reactors, the Nuclear Regulatory Commission describes in NUREG/CR-6844, TRISO-Coated Particle Fuel Phenomenon Identification and Ranking Tables (PIRTs) for Fission Product Transport Due to Manufacturing, Operations, and Accidents why suspending and binding TRISO fuel particles in a fuel form is necessary and why it is not acceptable to simply pour them into a tube or container.  The first reason is particle heat transfer and the second is the mismatch between the particle fuel element thermal expansion and its metal container.

For gas reactors, close packed particles would have limited contact area and a considerable amount of void space, thus the contact heat transfer would be modest.  The flow impedance of very small closely packed particles would be too high, thus limiting the heat that could be removed by convection.  

The second reason relates to thermal expansion mismatch.  Over time the fuel particles can settle into a more close-packed arrangement due to flow induced vibration and column weight.  Once the particles settle into this arrangement there is little to move them into a less-close packed arrangement.  Figure 28 shows a drawing of particles in the most close-packed arrangement that they could possibly settle into.  Assuming that particles were indeed arranged as shown in Figure 26, and an accident condition were to occur that caused the fuel temperature to jump to 600°C in a relatively short period of time, then all of the strain that occurred in the particles would be transmitted to the core structural material if the particles were to behave as rigid bodies locked into a close-packed condition.  The reference AFPR concept includes a core structure comprised of 316 stainless steel37.  

For example, suppose the particles had a thermal expansion coefficient of 10x10-6 m/m/°C and during an accident the temperature were to increase from 300°C to 600°C.  Then the diametral strain in each particle would be 1e-5*300=0.3%.  If the particles are assumed to be rigid, the core structure would undergo a hoop strain of 0.3%.  For 316 stainless steel, Young’s modulus is 175 GPa at 300°C.  In this case the calculated stress would be 525 MPa.  The yield stress of unirradiated 316 stainless steel is 217 MPa at 300°C.  The yield stress of irradiated 316 stainless steel could be on the order of 20% higher or 260 MPa; however, this is still far below the calculated stress due to the mismatch in thermal expansion characteristics between the fuel and the stainless steel container.  Since the calculated stress is well above the yield stress, it can be concluded that this hypothetical accident would permanently damage the reactor core which is clearly unacceptable.

Another source of strain will be irradiation swelling.  It is known that the saturation swelling in SiC is about 2% at the assumed operating temperature.  If all the particles were to undergo 2% swelling, and were to exist in a close-packed arrangement, they would cause a 2% hoop strain on the core structure.  As discussed above, this much strain would far exceed the yield stress of 316 stainless steel.  

As stated earlier it is partially because of the mismatch in thermal expansion properties that gas reactor fuel designs have been forced to suspend and bind the particles into a fuel form (i.e., graphite spheres and blocks).  By imbedding the TRISO particles in a graphite matrix, it is possible to control how closely the particles are packed which allows for proper thermal expansion of the particles in the compliant graphite spheres or blocks; thus, eliminating the composite thermal expansion mismatch.
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Figure 28.  A plane of particles arranged in a close-packed arrangement
Long Term Crud Buildup

In addition to the concerns raised by the NRC about close packed beds another concern is related to crud deposition in the core.  For BWRs, iron and copper transport in the reactor coolant are key elements of the water chemistry.  This crud comes from the brass condensers, the valves, the feedwater pump and the piping.  It is expected that the sources of crud in a BWR will be the same in the AFPR reference concept.  Control of these elements in the feedwater is highly dependent on the type of condensate polishing system in use at the plant.  Deep-bed demineralizers, precoat filter/demins, and prefilter/deep bed combinations are used to clean the feedwater before it enters into the reactor.  The latter type of condensate polishing system affords the best removal of both particulate and soluble materials, combining the excellent solids removal of the prefilters with the superior ion exchange performance of the deep beds.  Typical resin bed particles are on the order of 200 µm in diameter.  These resin beds which are used in ion exchangers provide excellent filtration of crud and loose particulates in the reactor coolant.  The 2 mm reference PFE is only a factor of 10 times greater.  How much crud might accumulate in the core over such a long period as a result of using the reference fuel design concept would be of great interest.  
If the particle bed were found to act as a crud filter, this would have detrimental effects on the cooling of the fuel, since the flow area for steam would be significantly reduced.  This could cause the fuel temperature to rise considerably beyond the expected range of 300°C to 350°C.  

In addition, to this, it would make the movement of fuel particles from one annulus to the next more difficult since it may cause a group of particle to become stuck together.  

Ensuring Discharge of Fuel by 100 GWd/MTU or Less

Since the fuel particles in the reference concept are quite small (~2 mm in diameter) it would be difficult to ensure that every particle is successfully being moved from one annulus to the next and discharged from the reactor.  

Structural Materials Issues

Although not specifically related to the reference fuel, there are some potential issues associated with the use of austenitic stainless steel as a core structural material (e.g., the perforated boundaries between core annuli).  Calculations using the SPECTER code along with the AFPR neutron energy spectrum have shown that the dose rate in the stainless steel structure will be about 1.86 dpa-SS/full-power-year.  This could amount to as much as 112 dpa-SS over the projected 60-year life of the reactor.  Although this is a relatively high dose, it is not unprecedented with respect to fast reactor cladding materials that have been irradiated to doses in excess of 100 dpa-SS at much higher temperatures than the 300°C environment of the AFPR.  

A first consideration for AFPR core structural materials is stress corrosion cracking.  There are data that suggest that austenitic stainless steels would become severely embrittled after exposure to AFPR water conditions for up to 60 years.  If hydrogen is used to control free oxygen in the coolant, one can expect perhaps 20 ppb oxygen in the liquid phase.  At this level, as much as 25 %IGSCC has been observed in 304SS in LWR conditions at doses around 1 dpa-SS38.  If hydrogen is not used for oxygen control, the oxygen content would be about 200 ppb, which has been shown to lead to about 40 %IGSCC at doses around 1 dpa-SS38.  Clearly, to survive in excess of 100 dpa-SS, more corrosion-resistant materials will be necessary.  This could perhaps be achieved by careful alloy chemistry control or by selecting a more corrosion-resistant class of alloys (e.g., ferritic-martensitic steels).

It has been demonstrated that austenitic stainless steels can exhibit swelling at temperatures as low as 305°C at LWR-relevant dose rates and doses ranging from 4-56 dpa-SS39.  At temperatures of about 330°C, void swelling can reach 1% by volume in this dose range.  The exact swelling expected in the AFPR core structural materials will be highly dependent on the precise temperatures in those components, but this must be considered during materials selection.  There are swelling-resistant alloys such as Nimonic PE16 or HT9 that could be adopted for this application that could reduce concerns regarding dimensional stability40.

11.0 Conclusions
A feasibility assessment was performed by PNNL to determine the behavior of TRISO fuel in the AFPR concept.  Thermal-mechanical property models were developed to describe the material properties associated with the proposed TRISO fuel  when subjected to AFPR conditions.  A FEA model was developed to predict the behavior of the TRISO fuel during irradiation.  Other possible issues that have the potential to cause poor fuel performance were also identified and discussed.  

The following technical issues were identified as having a negative impact on TRISO fuel performance when subjected to AFPR conditions:  

1. During irradiation at 300°C the SiC will swell to 2% strain.
2. The 2% swelling in the SiC layer will cause unacceptable cracking in the IPyC and the OPyC.  

3. The use of SiC as an outer protective coating would not be acceptable due to corrosion of SiC in 300°C water.  

4. The expected neutron fluences in AFPR are several times the maximum fluence seen in nuclear grade graphite.  It is not expected that the PyC would be dimensionally stable at this fluence level.  

5. The particles could settle into a close packed arrangement leading to a situation where the thermal expansion in the particles during and accident could damage the reactor core internals.  

6. The particles are small enough that the particle bed could act as a filter for crud.  The buildup of crud in the particle bed would cause reduced flow, increased fuel temperature and more difficult fuel management.  

7. It may be difficult to ensure discharge of each particle at or below the specified burnup limit due to the small size of the fuel particles.  
This feasibility assessment has allowed PNNL to determine what aspects of the reference fuel concept will have potential for negative fuel performance.  With this knowledge, PNNL will be able to select new materials and a new fuel design that will eliminate or minimize these concerns that have been identified in this report while making only minor changes to the reference reactor plant concept.  
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UO2 =10.8 g/cm³, r=0.5 mm


pyrocarbon =1.0 g/cm³, t=100m


pyrocarbon =1.8 g/cm³, t=50m


SiC =3.2 g/cm³, t=100m


pyrocarbon =1.8 g/cm³, t=50m
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