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ABSTRACT
This research presents BISON simulations of stress, temperature, and failure probability 
of tristructural isotropic (TRISO) fuel particles subjected to transient power pulse 
conditions in the Nuclear Safety Research Reactor (NSRR). By modifying the default 
elastic properties of the PyC and the UO2 coefficient of thermal expansion correlation, 
BISON was found to produce suitable agreement with the observed and independently 
simulated results when appropriate shape and scale Weibull parameters for SiC failure 
were chosen. The Weibull parameter effects were also explored within the range of SiC 
failure and were applied using experimental data from hemispherical crush testing.
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1. INTRODUCTION
Tristructural isotropic (TRISO) fuel particles have long been developed for gas-cooled 
reactors [1,2]. Because of their excellent fission product retention capability [3,4], they 
are being considered for a wide range of advanced reactor designs. The fuel particles 
consist of a uranium-bearing fuel kernel surrounded by a low-density carbon buffer 
layer, a dense inner pyrocarbon (IPyC) layer, a SiC coating layer, and an outer 
pyrocarbon (OPyC) layer. Under a short-duration reactivity-initiated accident (RIA), as 
energy is rapidly deposited in the fuel kernel, it may experience rapid expansion and 
melting, which damages and fractures the PyC and SiC coating layers responsible for 
fission product retention. This work focused on modeling the behavior of the individual 
TRISO particles using the BISON [5] fuel performance tool and comparing the results 
with historical transient experimental data and calculations from the literature. This work 
considers two failure mechanisms: kernel melting and fracture of the SiC coating layer 
primarily due to the kernel’s thermal expansion.

Depending on the size of the reactivity insertion and the duration of the resulting power 
pulse, the temperature of the kernel can exceed its melting temperature [6]. Most of the 
material models available for TRISO fuel performance modeling are designed to target 
normal operating conditions and transients that do not result in temperatures close to 
fuel melting (i.e., pressurized or depressurized conduction cooldown), or <2,073 K. In 
this study, the BISON tool was used to model experiments on single fuel particles 
performed by Umeda et al. [6] that result in much higher temperatures. The goal was to 
assess and subsequently improve the predictive capability of this fuel performance 
modeling tool. This is consistent with the accelerated fuel development and qualification 
process suggested by Terrani [7], which strives to leverage an agile and iterative 
combination of integral fuel performance modeling with separate effects testing.  

The Nuclear Safety Research Reactor (NSRR) has a much shorter power pulse width 
than most reactors designed to be fueled by TRISO particles; this increases kernel 
temperatures leading to potential melting and increased probability for fuel particle 
failure as the kernel thermally expounds compared with equivalent energy depositions 
from reactors with longer pulses. This short pulse is driven by the very small neutron 
generation time of that reactor compared with a typical graphite-moderated modular 
high-temperature gas-cooled reactor (mHTGR). BISON was originally designed and 
largely benchmarked against quasi steady-state simulations. Comparing this set of 
highly transient experiments allows the selected models and simulation setup to be 
validated, which gives confidence in BISON’s ability to predict other transients of similar 
or somewhat longer timescales.

The typical initiating event for an RIA in an mHTGR is a control rod withdrawal (CRW) 
or an increase in cooling on the secondary side. Data for such hypothesized events 
exist in the literature for several designs, including the pebble bed modular reactor 
(PBMR) 268 MW and 400 MW designs, the General Atomics mHTGR-350 design, and 
the High-Temperature Reactor Pebble Bed Module (HTR-PM) design and 
demonstration plant. Actual CRW tests were performed recently at two small-scale 



mHTGR engineering demonstration reactors: the 10 MW High-Temperature Gas-
Cooled Reactor-Test Module (HTR-10) in China and the High-Temperature Engineering 
Test Reactor (HTTR) in Japan.

Table 1 shows several examples from the literature. The table lists the reactor design or 
the actual reactor, along with the type of mHTGR (prismatic compact-based or pebble-
based fuel), the category of data (calculation or experiment), the initiating event for the 
accident simulation or test, the estimated fuel kernel energy deposition (based on 
available fuel temperature data from the reference), and whether the source contains 
explicit neutronics modeling of the fuel kernels or uses a homogenized fuel model. The 
key takeaway from these data is that kernel energy deposition in mHTGR RIAs is 
expected to be less than the lowest fuel kernel energy deposition (578 J/g) in the fuel 
during the NSRR experiments. Explicit neutronics modeling of the fuel kernel will 
decrease this energy deposited due to enhanced feedback from the near-adiabatic 
nature of the fast transient [8].



Table 1 
Example of mHTGR RIA initiating events and estimated fuel kernel energy depositions 
from the literature.

Ref. Reactor 
system

Type of 
mHTGR

Category 
of data Event

Estimated 
fuel kernel 

energy 
deposition 

(J/g)

Explicit 
modeling 
of kernel

[9] PBMR-268 Pebble Calculation Single control 
rod ejection 10–25 (max) No

[10] PBMR-268 Pebble Calculation
Increase in 
cooling on 

secondary side
50 (max) No

[11] mHTGR-
350 Prismatic Calculation Total CRW, no 

SCRAM
250–350 
(average) No

[12,13] HTR-10 Pebble
Experiment 

and 
calculation

Partial CRW test 10–15 (max) No

[14] HTR-10 Pebble Calculation CRW accident 50–70 (max) No

[15] mHTGR-
350 Prismatic Calculation Partial CRW 

accident 10–15 (max) No

[16] HTTR Prismatic
Experiment 

and 
calculation

Partial CRW test 2–3 (average) No

[17] PBMR-400 Pebble Calculation
Total control rod 

ejection, no 
SCRAM

90–120 (max) Yes

[18] PBMR-400 Pebble Calculation CRW 50–110 (max) Yes

[19] PBMR-400 Pebble Calculation
Total control rod 

ejection, no 
SCRAM

50–70 (max) Yes

[20,21] PBMR-400 Pebble Calculation
Total control rod 

ejection, no 
SCRAM

225–300 (max) No

[22] PBMR-268 Pebble Calculation
Total control rod 

ejection, no 
SCRAM

100–250 (max) No

[23] HTR-PM Pebble Calculation CRW accident 30–85 (max) No

2. EXPERIMENTAL DATA
The experimental data and calculations were published by Umeda et al. [6]. The 
experiments were performed in the NSRR in Japan. The reactor is a 20% enriched U-
ZrH fueled with ZrH and a water moderator. The maximum reactivity insertion is listed at 
$4.7 and a peak power of 23 gigawatts thermal (GWth) [24]. However, the width of the 
power pulses decreases with increasing reactivity insertion [25]. Data from Nakamura et 



al. and Saito et al. [25,26] were used to generate and validate a point kinetics model 
with linear thermal feedback to produce the estimated power pulse shape boundary 
conditions for the TRISO experiments. The power during the transients was calculated 
using point kinetics with six groups of delayed neutrons [25] and first-order heat transfer 
through the volume resistance of the fuel, with reactivity feedback given by Eq. (1):

, (1)𝛿𝜌(𝑡) = 𝛾∫𝑡
0[𝑃(𝑡′) ― 𝑃0]𝑒𝑥𝑝 [ ― 𝜆𝐻(𝑡 ― 𝑡′)]𝑑𝑡′

where  is the reactivity feedback following the imposed reactivity,  is the energy 𝛿𝜌(𝑡) 𝛾
Doppler feedback coefficient,  is elapsed time,  is the change in power, and 𝑡 𝑃(𝑡′) ― 𝑃0

 is the time constant of the heat transfer through the fuel and into the coolant. These 𝜆𝐻
pulses are shown in Fig. 1, and the NSRR natural pulse is compared with the natural 
pulses of other reactors in Fig. 2 [27]. Three important quantities were validated in the 
kinetics models by comparing them with NSRR historical data: pulse width, pulse 
magnitude, and asymptotic power after the pulse. The validation calculation was 
performed for an insertion of $3.13 [25,26], which is in the correct range for the four 
reactivity insertions in the Umeda et al. [6] experiments.

Fig. 1. Plot showing the pulses used in the NSRR TRISO fuel RIA condition 
experiments.



0

1

2

3

4

1 10 100 1000

R
el

at
iv

e
P

ow
er

(-
)

Time (ms)

NSRR

LWR

mHTGR

Fig. 2. Comparison of the NSRR natural pulse to pulses of other reactors.

The geometry and layer density of the TRISO particles is presented in Umeda et al. [6] 
and listed in Table 2. Seven unirradiated particles were placed in a graphite ring which 
had a 10 mm outer diameter, a 4 mm inner diameter, and a 3 mm height. Thirty-six 
rings were placed in each fuel segment, and two segments were used in each test, as 
shown in Fig. 3. Eight segments were tested with energy depositions ranging from 578 
to 1,869 J/g UO2 [6].

Table 2. 
List of the TRISO geometry and densities [6].

Layer Thickness (m) Density (kg/m3)
UO2 kernel 500 diameter 10,630

Buffer 95 1,050
IPyC 40 1,850
SiC 35 3,190

OPyC 40 1,850
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Fig. 3. General NSRR TRISO irradiation setup. Adapted from Umeda et al. [6].

The results of the experiments showed intact particles for the 578 J/g case, kernel 
cracking in the 695 J/g through 1,254 J/g cases, and rapidly increasing particle failure 
fractions for 1,436 J/g and higher-energy depositions. Fuel melting was also observed in 
the 1,254 J/g and higher-energy deposition cases [6].

3. BISON AND MATERIAL MODELS
BISON is a finite element code developed and maintained by Idaho National Laboratory 
(INL). BISON is based on the MOOSE [28] computational framework and uses 
LIBMESH [29] and PETSc [30] to perform the numerical solutions. BISON has been 
used to perform TRISO simulations of operating and high temperature conditions [31]. 
However, this work focuses on the transient and high-temperature nature of the 
selected NSRR experiments. 

Since the fuel used in the NSRR experiments was unirradiated and experienced short-
duration pulses, irradiation models such as irradiation induced dimensional change 
(IIDC) of the carbon materials, swelling, and irradiation creep are not included in these 
simulations. The primary material properties are specific heat, thermal expansion, 
thermal conductivity, density, and elastic modulus. Table 3 lists the mechanical 
properties that were modeled as constants in the simulations. 



Table 3 
List of the mechanical properties used for the TRISO particles [31–35].

Material Elastic modulus (GPa) Poisson’s ratio (-)
UO2 170 0.345
Buffer 7 0.3
PyC 29 0.3
SiC 430 0.18
Graphitic matrix 10 0.3

The Poisson’s ratios were set according to default values in the BISON TRISO example 
files. However, some modifications were made to the elastic moduli. The UO2 elastic 
modulus was decreased from 200 to 170 GPa as a porosity correction based on data 
from Eq. (7) in Cappia et al. [33]. The elastic modulus of the SiC coating layer was also 
decreased from 450 to 430 GPa as a porosity correction based on Eq. (17) in Snead et 
al. [34]. The elastic modulus of PyC was decreased to 29 GPa, and the buffer was 
reduced to 7 GPa based on the Forschungszentrum Julich (FZJ) recommendations for 
unirradiated PyC [35]. The elastic modulus for the graphite matrix was set to 10 GPa as 
an approximation based on the information in the Graphite Design Handbook [32]. 

3.1 Thermal conductivity

The unirradiated UO2 thermal conductivity is given by equations in Fink [36]. The 
thermal conductivity is capped at 2,670 K per recommendation from Fink [36]. Although 
UO2 melts at about 3100 K, which is less than the maximum temperature in Fig. 4, the 
BISON model does not have a separate set of material properties for melted conditions. 
Since the estimated kernel temperatures in the NSRR experiments exceed 3,100 K, 
displaying the material property predictions above the melting temperature is relevant. 
Fig. 4 plots the unirradiated thermal conductivity of the UO2 and SiC versus 
temperature.
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Fig. 4. Plot of the unirradiated UO2 (left) and SiC (right) thermal conductivity to high 
temperature.



The thermal conductivity of the unirradiated chemical vapor deposition (CVD)-SiC 
coating layer was set to Eq. (12) in Snead et al. [34], where the unirradiated thermal 
conductivity is inversely proportional to temperature with values of about 350 to 50 
W/m-K.

The thermal conductivity of PyC is dependent on the porosity and is given by Eq. (2) 
[37]:  

, (2)𝑘 = 19.9866
1 ― 𝑃

1 + 9𝑃

where P is the porosity (-), and k is the thermal conductivity in (W/m-K). The values are 
in the range of about 4 W/m-K for PyC and about 0.7 W/m-K for buffer. The graphite 
thermal conductivity data are from Li et al. [38]. The unirradiated trend is inversely 
proportional to temperature, with values between about 60 and 100 W/m-K.

3.2 Specific heat

The specific heat of UO2 is given by an equation from Fink et al. [36] and is also capped 
at 2,670 K. Fig. 5 shows a plot of the UO2 and SiC specific heats. The specific heat of 
SiC was set to Eq. (10) in Snead et al. [34], which is capped at 2,400 K. 
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Fig. 5. Plot of the UO2 (left) and SiC (right) specific heat.

The specific heat of buffer, PyC, and graphitic matrix was set to a constant 720 J/kg-K, 
which is a typical average value for carbon materials.

3.3 Coefficient of thermal expansion

The coefficient of thermal expansion (CTE) of UO2 was set to a correlation from 
MATPRO [39], which gives a smaller value at high temperatures than the piecewise 
correlation from Martin [40]. The SiC CTE was set to Eq. (16) in the SiC Handbook [34], 
which increases rapidly with temperature and is capped at 5×10-6/K at about 1,000 K. 
Fig. 6 plots the CTEs vs. temperature.
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Fig. 6. Plot of the UO2 (left) and SiC (right) CTE.

The CTE of PyC and the buffer were set to 5.6 and 3.5x10-6/K per UK recommendations 
[35], which are very similar to FZJ recommendations (5.5 and 3.5×10-6/K). 

4. MODEL DESCRIPTION

The simulations consisted of a single TRISO particle surrounded by a 325 m thick 
graphite shell that acted as an approximate heat sink for the particle. The outer surface 
of the graphite shell was assumed to be adiabatic due to the short pulse duration, with 
an initial temperature of 373 K. The stress-free temperature was set to 1,873 K as an 
estimate of the SiC coating layer deposition temperature. This resulted in the SiC layer 
initially being in compression due to the larger CTE of the PyC layers and UO2 
compared with the SiC layer. In these simulations, interface debonding was not 
permitted.

A 3D mesh was used in these simulations. Originally, some consideration for aspherical 
effects given, but was decided against due to reasonable agreement between the 
symmetric simulations and the experimental results. The approximate mesh size for the 
particles was about 10 m radially and about 100 m on the circumferential directions. 
Further refining the mesh produced diminishing returns for the accuracy of the results. 
The simulation was run at the initial condition for 10 s, and then the reactivity insertion 
began. The simulation was stopped one second after the initiation of the transient, and 
0.5 ms timesteps were used during the transient. Further reducing the timestep size to 
0.05 ms did not significantly change the resulting stresses. Thus, the 0.5 ms timesteps 
were considered satisfactory.

5. RESULTS
Fig. 7 shows the power and energy deposition vs. the time, starting with the initiation of 
the transient. The full width half max of the pulse is about 10 ms for the smaller 578 and 
695 J/g cases and decreases to about 4 ms for the 1,642 and 1,869 J/g cases.
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Fig. 7. Plots of the power (left) and energy deposition (right) for the simulated NSRR 
conditions.

Fig. 8 compares the maximum kernel temperatures that were calculated in ABAQUS [6 
and the BISON results from this work. The BISON results predict larger maximum 
temperatures at the lower energy depositions but predict smaller temperatures for the 
largest energy depositions. The most likely primary cause of the temperature 
differences is the specific heat correlation of the UO2. However, this is speculation since 
the material property selection for the ABAQUS simulations was not published [6], and 
thus the modeling differences between the two models remains unclear. Considering 
the situation, reasonable agreement for fuel performance codes was obtained in 
maximum temperature, and the resulting hoop stresses follow the difference in thermal 
expansion from the kernel compared with the SiC layer. This is expected, since the 
kernel has over twice the CTE of the SiC. Additionally, the PyC has a somewhat larger 
CTE than the SiC. The maximum temperatures of the kernels, the temperatures of the 
SiC layers, and the hoop stress in the SiC layers are plotted in Fig. 9.
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The gray line in Fig. 9 denotes the estimated melting temperature of UO2. The heat of 
fusion and subsequent gas pressure from vaporized fuel is not included in the model. 



Thus, the temperatures and stresses above the melting temperature of UO2 may be 
considerably different from those predicted by the model.
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Fig. 9. (a) Maximum kernel temperature vs. time, (b) hoop stress on the inner surface of 
the SiC layer vs. time, and c (c) maximum SiC temperature vs. time.

The SiC layer is initially in compression because the initial temperature is 373 K, and 
the stress-free temperature was set to the estimated deposition temperature of 1,873 K. 
This prevents the 578 and 695 J/g cases from predicting tensile hoop stresses, which 
seems to be somewhat reasonable since no fractures were observed in these cases. 
However, as the energy deposition increases, the stress becomes great enough that 
SiC fracture is predicted. 

The microstructure and strength of the SiC coating layer of the fuel particles that was 
used in these experiments is unknown beyond what is reported in Umeda et al. [6] and 
other generic reports from the Japanese HTTR program [41]. However, the range of 
fracture strength in SiC coating layers of TRISO fuel particles has been experimentally 
assessed and could be used to calculate the cumulative failure probabilities of the SiC 
layers in this study. The cumulative failure probability of the SiC layer using Weibull 
statistics is given in Eq. (3),

, (3)𝐹𝑝 = 1 ― 𝐸𝑋𝑃[∫ ―
(𝜎𝑚

𝑚𝑝1 + 𝜎𝑚
𝑚𝑝2 + 𝜎𝑚

𝑚𝑝3)
𝑉𝑐𝜎𝑚

0
𝑑𝑉]



where Fp is the cumulative failure probability (-) of the SiC layer, and Vc (m3) is the 
characteristic volume of the test samples that were used to extract Weibull parameters. 
Those parameters are the characteristic strength, 0 (MPa), and the Weibull modulus, 
m. mp (MPa), is the calculated principal stress in the various directions that is then 
integrated over the volume of the SiC coating layer. 

The maximum principal stresses are used because SiC is a brittle material that is 
expected to fail due to normal stresses. The principal stresses are found by rotating the 
stress tensor until the shear stresses are zero, thereby providing a generalized method 
for calculating the normal stresses. However, in this spherically symmetric case, the 
differences between the max principal and hoop stresses are usually less than 1 MPa. 

The characteristic volume of the sample from which the characteristic strength was 
determined is included because the failure of brittle materials begins at a flaw, and 
larger samples or simulated volumes have an increased likelihood of containing a flaw. 
This allows for a volume normalization that does not depend on the number of elements 
in the mesh and allows for the test samples that provide the basic material property to 
have different volumes than the simulated geometry under stress. 

Experimental fracture testing data on SiC coating layers of TRISO fuel particles is 
available in the literature [42–48]. Strength of several SiC coating layers resulting from 
different CVD conditions were evaluated in studies Hunn et al. [48]. The fracture tests 
were performed on SiC hemispheres, as shown in Fig. 10. A segment of the resulting 
strength data from Hunn et al. [48] is shown in a Weibull plot in Fig. 11. These range in 
strength distributions are consistent with other results reported elsewhere [45,46].

Fig. 10. (a) The hemisphere of the SiC coating layer and (b) the test setup used. Both 
were adapted from Hunn et al. [48].
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Fig. 11. Weibull distribution of strength data from SiC hemisphere crush testing. The 
plot shows a select set of tests performed and adapted from Hunn et al. [48]. Weibull 
modulus and characteristic strength from five datasets that were plotted as line and 

markers with their associated IDs were used in the following analyses.

Strength data, which were plotted in the Weibull format from select sets in Fig. 11 that 
span the mid-to-high range of all available data from Hunn et al. [48], were used to 
calculate the failure probabilities in the simulations of the NSRR experiments. The 
series were 8C2, 7C2, 6C2, and 4A2, which are from the high-strength group of tested 
SiC hemisphere samples and 8A2, which is representative of the low-to-average range 
of the group. Table 4 lists the Weibull parameters for the five selected series. The 
volume of the full spherical shell was used as the characteristic volume since the local 
stress, which is the maximum tensile stress on the inner surface near the loading 
plunger, was scaled onto a full-sized sphere [48].

Table 4 
List of the fracture properties for five of the SiC series [48].

Sample series Weibull 
modulus (-)

Characteristic 
strength (MPa)

Characteristic 
volume (m3)

6C2 7.6 1,101 1.31e-10
7C2 6.1 805 1.40e-10
8C2 8.3 904 1.51e-10
4A2 5.8 1,077 4.5e-11
8A2 4.3 510 9.12e-11

The loading plunger creates a very small region with very high stresses. However, these 
local stresses are normalized over the equivalent volume of a sphere to produce the 
characteristic strengths. The corresponding characteristic volume is the volume of the 
equivalent sphere. 



The calculated stress in the SiC shell of the UO2 TRISO particles in the NSRR tests, 
which is shown in Fig. 9, was used to assess the failure probability in that coating layer. 
Since no strength data from the tested particles are available, the Weibull strength 
parameters from the five selected SiC series in Table 4 were used in Eq. (3) to 
determine the probability of failure. The results are shown in Fig. 12, and the 
experimental trend is reproduced from [6]. While the 8A2 trend predicts higher failure 
fractions than those observed, it is included on the plot to indicate a best estimate of the 
failure fractions for an average strength SiC under these conditions.
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Fig. 12. Plot of the predicted failure fractions for the NSRR experiments using a range 
of SiC fracture parameters. Data reproduced from [6].

The shape of the failure probability versus stress is a sigmoid shape, and the effect of 
increasing the Weibull modulus is to decrease the change in stress to transition from 
very small to very large failure fractions. The characteristic strength and characteristic 
volume have similar effects, because they primarily translate the curve to higher or 
lower stresses. The Weibull modulus for best agreement with the mean failure fractions 
reported in the NSRR experiments would have been greater than 15. However, this 
value is significantly outside the range of values typically reported in the literature (~4 to 
8), so data from fracture testing were selected instead.

6. SUMMARY AND FUTURE WORK
This work simulated a set of historical TRISO particle transient irradiation experiments 
from NSRR and obtained reasonable agreement in maximum temperature calculations 
and experimental SiC fracture probability using BISON. This work found that fuel 
melting is predicted at about the same energy deposition as the onset of SiC fracture. 
However, the pulse width of the NSRR is short when compared with pulses of other 
reactors, and it is expected that the onset of fracture for the SiC could occur before fuel 
melting if wider pulses were used. 



A review of mHTGR RIA events in the literature was conducted. The key takeaway from 
the RIA data is that kernel energy deposition in mHTGRs would likely be less than the 
lowest fuel kernel energy deposition (578 J/g) in the NSRR experiments. Additionally, 
the pulse width of an mHTGR CRW would be much greater than the NSRR experiments 
because of the order-of-magnitude longer neutron generation time in a graphite-
moderated system. This conclusion would not be valid for TRISO-fueled systems that 
used advanced hydride-based moderators, such as Transformational Challenge 
Reactor (TCR) [49–51]. Although higher-energy depositions can be expected in these 
systems, it should still remain well below 1,000 J/g. Additionally, the slower speed of a 
CRW vs. the rapid NSRR transients would impact the timing of the event.

Future work should focus on simulating longer pulses and determining the stresses in 
other relevant matrix materials, such as SiC [52,53]. Capturing the effects of burnup and 
fast neutron flux on the kernel and coating layers is another area that needs to be 
considered. Sensitivity and uncertainty analysis studies of the specific heat, CTE, 
thermal conductivity, and elastic modulus could also be performed to ascertain the 
primary governing parameters on behavior of TRISO fuel under transient conditions. 
Additional future work could include Sobol sensitivity studies of the SiC fracture 
properties and other simulation parameters.

It is recommended that additional transient tests of TRISO particles be performed to 
better understand the limits of the TRISO fuel form. Knowing the conditions under which 
the TRISO fuels will likely fail is far more valuable to the design engineers, regulators, 
and reactor operators than simply showing that the fuel withstands the expected RIA. 
The US Nuclear Regulatory Commission supports a more thorough understanding of 
dynamic fuel service conditions and corresponding fuel behavior, as well as qualification 
and assessment of selected fuel performance codes for transient conditions [54]. 
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