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ABSTRACT 

 

The use of the Generation IV Very High Temperature Reactors (VHTR) presents significant 

perspectives to assume the future nuclear energy and hydrogen production. VHTR has 

advantages because its low electricity generation costs, short construction periods, high 

hydrogen production efficiency, safety and reliability, proliferation resistance and inherent 

safety features of the fuel and reactor. However, it faces substantial challenges to be 

successfully deployed as a sustainable energy source. One of these key challenges is the 

nuclear safety which mainly relies on the quality and integrity of the coated fuel particles 

(TRISO) planned to be used in these reactors taking into consideration the high temperatures 

(1000°C in normal operation and up to 1800°C in accidents conditions) and burnup degrees 

(150–200 GWd/tonU) achievable in these reactors. In this paper is presented the current state 

of development of a methodology for the evaluation of the thermomechanical behavior of the 

TRISO fuel in function of the variation of different parameters in the VHTR. In order to 

achieve this goal will be used coupled computational modeling using analytical methods and 

Monte Carlo and CFD codes such as MCNPX version 2.6e and Ansys version 14. The studies 

performed in this investigation included the evaluation of key parameters in the TRISO such 

as the release of fission gases and CO, gas pressure, temperature distributions, kernel 

migration, maximum stress values, and failure probabilities. The results achieved in this 

investigation contributes to demonstrating the viability of the proposed methodology for the 

study, the design and safety calculations of VHTR.  
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1. INTRODUCTION 

 

The Very High Temperature Reactor (VHTR), which is an evolutionary design of the High 

Temperature Gas Reactors (HTGR) have been identified as a prominent candidate in the IV 

Generation of nuclear reactors. However, it faces substantial challenges to be successfully 

deployed as a sustainable energy source. One of these substantial challenges lies considerably 

on maintaining the quality and the structural integrity of the TRISO coated fuel particle.  

In the VHTR, the successful implementation of TRISO fuel as safety technology is questioned 

due to the high temperatures (1000°C in normal operation and up to 1800°C in accidents 

conditions) and burnup degrees (150–200 GWd/tonU) achievable in this reactor [1-8].  

 

The main phenomena observed in the TRISO fuel under irradiation arise from the heat transfer 

process, the production and transportation of the fission products, the formation of the CO, the 

negative effects on the materials and the manufacturing processes. These phenomena cause 

negative effects in the TRISO particle, such as an accelerated increase in the pressure, a kernel 

migration, high stresses, a decrease in layer thickness and a change in properties of materials. 

These negative effects can cause an increase in the failure probability bringing as a 

consequence the failure of the TRISO particle [9-13].  

 

Currently, a large amount of fuel performance models have been developed to study the TRISO 

fuel performance, under irradiation conditions following mainly two methods. One method that 

uses closed-form analytical solutions for the stress–strain–displacement relationships and other 

that use numerical approaches, such as finite element analysis or methods. The dominant 

approach to calculating the stresses, strains, and displacements necessary in a TRISO fuel 

performance model to predict fuel performance has been a closed-form analytical solution.  

 

This approach reduces the problem to a 1D symmetric sphere and then solves the system of 

equations from the center of the fuel kernel radially outward to the OPyC (Outer Pyrolytic 

Carbon)/matrix interface boundary. This is a simplification in that it ignores sphericity, 

temperature gradients across a TRISO particle, and other factors; however, it enables the model 

to calculate failure fractions for large sets of possible TRISO particles within reasonable time 

frames. The 3D effects take into consideration phenomena, such as cracking or debonding. The 

numerical methods are used to solve the full 3D stress–strain–displacement equations. These 

have been demonstrated as an alternate approach to avoid the simplifications involving a 

closed-form solution. Example of computational codes currently used are FZJ model, JAERI 

model, Stress3 model, ATLAS model, PARFUME model and TIMCOAT model [9,10]. 

 

In this paper is presented the current state of development of a methodology for the evaluation 

of the thermomechanical behavior of the TRISO fuel in function of the variation of different 

parameters in the VHTR. In order to achieve this goal will be used coupled computational 

modeling using analytical methods and Monte Carlo and CFD codes, such as MCNPX version 

2.6e and Ansys version 14. The studies performed in this investigation included the evaluation 

of key parameters in the TRISO fuel particle, such as the release of fission gases and CO, the 

gas pressure, temperature distributions, the kernel migration, maximum stress values, and 

failure probabilities. 
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2. THEORY 

 

2.1.  VHTR 

 

VHTR still under conceptual design is a graphite-moderated, helium-cooled reactor with 

thermal neutron spectrum. The VHTR is expected to have attractive features like low electricity 

generation costs and short construction periods. This system is highly ranked in economics 

because of its great potential for economical production of hydrogen and electricity as well as 

in safety and reliability due to the inherent safety features of the fuel and reactor.  

 

Furthermore, this Generation IV system is rated good in proliferation resistance and physical 

protection, and neutral in sustainability because of its open fuel cycle [1]. The fuel planned to 

be used in this system is the TRISO fuel particles. These particles are combined with a matrix 

material and pressed into the spherical forms for pebble bed fuels or cylindrical or annular 

compacts for prismatic fuels. The planned reactor core type can be a prismatic block or pebble 

bed, being the pebble bed option the most currently investigated in order to reach rigorous 

standards of safety and performance [14]. 

 

2.2.  TRISO Fuel 

 

The TRISO fuel particles as shown in Fig. 1 typically consist of five distinct regions. The kernel 

contains nuclear fuel to be burned in the reactor, it is commonly made of UO2. Other like PuO2, 

ThO2, UCO, UC2, and their mixtures are also under consideration. Basic functions of the kernel 

are to control the internal pressure and the migration potential. The kernel is intended to holding 

down the CO production and binding rare earth as oxides to limit their migration to the coating 

layers as well as producing the desired power. The buffer is a porous layer surrounding the 

kernel and made of low density pyrolytic carbon. The buffer layer captures fission product 

recoils and protects the inner pyrolytic carbon layer (IPyC) from radiation damage. The porous 

design of the buffer layer provides free volume for fission product gases and controls the 

internal pressure. The buffer layer can be deformed easily to accommodate kernel swelling. 

The IPyC is a high-density carbon layer deposited on the buffer. It provides a smooth surface 

for SiC deposition during the manufacturing of the fuel particle and protects the kernel from 

the chlorine liberated during the SiC coating process. The IPyC and OPyC layers act as barriers 

against the fission product release out of the particle. They are also expected to keep the SiC 

layer under compression during power operation therefore that pressure vessel failure can be 

avoided. The SiC layer is the primary pressure boundary and fission product barrier in the 

coated fuel particle. It provides structural support to accommodate internal gas pressure. SiC 

is a brittle material and assumed to release fission products only when failed [15-26]. 
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Figure 1:  TRISO fuel particle. 

 

 

Several studies show that the TRISO fuel is able to withstand high temperatures and maintain 

a high structural integrity to retain fission products at high burn rates [27]. Their layers do not 

begin to degrade thermally until reaching temperatures of approximately 1800°C.This is a 

criterion of success, taking into account that in normal operation the fuel does not exceed 

1250°C and in the worst of accidents, temperatures remain below 1600oC [4]. This layer 

structure is an excellent barrier for the containment of radio-cores in the deep geological 

repository [28]. However, more studies are needed to verify its capacity to work under 

operational condition of very high temperatures and deep burnup degrees achievable in the 

VHTRs. 

 

2.3.  Fuel Behavior Under Irradiation 

 

Several phenomena are observed during the burning of the TRISO fuel, which are the utmost 

importance to understand the failure of the TRISO particle at high temperatures and high 

burnup degrees. These phenomena, which can cause the failure of the TRISO fuel are produced 

by mechanisms, such as 

 

The heat transfer: The heat transfer directly impacts any nuclear fuel due to the importance of 

conducting the heat generated by fission events out to the working coolant in the system. The 

fission product production and transport: The fission product production and transport, from 

the fuel kernel represent another key behavior in the TRISO fuel. Some of them, such as Xe 

and Kr considered the dominant species are in gaseous state. These fission products build up 

in the kernel and buffer of the particle and exert pressure on the PyC and SiC coatings. Some 

fission products can migrate out of the kernel and escape through the PyC and SiC layers to 

become radiological source terms in the matrix and coolant. Oxygen release from the fuel 

kernel: The excess oxygen reacts with the buffer to form CO gas. The amount of CO produced 

is a function of temperature and burnup. Depending on operating conditions and fuel design, 

the CO contribution to total internal pressure can be as high as four times the contribution from 

fission product gases. Internal gas pressure buildup: The internal gas pressure builds up over 

time in the TRISO particle and has traditionally been the dominant behavior suspected of 

causing TRISO fuel particle failures. Negative effects due to irradiation in materials: Under 

radiation, the internal and external layers of pyrolytic carbon tend initially to shrink or reduce 
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and then undergo a process of swelling. The SiC layer undergoes a similar volumetric change 

that is induced by irradiation although most studies ignore these changes because they consider 

it insignificant with respect to other changes [6, 29-33]. 

2.4.  TRISO Failure Mechanisms 

 

The failure of the TRISO fuel can be classified for its understanding in mechanical failures as 

shown in Fig. 2 and chemical failures. 

 

2.4.1. Mechanical Failures 

 

Mechanical failures occur when arises failures in the structural layers. This phenomenon can 

appear as a consequence of a stress that exceeds a material strength criterion, a crack initiation, 

and propagation or due to overloading. Examples of mechanical failures are: 

  

1. Failures by Overpressure: As the pressure of the gases inside of TRISO increase over 

the life of the particle, they will induce increasing tensile stresses in the structural 

layers. If the mean tensile stress in any one of the layers exceeds the strength of the 

layer, the layer fails. Simple models to study the behavior of the TRISO fuel only take 

into consideration the failure in the SiC layer. The fracture stress for SiC varies 

significantly in the literature but is about 350–400 MPa [33,34]. 

 

2. Failures for Cracking Induced: Pyrocarbon layers shrink in both radial and tangential 

directions. The shrinkage of the pyrocarbon (PyC) compresses the SiC layer and 

prevents overpressure failures. However, after an initial densification stage, PyC begins 

exhibiting irradiation-induced swelling in the radial direction but continue to shrink in 

the tangential direction. As a result, the pyrocarbon layers can crack, and these cracks 

and can lead to very high local stress. This high local stress cracks and fails the SiC 

layer [33,34]. 

 

 

 
 

 

Figure 2: TRISO fuel behavior. 
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2.4.2. Chemical Failures 

 

Chemical failures are focused in the phenomena that include corrosion, decomposition, or other 

weakening of the structural layers due to elements that build up inside the particle during 

irradiation.  

 

1. Failures by Fission Product Attack: The fission products can migrate toward the 

structural layers and corrode them. The level of corrosion is dependent on the amount 

of free oxygen and the temperature of the TRISO particle and is enhanced at higher 

temperatures. This corrosion weakens the affected structural layer and reduces its 

strength increasing the stresses in the layer bringing to fail it [33,34]. 

 

2. Failures by kernel migration: This is defined as the movement of the kernel in the 

direction of the coated layers in the TRISO due to thermal gradients. This effect is 

known as ‘amoeba effect’ too. It phenomenon strongly depends on power density, 

temperature, and the temperature gradient across the fuel. The kernel migration can 

cause the crack of the layers by a collision of the kernel [33,34]. 

 

 

3. MATERIALS AND METHODS 

 

3.1.  MCNPX Code Description 

 

One of the calculation tools used in this study was the MCNPX version 2.6e code, it constitutes. 

the first stage solver. The MCNPX is used for in-core neutronic calculations and permits the 

determination of many key parameters, such as the release of fission gases and CO production. 

The MCNPX version 2.6e code is a transport code for the computer modeling of particles, such 

as neutrons, photons and electrons in a time dependent transportation. It tool has the capacity 

to perform different geometries and a wide range of energies. MCNPX code based on the 

Monte Carlo probabilistic method incorporates a new possibility related to the 

depletion/burnup capability based on CINDER90 [35]. A fuel temperature of 1200 K was 

supposed in the calculation with the MCNPX. 

 

3.2.  ANSYS Code Description 

 

The other calculation tools used in this work was the ANSYS 14 code. ANSYS is a general-

purpose software, used to simulate interactions of all disciplines of physics, structural, 

vibration, fluid dynamics, heat transfer, mechanical and electromagnetic for engineers. The 

ANSYS Mechanical module used in the present investigation allows model advanced 

materials, complex environmental loadings and industry-specific requirements in areas, such 

as offshore hydrodynamics and layered composite materials. The ANSYS Mechanical allows 

the modeling of a whole range of material covering everything from hyperelastics, shape 

memory alloys, soils, concrete, plastic and metallic structures. Moreover, the user can define a 

material and add it to model if it needed [3]. 
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3.3.  TRISO Particle Characteristics 

 

The TRISO particle will be investigated taking into consideration numerous studies, such as 

thermal and mechanical studies as well as calculations of the failure probability of the particle. 

Table 1 presents the properties of the TRISO fuel particle used in this study. 

 

Table 1: Characteristics of the TRISO fuel particle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Was assumed a uniform thermal power of 0.3 W in the kernel as well as an OPyC outer surface 

temperature of 1200 K. The particle was burned during 279.11 days in order to achieve a 

burnup degree of 80 GWd/tonU [19]. 

 

The kernel migration rate (KMR) was calculated using Equation 1. This equation was used in 

reference [16] and comes from a correlation, which takes into consideration irradiation tests 

results on kernel migration distances. This Equation 1 is valid for the temperature gradient used 

in this investigation and for temperature values up to 1700 K [16]. 

 

                                      KMR = 2 ∗ 10−6 exp (−
14800

𝑇
) ∗ 𝑇−2 ∗

𝑑𝑇

𝑑𝑟
                                  (1) 

 

 

Where: 

KMR is the kernel migration rate in m/s. 

r is the radial distance in meters. 

T is the temperature in Kelvins.  

 

To obtain a preliminary temperature distribution inside of the TRISO fuel particle, one-

dimensional model was developed using heat transfer equations. Although each layer is 

modeled explicitly and the boundary conditions are asymmetric inside the particle due to the 

asymmetric distribution of neigh-boring particles, that induce asymmetric thermal condition 

for the whole particle. The studies take into consideration a symmetric distribution in the 

particle. The temporal and spatial dependence of thermal conductivity and heat generation are 

ignored. 

 

 

 

Characteristics  

Fuel material UO2 

Oxygen to uranium ratio 2 

Kernel density 10.5 g/cm3 

Coating layer materials Buffer/IPyC/SiC/OPyC 

Kernel density 10.5 g/cm3 

Kernel diameter 600 µm 

Coating layer thicknesses 60/30/25/45 µm 

Coating layer densities 1.01/1.85/3.20/1.85 g/cm3 

Thermal conductivity 2.52/0.5/4.0/13.9/4.0 W/mK 
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The temperature drops across each layer were calculated using Equation 2 [3]): 

 

∆T = (𝑇𝑠1– 𝑇𝑠2) = (𝑄𝑓 ∗ (𝑟2 − 𝑟1))/(4 ∗ 𝜋 ∗ 𝐾𝑐 ∗ 𝑟1 ∗ 𝑟2)                            (2) 

 

Where: 

r2, r1: Inner and outer radio where is evaluated the temperature drop. 
Ts1, Ts2: Temperatures in the in radios r1 and r2. 

Qf: Thermal power generated in the fuel kernel. 

Kc: Thermal conductivity. 

 

The mass of gases Xe and Kr was obtained from the output file of the calculations with the 

computational code MCNPX. On the other hand, the mass values of CO needed additional 

calculations to obtain it. The molecule of CO is assumed to be formed in this study, due to the 

reaction of excess free oxygen with the carbon in the buffer layer. To obtain the CO mass was 

necessary to determine a quantity of atomic oxygen release per fission with the Equation 3. 

 
𝑂

𝑓
= 𝑡2 ∗ 10(−0,21+(−

8500

𝑇
)
                                              (3) 

 

Where: 
𝑂

𝑓
 : is the atomic oxygen release per fission. 

t: is the time of burnup. 

T: is the temperature in Kelvins. 

 

 

4. RESULTS AND DISCUSSION  

 

4.1. Fission gas production and gas pressure 

 

As a first step in this investigation were determined the mass of the gases Kr, Xe and CO. 

Taking into consideration its importance in contributing to the gas pressure in the TRISO 

particle. Fig. 3, shows the mass variation of Kr, Xe, CO during the TRISO fuel particle burnup 

until 80 GWd/tonU.  
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Figure 3: Mass variation of Kr, Xe, CO. 

 

As can be seen in the Fig. 3, with the increase of the burnup in the TRISO particle increases 

the mass of Kr, Xe and CO. After achieving the 80 GWd/tonU, the TRISO fuel particle contains 

1.07*10-5 grams of Xe, 8.37*10-7 grams of Kr and 4.77*10-6 grams of CO. 

 

Once determined the mass of gases produced inside the TRISO fuel particle, can be determined 

the gas pressure caused by them using the Redlich-Kwong equation [38]. Fig. 4 shows the gas 

pressure variation in function of the burnup in the SiC layer due to Kr, Xe, CO production. The 

calculation was made for the SiC layer, taking into consideration the importance of the SiC as 

the primary pressure boundary and fission product barrier in the coated fuel particle. The SiC 

provides a structural support to accommodate internal gas pressure and is assumed that releases 

the fission products only when it fails. This assumption led the criterion that the TRISO fuel 

particle fails if the SiC layer fails. 
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Figure 4: Gas pressure variation due to Kr, Xe, CO production. 
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A total gas pressure of 10.24 MPa was obtained. The gas, which causes less pressure is the Kr 

with 0.0098 MPa. On the other hand, the CO and the Xe were the gases, which most contributed 

to the total pressure of the system with 67.84 % and 32.06 %, respectively. 

 

4.2.  Kernel Migration 

 

To determine the kernel migration (see Fig. 5) in the TRISO particle was used the Equation 1. 

It was taken into consideration that the migration will occur in the z-axis and the kernel will 

preserve its spherical shape during the kernel migration. Two fuel temperature were evaluated 

1200 K and 1723 K. 
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Figure 5: Kernel migration. 

 

 

As can be seen, the kernel migrates during the TRISO fuel particle burnup. The kernel 

migration rate (KMR) was determined to be 9.17*10-8 µm/s for 1200 K and 2.08*10-6 µm/s for 

1723 K. The KMR at 1723 K is 22.68 times greater than the KMR at 1200 K, which shows the 

influence of the temperature in this parameter. In this case, the kernel has a movement to the 

hotter place due to the temperature gradients, which move carbon from the hotter side to the 

colder side and displace the kernel in opposite direction [16]. 

 

4.3.  Temperature Distribution 

 

Another parameter used to evaluate the performance of the TRISO fuel particle during 

operation is the temperature distribution in each layer. Temperature drop between layers was 

determined using Equation 2 and values are showed in Table 2. 
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Table 2: Temperature drop between layers 

 

Layers TEMPERATURE DROP (Ts2-Ts1) 

Kernel 15.79 K 

Buffer 26.53 K 

IPyC 1.28 K 

SiC 0.27 K 

OPyC 1.41 K 

 

As can be seen in Table 2, the highest value of temperature drop was obtained in the buffer 

with 26.53 K. On the other hand, the smallest value was attained for the SiC layer. The variation 

of these values can be explained due to the differences in the thermal conductivity of each 

layer. Fig. 6 shows the temperature distribution inside the TRISO fuel particle for 0 GWd/tonU 

and Fig. 7 for 80 GWd/tonU. For the temperature distribution in the burnup of 80 GWd/tonU 

was taken into consideration the kernel migration previously calculated. 

0 200 400 600 800 1000

1200

1210

1220

1230

1240

1250

T
e

m
p

e
ra

tu
re

 (
K

)

Position (um)
 

 

Figure 6: Temperature distribution in the TRISO fuel particle for 0 GWd/tonU. 
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Figure 7: Temperature distribution in the TRISO fuel particle for 80 GWd/tonU. 

 

 

Fig. 7 shows that the temperature profile for the TRISO is different when the particle is under 

burnup. The temperature profile for the TRISO particle with a burnup of 0 GWd/tonU is 

uniformly distributed and the maximum temperatures are concentrated in the kernel and in the 

layers next to the center. The maximum value obtained was 1245.3 K. On the other hand, when 

the TRISO particle is under a burnup of 80 GWd/tonU the behavior is different due to the 

phenomenon of kernel migration. 

 

4.4.  Stress and Failure Probability 

 

Another important result of this work was obtaining the stresses in the SiC layer in function of 

the burnup. This result allowed to determine the failure probability of the TRISO fuel particle. 

In Fig. 7 are shown the stress and failure probability results with the burnup variation to a 

temperature of 1200 K. 
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Figure 8: Stress variation in the TRISO particle. 
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Figure 9: Failure probability values variation in the TRISO particle. 

 

 

 

As can be seen in Fig. 8 and Fig. 9, both the stress and the failure probability values in the SiC, 

increase with the increase in of the burnup. The maximum stress and failure probability values 

obtained were 42.11 MPa and 7.94*10-7 for a burnup of 80 GWd/tonU, respectively.  

The stress results obtained for the SiC layer, shows that this layer, does not fail. This is due to 

the fracture stress for the SiC layer, which varies about 350–400 MPa. Moreover, the failure 

probability value obtained confirms this supposition, because the value gotten does not exceed 

minimum value necessary for the failure of the TRISO particle, which is 1*10-4 [3]. 
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4.5.  ANSYS Results 

 

Preliminary studies of the TRISO particle have been performed using ANSYS 14, Fig. 10 

shows the temperature distribution (K) in the TRISO particle. As shown the values obtained 

are in the range of values obtained in item 4.3 using Equation 2. 

 

 

 

 
 

Figure 10: Temperature distribution (K) in the TRISO fuel particle for 0 GWd/tonU 

using ANSYS 14. 

 

 

 

5. CONCLUSIONS  

 

 

The results obtained in this work contribute to confirming the viability of the utilization of a 

computational methodology for the study of the thermomechanical behavior of the TRISO fuel. 

The importance of the development of methodologies, such as the presented in this paper is the 

utmost importance. This importance is due to the challenging phenomena that should face the 

TRISO fuel in the VHTR, under high temperatures and burnup degrees.  

The first study was focused in obtaining the mass of the gases Kr, Xe and CO. The CO was the 

gas that contributed most to the internal gas pressure of the TRISO fuel particle. The CO 

pressure reached 6.95 MPa, which represents the 67.84% of the total gas pressure. The KMR 

values obtained in this study, shows their strongly dependent on the kernel temperature. The 

KMR obtained for 1200 K was 9.17*10-8 µm/s and for 1723 K was 2.08*10-6 µm/s, 
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respectively. The temperature distributions inside the TRISO fuel particle using an analytical 

method and the ANSYS 14 code were determined and in both methods, were reported similar 

results. The maximum stress and failure probability values obtained indicate that the TRISO 

fuel particle should not fail taking into consideration that the values do not exceed minimum 

value necessary for the failure of the TRISO particle. The stress and the failure probability 

reached a maximum value of 42.11 MPa and 7.94*10-7 for a burnup of 80 GWd/tonU, 

respectively. The maximum stress and failure probability values obtained indicate that the 

TRISO fuel particle should not fail taking into consideration that the values do not exceed 

minimum value necessary for the failure of the TRISO particle. However, is necessary to 

continue the development of the computational methodology proposed in this paper, taking 

into consideration other parameters, such as neutron fluence, and some materials properties 

which can cause the TRISO failure.  
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