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ABSTRACT 

This project assessed the advantages and limitations of using minor actinides as a fuel 
component to achieve ultra-long life Very High Temperature Reactor (VHTR) configurations. 
Researchers considered and compared the capabilities of pebble-bed and prismatic core designs 
with advanced actinide fuels to achieve ultra-long operation without refueling.  Since both core 
designs permit flexibility in component configuration, fuel utilization, and fuel management, it is 
possible to improve fissile properties of minor actinides by neutron spectrum shifting through 
configuration adjustments.  The project studied advanced actinide fuels, which could reduce the 
long-term radio-toxicity and heat load of high-level waste sent to a geologic repository and 
enable recovery of the energy contained in spent fuel.  The ultra-long core life autonomous 
approach may reduce the technical need for additional repositories and is capable to improve 
marketability of the Generation IV VHTR by allowing worldwide deployment, including remote 
regions and regions with limited industrial resources.  Utilization of minor actinides in nuclear 
reactors facilitates developments of new fuel cycles towards sustainable nuclear energy 
scenarios. 
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NOMENCLATURE 

AFCI – Advanced Fuel Cycle Initiative 
BCC – Body-Centered Cubic lattice 
BOL – Beginning-Of-Life 
C/HM – Carbon-to-Heavy Metal Atom Ratio 
DB – Deep-Burn concept 
DU – Depleted Uranium 
EOL – End-Of-Life 
FP – Fission Products 
HEU – Highly Enriched Uranium 
HLW – High Level Wastes 
HTGR – High Temperature Gas-cooled Reactor 
HTTR – High Temperature Test Reactor 
IMF – Inert Matrix Fuel 
JAERI – Japan Atomic Energy Research Institute 
LANL – Los Alamos National Laboratory 
LEU – Low-Enriched Uranium 
LWR – Light Water Reactor 
MA – Minor Actinides 
MO – Multi-objective Optimization 
MOP – Multi-objective Optimization Problem 
MOX – Mixed Oxide 
MTHM – Metric Tons of Heavy Metal 
NERI – Nuclear Energy Research Initiative 
NGNP – Next Generation Nuclear Plant 
ORNL – Oak Ridge National Laboratory 
OTTO – Once-Through-Then-Out 
P&T – Partitioning and Transmutation 
PyC – Pyrolytic Carbon  
PWR – Pressurized Water Reactor 
RGPu – Reactor Grade Plutonium 
SNF – Spent Nuclear Fuel 
TF – Transmutation Fuel 
TRU – Transuranium Nuclides 
VHTR – Very High Temperature Reactor 
YSZ – Yttria Stabilized Zirconia 
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1. EXECUTIVE SUMMARY 

1.1. Introduction 

Partitioning and transmutation of minor actinides are expected to have a positive impact on 
the future of nuclear technology. Their deployment would lead to incineration of hazardous 
nuclides and could potentially provide additional fuel supply. The project assesses the 
possibility, advantages and limitations of involving minor actinides as a fuel component. The 
analysis takes into consideration and compares capabilities of actinide-fueled VHTRs with 
pebble-bed and prismatic cores to approach a reactor lifetime long operation without 
intermediate refueling. 

A hybrid Monte Carlo-deterministic methodology has been adopted for coupled neutronics-
thermal hydraulics design studies of VHTRs. Within the computational scheme, the key 
technical issues are being addressed and resolved by implementing efficient automated modeling 
procedures and sequences, combining Monte Carlo and deterministic approaches, developing 
and applying realistic 3D coupled neutronics-thermal-hydraulics models with multi-
heterogeneity treatments, developing and performing experimental/computational benchmarks 
for model verification and validation, analyzing uncertainty effects and error propagation. 

This report describes the modeling approach, discusses benchmark results and the analysis 
of actinide-fueled VHTRs. 

1.2. Goals 

The goal of this project is to assess the possibility, advantages and limitations of achieving 
ultra-long life VHTR (Very High Temperature Reactor) configurations by utilizing minor 
actinides (MAs) as a fuel component. The analysis takes into consideration and compares 
capabilities of pebble-bed and prismatic core designs with advanced actinide fuels to approach 
the reactor lifetime long operation without intermediate refueling. 

1.3. Benefits 

The project investigates VHTRs with advanced actinide fuels, which could reduce the long-
term radiotoxicity and heat load of high-level waste sent to a geologic repository and enable 
recovery of the energy contained in spent fuel. The ultra-long core life approach reduces the 
technical need for additional repositories per decade of reactor operation and should improve 
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marketability of the Generation IV VHTR by allowing worldwide deployment including in 
developing countries. Utilization of MAs facilitates development of new fuel cycles and supports 
fuel supply sustainability. Thus, this research comprehensively addresses both intermediate and 
long-term issues associated with high-level nuclear wastes and should demonstrate the potential 
of VHTR-based solutions. 

1.4. Approach 

As supported by the studies within the project framework, the principal mechanism to 
achieve ultra-long life VHTR configurations is an enhanced involvement of self-generated fissile 
compositions based on a spent LWR fuel. Since pebble bed and prismatic core designs permit 
flexibility in component configuration, fuel utilization and management, it is possible to improve 
fissile properties of MAs by neutron spectrum shifting through configuration adjustments. 

The ultra-long life VHTR systems are developed and analyzed focusing on control, 
dynamics, safety, and proliferation-resistance during reactor lifetime long autonomous operation. 
The developed coupling methodology and tools account for multi-heterogeneity of the VHTR 
configurations and allow whole-core/system 3D modeling of VHTRs. 

To assure comprehensive, realistic assessment of the VHTR design and operation targeting 
passive safety confirmation, the adequacy of computational methods and models used to 
compute performance characteristics is supported by comparisons with experimental data 
covering an appropriate range of conditions. The VHTR model benchmark sets were compiled 
based on the LEU-HTR PROTEUS, HTTR, and HTR-10 experimental programs. Validation and 
verification of the VHTR models and the preliminary studies of the VHTRs with MAs are 
completed. 

In addition to the experimental benchmark confirmation of the developed models and 
obtained results, the success of the project is determined by its ability to demonstrate possibility 
(or prove impractical), advantages (or show clear disadvantages), and limitations of achieving 
ultra-long life VHTR configurations by utilizing MAs as a fuel component. The results are in 
agreement with the available data and confirm the chosen approach. Studies of VHTRs with 
MAs suggest promising performance. 

To support analysis of the VHTR configurations with advanced actinide fuels, extensive 
literature review studies were conducted. The performed worldwide literature survey is the basis 
of the developed actinide fuels and HTGR materials properties database. This database is used 
for realistic VHTR configurations with advanced materials. The code systems and tools for 
evaluations of uncertainty effects (nuclear and design/performance uncertainties) were developed 
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on the basis of existing software packages to support developed uncertainty analysis 
methodologies. 

1.5. Participants 

Over the duration of the project, 14 students at all levels (undergraduate, graduate M.S. and 
Ph.D.) participated in the studies and contributed their ideas, results, findings, and observations 
to this report. Table 1 provides the list of students who were major contributors. Each student 
represents specific areas of the project. 

Table 1. Leading Project Participants 

Name Position Area of the Project 

Ayodeji B. Alajo Graduate Advanced Actinide Fuels 
VHTRs with MAs 
Uncertainty Due to Nuclear Data 
LWR Compositions and their Fluctuations 
LWR Spent Fuel in TRU-Fueled VHTRs 

David E. Ames II Graduate Core/System 3D Models 
V&V VHTR Prismatic/Pebble- Bed Models 
HTTR-to-VHTR Design Development 
Uncertainty Due to Parameters 
VHTR Configurations with MAs 

Avery Guild-Bingham Graduate Advanced Actinide Fuels 
Monte Carlo modeling 

Tom Lewis Graduate Advanced Actinide Fuels 
Coupling Methodology and Tools 
Analysis of TRU-Fueled VHTR Prismatic Core Performance 
Domains 

Megan L. Pritchard Undergraduate V&V VHTR Pebble-Bed Core Model 
Uncertainty Due to Parameters 
Neutronics Analysis of Pebble Bed Cores with TRUs 

Timothy J. Rogers Undergraduate Computer Support 
Website Support 

Ni Zhen Undergraduate VHTR Materials 
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1.6. Conclusions 

Although indicating some technical limitations and challenges, studies of VHTRs with 
TRUs/MAs definitely suggest promising performance and possibility to utilize the core 
configurations with TRUs/MAs gaining prolonged operation and self-sustainability: 

 There are significant differences between LEU- and TRUs-fueled VHTRs. These 
differences affect system performance characteristics during operation. 

 A single batch-mode operation appears to be potentially possible. Core lifetimes up 
to 7.5 years have been observed in the present analysis. 

 Fluence-related limitations (radiation damage) are the most significant constraints 
on achievable operation times. This constraint can be relaxed or even eliminated by 
reducing power density levels and using advanced radiation-tolerant materials for 
extended-life VHTR configurations. However, use of advanced materials will 
adversely impact economics characteristics. 

 Acceptable safety characteristics have been observed for all configurations. 
However, low delayed neutron yields may result in design challenges. 

Thus, the TRU-fueled VHTRs offer performance characteristics that would be difficult to 
achieve in analogous LEU-fueled systems - almost a decade-long batch mode operation without 
intermediate refueling, significant reductions of initial excess reactivity levels (smaller lifetime 
reactivity swings), and inherently higher achievable burnup levels. 

At the same time, the results clearly illustrate that use of TRU vectors as a fuel inherently 
facilitates development of specially designed VHTRs with core materials withstanding 
performance conditions of systems optimized for fuel loading with TRUs. Limiting fast fluences 
lead to larger resulting radiation damage effects. There are significant core physics differences 
due to spectral shift effects towards harder neutron spectra with substantially reduced neutron 
populations at thermal energies. 

The research work advanced according to the 3-years plan and has been completed in full. 
No scope-related changes were made from the DOE approved application. The project 
accomplishments are fully consistent with the project goals/objectives. Table 2 summarizes the 
milestones associated with the project work scope. The project results have been extensively 
reported at the ANS and ASME conferences as well as have been published in archival peer-
reviewed journals. 
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Table 2. Milestones 

0. Research Kickoff and Planning 

0.1. Software Survey/Upgrade 
0.2. Announcement and Final Selection of Students 

1. Development of Core/System 3D Models with Explicit Multi-Heterogeneity Treatments 

1.1. VHTR Technology Literature Review 
1.2. Explicit Multi-Heterogeneity Modeling 
1.3. Coupling Methodology and Tools 
1.4. Whole-Core/System 3D Models of VHTRs 

2. Development of Benchmark Problems to Compare with Experimental Data 

2.1. HTTR, HTR-10, PROTEUS Benchmarks 
2.2. Compiled VHTR Model Benchmark Sets 

3. Validation & Verification of the VHTR Model 

4. Analysis of Uncertainty Effects on VHTR Performance Characteristics 

4.1. Advanced Actinide Fuels Literature Review 
4.2. Actinide Fuels Properties Database 
4.3. Preliminary Analysis of VHTRs with MAs 
4.4. Uncertainty Analysis Methodology and Tools 
4.5. Uncertainty Effects due to Nuclear Data 
4.6. Uncertainty Effects due to VHTR Parameters 
4.7. Reliability Analysis of the VHTR Modeling 

5. Analysis of Configuration Variation Capabilities to Achieve Ultra-Long Operation without 
Refueling, Maximize Burn-Up and Minimize Reactivity Swings 

5.1. Variation Analysis Methodology and Tools 
5.2. Analysis of VHTR Geometry Variations 
5.3. Analysis of VHTR Materials Variations 
5.4. VHTR Optimization to Achieve Ultra-Long Life 
5.5. Feasibility of Ultra-Long Life VHTRs with MAs 
5.6. Ultra-Long Life VHTRs and Transmutation 

6. Control, Dynamics, Safety, and Proliferation-Resistance Studies of Ultra-Long Life VHTRs with 
Advanced Actinide Fuels 

6.1. Dynamics, Safety and Control of VHTRs with MAs 
6.2. Fuel Cycle of Ultra-Long Life VHTRs with MAs 
6.3. Proliferation-Resistance of Ultra-Long Life VHTRs 

7. Final Report 
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2. High Fidelity 3D Whole-Core Exact Geometry Modeling Approach 

Partitioning and transmutation of minor actinides are expected to have a positive impact on 
the future of nuclear technology. Their deployment would lead to incineration of hazardous 
nuclides and could potentially provide additional fuel supply. The U.S. DOE NERI Project 
assesses the possibility, advantages and limitations of involving minor actinides as a fuel 
component. The analysis takes into consideration and compares capabilities of actinide-fueled 
VHTRs with pebble-bed and prismatic cores to approach a reactor lifetime long operation 
without intermediate refueling. A hybrid Monte Carlo-deterministic methodology has been 
adopted for coupled neutronics-thermal hydraulics design studies of VHTRs. Within the 
computational scheme, the key technical issues are being addressed and resolved by 
implementing efficient automated modeling procedures and sequences, combining Monte Carlo 
and deterministic approaches, developing and applying realistic 3D coupled neutronics-thermal-
hydraulics models with multi-heterogeneity treatments, developing and performing 
experimental/computational benchmarks for model verification and validation, analyzing 
uncertainty effects and error propagation. This paper introduces the suggested modeling 
approach, discusses benchmark results and the preliminary analysis of actinide-fueled VHTRs. 
The presented up-to-date results are in agreement with the available experimental data. Studies 
of VHTRs with minor actinides suggest promising performance. 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

11
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

12
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

13
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

14
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

15
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

16
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

17
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

18

3. BENCHMARK EFFORTS TO SUPPORT STUDIES OF ADVANCED 
VHTRs 

The Very High Temperature Reactor (VHTR) is the leading candidate for the reactor 
component of the Next Generation Nuclear Plant (NGNP).  This is because the VHTR 
demonstrates great potential in improving safety characteristics, being economically competitive, 
providing a high degree of proliferation resistance, and producing high outlet temperatures for 
efficient electricity generation and/or other high temperature applications, most notably 
hydrogen production. In addition, different fuel types can be utilized by VHTRs, depending on 
operational goals.  In this case, the recovery and utilization of the valuable energy left in LWR 
fuel in order to create ultra long life single batch cores by taking advantage of the properties of 
TRU fuels. 

This paper documents the initial process in the study of TRU fueled VHTRs, which 
concentrates on the verification and validation of the developed whole-core 3D VHTR models. 
Many of the codes used for VHTR analysis were developed without a full appreciation of the 
importance of randomness in particle distribution. 

With this in mind, the SCALE code system was chosen as the computational tool for the 
study.  It provides the opportunity of utilizing SCALE versions 5.0 and 5.1, making it possible to 
compare and analyze different techniques accounting for the double heterogeneity effects 
associated with VHTRs. 

Startup physics results for Japan’s High Temperature Test Reactor (HTTR) were used for 
experiment-to-code benchmarking. MCNP calculations were employed for code-to-code 
benchmarking.  Results and analysis are included in this paper. 
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4. UNCERTAINTY ANALYSIS 

A nuclear energy system can be studied as a system that consists of a nuclear reactor (power 
unit), its associated fuel cycle and other auxiliary infrastructures. Let’s assume that performance 

of this system can fully be described by a generally non-linear vector functional, pF


, of 

performance characteristics, p


, and design parameters, d


: 

( , )pp F p d
 

. 

Evidently,  , 1,...,ip p i I 


 denotes the set of dependent variables (such as effk , T ,  ,  ,  , 

other reaction rates and reaction rate ratios of interest and etc.) whereas  , 1,...,jd d j J 


 

denotes the set of independent variables (such as user-defined/selected material properties, 
operational conditions, system geometry, and etc.). In the present analysis, the non-linear vector 

functional pF


 is formed by the components of the coupled hybrid Monte Carlo – deterministic 

model. 

For a design parameter nd , nd d


, the corresponding rate of change, m

n

dp

dd
, in the 

performance characteristic mp , mp p


, due to nd  is given by: 

( ) ( )

1 1

m mI J
p p jm i

i jn i n j n

F F dddp dp

dd p dd d dd 

 
 

   , 

( ) ( ) ( )

1 1

m m mI J
p p p jm m i

i jn m n i n j n
i m

F F F dddp dp dp

dd p dd p dd d dd 


         
  

  , 

( ) ( ) ( )

1 1

1
m m mI J

p p p jm i

i jm n i n j n
i m

F F F dddp dp

p dd p dd d dd 


   
       

  , 

( ) ( )

( )
1 1

1

1

m mI J
p p jm i

m
i jpn i n j n
i m

m

F F dddp dp

Fdd p dd d dd

p
 


       
   

  . 
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A dimensionless sensitivity indicator, ,m nS , is often defined as the relative perturbation in 

the performance characteristic mp  due to the specific relative perturbation in the selected design 

parameter nd  of the model. If the finite perturbations of mp  and nd  are denoted as ( )m
p  and 

( )n
d , respectively, then the sensitivity indicator ,m nS  can be expressed as following: 

( )

( )

, ( )( )

m
p

m
m pn

m n nn
m dd

n

p d
S

p

d





 
             
 

. 

Assuming small perturbations of mp  and nd , the finite values of ( )m
p  and ( )n

d  can be replaced 

by differentials: 
( )m
p mp   , 

( )n
d nd   , 

,

,m n

n m
m n

m n p d

d p
S

p d





. 

Therefore, the dimensionless sensitivity indicator, ,m nS , can be calculated using the specific 

values of mp  and nd  and the corresponding partial derivative of mp  with respect to nd  at point 

nd . Using the above-derived expression for m

n

dp

dd
 instead of m

n

p

d




, ,m nS  becomes: 

( ) ( )

, ( )
1 1

1

1

m mI J
p p jn i

m n m
i jpm i n j n
i m

m

F F ddd dp
S

Fp p dd d dd

p
 


       
   

  . 

Accounting for the complete sets of performance characteristics,  , 1,...,mp m M , and 

design parameters,  , 1,...,nd n N , ,m nS  form a M N  dimensionless sensitivity matrix  . 

Analysis of the matrix   yields evaluations of an overall modeling reliability with identification 
of a computational design envelop expected for the VHTR configurations with MAs. If further 
generalized, this methodology will be suitable for multi-parametric design optimization. For the 
considered HTTR and HTR-10 configurations, Table 3 summarizes the dimensionless sensitivity 
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indicators , , ,m n k TS S , for variations of effk  due to variations of the isothermal core temperature, 

coreT : 

, ,
core k

m n k T
eff T

T
S S

k



 

   
 

 

Table 3. Sensitivity of the VHTR Criticality to Isothermal Core Temperature 

HTTR 

(Control Rods at Critical Position Determined at 300K) 

HTR-10 

(Control Rods Withdrawn, Homogeneous Core) 

coreT  

(K) 
effk  k  T  ,k TS  

(%) 
coreT  

(K) 
effk  k  T  ,k TS  

(%) 

300.0 1.001 -0.0042 40.0 -3.1 300.0 1.153 -0.0180 93.0 -5.0 

340.0 0.997 -0.0028 40.0 -2.4 393.0 1.135 -0.0100 80.0 -4.3 

380.0 0.994 -0.0121 40.0 -11.6 473.0 1.125 -0.0107 50.0 -9.0 

420.0 0.982 -0.0068 40.0 -7.3 

460.0 0.975 -0.0027 20.0 -6.4 

The developed formalism provides the basis for the chosen uncertainty analysis 
methodology and for the selection of appropriate tools. The uncertainty evaluation is divided into 
two sequential parts: 

1) Sensitivity analysis, 

2) Uncertainty analysis. 

The first part, sensitivity analysis, is approached as a way to determine the importance of 
different parameters and components of the model (design parameters,  , 1,...,nd n N ) on the 

output of the model (performance characteristics,  , 1,...,mp m M ). The second part, 

uncertainty analysis, is viewed as a direct follow-up based on the results of the first task. The 
variance of  , 1,...,mp m M  is assumed to be the measure of uncertainty and is treated as an 

output variable that is related to the input variables through the model. It describes how the 
parameter estimate would vary in repeated sampling. 

In the present analysis, the strategy consists of several tasks that result in the following 
multi-step approach: 
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 Preliminary analysis of the VHTRs with MAs; 

 Identification of the relevant sets of performance characteristics,  , 1,...,mp m M , 

and design parameters,  , 1,...,nd n N ; 

 Sensitivity analysis on  , 1,...,mp m M  with respect to  , 1,...,nd n N ; 

 Analysis of uncertainty effects due to  , 1,...,nd n N ; 

 Reliability analysis of the VHTR modeling with identification of the computational 
design envelop expected for the VHTR configurations with MAs. 

As emphasized by the last step, the uncertainty (sensitivity) analysis is used to determine the 
choice of modeling reliability requirements: 

 Specification of the required accuracies for the VHTR characteristics including 
properties to be calculated using the nuclear data; 

 Uncertainty partitioning between the contributing nuclear data; 

 Uncertainty partitioning between the VHTR parameters; 

 Overall modeling reliability evaluations with identification of the computational 
design envelop expected for the VHTR configurations with MAs. 

Accuracy requirement is assumed to be inversely proportional to the sensitivity due to the 
existing uncertainty effects. 

There are existing computer code systems for dealing with uncertainties that are critical to 
the design of nuclear energy systems. New deterministic and stochastic methods are available for 
simulation, optimization, and synthesis of advanced nuclear energy systems. Many of these 
methods have originally been developed for applications outside nuclear technology. Uncertainty 
analysis, as applied in the ecological, medical, and general risk analysis areas, covers a wide 
range of techniques. They range from simple descriptive procedures to quantitative estimation of 
uncertainty, to more formal decision-based procedures. In particular, in designing complex 
engineering systems, multidisciplinary design optimization has become a systematic approach to 
optimization of complex, coupled engineering systems, where “multidisciplinary” refers to the 
different aspects that must be included in designing a system that involves multiple interacting 
disciplines. 

The chosen uncertainty analysis methodology links the applied suite of neutronics and 
thermal hydraulics codes and the generalized codes for universal sensitivity analysis, calibration 
and uncertainty evaluations in a framework. Because this approach requires parameter 
distributions and special sampling techniques to be applied for calculations and analysis of 
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performance characteristics, the sensitivity/uncertainty codes form a computational shell over the 
neutronics/thermal-hydraulics codes. 

As demonstrated by the preceding discussion, there are obvious discrepancies among 
ENDF/B-6.8, JENDL-3.3 and JEF-2.2. These discrepancies contribute to the existing 
uncertainties and limit reliability of the analysis by causing differences in reactor physics 
characteristics. Uncertainty effects due to nuclear data are taken into consideration and are 
analyzed using the SCALE 5.0/TSUNAMI sensitivity and uncertainty analysis methodology. 
Dimensionless sensitivity indicators (or sensitivity coefficients as defined in the SCALE 
manual), , , ( )m n k rS S   , produced by the TSUNAMI computational sequences predict the relative 

changes in effk  due to relative changes (small perturbations) in the neutron macroscopic cross-

section, ( )r


, of the transport operator at some point r


 in phase space: 

, , ( )
( )

( ) k
m n k r

eff r

r
S S

k





 
    

 





, 

, ( )

( )

( )
eff

k r
eff

kr
S

k r








 . 

In the present analysis, the generalized codes for universal sensitivity analysis, calibration 
and uncertainty evaluations are represented by UCODE-2005 code system and the associated six 
post-processors. These codes are used with the applied suite of neutronics and thermal hydraulics 
codes to perform sensitivity analysis; data needs assessment, calibration, prediction, and 
uncertainty analysis. Statistics are calculated to quantify the comparison of observations and 
simulated equivalents, including a weighted least-squares objective function. Parameters are 
estimated using nonlinear regression: a weighted least-squares objective function is minimized 
with respect to the parameter values using a modified Gauss-Newton method or a double-dogleg 
technique. 

4.1. Uncertainty Effects due to Nuclear Data 

Minor Actinides 

The long-term potential radiotoxicity of spent nuclear fuel is associated mainly with the 
actinide elements particularly the transuranium nuclides (TRU = Pu, Np, Am, Cm, ...). As 
emphasized above, currently some of the recovered plutonium is recycled in the form of 
uranium-plutonium mixed-oxide (MOX) fuel in LWRs, the remaining mix of minor actinides 
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(MA: neptunium (Np), americium (Am), curium (Cm) and higher-Z actinides) and fission 
products is conditioned for final waste disposal. 

Over a very long time period (hundred thousand years), these constitute a significant 
radiological source term within a spent fuel repository. With increasing burnup, the generation of 
MAs becomes more and more important. 

Although the intrinsic insolubility of actinides in deep geological formations contributes to 
the effective isolation of TRUs, if the public and/or political acceptance of very long term 
disposal of HLW could not be obtained, the removal of MAs from HLW would be a technical 
solution which might reduce the residual radiotoxicity of the HLW. 

The closed fuel cycle with partitioning and transmutation (P&T) is the most comprehensive 
approach. The absence of the fission products and the MAs in spent fuel will reduce the stow-
away time to about 1000 years for the fuel waste to attain the emission level of natural uranium. 

Reactor designs with the MA-bearing fuel compounds require more accurate nuclear data 
for TRUs. The data of main interest are fission and capture cross-sections, fission neutron yields, 
fission neutron spectra and scattering cross sections. 

Due to current research interests and needs of many national programs including U.S. DOE 
AFCI and Generation IV programs, the status of nuclear data for MAs has been extensively 
evaluated in many studies including this project. In many independent assessments it was 
concluded that the currently available experimental data are insufficient to produce the accurate 
evaluated data for MAs and new measurements are needed. The experimental post-irradiation 
benchmark studies indicated that the current JENDL, ENDF/B-VI and JEF yield significant 
discrepancies in the predicted amounts of MAs and multiplication factors. 

Analysis of the Available Nuclear Data for MAs 

In the present study, the evaluated data given in ENDF/B-6.8, JENDL-3.3, and JEF-2.2 for 
235U, 238U, 237Np, 241Am, 242mAm, 243Am, 242Cm, 243Cm, 244Cm, and 245Cm are compared. 
Uranium isotopes, 235U and 238U, are included as reference nuclides. The pointwise interpolated 
data have been directly reconstructed using the evaluated data files without spectral weighting. 
For all nuclides, the fission ( f , MT=18), capture ( c , MT=102), total neutron yield per fission 

( f , MT=452) and the corresponding delayed neutron yield per fission ( d , MT=455) are taken 

into consideration. The available data were analyzed for neutron energies between 1.0E-5 eV and 
20 MeV assuming a linear interpolation. 

Not all these data are available in all libraries considered. Table 4 shows data availability for 
MAs. Grid cells marked with “x” represent available data. 
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Table 4. Availability of the MA Nuclear Data in ENDF/B-6.8, JENDL-3.3, and JEF-2.2 

File and Data Set Reference 
Nuclides 

Minor Actinides 

235U 238U 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 

ENDF/B-6.8 

MT18 x x x x x x x x x x 

MT102 x x x x x x x x x x 

MT452 x x x x x x x x x x 

MT455 x x x x x x x x x x 

JENDL-3.3 

MT18 x x x x x x x x x x 

MT102 x x x x x x x x x x 

MT452 x x x x x x x x x x 

MT455 x x x x x x x x - x 

JEF-2.2 

MT18 x x x x x x x x x x 

MT102 x x x x x x x x x x 

MT452 x x x - - x - - - - 

MT455 x x x - - - - - - - 

Figure 1 shows microscopic fission cross sections of MAs. Pointwise energy dependence is 
reconstructed using the nuclear data derived from ENDF/B-6.8, JENDL-3.3, and JEF-2.2, 
respectively. It can be seen that 242mAm and 245Cm have larger fission cross-sections than 235U in 
the thermal energy region up till neutron energies of about 0.2 eV. 
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(a) ENDF/B-6.8. 

 

(b) JENDL-3.3. 
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(c) JEF-2.2. 

Figure 1. Microscopic fission cross sections of MAs in ENDF/B-6.8, JENDL-3.3, JEF-2.2. 

According to Figure 1, fission cross sections of 235U and 243Cm are also similar within the 
thermal energy region up till neutron energies of about 0.2 eV. Furthermore, all MAs generally 
have higher fission cross-section than 238U. 

Table 5 shows the ranking of the microscopic fission cross sections based on the order of 
magnitude. Using the magnitude ranking as an assessment metric, it can be seen that the overall 
sequence of the magnitudes of fission cross-sections is consistent between the nuclear data files. 
Observed consistency between the evaluated data files doesn’t mean that the data are accurate. 
Most probably, the same experimental data have been used as the basis for cross sections in 
different files. 

Table 5. Ranking of the Microscopic Fission Cross Sections up to 0.2 eV* 

File 235U 238U 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 

ENDF/B-6.8 3 10 9 6 1 8 5 4 7 2 
JENDL-3.3 3 10 9 6 1 8 5 4 7 2 

JEF-2.2 3 10 9 6 1 8 5 4 7 2 
*Cross section ranking basis: 1 – largest cross section value, 10 – smallest cross section value. 
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(a) 237Np. 

 

(b) 243Am. 
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(c) 242Cm. 

Figure 2. Microscopic fission cross sections of 237Np, 243Am and 242Cm. 

To illustrate differences between the evaluated nuclear data in ENDF/B-6.8, JENDL-3.3 and 
JEF-2.2, Figure 2 shows the evaluated microscopic fission cross sections of 237Np, 243Am, and 
242Cm. Despite the common trends observed in Figure 1, Figure 2 shows that the data for 
particular nuclides may vary significantly. 

For example, as shown in Figure 2, the evaluated fission cross-section data of 242Cm in 
ENDF/B-6.8 have a discontinuity between 275 eV and 1.0E+4 eV. On the other hand, the fission 
cross-section data of 242Cm in JEF 2.2 appear to be a continuous function. Conversely, the fission 
cross-section data of 242Cm in JENDL-3.3 have a well-defined resolved resonance structure 
within the same energy interval between 275 eV and 1.0E+4 eV. Overall, the nuclear data of 
ENDF/B-6.8 are largely underestimated whereas JENDL-3.3 and JEF-2.2 reproduce well 
experimental data. 

Similar to fission cross sections, Figure 3 shows microscopic capture cross sections of MAs. 
Pointwise energy dependence is reconstructed using the nuclear data derived from ENDF/B-6.8, 
JENDL-3.3, and JEF-2.2, respectively. It can be seen that 237Np, 241Am, 242mAm and 245Cm have 
larger capture cross sections than 235U in the thermal energy region up till neutron energies of 
about 0.1eV. Same as for fission cross sections of MAs, Figure 3 demonstrates that all MAs 
generally have higher capture cross-section than 238U. 
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(a) ENDF/B-6.8. 

 
(b) JENDL-3.3. 
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(c) JEF-2.2. 

Figure 3. Microscopic capture cross sections of MAs in ENDF/B-6.8, JENDL-3.3, JEF-2.2. 

Following the same approach as for Table 5, Table 6 shows the ranking of the microscopic 
capture cross sections based on the order of magnitude. Using the magnitude ranking as an 
assessment metric, it can be seen that the overall sequence of the magnitudes of capture cross-
sections is consistent between nuclear data files. As before, this consistency doesn’t mean, of 
course, that the data are accurate. The same experimental data could have been used as the basis 
for cross-sections in different files. 

Table 6. Ranking of the Microscopic Capture Cross Sections up to 0.1 eV* 

File 235U 238U 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 

ENDF/B-6.8 6 10 4 2 1 7 8 5 9 3 
JENDL-3.3 6 10 4 2 1 7 8 5 9 3 

JEF-2.2 6 10 4 2 1 7 8 5 9 3 
*Cross section ranking basis: 1 – largest cross section value, 10 – smallest cross section value. 
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Figure 4 illustrates the existing differences between the evaluated capture cross section data 
in ENDF/B-6.8, JENDL-3.3, and JEF-2.2. The microscopic capture cross section of 242Cm is 
chosen as an example. As can be seen, the capture cross section data of 242Cm in these files are 
consistent for thermal and resonance energy ranges. However, there are significant differences in 
the available nuclear data for fast energy range. The JENDL-3.3 fast energy data disagree with 
the data in ENDF/B-6.8 and JEF-2.2, which have lesser variations. 

 

Figure 4. Microscopic capture cross section of 242Cm. 

Figure 5 shows total neutron yields per fission of MAs. It can be noted that MAs have larger 
neutron yields than uranium isotopes. 

Unlike the previously examined microscopic fission and capture cross sections, there is no 
consistency between nuclear data files. Using 237Np and 243Am as examples, the existing 
differences between the total neutron yield data in ENDF/B-6.8 and JENDL-3.3 are illustrated in 
Figure 6. 

To improve data representation and to facilitate enhanced fitting to experimental values, 
JENDL-3.3 adopted a fitting curve. However, the measured data points stored in EXFOR are not 
reproduced with the fitting curve because they were not available at the time of evaluation. 
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(a) ENDF/B-6.8. 

 
(b) JENDL-3.3. 

Figure 5. Total neutron yields per fission of MAs in ENDF/B-6.8, JENDL-3.3. 
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(a) 237Np. 

 

(b) 243Am. 

Figure 6. Total neutron yields per fission of 237Np and 243Am. 
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Table 7 shows the ranking of the total neutron yields per fission based on the order of 
magnitude. Using the magnitude ranking as an assessment metric, the existing discrepancies can 
be clearly shown. 

Table 7. Ranking of the Total Neutron Yields per Fission up to 1.0E+5 eV* 

File 235U 238U 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 

ENDF/B-6.8 10 9 8 7 6 5 3 4 2 1 
JENDL-3.3 10 9 8 7 3 6 4 2 5 1 

JEF-2.2 4 3 1 - - 2 - - - - 
*Ranking basis: 1 – largest value, 10 – smallest value. 

Based on the existing data differences in ENDF/B-6.8, JENDL-3.3 and JEF-2.2 as 
demonstrated in Figure 2, Figure 4, and Figure 6, the need for new experimental evaluations is 
apparent. For many nuclides, the current experimental data are not enough and too old. Accurate 
and reliable nuclear data for TRUs are of paramount importance for the design, safety, and 
performance analysis of VHTRs with MA-bearing fuels. 

Basic Benchmark Analysis of the MA Data Using Elementary Reaction Rate Ratios 

As illustrated by the preceding discussion, there are significant discrepancies found among 
ENDF/B-6.8, JENDL-3.3 and JEF-2.2 with respect to the nuclear data for MAs. These 
discrepancies are expected to cause differences in reactor physics characteristics. To facilitate the 
present studies, the basic benchmark analysis is performed using elementary reaction rate ratios: 

 Capture-to-fission rate ratio for a single nuclide X , )( n
X E : 

( )
( )

( )

X
X c n

n X
f n

E
E

E




 , 

where: ( )X
f nE  is the microscopic fission cross section of nuclide X  

(MT=18); 

( )X
c nE  is the microscopic capture cross section of nuclide X  

(MT=102). 

 Delayed neutron fraction, ( )X
nE : 

( )
( )

( )

X
X d n

n X
f n

E
E

E




 , 
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where: )( n
X
f E  is the total (prompt plus delayed) neutron yield per fission 

caused by a neutron n1
0  with energy nE  (eV) (MT=452); 

( )X
d nE  is the delayed neutron yield per fission caused by a neutron n1

0  

with energy nE  (eV) (MT=455). 

 Number of neutrons released per neutron absorbed in a single nuclide X , )( n
X E : 

( ) ( ) ( )
( )

( ) 1 ( )

X X X
f n f n f nX

n X X
a n n

E E E
E

E E

  


 
 


, 

where: )( n
X
f E  is the total (prompt plus delayed) neutron yield per fission 

caused by a neutron n1
0  with energy nE  (eV) (MT=452); 

( )X
f nE  is the microscopic fission cross section of nuclide X  

(MT=18); 
( )X

a nE  is the microscopic absorption cross section of nuclide X  

computed as a sum of ( )X
f nE  (MT=18) and ( )X

c nE  

(MT=102). 

The relative balance between the probability of fission and radiative capture is an extremely 
important factor in nuclear reactor applications. This balance is characterized by the capture-to-
fission rate ratio, )( n

X E . The elementary reaction rate ratio )( n
X E  characterizes relative 

capabilities to sustain a fission chain reaction. 

The number of neutrons released per neutron absorbed is shown in Figure 7. It can be seen 
that 242mAm, 243Cm and 245Cm have the largest values of )( n

X E  for thermal and resonance 

energies of incident neutrons. Table 8 shows the ranking of )( n
X E  based on the order of 

magnitude. Using the magnitude ranking as an assessment metric, the existing discrepancies can 
be clearly shown. As illustrated in Figure 8, despite the ranking consistency, )( n

X E  may vary 

significantly. 

Table 8. Ranking of the Number of Neutrons Released per Thermal Neutron Absorbed* 

File 235U 238U 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 

ENDF/B-6.8 4 10 9 7 3 8 5 2 6 1 
JENDL-3.3 4 10 9 7 3 8 5 2 6 1 

JEF-2.2 1 4 3 - - 2 - - - - 
*Ranking basis: 1 – largest value, 10 – smallest value. 
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(a) ENDF/B-6.8. 

 

(b) JENDL-3.3. 

Figure 7. Number of neutrons released per neutron absorbed (ENDF/B-6.8, JENDL-3.3). 
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(a) 237Np. 

 
(b) 243Am. 

Figure 8. Number of neutrons released per neutron absorbed in 237Np and 243Am. 
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The capture-to-fission rate ratio is shown in Figure 9. It can be seen that all MAs except 
242mAm, 243Cm, and 245Cm have larger values of )( n

X E  than 235U within the thermal energy 

range up to neutron energies of about 1.0 eV. Within the same energy range, 238U has the largest 
values of )( n

X E . 

Table 9 shows the ranking of )( n
X E  based on the order of magnitude. Using the 

magnitude ranking as an assessment metric, the existing discrepancies can be clearly shown. 
Similarly to individual microscopic cross sections, it can be seen that the overall sequence of the 
magnitudes of )( n

X E  is consistent between the nuclear data files. Also as before, observed 

consistency between the evaluated data files doesn’t mean that the data are accurate. Most 
probably, the same experimental data have been used as the basis for cross sections in different 
files. 

Table 9. Ranking of the Capture-to-Fission Rate Ratio at Thermal Neutron Energies* 

File 235U 238U 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 

ENDF/B-6.8 9 1 2 4 8 3 6 7 5 10 
JENDL-3.3 9 1 2 4 8 3 6 7 5 10 

JEF-2.2 9 1 2 4 8 3 6 7 5 10 
*Ranking basis: 1 – largest value, 10 – smallest value. 

Taking a closer look at the sequences of magnitudes of )( n
X E  and )( n

X E , a reverse 

trend can also be noticed. Table 10 highlights this trend: The higher a nuclide ranks on the 
)( n

X E -scale, the lower it ranks on the )( n
X E -scale. This is the general trend for all MAs with 

the exception of 235U and 243Cm. However, as shown in Figure 10, in a consistent manner with 
the results discussed earlier, )( n

X E  also varies amongst the evaluated nuclear data files. 

Table 10. Ranking Comparison of the Elementary Reaction Rate Ratios* 
File 245Cm 243Cm 242mAm 235U 242Cm 244Cm 241Am 243Am 237Np 238U

ENDF/B-6.8   1 2 3 4 5 6 7 8 9 10 
  10 7 8 9 6 5 4 3 2 1 

JENDL-3.3   1 2 3 4 5 6 7 8 9 10 
  10 7 8 9 6 5 4 3 2 1 

JEF-2.2   - - - 1 - - - 2 3 4 
  10 7 8 9 6 5 4 3 2 1 

*Ranking basis: 1 – largest value, 10 – smallest value. 
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(a) ENDF/B-6.8. 

 

(b) JENDL-3.3. 
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(c) JEF-2.2. 

Figure 9. Capture-to-fission rate ratio (ENDF/B-6.8, JENDL-3.3, JEF-2.2). 

The delayed neutron fractions of MAs are shown in Figure 11. It has to be emphasized that 
( )X

nE  of MAs are substantially smaller than the corresponding reference values for 235U and 
238U. Table 11 summarizes the representative delayed neutron fractions of MAs and relates their 
values to the corresponding values for 235U and 238U. 

Table 11. Delayed Neutron Fractions of MAs at Thermal Neutron Energies 
Nuclide ENDF/B-6.8 JENDL-3.3 

 , 104 % of 235U % of 238U  , 104 % of 235U % of 238U 

235U 68.54 100.00 38.82 65.06 100.00 34.92 
238U 176.56 257.60 100.00 186.29 286.34 100.00 
237Np 41.01 59.83 23.23 46.12 70.89 24.76 
241Am 13.18 19.23 7.46 16.01 24.61 8.59 
242mAm 21.14 30.84 11.97 19.87 30.54 10.67 
243Am 24.29 35.44 13.76 26.49 40.72 14.22 
242Cm 3.96 5.78 2.24 6.43 9.88 3.45 
243Cm 8.77 12.80 4.97 8.77 13.48 4.71 
244Cm NA - - 13.41 20.61 7.20 
245Cm 17.80 25.97 10.08 17.80 27.36 9.55 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

50

 

(a) 237Np. 

 

(b) 243Am. 
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(c) 242Cm. 

Figure 10. Capture-to-fission rate ratios of 237Np, 243Am and 242Cm. 

Figure 12 shows the delayed neutron fractions of 237Np, 243Am, and 242Cm. The values of 
( )X

nE  vary amongst the evaluated nuclear data files. 

As expected, the effects of the discrepancies between the nuclear data in ENDF/B-6.8, 
JENDL-3.3 and JEF-2.2 have propagated to the calculated basic neutronics characteristics. The 
elementary reaction rate ratios, )( n

X E , ( )X
nE , and )( n

X E , are relatively consistent in their 

rankings. However, absolute values of the characteristics vary significantly amongst the 
evaluated nuclear data files. These effects contribute to the existing uncertainties and limit 
reliability of the analysis by causing differences in reactor physics characteristics. 
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(a) ENDF/B-6.8. 

 
(b) JENDL-3.3. 

Figure 11. Delayed neutron fractions of MAs (ENDF/B-6.8 and JENDL-3.3). 
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(a) 237Np. 

 
(b) 243Am. 
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(c) 242Cm. 

Figure 12. Delayed neutron fraction of 237Np, 243Am and 242Cm. 

4.2 Sensitivity of the VHTR Core Performance to the Neutron-Kernel Interactions 

As defined above, the Dancoff correction factor is an important parameter that characterizes 
a probability for neutrons to interact with fuel kernels. To provide an understanding of how this 
parameter affects the core performance a sensitivity analysis with respect to the Dancoff 
correction factor was conducted. This entails performing multiple criticality calculations for a 
range of Dancoff correction factors followed by the calculations of dimensionless sensitivity 
indicators, , ,m n k DancoffS S , for variations of effk  due to variations of Dancoff correction factor. 

The sensitivity analysis was performed for the HTR-10 core and the critical HTTR core, 
which was experimentally determined to have control rod insertion depths of 177.5 cm. The 
HTTR computational model was altered to match this case. 

A total of nine Dancoff factors ranging from 0.20 (typical pebble-bed core range) to 0.95 
(upper range for prismatic cores) were evaluated at two temperatures, 300K and 700K. The 
results are summarized in Table 12. The Dancoff factor for the HTTR core is expected to be in 
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the 0.7 to 0.9 range. As also shown in Table 12, detailed comparisons for the HTR-10 pebble-bed 
core and other VHTRs can be performed in a similar manner. 

Table 12. Dancoff Factors and Corresponding Effective Multiplication 

Dancoff 
Factor 

HTTR 
(Control Rods at Critical Position Determined at 300K) 

HTR-10 
(Control Rods Withdrawn, 

Homogeneous Core) 

300K 300K 700K 

effk  k  
,k DancoffS

 (%) 

effk  k  
,k DancoffS

 (%) 

effk  k  
,k DancoffS

 (%) 

0.20 0.9507 0.0052 +1.1 0.8858 0.0027 +0.6 1.1492 0.0011 +0.2 

0.30 0.9559 0.0097 +3.0 0.8885 0.0075 +2.5 1.1503 0.0016 +0.4 

0.40 0.9656 0.0054 +2.2 0.8960 0.0011 +0.5 1.1519 0.0022 +0.8 

0.50 0.971 0.0021 +1.1 0.8971 0.0125 +7.0 1.1541 0.0027 +1.2 

0.60 0.9731 0.008 +4.9 0.9096 0.0024 +1.6 1.1568 0.0033 +1.7 

0.70 0.9811 0.014 +10.0 0.9120 0.0175 +13.4 1.1601 0.0039 +2.3 

0.80 0.9951 0.0152 +12.2 0.9295 0.0142 +12.2 1.1640 0.0044 +3.0 

0.90 1.0103 0.0117 +20.8 0.9437 0.0069 +13.2 1.1684 0.0024 +3.7 
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5. CONFIGURATION ADJUSTMENT POTENTIAL OF VHTRs WITH 
ACTINIDE FUELS 

In the conventional closed fuel cycle, recovered minor actinides are treated and stored as 
high level wastes. Partitioning and transmutation engineering technologies offer their 
incineration and may potentially provide additional fuel supply. The proposed earlier Deep-Burn 
concept suggests thermal neutron transmutation of minor actinides in the HTGR prismatic cores 
taking advantage of actinide nuclear properties. 

The VHTR (Very High Temperature Reactor) system is the nearest Generation IV concept. 
The objective of the awarded U.S. DOE University NERI Project is to assess the possibility, 
advantages and limitations of VHTRs with minor actinides as a fuel component. Since VHTR 
core designs permit flexibility in component configuration, fuel utilization and management, it is 
possible to improve fissile properties of minor actinides by neutron spectrum shifting through 
configuration adjustments. As a result, under certain spectral conditions minor actinides would 
be able to contribute to the core neutron balance compensating for fuel depletion effects through 
their chain transformations. The resulting self-stabilization of advanced actinide fuels should 
allow prolonged operation on a single fuel loading up to ultra-long lifetimes that are comparable 
with the entire reactor lifetime. 

In this project, the VHTR systems are being developed and analyzed focusing on control, 
dynamics, safety, and proliferation-resistance. The main advantages of the resulting 
configurations are their inherent capabilities for utilization of minor actinides from spent LWR 
fuel and reduction of spent fuel flows and handling per unit of produced energy. Consequently, if 
widely deployed, the developed designs would allow reducing the long-term radiotoxicity and 
heat load of high-level wastes sent to a geologic repository and enable recovery of the energy 
contained in spent fuel. 
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6. VHTR PERFORMANCE ANALYSIS 

The VHTR multi-heterogeneity features allow material separation by using different types 
of micro-particles and graphite blocks. The degree of heterogeneity and the moderator-to-fuel 
ratio can be adjusted to achieve desirable spectrum shifting. As illustrated, depending on 
dominant neutron energies in the considered core configurations, neptunium, americium and 
curium may serve not only as burnable poisons (high absorption (capture) but low neutron yield) 
but also as high-yield fuel materials contributing to self-stabilization effects that allow prolonged 
single-loading lifetimes. 

The whole-core models with multi-heterogeneity treatments and property databases of 
actinide compounds have been developed together with relevant benchmark problems to 
compare computational results with experimental data. Code-to-code and experiment-to-code 
studies of the models and computational schemes are underway as well as analysis of the 
actinide-fueled VHTR configurations. Specifically, several technical challenges are associated 
with the analysis and development of ultra-long life VHTR configurations with minor actinides 
as a fuel component: 

 whole core/system modeling with multi-heterogeneity treatments, 

 model benchmarking, uncertainty effects of nuclear data and design parameters 
including temperature dependence, graphite impurities, and etc. 

 error propagation during depletion calculations, 

 large computational times affecting ability to consider many whole-core design 
configurations. 

In the present study, state-of-the-art computer code systems are utilized to create realistic 
modeling of the VHTR configurations. The created VHTR model is a nearly explicit 
representation of the existing core configurations. 

A special effort is made to verify that the computational modeling is consistent and realistic. 
The results describe performance of the entire VHTR power unit and allow conclusions 
regarding the configuration’s feasibility, performance and possible directions for further analysis 
and development. Using 3D whole-core/system models, researchers developed a variation 
analysis methodology and then will apply it for studies of VHTR geometry and material 
variations. The existing HTTR and HTR-10 configurations served as the initial prototype designs 
and as examples of small-scale VHTRs. Figure 13 illustrates the planned basic parameters 
variations using the HTR-10 pebble bed core as an example. 
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Figure 13. Basic pebble bed parameters. 
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6.1 Utilization of TRUs as a Fuel for VHTRs: Compositions, Neutronics Impact and Safety 
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6.2. Analysis of TRU-Fueled VHTR Prismatic Core Performance Domains 
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6.3. TRU-Fueled VHTRs: Design, Performance and Applications 
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6.4. TRU-Fueled VHTRs for Applications Requiring an Extended Operation with 
Minimized Control and No Refueling 
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6.5. Out-of-Core Fuel Cycle Characteristics of VHTRs with No On-Site Refueling 
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6.6. Utilization of TRUs in VHTRs – Operation in a Single-Batch Mode: Front End, Back 
End, and Performance 

 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

95
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

96
 



 
Utilization of MAs as a Fuel Component for Ultra-Long Life 
VHTR Configurations: Designs, Advantages and Limitations 

Project 05-094 Final Scientific/Technical Report
 

Department of Nuclear Engineering  Texas A&M University

 

97

6.7. Reactor Physics of VHTRs with UO2, UCO & UC0.5O1.5 Kernels Operating without 
Onsite Refueling 
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6.8. Core lifetime and fuel utilization in prismatic VHTR cores 
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6.9. VHTR-Based Systems for Autonomous Co-Generation Applications 
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6.10. Autonomous Control Strategies for VHTR-Based Systems for Hydrogen Production 
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6.11. "Used Fuel" Vectors and Waste Minimization Strategies for VHTRs Operating 
without Refueling 
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7. Conclusions and Follow-on 

Although indicating some technical limitations and challenges, studies of VHTRs with 
TRUs/MAs definitely suggest promising performance and possibility to utilize the core 
configurations with TRUs/MAs gaining prolonged operation and self-sustainability: 

 There are significant differences between LEU- and TRUs-fueled VHTRs. These 
differences affect system performance characteristics during operation. 

 A single batch-mode operation appears to be potentially possible. Core lifetimes up 
to 7.5 years have been observed in the present analysis. 

 Fluence-related limitations (radiation damage) are the most significant constraints 
on achievable operation times. This constraint can be relaxed or even eliminated by 
reducing power density levels and using advanced radiation-tolerant materials for 
extended-life VHTR configurations. However, use of advanced materials will 
adversely impact economics characteristics. 

 Acceptable safety characteristics have been observed for all configurations. 
However, low delayed neutron yields may result in design challenges. 

Thus, the TRU-fueled VHTRs offer performance characteristics that would be difficult to 
achieve in analogous LEU-fueled systems - almost a decade-long batch mode operation without 
intermediate refueling, significant reductions of initial excess reactivity levels (smaller lifetime 
reactivity swings), and inherently higher achievable burnup levels. 

At the same time, the results clearly illustrate that use of TRU vectors as a fuel inherently 
facilitates development of specially designed VHTRs with core materials withstanding 
performance conditions of systems optimized for fuel loading with TRUs. Limiting fast fluences 
lead to larger resulting radiation damage effects. There are significant core physics differences 
due to spectral shift effects towards harder neutron spectra with substantially reduced neutron 
populations at thermal energies. 

The research work advanced according to the 3-years plan and has been completed in full. 
No scope-related changes were made from the DOE approved application. The project 
accomplishments are fully consistent with the project goals/objectives. The project results have 
been extensively reported at the ANS and ASME conferences as well as have been published in 
archival peer-reviewed journals. 
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10. APPENDIX B. Prototype Specifications of Small-Scale VHTRs 

10.1. HTR-10 Configuration (Pebble-Bed Core) 

Table 13. Specification of the HTR-10 Design 

Reactor thermal power 10 MW 

Primary helium pressure 3.0 MPa 

Active core volume 5 m³ 

Reactor core diameter 180 cm 

Average core height 197 cm 

Average helium temperature at reactor outlet 700 °C 

Average helium temperature at reactor inlet 250 °C 

Helium mass flow rate at full power 4.3 kg/s 

Main steam pressure at steam generator outlet 4.0 MPa 

Main steam temperature at steam generator 440 °C 

Feed water temperature 104 °C 

Fuel-to-graphite ball ratio 0.57 / 0.43  

Number of control rods in side reflector 10 

Number of absorber ball units in side reflector 7 

Nuclear fuel UO2 

Heavy metal loading per fuel element 5 g 

Enrichment of fresh fuel element 17% 

Number of fuel elements in equilibrium core 27,000 

Fuel loading mode multi-pass 

Fuel Element (Fuel Pebble) Characteristics, 8,300 Particles per Fuel Pebble 

Diameter of ball 6.0 cm 

Diameter of fuel zone 5.0 cm 

Density of graphite in matrix and outer shell 1.73 g/cm³ 

Heavy metal (uranium) loading (weight) per ball 5.0 g 

Enrichment of U-235 (weight) 17% 
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Equivalent natural boron content of impurities in uranium 4 ppm 

Equivalent natural boron content of impurities in graphite 1.3 ppm 

Volumetric filling fraction of balls in the core 0.61 

Fuel kernel  

     Radius of the kernel 0.02500 cm 

     UO2 density 10.4 g/cm³ 

TRISO Coatings  

     Coating layer materials (starting from kernel) PyC / PyC / SiC / PyC 

     Coating layer thickness (mm) 0.090 / 0.040 / 0.035 / 0.040  

     Coating layer density (g/cm³) 1.10 / 1.90 / 3.18 / 1.90  

Dummy (no fuel) elements  

     Diameter of ball 6.0 cm 

     Density of graphite 1.73 g/cm³ 

     Equivalent natural boron content of impurities in graphite 1.3 ppm 

Additional Reactor Core Parameters 

Density of reflector graphite 1.76 g/cm³ 

Equivalent natural boron impurity in reflector graphite 4.8366 ppm 

Density of boronated carbon brick including B4C 1.59 g/cm³ 

Weight ratio of B4C in boronated carbon brick  5% 
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10.2. HTTR Configuration (Prismatic Block Core) 

Table 14. Specification of the HTTR Design 

Thermal Power 30 MW 

Outlet coolant temperature / Inlet coolant temperature (C) 950 / 395 

Primary coolant pressure 4 MPa 

Core structure material Graphite 

Equivalent core diameter / Effective core height (cm) 230 / 290 

Average power density 2.5 W/cc 

Fuel  

   Material UO2 

   Uranium enrichment 3 to 10 wt.% 

   Type of fuel Pin-in-block 

   Burn-up period 660 days 

Coolant material Helium gas 

Flow direction in core Downward 

Reflector thickness  

   Top / Side / Bottom (cm) 116 / 99 / 116 

Number of fuel assemblies 150 

Number of fuel columns 30 

Number of pairs of control rods  

   Total 16 

   In core 7 

   In reflector 9 

Fuel Element (Compact) Characteristics, 13,000 Particles per Fuel Compact 

Type Hollow cylinder 

Material Graphite 

Number of particles per fuel compact 13000 

Number of fuel compacts per fuel rod 14 

Graphite matrix density 1.690 g/cc 

Graphite matrix Impurity 0.82 ppm B 
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Diameter-inner / Diameter-outer (cm) 1.0 / 2.6 

Height 3.9 cm 

Fuel kernel  

     Radius of the kernel 0.02985 cm 

     UO2 density 10.41 g/cm³ 

TRISO Coatings  

     Coating layer materials (starting from kernel) PyC / PyC / SiC / PyC 

     Coating layer thickness (mm) 0.060 / 0.031 / 0.029 / 0.046  

     Coating layer density (g/cm³) 1.14 / 1.89 / 3.20 / 1.87  

Dummy (no fuel) elements  

     Diameter of ball 6.0 cm 

     Density of graphite 1.73 g/cm³ 

     Equivalent natural boron content of impurities in graphite 1.3 ppm 

Fuel Rod Characteristics 

Number of fuel particles 182,200 

Graphite matrix density 1.690 g/cc 

Graphite matrix Impurity 0.82 ppm Natural Boron 

Diameter-inner 1.0 cm 

Diameter-outer 2.6 cm 

Effective height of fuel rod 54.6 cm 

Graphite Sleeve  

     Material Graphite 

     Density 1.770 g/cc 

     Equivalent natural boron content of impurities 0.37 ppm Natural Boron 

     Diameter-inner 2.6 cm 

     Diameter-outer 3.4 cm 

     Height 57.7 cm 

Burnable Poison Rod Characteristics 

Type H-I H-II 

Absorber section   

      Material B4C-C B4C-C 
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      Density 1.79 g/cc 1.82 g/cc 

      Natural boron concentration 2.22 wt.% 2.74 wt.% 

      Diameter 1.39 cm 1.39 cm 

      Height 2.0 cm 2.5 cm 

      B-10 fraction 18.7 wt.% 18.7 wt.% 

Graphite section   

      Density 1.77 g/cc 1.77 g/cc 

      Diameter 1.40 cm 1.40 cm 

      Height 10 cm 10 cm 

Control Rod Characteristics 

Neutron Absorber Sections (annular)  

      Material 10 

      Density B4C and C 

      Diameter-inner 1.9 g/cc 

      Diameter-outer 7.5 cm 

      Height 10.5 cm 

      Effective height 29.0 cm 

      Spacing between neutron absorber sections 290 cm (10 absorber sections) 

Control Rod Sleeve  

      Material Alloy 800H 

     Thickness 0.35 cm 

Control Rod  

      Number of control rods 32 (16 pairs) 

      Number of control rods in active core 14 (7 pairs) 

      Number of control rods in replaceable reflector region 18 (9 pairs) 

      Diameter-inner 6.5 cm 

      Diameter-outer 11.3 cm 

      Height 310 cm 
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Fuel Graphite Block Characteristics 

Type Pin-in-block 

Configuration Hexagonal 

Material IG-110 Graphite 

Density 1.770 g/cc 

Impurity 0.40 ppm Natural Boron 

Height 58.0 cm 

Width across the flats 36.0 cm 

Number of fuel holes in block 33 or 31 

Fuel hole diameter 4.1 cm 

Fuel hole height 58.0 cm 

Number of burnable poison holes 3 

Burnable poison hole diameter 1.5 cm 

Burnable poison hole height 50.0 cm 

Replaceable Reflector Block Characteristics 

Configuration Hexagonal 

Material IG-110 Graphite 

Density 1.760 g/cc 

Impurity 0.37 ppm Natural Boron 

Height 58.0 cm 

Width across the flats 36.0 cm 

Number of coolant holes if applicable 33/31 

Coolant hole diameter 4.1 cm 

Coolant hole height 58.0 cm 

Control Rod Guide Block Characteristics 

Material IG-110 Graphite 

Density 1.770 g/cc 

Impurity 0.40 ppm Natural Boron 

Height 58.0 cm 

Width across the flats 36.0 cm 
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Number of  control rod holes in block 2 

Control rod hole diameter 12.3 cm 

Control rod hole height 58.0 cm 

Number of reserve shutdown holes in block 1 

Reserve shutdown hole diameter 12.3 cm 

Reserve shutdown hole height 58.0 cm 
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Figure 14. Fuel graphite block (measurements in cm). 
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Figure 15. Control rod guide block (measurements in cm). 
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12.3 Documented Benchmark Problems for HTTR and HTR-10 Configurations 

Table 15. Benchmark Problems for HTTR Configurations 

Benchmark Description Benchmark Data Type 

Critical Control Rod 
Position 

(300 K) 

 Determine control rod position at which core is critical 

 Fully loaded fresh fuel core 

 Core temperature of 300 K 

 Control rod insertion levels adjusted on the same level, except for 
three pair of control rods in the outer most region in the side 
reflectors 

 The critical control rod position is measured from the bottom of 
the active core 

 Code-to-code 

 Experiment-to-code 

Critical Control Rod 
Position 

(418 K and 480 K) 

 Determine control rod position at which core is critical 

 Fully loaded fresh fuel core 

 Core temperatures of 418 K and 480 K. 

 Control rod insertion levels adjusted on the same level, except for 
three pair of control rods in the outer most region in the side 
reflectors 

 The critical control rod position is measured from the bottom of 
the active core 

 Code-to-code (480 K) 

 Experiment-to-code 

(418 K) 

effk   Determine effk  for core temperatures of 300, 340, 380, 420, 460 

and 480 K 

 Fully loaded fresh fuel core 

 Control rods held at critical position for 300 K core (determined 
in the benchmark problem 1 above) 

 Code-to-code 

effk  with Control 

Rods Fully Out 

 Determine effk  

 Fully loaded fresh fuel core 

 Core temperature of 300 K 

 Control rods removed from the core 

 Code-to-code 

 Experiment-to-code 

effk  with Control 

Rods Fully In 

 Determine effk  

 Fully loaded fresh fuel core 

 Core temperature of 300 K 

 Control rods fully inserted in the core 

 Code-to-code 

 Experiment-to-code 
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KENO6-VI Parameters: 

 GEN=210 (number of generations to be run) 

 NPG=1000 (number of neutrons per generation) 

 NSK=10 (number of generations to be) 

 FLX=yes (collect and print fluxes) 

 FDN=yes (collect and print fission densities) 

 PKI=yes (print input fission spectrum) 

 FAR=yes (generate fissions and absorptions) 

 GAS=yes (print fissions and absorptions) 

 Remaining parameters at default 

More Data Parameters 

 IIM=50 (max number of inner iterations to be used in the 
XSDRNPM calculation) 

 ICM=100 (max number of inner iterations to be used for 
XSDRNPM) 

 COF=3 (diffusion coefficient for transverse leakage corrections 
in XSDRNPM, use a flux and volume weighting across all 
zones) 

 EPS=0.0001 (overall convergence criteria for XSDRNPM, 
smaller value tightens convergence) 

 PTC=0.000001 (pointwise convergence criteria for 
XSDRNPM, smaller value tightens convergence)  

 DAN(xx)=Dancoff factor 
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Table 16. Benchmark Problems for HTR-10 Configurations 

Benchmark Description Benchmark Data Type 

Initial Criticality – 
(HTR-10:  B1) 

This benchmark problem involves calculating the amount of loading 
(given in loading height, starting from the upper surface of the cone 

region) for the first criticality:  1.0effk   under the atmosphere of 

helium and core temperature of 20 C , without any control rod being 
inserted. 

 Code-to-code 

 Experiment-to-code 

Temperature 
Coefficient –  

(HTR-10:  B2) 

 

Calculation of the effective multiplication factor effk  of the full core 

(
35m ) under helium atmosphere and core temperatures as follows:  

20 C (B2-1), 120 C (B2-2), and 250 C (B2-3) respectively, 
without any control rods being inserted. 

 Code-to-code 

Control Rod Worth 
for Full Core – 
(HTR-10:  B3) 

 

This problem includes calculating the reactivity worth of the ten fully 
inserted control rods (B3-1), and of one fully inserted control rod (B3-
2, the other rods are in withdrawn position) under helium atmosphere 

and core temperature of 20 C  for full core. 

 Code-to-code 

Control Rod Worth 
for the Initial Core – 
(HTR-10:  B4) 

Calculation of the reactivity worth of the ten fully inserted control rods 

(B4-1) under helium atmosphere and core temperature of 20 C  for a 
loading height of 126 cm, and the differential worth of one control rod 
(B4-2, with the other rods in the withdrawn position).  The differential 
reactivity worth is proposed to be calculated when the lower end of the 
rod is at the following axial positions:  394.2 cm, 383.618 cm, 334.918 
cm, 331.318 cm, 282.618 cm, 279.018 cm, and 230.318 cm; under 

helium atmosphere and core temperature of 20 C  for a loading 
height of 126 cm. 

 Code-to-code 

KENO6-VI Parameters: 

 GEN=210 (number of generations to be run) 

 NPG=1000 (number of neutrons per generation) 

 NSK=10 (number of generations to be) 

 FLX=yes (collect and print fluxes) 

 FDN=yes (collect and print fission densities) 

 PKI=yes (print input fission spectrum) 

 FAR=yes (generate fissions and absorptions) 

 GAS=yes (print fissions and absorptions) 

 Remaining parameters at default 

More Data Parameters 

 IIM=50 (max number of inner iterations to be used in the 
XSDRNPM calculation) 

 ICM=100 (max number of inner iterations to be used for 
XSDRNPM) 

 COF=3 (diffusion coefficient for transverse leakage corrections 
in XSDRNPM, use a flux and volume weighting across all 
zones) 

 EPS=0.0001 (overall convergence criteria for XSDRNPM, 
smaller value tightens convergence) 

 PTC=0.000001 (pointwise convergence criteria for 
XSDRNPM, smaller value tightens convergence)  

 DAN(xx)=Dancoff factor 
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Core temperature is defined as the temperature of the balls and all the surrounding 
structures included in the core physics model as described above in the HTR-10 reactor model 
and core configuration. Full core volume of 35m  is defined as the total volume of the mixed balls 
and the graphite balls in the cone region. Loading height is the height of the mixed balls starting 
from the upper surface of the cone region. 
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11. APPENDIX C. Selected Actinide Data 

Table 17. Actinides [ENDF/B-6.8] 

Element Nuclide Half-life 

U 234U 2.457E+5 years 
235U 7.037E+8 years 
236U 2.342E+7 years 
238U 4.468E+9 years 

Np 237Np 2.140E+6 years 

Pu 238Pu 87.70 years 
239Pu 2.411E+4 years 
240Pu 6.563E+3 years 
241Pu 1.435E+1 years 
242Pu 3.735E+5 years 

Am 241Am 432.7 years 
242Am 16.02 hours 
242mAm 141.0 years 
243Am 7.370E+3 years 

Cm 242Cm 162 days 
243Cm 28.50 years 
244Cm 18.1 years 
245Cm 8.500E+3 years 
246Cm 4.730E+3 years 
247Cm 1.600E+7 years 
248Cm 3.400E+5 years 

Bk 249Bk 320 d 

Cf 249Cf 350.601 years 
250Cf 13.08 years 
251Cf 897.999 years 
252Cf 2.645 years 
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Table 18. Natural Uranium 

Nuclide Composition 

weight % atom % 
234U 0.005 0.005 
235U 0.711 0.720 
238U 99.284 99.275 

 100.000 100.000 

Table 19. Average PWR Spent Fuel 

Burnup = 41,200 MWd/MTHM, enrichment = 3.75 percent, decay time = 23 years. 

(a) Reactor Grade Plutonium (RGPu) Vector 

Nuclide Decay Heat (W/g) Composition (atom %) 
238Pu 0.56000 2.360 
239Pu 0.00200 61.453 
240Pu 0.00700 26.022 
241Pu 0.00400 4.877 
242Pu 0.00010 5.289 

 100.000 

(b) TRU Vector 

Element Nuclide Decay Heat (W/g) TRU Composition (atom %) 

Np 237Np 0.00002 6.121 

Pu 238Pu 0.56000 1.986 
239Pu 0.00200 51.718 
240Pu 0.00700 21.899 
241Pu 0.00400 4.104 
242Pu 0.00010 4.451 

Am 241Am 0.11000 8.250 
242mAm - 0.020 
243Am 0.00700 1.230 
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Cm 243Cm 1.70000 0.003 
244Cm 2.80000 0.194 
245Cm - 0.021 
246Cm - 0.003 

 100.00 

(c) MA Vector 

Element Nuclide Decay Heat (W/g) MA Composition (atom %) 

Np 237Np 0.00002 38.635 

Am 241Am 0.11000 52.079 
242mAm - 0.127 
243Am 0.00700 7.762 

Cm 243Cm 1.70000 0.021 
244Cm 2.80000 1.225 
245Cm - 0.134 
246Cm - 0.017 

 100.00 
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12. APPENDIX D. Project Participants and Resources 

12.1. Contact List 

Table 20. Contact List 

Name Position E-mail 

1. Pavel V. Tsvetkov Assistant Professor Tsvetkov@tamu.edu 
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12.2. Resources 

This project uses existing computational capabilities of the Advanced Energy Technologies 
Research Group (Dr. Pavel V. Tsvetkov) at the Department of Nuclear Engineering and the 
Department of Nuclear Engineering Common Network: 

 The Department of Nuclear Engineering computer facilities have recently been 
renovated and currently consist of several UNIX workstations, including 
computational servers and applications servers, computer lab with 30 modern PC 
stations; UNIX and Linux clusters for computational jobs, and etc. 

 To complete tasks of the project, the Advanced Energy Technologies Research 
Group used five Windows workstations (two single-CPU 3.8 GHz/4GB RAM and 
three dual CPU 3.8 GHz/4GB RAM). 

The applied engineering software library of the project consists of the following code 
systems and software packages: 

 SCALE code system (Oak Ridge National Laboratory), 

 MCNP code system and auxiliary codes (Los Alamos National Laboratory), 

 Dancoff-MC code system and modifications (RSICC), 

 Matlab engineering software (The MathWorks, Inc.), 

 HeatWave code system (Field Precision, Inc.), 

 UCODE code system (U.S. Geological Survey), 

 Various auxiliary software packages and codes. 
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