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Executive Summary 
 

The major application of the Nuclear power in the energy sector has been to produce the 

electricity.  However, a growing concern on the environment and the expected shortage of the 

fossil energy resources is demanding the expansion of nuclear energy’s role in the energy sectors.  

The high temperature gas cooled reactor (HTGR) has been expected to expand the role of nuclear 

energy because of its high temperature capability.   Especially, the interest on the HTGR has been 

sharply increased recently related with the production of the hydrogen.   

 

The HTGRs have been developed in Germany and USA since early 1960s.  About 5 HTGRs 

had been operated by the end of 1980s.  However, all of them had been terminated permanently at 

the end of 1980s because of their poor system economy and frequent technical troubles.  A new 

concept called MHTGR (Modular High Temperature Gas Cooled Reactor) emerged in early 

1990s.  Two MHTGR concepts on commercial basis have been developed since then; one is the 

PBMR (Pebble Bed Modular Reactor) developed by Eskom in South Africa and another is GT-

MHR (Gas Turbine Modular High-temperature Reactor) developed by both GA in USA and 

OKBM in Russia.   

The MHTGR system has been evolved by combining some new innovative technologies and 

concepts with old high temperature gas reactor system.  The most unique features of the MHTGR 

are (1) catastrophic accident free system by utilizing low power density and annular core concept, 

(2) significantly improved system thermal efficiency and economy by adopting direct gas turbine 

system.  The development of the magnetic bearing and highly efficient recuperator make the 

adoption of the gas turbine possible.  In addition, the replacement of steam generator with gas 

turbine removes the water ingress events that were the most troublesome in the old gas cooled 

reactors.  The modularity also gives some advantages on the system economy.  The modularity 

allows for the generation of income during construction as well as gives some flexibility to the 

plant capacity size.   

 

The main safety features of both the PBMR and the GT-MHR systems are come from the 

TRISO fuel.  Some experiments indicate that German TRISOs have much better irradiation 

performances than those of USA.  Power density and the system output size are strongly 

correlated together and they make considerable effects on the system economy.  Both the PBMR 
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and the GT-MHR are being designed to maximize their output power without losing the 

conduction cool-down capability which is an essential factor to “catastrophic accident free” 

concept.   The GT-MHR core is more easily controllable and has less power peaking.  As results, 

the GT-MHR has higher power density and system output than the PBMR by 50%.  Both systems 

have still very low power density which is approximately 1/10 of those of LWRs.  Low power 

density generates voluminous spent fuels.  Both the PBMR and the GT-MHR discharge 10 times 

larger size spent fuels than LWRs for the same energy output.  However, some studies indicate 

that the required repository spaces for the PBMR and GT-MHR are less than those for LWRs for 

the same energy output because of their low heat loads.      

The PBMR does not have a fixed coolant flow channel.  The PBMR core has large pressure 

drop because the coolant flows the spaces between fuel pebbles.  The employed “diving bell” 

shape for the reactor core in both the PBMR and the GT-MHR provides a grace period when 

there is a loss of coolant accident. Both MHTGR systems have almost no coolant pipes in order to 

remove the possibility of the pipe break accident.  If there are any loss-of-coolant accidents, the 

reactor is automatically shutdown by its strong negative temperature coefficients.  All the heat in 

the core would be transferred to the reactor vessel by passive conduction mechanisms.  Then, the 

heat is released to the atmosphere by air or water surrounding the reactor vessel.  The maximum 

fuel temperature is kept below 1,600 oC under any accident conditions.      

   

Many technical experiences were obtained through the operations of the AVR, THTR, Peach 

Bottom, and FSV.  However, the key design features for the PBMR and the GT-MHR systems, 

conduction cool-down and direct Brayton cycle, have not been tested and proved.  Some more 

R&Ds on the key technologies and materials are to be required. 
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요    약 

 

 현재까지 원자력 에너지원의 최종 상품은 주로 전기에너지의 형태로 나타났다. 그러나 

멀잖은 미래에 닥쳐올 에너지난에 대비하여 원자력 에너지원의 최종 상품에 대한 

다양화가 요청되고 있다. 특히 미래 에너지의 한 형태로 수소가 큰 축을 구성할 

것이라는 예측과 함께 전세계적으로 많은 관심이 고온 개스 냉각로 개발에 모아지고 

있다.   

 

고온 개스 냉각로는 1960 년대 초부터 미국, 독일 등을 중심으로 개발되어 왔으며 

1980 년대말까지도 시험운전되어 왔었다.  경제성문제 그리고 잦은 고장사고에 

기인하여 모두 영구 운전정지되었고 해체의 길을 걸어왔다.  그러나 1990 년대 들어 

기존의 개스냉각로 기술에 새로운 개념과 기술을 접목한 모듈형 고온개스 냉각로 

(MHTGR; Modular High Temperature Reactor)가 태동하기 시작하였으며 그 결과로 

현재 남아공이 제시한 PBMR(Pebble Bed Modular Reactor)과 미국 GA 그리고 러시아 

OKBM 이 공동으로 개발한 GT-MHR(Gas Turbine Modular High-temperature 

Reactor)이 신형 상업용 MHTGR 의 큰 흐름을 주도하고 있다.    

1990 년대 이전에 운전된 경험이 있는 고온 개스냉각로와 신형 MHTGR 의 가장 큰 

차이점으로서 1) 저출력 밀도와 환형 노심개념을 이용하여 비상시 노심이 핵연료 및 

구조물들의 열전도 만으로도 충분한 냉각이 될 수 있게하여 핵연료 손상 사고를 

원천적으로 봉쇄한점, 2) 개스 터빈기술, Magnetic Bearing 기술 그리고 효율성이 좋은 

Recuperator 을 접목한 직접 발전 방식을 채택함으로서 시스템의 경제성 증가와 더불어 

노심 물유입사고 (Water Ingress)를 획기적으로 제거한 점 등을 들 수 있다.  시스템의 

효율증가에 의한 경제성 향상과 더불어 모듈 개념이 가져다주는 경제성과 편리성도 

적지않다.  즉, 건축기간을 대폭 단축할 수 있으며 수요에 따라 모듈의 증가율을 조절할 

수 있으므로 초기 투자비용을 줄일 수 있다.    

 

PBMR 및 GT-MHR 모두 안전성의 핵심을 TRISO 핵연료에 근간을 두고 있다.  그런데 

현재까지의 시험결과 독일방식의 TRISO 가 미국방식에 비해 보다 우수한 것으로 

판단되고 있다. 노심의 크기가 시스템의 경제성에 미치는 영향도 무시할 수 없다.  
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전체적으로 두개념 모두 노심의 출력밀도 증가를 통해 시스템의 출력 증가를 꾀하고 

있으나, 최종적인 열제거 메카니즘인 Conduction Cool-down Capability 가 제한인자로 

작용하고 있다.   노심내 출력분포 제어가 보다 용이하며, 출력분포 예측이 쉬운 GT-

MHR 이 PBMR 에 비해 출력밀도가 약 50%정도 크며 그 결과 GT-MHR 이 PBMR 보다 

시스템 출력도 50%정도 크다 (600 MWth : 400 MWth).  그러나 두 노심 모두 경수로에 

비해 약 1/10 의 출력밀도를 가지며, 방출되는 사용후 핵연료 부피도 동일출력을 

기준으로 약 10 배이다.  그러나 단위 부피당 방출되는 열량이 작아 실제 요구되는 최종 

처분장의 넓이 측면에서는 경수로에 비해 작을 것으로 평가되고 있다.    

PBMR 은 특정 유로가 없이 냉각재가 구형 핵연료인 Pebble 사이를 흐르게 되므로 

GT-MHR 등에 비해 보다 큰 노심 압력손실을 유발한다.  냉각재 상실 사고시 사고진행 

속도를 완화시키기 위해 두 개념 모두 노심이 “Diving Bell” 형태이며,냉각재 상실 

사고의 발생을 최소화 시키기 위해 냉각관 사용을 거의 제거했다.  모든 Active Cooling 

시스템 또는 냉각재가 상실될 경우 노심은 음의 반응도에 의해 자동으로 운전정지되며, 

잔열 및 붕괴열은 열전도 방식을 따라 노심 외곽의 압력용기로 전달되며 최종적으로 

앞력용기의 외벽에 있는 외기 또는 물을 증발시킴으로서 대기로 방출된다.  사고시 

어떠한 경우에도 핵연료의 최대 온도는 1,600 oC 가 넘지 않도록 설계가 되었다.   

 

AVR, THTR, Peach Bottom 그리고 FSV 운전을 통해서 MHTGR (PBMR, GT-MHR) 에 

대한 기본적인 경험과 검증 자료가 있다.  그러나 MHTGR 개념의 핵심이라고 할 수 있는 

Conduction Cool-down 그리고 Direct Gas Turbine, Magnetic Bearing, 

Recuperator 는 충분한 검증이 이루어진 상태는 아니다.  이들 핵심기술 및 개념에 대한 

보다 심도있는 연구 개발이 필요할 것이다.    

 

 

 

 



 

v 

CONTENTS 
 
Executive Summary 

요    약 

CONTENTS 

Tables 

Figures 

I. Introduction ........................................................................................................................... 1 

I.1 Background.................................................................................................................. 1 

I.2 Objectives.................................................................................................................... 3 

II. System Overview ................................................................................................................. 5 

II.1 The PBMR System...................................................................................................... 6 

II.1.1 General Characteristics..................................................................................... 6 

II.1.2 Spent Fuel of the PBMR.................................................................................. 10 

II.2 The GT-MHR System .................................................................................................11 

II.2.1 General Characteristics....................................................................................11 

II.2.2 Spent Fuel of the GT-MHR.............................................................................. 14 

III. Graphite and Fuel Characteristics...................................................................................... 16 

III.1 Graphite Characteristics ........................................................................................... 16 

III.1.1 Wigner Energy and Graphite Fire ................................................................... 16 

III.1.2 Irradiation Characteristics and Experiences.................................................... 16 

III.2 Fuel Characteristics ................................................................................................. 18 

III.2.1 PBMR Fuel .................................................................................................... 21 

III.2.1.1 Pebble Fuel Fabrication .............................................................................. 21 

III.2.1.2 Pebble Fuel Performance............................................................................ 24 

III.2.2 GT-MHR Fuel ................................................................................................ 29 

III.2.2.1 General Description of the GT-MHR Fuel .................................................... 30 

III.2.2.2 Prismatic Fuel Fabrication........................................................................... 31 

III.2.2.3 Prismatic Fuel Performance ........................................................................ 34 

III.2.3 Comparison of German TRISO with US TRISO.............................................. 34 

IV. Core Design ...................................................................................................................... 37 

IV.1 PBMR ...................................................................................................................... 37 

IV.1.1 General Description ....................................................................................... 37 

IV.1.2 Neutronic Characteristics ............................................................................... 40 

IV.2 GT-MHR .................................................................................................................. 45 

IV.2.1. General Description ...................................................................................... 45 



 

vi 

IV.2.2 Neutronic Characteristics ............................................................................... 47 

IV.3 Technical Experiences and Issues............................................................................ 50 

IV.3.1 PBMR............................................................................................................ 50 

IV.3.2 GT-MHR ........................................................................................................ 51 

V. Heat Removal and Safety................................................................................................... 52 

V.1 PBMR Cooling Systems ............................................................................................ 53 

V.1.1 General System Description of the PBMR....................................................... 53 

V.1.2 Basic T/H and Safety Characteristics .............................................................. 55 

V.2 GT-MHR Cooling System .......................................................................................... 57 

V.2.1 General Description of the GT-MHR................................................................ 57 

V.2.2 Basic T/H and Safety Characteristics .............................................................. 58 

V.3 Technical Experiences and Issues............................................................................. 60 

V.3.1 PBMR............................................................................................................. 60 

V.3.2 GT-MHR ......................................................................................................... 62 

VI. Summary and Lessons...................................................................................................... 63 

VI.1 Unique Design Features of the MHTGR................................................................... 63 

VI.2 Technical Experiences ............................................................................................. 64 

VI.2.1 AVR............................................................................................................... 64 

VI.2.2 THTR ............................................................................................................ 65 

VI.2.3 Peach Bottom................................................................................................ 66 

VI.2.4 FSV............................................................................................................... 67 

VI.3 Lessons................................................................................................................... 68 

References 

 

 



 

vii 

Tables 
 

Table I.1. Technical Features of HTGRs Constructed and Operated 

Table II.1 PBMR and GT-MHR Design Target Specifications 

Table III.1 Primary Coated Particle Design Objectives 

Table III.2 Specifications of the Pebble Fuel 

Table III.3 Comparison of US and German Kernel Fabrication 

Table III.4 Comparison of US and German Coating 

Table III.5 Comparison of US and German Fuel Element Manufacture 

Table III.6 LEU UO2 Pebble Fuel Heatup Test Summary 

Table III.7 Fuel Assembly Design Data 

Table III.8 Design Data for Coated Particle 

Table III.9 Fuel Quality and Performance Limits 

Table III.10 Prismatic Fuel Irradiation Experiments 

Table IV.1 Core Design Comparisons for Pebble Reactors 

Table IV.2 Core Design Specifications 

Table IV.3 Temperature Coefficients of Reactivity at Operating Conditions 

Table IV.4 Basic Design Parameters of the GT-MHR Core 

Table IV.5 Fuel Cycle Parameter at Equilibrium 

Table V.1 Gas Property (700K, 5MPa) 

Table V.2 Heat Removal Systems for the PBMR 

Table V.3 Major T/H Parameters of the PBMR and GT-MHR in Normal Operation 

Table V.4 Fuel, Barrel and Vessel temperatures under accident conditions 

Table V.5 Peak Temperatures of the Components for the Conduction Cooldown Events 

 

 

 



 

viii 

Figures 
Figure I.1. The evolution of the core size and its maximum accident core temperature 

Figure II.1 Comparison of Thermal Efficiencies 

Figure II.2 Module Building of the PBMR system 

Figure II.3 Specifications of the FHSS for the PBMR 

Figure II.4 PBMR Flow Schematic 

Figure II.5 GT-MHR Module Concept 

Figure II.6 GT-MHR Flow Schematic 

Figure II.7 Radioactive Material Retention Characteristics of TRISO Particle 

Figure III.1 Irradiation Induced Changes in the Nuclear Graphite at 550 oC 

Figure III.2 Structure of the PBMR TRISO Coated particle fuel 

Figure III.3 TRISO Fuel Development in Germany 

Figure III.4 Fabrication Process of the Pebble Fuel 

Figure III.5 Components of the prismatic fuel 

Figure III.6 Cross-sectional View of GT-MHR Fuel Assembly 

Figure III.7 Fabrication Processes for the prismatic fuel 

Figure III.8 Fuel Temperature Capability of the Prismatic Fuel  

Figure III.9 Comparison of Kr-85m Release to Birth Ratio(R/B) from Historic German and US 

Irradiations 

Figure IV.1 Core Configuration for the PBMR with central graphite sphere reflector 

Figure IV.2 Reactor Core Structure of the PBMR 

Figure IV.3 Reactivity Control and Shutdown System Position when inserted 

Figure IV.4 Radial Flux Distribution in the PBMR core 

Figure IV.5 Core Layout of the GT-MHR  

Figure IV.6 K-Inf vs Packing Fraction                

Figure IV.7 K-eff vs Water Density 

Figure IV.8 Core Isothermal Temperature Coefficients 

Figure IV.9 Doppler Coefficients                          

Figure IV.10 Moderator Coefficients 

Figure V.2 Temperature Variation vs Time for DLOFC event 

 



 

1 

I. Introduction 

I.1 Background  
The High Temperature Gas Cooled Reactor (HTGR) has been expected to play a key role in the 

expansion of the nuclear energy use in the energy sectors because of its high temperature 

capability.  The high outlet temperature (>~900oC) of the HTGR enables to produce a process 

heat and be applicable to the hydrogen production.   The HTGR concept has evolved from early 

air-cooled or CO2 -cooled to the helium cooled reactors.  The use of helium in lieu of air or CO2 

in combination with a graphite moderator offered enhanced neutronic and thermal efficiencies.   

Various types of the HTGR were proposed and designed in many countries.  However, the HTGR 

can be categorized into either block (prismatic) type reactor or spherical (pebble) fuel type reactor 

based on the fuel forms employed.   To date, seven HTGRs have been built and operated.  Table 

I.1 shows the brief technical features for those HTGRs [1-10].  At the beginning, highly enriched 

uranium(>90%) was employed as a fissile material and thorium as a fertile.  In addition, a steam 

cycle has been employed for the production of the electricity.           

 

In 1980s, a modular concept was proposed to make the HTGR the catastrophic accident free 

reactor.   The 80 MW(e) HTR module(HTR-MODUL) concept developed by Simens/Interatom 

was the first small, modular type concept for the production of the electricity[1].  The modular 

HTGR (MHTGR) concept is characterized by comprehensive protection of the environment by 

passive system characteristics even under extreme, hypothetical accident conditions.  The safety 

features of the MHTGR are based on the design condition that even in the case of failure of all 

active cooling systems and complete loss of coolant, the fuel element temperature would remain 

within limits such that there is virtually no release of radioactive fission products from the fuel 

elements. The safety goals of the MHTGR could be achieved by adopting low power density and 

conduction cooling concepts in the loss of coolant accidents.  Figure I.1 shows the evolution of 

the HTGR in terms of the maximum accident core temperature.     

 

The latest evolution on the MHTGR was the adoption of gas turbine.  The HTGR technology 

has always held the promise for electricity generation at high thermal efficiency by means of 

Brayton cycle.  The technological developments provided the key elements to realize the promise.  

These key elements are as follows: 
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o The HTGR reactor size had been reduced for the passive module design.  At the same 

time, the size of industrial gas turbines had increased.  The technology is now available 

for a single turbo-machine to accommodate the heat energy from a single MHTGR. 

o Highly effective compact recuperators had been developed.  Recuperator size and 

capital equipment cost are key economic considerations.  Highly effective plate-fin 

recuperators are much smaller than equivalent tube and shell heat exchangers.  

o The technology for large magnetic bearing had been developed.  The use of oil 

lubricated bearings for the turbo-machine with the reactor coolant directly driving the 

turbine was problematic with regard to the potential coolant contamination by the oil.   

 

 Replacement of the Rankine steam cycle power conversion system with a high-efficiency 

Brayton(gas turbine) cycle power conversion system improves the thermal conversion efficiency 

from 30s % to ~40s%.    In addition, the replacement reduces the possibility of water ingress 

significantly by removing the steam generator.  The water ingress was the most troublesome 

event to the Fort Saint Varin reactor.  All MHTGRs currently being developed incorporate 

graphite moderated, helium cooled cores with ceramic coated fuel particles capable of handling 

temperature of 1,600 oC.    

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure I.1. The evolution of the core size and its maximum accident core temperature 
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I.2 Objectives  
The PBMR being developed by Eskom is supposed to be the most advanced MHTGR system 

based on the pebble fuel concept while the GT-MHR being developed by GA is supposed to be 

the most advanced MHTGR system based on the block (or prismatic) type fuel concept. In order 

to develop a new MHTGR system either for the hydrogen or electricity production, both the 

PBMR and the GT-MHR are believed to be the starting lines.  In terms of that, this report is 

prepared to provide two things;   

• The basic key design concepts for the PBMR and the GT-MHR systems, 

• Some key technical experiences and issues obtained from the design work and the 

previous plant operations.  

 

Chapter II describes the general overviews on the PBMR and the GT-MHR.  Chapter III, IV and 

V deal with the material/fuel, core and thermal hydraulics characteristics, respectively.  

Especially some design features related with the system safety are mentioned in Chapter V.    

Summaries and lessons obtained form previous experiences are mentioned in Chapter VI.   

 

The design concepts for the PBMR and the GT-MHR are still being evolved.  In addition, many 

numerical design values are obtained from various papers and documents.  The system concepts 

varied from paper to paper slightly and sometimes considerably.  As results, the numerical 

design values provided in this report have to be used just to catch up the feelings on the 

concepts.  
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Table I.1. Technical Features of HTGRs Constructed and Operated 

Features  Dragon Peach Bottom AVR Fort St. Vrain THTR HTTR HTR-10 

Location UK USA Germany USA Germany Japan China 

Power(MWt/MWe) 20/- 115/40 46/15 842/330 750/300 30/- 10/- 

He Temp 

(in/out, oC) 
350/750 377/750 270/950 400/775 270/750 395/950 300/900 

He Press(Bar) 20 22.5 11 48 40 40 20 

Power Density 

(MW/M3)  
14 8.3 2.3 6.3 6 2.5 2 

Fuel Enrichment >90% ~93% >90% >90% 93% ~6% 17% 

Fuel Kernels Oxide Carbide Oxide Carbide Oxide Oxide Oxide 

Fuel Coating TRISO BISO BISO TRISO BISO TRISO TRISO 

Fuel Type 
Cylindrical  

(Block) 

Cylindrical 

(Block) 

Spherical  

(Pebble) 

Hexagonal 

(Block) 

Spherical  

(Pebble) 

Hexagonal 

(Block) 

Spherical  

(Pebble) 

Reactor Vessel Steel Steel Steel PCRV PCRV Steel Steel 

Operation Years 1965-1975 1967-1974 1968-1988 1979-1989 1985-1989 1998- 2002 

Others 
- Up flow  
- Thorium 

- 2 Fuel Types 
- Up Flow  
- Thorium 

- Up flow 
- Thorium 

- Down Flow 
- Thorium 

- Thorium 
- BA Ptcl. 
- Down Flow 

- Annular Rod 
- Down Flow 

- Annular Core 
- Down Flow 

TRISO : a fuel coating system using three types of coating: low density PyC, high density PyC, SiC 
BISO : a fuel coating system using two types of coatings: low density PyC, high density PyC.  
PCRV : Prestressed Concrete Reactor Vessel 
BA : Burnable Absorber  
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II. System Overview 
The MHTGRs have several common features regardless of the reactor type.  They are featured 

with helium coolant, coated fuel particle identified as TRISO fuel and graphite moderator.  A gas 

turbine is employed to improve the thermal efficiency.   

The selection of the helium coolant, coated particle fuel and graphite moderator combined with 

the inherent safety characteristics offers unparalleled safety.  The most important design features 

for the system safety are as follows: 

 

o The TRISO coating fuels are capable of retaining all radioactive fission products up to 

fuel element temperature of ~ 1,600 oC.  The reactor core is designed not to exceed the 

maximum temperature of 1,600 oC under any accidents.  

o The core has a negative temperature coefficient which inherently shut down the core 

above normal operating temperature.  

o Active core cooling is not necessary for decay heat removal during accidents.  It is 

sufficient to discharge the decay heat by means of passive heat transport mechanisms 

(conduction cooling) because of an annular, low power density core in an un-insulated 

steel reactor vessel surrounded by a natural circulation reactor cavity cooling system.   

o Graphite is used in core areas with high temperatures.  Graphite provides high heat 

capacity, slow thermal response, and structural stability at very high temperature.  

o Helium is used as coolant.  Helium is single phase, inert, and has no reactivity effects.  

o The reactor core and the power conversion unit are installed in the separated steel 

pressure vessels in such a way that there is no danger of component overheating in the 

case of failure of the primary circuit cooling.      

 

  As indicated in Figure II.1, high outlet temperature enables to employ the Brayton cycle.  The 

use of the direct Brayton cycle to produce electricity results in a net plant efficiency higher than 

~40 %. This efficiency is about 50% higher than that in current nuclear power plants.  In addition, 

a module concept contributes a lot to the system economy.  One standard MHTGR system 

consists of 4(GT-MHR) or 8(PBMR) modules.  The preliminary schedule calls for bringing the 

first unit on line in slightly 2-3 years with additional modules coming on line every several 

months thereafter.  A unique feature of this modularity approach is that it allows for the 

generation of income during construction, subsequently reducing interest that would be incurred 
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during the construction period.  The modularity also gives some flexibility to the plant capacity 

size.    

 
Figure II.1 Comparison of Thermal Efficiencies 

II.1 The PBMR System 

II.1.1 General Characteristics 

  The PBMR system evaluation was started in 1993 by Eskom.  In 1995 Eskom initiated a concept 

design and costing exercise with local and overseas contractors. The results of the exercise over 

the next two years confirmed the basic validity of the PBMR parameters. The South African 

government was kept up to date on all Eskom's findings. During 1997 and 1998 Eskom undertook 

extensive reviews (internal and external) of the project and began discussions with potential local 

and overseas partners.  It was found that the PBMR would be a cost effective option. 

Consequently, in 1998, the Eskom Council formally launched the PBMR as a priority project. 

The National Nuclear Regulator was approached in 1998 to review the project and issue a 

favorable Licensing Assessment on the PBMR in March 2003.   Table II.1 shows the commercial 

plant target specifications Eskom is pursing[12].   Figure II.2 shows the module building of the 

PBMR system. 

The module typically consists of a single building ~66 m X 37 m and 62.9 m height of which 22 

m would be below ground level.  The building(Containment Barrier) is designed to have no 

penetration against an external impact less than 2.7 ton.  If the Boeing 777 collide against the 

module system, there is a penetration in the containment barrier but no penetration in the citadel.   

The reactor systems are placed inside a reactor pressure vessel(RPV) with the power conversion 

unit(PCU) components located separately.  The RPV and certain parts of PCU are cooled from 
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the inside by the helium stream leaving the high pressure turbo compressor.  The RPV is kept at a 

uniform temperature of ~300oC by the RPV conditioning system.    On the other hand, the PCU 

pressure vessel is maintained at a temperature of ~125oC.  During a loss of coolant accident, the 

wall temperature of the RPV will increase to ~350oC.  Process cycle is a standard Brayton cycle 

with a closed circuit water cooled inter-cooler and precooler.  All the bearings in the cycle are of 

the magnetic type which avoids any contaminants in the helium circuit and limits maintenance.   

Containment barrier 
against externally 
generated pressure & 
impact loads.

Reactor Cavity provides 
shielding to personnel & acts 
as a barrier against internally 
generated missiles

Citadel

Depressurisation shaft

SPECIFICATION
Height total 62.9 m
Height above ground 40.9 m
Depth below ground 22 m
Width 37.0 m
Length 66.1 m
Levels (floors) 11
Material 40 MPa concrete 

 
Figure II.2 Module Building of the PBMR system 

 

One of the unique features for the PBMR is on-line refueling.  The PBMR system is to be 

operated according to the ‘multi-pass’ fueling scheme; which means that fuel spheres are moved 

through the core more than once, e.g. 6 times to reach the final burn-up level.  The purpose of the 

multi-pass is to provide for a uniform distribution of the burn-up within the core, and thereby 

flattening the axial neutron flux profile and maximizing the thermal power output of the modular 

unit.  For the realization of the multi-pass fueling scheme, the PBMR has the FHSS(Fuel 

Handling & Storage System) consisting of the fresh fuel storage and feeding system, the fueling 

and defueling system including discharge equipment, the spent fuel system, and the fuel lifting 

system (Figure II.3).  In the multi-pass fueling scheme, the recirculation of the partially burned 

fuel spheres is the primary function of the FHSS.  The majority of the discharged fuel spheres are 

re-circulated into the top of the core.  Fuel spheres are circulated partly by gravity, but 
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predominantly pneumatically, by mainly using primary coolant at primary system pressure.   

Followings are the functions of the FHSS : 

o Loading of new fuel spheres into the core 

o Removing erroneously discharged fuel spheres from the graphite sphere system 

o Separating damaged spheres and fuel, absorber, graphite spheres 

o Recirculating graphite spheres, partially used fuel spheres 

o Measuring burn-up and discharging spent fuels into the spent fuel storage system 

o Defueling and refueling of the core during maintenance intervention 

 

  The required decay time to monitor the fuel status is approximately 40 hours in the FHSS.   This 

allows decay of short-lived fission products.  Each fuel pebble goes through two measurement 

steps before reentering into the core.  Firstly, a gross gamma measurement is employed to 

discriminate between fuel and moderator spheres.  A second measurement uses a gamma 

spectrometer and Germanium detector to identify the cesium peak and determine burn-up of fuel 

spheres.    

  A conservation rule on the number of fuel pebbles in the core is applied to the operation of the 

FHHS. During AVR decommissioning, it was found that several fuel pebbles had fallen into and 

lodged in the helium outlet flow slots in the graphite lower core support structure due to widening 

of the slots during plant operations.   

 

Table II.1 PBMR and GT-MHR Design Target Specifications 

Target Specifications PBMR GT-MHR 

o No. of Modules/standard plant(total) 

o Rated Power per Module 

o Net Cycle Efficiency 

o Operating Pressure 

o Inlet/Outlet Temperatures 

o Module Construction (n-th plant) 

o Availability 

o Seismic 

o Overnight Construction Cost 

o Fuel Costs 

o O&M costs  

o Emergency Planning Zone 

8(1320MWe)

400 MWt/165 MW(e)

41% 

9.0 MPa

488/900oC

24 months

>93%

0.4 g

$1,000/kWe

4mills/kWh 

5mills/kWh

no offsite

4(1,145 MWe)

600MWt/286MW(e)

48%

7.0MPa

491/850oC

~36months(1st plant)

>90%

0.3g

$975/kWe

7.4 mills/kWh

3 mills/kWh

no offsite
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SPECIFICATION
Medium Helium
Daily sphere circulation rate 2900
Hourly sphere circulation rate 500/600
Daily operating time 12 hours
Number of fuel passes through core 6
Operating pressure 1 – 9 MPa
Operating temperature 20 - 260ºC
Fuel spheres in core 451555
Fuel sphere feeding points 3
Core defueling points 3
Fresh fuel storage capacity 70 canisters
Fresh fuel canister capacity 1000 spheres
Spent fuel storage capacity 6 000 000 spheres
Number of spent fuel tanks 10
Spent fuel period 80 yrs.

 
 

Figure II.3 Specifications of the FHSS for the PBMR 

 

The helium coolant is heated in the core by flowing downward.  The coolant at a pressure of ~9 

MPa and a temperature of 900oC leaves the reactor core outlet and flows through the high and 

low pressure turbines providing energy to drive their associated compressors.  The helium then 

enters the power turbine to derive the electrical generator as shown in Figure II.4.  The decision 

to incorporate a relatively high return temperature is based on the choice of an optimum pressure 

ratio.  A high pressure ratio would lead to a lower return temperature and therefore result in a 

lower cycle efficiency.    

  The PBMR system employs the power conversion unit based on three shafts. The single shaft 

has some advantage for the load rejection event, where the compressor can act as a brake to limit 

the rotational velocity.  However, the single shaft has a disadvantage of the large size inherent in 

a design which has to operate at 60(or 50) Hz.  The high pressure turbine would need 

maintenance replacement every 6 years.  Therefore, the disadvantage of large size becomes of 

great critical in terms of maintenance replacement.   Working with a multi-shaft design entails a 

different control strategy whereby a number of bypass valves across the recuperator and the 

compressors are used to compensate for fast transients and load following operations.   
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Figure II.4 PBMR Flow Schematic 

 

II.1.2 Spent Fuel of the PBMR 

The average discharge burnup of the PBMR fuel (~10% enriched) is approximately 90,000 

MWD/MTU.   The required enrichment and targeted discharge burn-up are about 2 times those of 

LWR.  Therefore, the needed enrichment services and the rate of uranium ore withdrawals are 

almost the same for the PBMR and the LWR although the PBMR is expected to consume slightly 

less fuel per kwhr due to its higher thermal efficiency [36, 37].   

In terms of fuel volume, the PBMR has ten times that of LWR (AP-600) for a given energy 

production. However, the PBMR fuel may be directly disposable due to the very low leaching 

rate of the graphite spheres, thereby reducing the overall waste package volume compared to the 

LWR.  Preliminary analyses indicate that the spent fuel stream for once through cycle require less 

space in a repository on a kilowatt hour basis than do LWRs due to the PBMR’s higher burnup, 

higher thermal efficiency, and lower heat loads per container [36].  These benefits are attributed 

to the low power density core and the dilution of the spent fuel within the moderator/fuel matrix.   
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Although the PBMR fuel can be reprocessed, it is not easy due to the silicon carbide 

containment of the fuel particles.  However, should waste stream minimization be desired, 

additional preprocessing will be required for reprocessing of pebble fuels.  This includes removal 

of graphite matrix making up the pebble, removal of the pyrocarbon layers of the microsphere, 

and cracking the silicon carbide microspheres.  In addition, new technology will have to be 

developed to avoid C-14 release into the atmosphere if reprocessing is deemed to be desirable of 

economic [36].   

German’s plan for spent HTR pebbles consists of two phases.  The pebble would be at the 

intermediate storage for 50-100 years after discharge from the reactor core.  During intermediate 

storage, the storage approach would be designed and operated to maintain pebble temperature 

below 200 oC.  Then condition for final storage would be designed to keep the pebble temperature 

below 50 oC in final storage.  FZj has investigated using interstitial balls within the pebbles and 

silicon carbide filling as methods for increasing the conductivity and performance of waste 

disposal package [27].   

 

II.2 The GT-MHR System 

II.2.1 General Characteristics 

  In the 1980s, evaluation of the reasons for the dearth of new nuclear plant orders in the USA led 

to the conclusion that smaller, simpler nuclear power plants with inherent safety characteristics 

were needed to be developed.  The modular high temperature gas reactor(MHTGR) was 

conceived to meet this need although the initial modular HTGR was of the small pebble bed 

design(Siemens/Interatom).  General Atomics(GA) employed the prismatic block type core in 

annular core configuration allowing for a higher power density.  The move toward the small 

modular plant was very evident in the 1980s.  The integration of this modular HTGR with the 

advanced technologies in the gas turbine became the GT-MHR.   

The GT-MHR was formally selected in 1993 as the reference concept for the development by 

the US gas reactor program for commercial deployment.  However, driven by budget constraints, 

the US government decided to discontinue financial support of the GT-MHR in the fall of 1995.  

Fortunately, the US government provided for documenting the design and development status 

through an orderly close-out program.  In addition, Government restrictions on the release of the 

documents to other countries were eliminated, which open the door for broad international 

cooperation.   
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Concurrent with the 1993 selection of the GT-MHR as the reference concept, GA and Russian 

Federation Ministry for Atomic Energy(MINATOM) entered into a memorandum of 

understanding(MOU) in 1993 to cooperate on the development of GT-MHR for commercial 

deployment.  In early 1994, MINATOM proposed the cooperative program focusing on 

development of the GT-MHR for disposition of Russian weapons plutonium.  In the summer of 

1994, GA and MINATOM agreed to initiate development of the GT-MHR for weapon plutonium 

disposition, and to jointly fund the preparation of the conceptual design, with the long-term goal 

of utilizing the same design fueled with uranium for worldwide commercial deployment.  

Framatome and Fuji Electric joined as participants in the cooperative program in 1996 and 1997, 

respectively.  A recent significant development in the advancement of the GT-MHR was the 

authorization of financial support by the US government on a matching resource basis with 

MINATOM.    

 

Most of the GT-MHR reactor concepts are based on the Fort Saint Vrain reactor.  The GT-MHR 

(Figure II.5) couples a gas cooled modular helium reactor (MHR), contained in one pressure 

vessel, with a high-efficiency gas turbine contained in an adjacent pressure vessel.  The reactor 

and power conversion vessels are interconnected with a short cross-vessel and are located in a 

below-grade concrete silo.  The below-grade silo arrangement provides high resistance to 

sabotage- a requirement in a post-9/11 world.  The following buildings and facilities are located 

underground: 

o Reactor Building 

o Auxiliary reactor-related building 

o Reactor equipment maintenance and repair building 

o Temporary spent fuel storage building  

 

The helium coolant is heated in the reactor core by flowing downward through coolant channels 

in graphite fuel elements and then through the cross vessel to the power conversion system.  

Heated helium from the reactor is expanded through the gas turbine to drive the generator and gas 

compressors.  From the turbine exhaust, the helium flows through the hot side of the recuperator.   

The most important parameters among those influencing efficiency which allow for some 

degree of freedom in selecting the design values are as follows: 

o Helium coolant outlet temperature 

o Compressor pressure  

o Thermal effectiveness of the recuperator  



 

  13

 

  The upper level of the helium temperature at the core outlet is limited by the allowable service 

temperature level of the metal used for the turbine blades, hot duct and core support structure.  

Taking into account the service characteristics of the metal used and the experience obtained from 

the previous gas reactor operations, the helium outlet temperature was limited to the value of 

850oC.  The gas expansion factor in the turbine (and the compressor pressure ratio) was selected 

to limit the helium inlet temperature less than 490oC.   In addition, the available experience 

concluded that the recuperator can be developed with an effectiveness of 95% and is able to 

exhibit acceptable pressure losses within the desired dimensions.   Figure II.6 shows the flow 

diagram.  As shown, the GT-MHR power conversion unit is designed based on the single 

shaft(one turbine).   

 

 
Figure II.5 GT-MHR Module Concept 
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Figure II.6 GT-MHR Flow Schematic 

 

 

II.2.2 Spent Fuel of the GT-MHR  

The average discharge burn-up of the GT-MHR (~20% enriched uranium) is about 120,000 

MWD/MTU.   The GT-MHR produces less heavy metal radioactive waste than LWRs because of 

the plant’s high thermal efficiency and high fuel burn-up.  It is estimated that LWRs produce 

150% more heavy metal radionuclides (actinides) than the GT-MHR per unit electricity 

production [36].   However, spent fuel volumes per MWh(e) would be larger than that for LWRs 

due to the low power density.   On a per MWh(e) basis, GT-MHR spent fuel has a number of 

advantages over light-water reactor (LWR) spent fuel : 

• The lower decay heat load allows for efficient repository loading, requiring ~1/2 of the 

repository land area needed for LWR spent fuel.  

• The high thermal efficiency results in a fission product inventory that is 50% lower for 

the GT-MHR.  
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• The high thermal efficiency and lower fertile fuel loading (U-238) result in plutonium 

and actinide inventories that are a factor of 2.5 lower for the GT-MHR.  

GT-MHR spent fuel offers a greater resistance to diversion than LWR spent fuel. For canisters 

of equal volume, the plutonium content in a GT-MHR canister is more than a factor of 20 lower 

than that for an LWR canister, and plutonium in GT-MHR spent fuel has a lower percentage of 

Pu-239.   As shown in Figure II.7, the TRISO coatings act as miniature containment barriers that 

are highly resistant to corrosion and pressure buildup over geologic time scales. The very low 

corrosion rates of silicon carbide and pyrocarbon have been confirmed during independent testing 

at national laboratories. The TRISO coatings provide the substantial benefit of long-term 

containment without having to rely on the waste package or geosphere. 

 
Figure II.7 Radioactive Material Retention Characteristics of TRISO Particle 
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III. Graphite and Fuel Characteristics  

III.1 Graphite Characteristics  

III.1.1 Wigner Energy and Graphite Fire  

A fire in No. 1 Pile (Reactor) at Windscale in October 1957 resulted in the release of 

radioactivity into the atmosphere.  On the 7-point International Nuclear Event Scale (see The 

International Nuclear Event Scale), it was classified as a level 5 event, Accident With Off-Site 

Consequences, the same as Three Mile Island (see Three Mile Island Accident).  The Windscale 

fire has therefore achieved notoriety as one of the three nuclear disasters (Chernobyl, was the 

third) which opponents of nuclear power quote as evidence that nuclear power is too risky. But 

the circumstances surrounding the Windscale accident were very different to those pertaining 

today and are not relevant to modern nuclear power generation.  

The Windscale fire was occurred due to a type of energy called Wigner energy, which becomes 

trapped in the reactor's graphite moderator when neutrons dislodge carbon atoms from their 

crystalline lattice.  It became clear that Wigner energy has to be prevented from being released 

spontaneously as such a release might result in sufficient overheating of the core to cause a fire. 

Thus Wigner energy release procedures were introduced. They were known as 'annealing' as they 

were similar to the technique of relieving stress in materials by heating.   Energy stored in lattice 

can be released as heat as lattice returns to original shape.   The Wigner energy problem is found 

in the low temperature graphite moderator reactors.  Modern high temperature gas cooled, 

graphite moderated reactor could not have a fire due to the “runaway release” of the Wigner 

energy.   

 

III.1.2 Irradiation Characteristics and Experiences  

Nuclear graphite used as a reflector or moderator in both the PBMR and GT-MHR is a 

polycrystalline material that can exhibit isotropic or anisotropic properties depending on the raw 

materials used and manufacturing process.  Neutron irradiation causes individual atoms in 

graphite to be knocked out of their lattices into interstitial position between the lattices.  These 

carbon atom relocation cause the change in dimensions (shrinkage, growth) in graphite 

components as well as changes in its material properties as shown in Figure III.1.  A single 1-2 

MeV neutron can displace on the order of 20,000 carbon atoms in graphite crystallite. The 
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thermal conductivity of the graphite decreases very rapidly with neutron fluence because the 

neutron irradiation form small defects within the graphite crystallites acting as scattering centers 

and thus hindering the phonon propagation [38].   Depending on the isotropy of the graphite, the 

amount of shrinkage in the orthogonal dimensions under fast fluence can be very similar 

(isotropic) or fairly different (anisotropic). Initially, shrinkage occurs in an irradiation 

environment but with increased fast fluence expansion will occur.   A considerable dimensional 

change was observed in the AVR reactor.  The spacings in the bottom gas distributor of the AVR 

had widened during operations and this had allowed a small number of pebble fuel elements to 

fall into the lower gas inlet areas.   

The feed source of the coke and the component forming techniques has important influences on 

the properties of the various reactor graphite grades.  Cokes can be ordinary pitch cokes or special 

pitch cokes.  Forming of graphite components may be achieved by extrusion or by vibration in 

molds.  Combination of these factors can affect (1) the graphite density, (2) the graphite tensile 

strength, and (3) the degree of anisotropy.  Specific grade designations were established and 

assigned to the reactor-grade graphite that was manufactured for the German reactors.  These 

grades were based on the sources of the coke that existed at the time that the graphite R&D for 

German HTR applications was conducted.   

Some German experiences indicated that (1) reactor-grade graphite for permanent core 

components must be nearly isotropic but not isostatically molded, (2) special coke processing and 

careful vibrational molding yields the best graphite grades with respect to isotropy, strength, and 

homogeneity, (3) the expected lifetime of graphite components has to be based on stress analysis 

using reliable irradiation data for material and physical properties, and (4) today none of the 

formerly widely-tested graphite grades are still available [27].  In addition, some operational 

experience showed that graphite dust was a greater problem than had been expected.  Thus, an 

enhanced filtering arrangement was established for removing the dust.   

There are a range of post dismantling options for irradiated graphite which include :  

• Deep geological disposal, 

• Ocean bed disposal,  

• Long term surface storage or shallow burial such as a near surface trench, 

• Disposal in off-shore bore-holes under the sea bed, 

• Destruction by incineration, 

• Re-cycling, new moderator materials or back fill, 

 

  German program will most likely dispose of the graphite material in a subsurface disposal unit. 
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Figure III.1 Irradiation Induced Changes in the Nuclear Graphite at 550 oC 

 

 

III.2 Fuel Characteristics  
A coated particle fuel is a key component of the MHTGR.  Most of the key safety features of the 

PBMR and GT-MHR are based on the coated fuel named TRISO though the final fuel forms of 

the PBMR and GT-MHR are different.  In the PBMR, the TRISO particles are surrounded by an 

‘overcoat’ of carbonaceous material and the overcoated particles are pressed together into a 

spherical shape (pebble).  On the other hand, the TRISO particles are placed into a fuel rod die 

and the carbonaceous materials are injected into the interstices to form a fuel ‘rod” in the GT-

MHR.  Japan (HTTR) employs overcoated fuel particles similar to those of PBMR, but press 

them into an annular rod which is placed inside a cylindrical graphite sleeve.   

The concept of the TRISO fuel with a layer of SiC sandwiched between two layers of PyC was 

initiated from the Dragon project.   The coated fuel particle is a micro-sphere of about 0.8 ~ 0.9 

mm diameter.  As shown in Figure III.2, it consists of a fuel kernel(either fuel oxide, carbide or a 

mixture of oxide and carbide) surrounded by a low density carbonaceous layer (the buffer), 



 

  19

followed successively by layers of pyrolytic carbon (PyC), silicon carbide (SiC), and PyC.  The 

resulting micro-sphere is termed a TRISO coated fuel particle.   

 

 
 

Figure III.2 Structure of the PBMR TRISO Coated particle fuel 

 

Table III.1 describe the design objectives of each layer[16].  Lots of irradiation tests had been 

performed for the TRISO fuels in the 1980s.  Extensive irradiation and heating tests provide a 

fundamental understanding of the TRISO fuel performances.  Several performance limiting 

mechanisms for particle failure have been identified as follows : 

 

o Pressure induced failure : the buildup of pressure inside the coated particle due to the 

fission gases result in a tensile stress in the SiC load bearing layer.  If this stress exceeds 

the strength of the layer, it results in a simultaneous failure of all the coating layers.  

Pressure induced failure is controlled by fuel kernel diameter, coating thickness and the 

‘void’ volume provided in the buffer layer.  

o Kernel-Coating interactions: Carbon transport by a thermal gradient results in kernel-SiC 

layer contact and coating degradation.  Design selection of the core operating temperature 

and associated temperature gradients limits the interactions to acceptable level.   

o SiC dissociation and increase in SiC porosity at high temperatures:  The temperature of 

higher than 2,200oC can cause thermal dissociation leading to complete SiC degradation.  
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In order to mitigate these effects, reactor design conditions have to be selected to keep 

fuel temperatures below 1,600 – 1,700 oC under severe accident conditions.   

o SiC-fission product interactions: Fission products reaching the SiC layer may interact 

chemically with SiC and result in the degradation of the layer and, ultimately, in coating 

failure.  Testing under severe conditions with high thermal gradients specifically intended 

to concentrate fission products at the SiC surface has shown that palladium (fission 

product) interacts with and degrades the SiC.  In order to mitigate these effects, thermal 

gradients and maximum temperature have to be limited to a certain level.   

o Irradiation effects on coating integrity: If binding occurs between the fuel matrix material 

and the outer coating of the fuel particle, irradiation stresses can lead to coating failure 

due to the relatively high shrinkage of matrix material and the ‘tearing away’ of portions 

of coating layers during irradiation.  The interactions can be avoided by controlling the 

coating conditions.   

 

 

Table III.1 Primary Coated Particle Design Objectives   

Layer Design Objectives 

Kernel 

- Resistance to coating gases 
- Irradiation stability 
- Fission product retention 
- Can control particle oxygen potential 

Buffer(porous carbon layer) 

- Gaseous fission product storage 
- Attenuate fission recoils 
- Irradiation stability (cracking) 
- Accommodates kernel swelling  

Inner PyC 
- Prevent Cl attack of kernel during manufacture 
- Provide structural support for SiC 
- Retain gaseous fission products 

SiC 

- Primary load bearing member 
- Metallic fission product retention 
- Gaseous fission product retention  
- Irradiation stability (permeability)  

Outer PyC 

- Structural support for SiC 
- Provide Fission Product barrier in particles with 

defective SiC 
- Provide bonding surface for compacting 
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III.2.1 PBMR Fuel     

  The PBMR fuel is originated from the pebble type reactors built and operated in Germany.   

Eskom decided to use LEU-TRISO German fuel sphere specifications (1988 AVR 21-2 & Proof 

Test) for the PBMR system.  Eskom will perform only PBMR reactor specific irradiation test 

associated with fuel development [13].  Figure III.3 shows the development of TRISO in 

Germany. In Germany, a systematic incremental improvement programme on UO2 kernel 

development continued in the 1980s with the top enrichment level at 10%.  Nine irradiation tests 

comprising over 200,000 coated fuel particles were performed.  No coating failures were 

observed.  Calculated failure fractions based on fuel performance models for MHTGR normal 

operations are in the range of 2-5x10-5.  German fuel utilizing the LEU based UO2 kernel now 

forms the basis for most of MHTGR fuels.     

 

III.2.1.1 Pebble Fuel Fabrication  

German pebble fuel fabrication was industrial production scale supporting the German AVR and 

THR reactors.  Only ~100 defects were found in 3.3 million particle produced.  The PBMR fuel 

elements consist of TRISO coated particles embedded in cold pressed graphite matrix material as 

shown in Figure III.2.  The coated particles consists of spherical UO2 kernels surrounded by four 

concentric layers.  The lays were deposited sequentially by dissociation of gaseous chemical 

compounds in a continuous process in a fluidized bed [39].  Basic data for fuel pebble are in 

given in Table III.2  

Figure III.4 shows simpler fabrication processes for pebble fuel.  The processes consist of three 

major steps: 1) kernel fabrication, 2)coating of the kernel, 3)manufacturing a spherical fuel 

element.  Kernels are made via a traditional sol-gel process, followed by washing, drying and 

calcining.  Finally the kernels are sieved to remove over- and under-sized particles, and are then 

sorted on vibrating plates to remove odd-shaped particles.  The buffer layer is deposited at a 

temperature of 1,200 oC from acetylene (C2H2).  The inner high-density, isotropic layer of 

pyrolitic carbon, IPyC layer is deposited from a mixture of C2H2 and propylene (C3H6) at a 

temperature of 1,300 oC in a fluidized bed.  The IPyC shrinks at first and then expand again as 

higher fast neutron dose levels are reached during irradiation.  The SiC layer is deposited from 

methyltrichlorsilane (CH3SiCl3) at 1,500 oC, achieving a minimum density of 3.18 g/cm3.  At 

high temperatures, IPyC layer partially loses its ability to contain cesium and strontium.  The SiC 

layer prevent the release of these fission products into the graphite matrix and eventually into the 

reactor coolant stream.  The outer pyrocarbon (OPyC) layer is deposited in the same way as the 
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IPyC layer.  The coated particles are over-coated and embedded in graphite matrix material 

consisting of a mixture of natural graphite and electrographite, together with a phenolic resin 

which acts as a binder material.  The function of the graphite matrix is to contain and protect the 

coated particles from mechanical damage and to provide a heat conduction path between the 

coated particles and reactor coolant. Pebble fuel undergoes a final heat treatment at 1,800 to 1,950 
oC in vacuum.  The unique feature of the German processes for the TRISO coating is that all three 

layers are coated in a continuous manner.  Tables III.3, 4, 5 show the fabrication technology 

comparisons between German and USA.   

 

Table III.2 Specifications of the Pebble Fuel 

Specifications Kernel Buffer IPyC SiC OPyC Pebble 

Material UO2 Graphite Graphite SiC Graphite Graphite

Density (g/cm3) ~10.41 1.05 1.90 3.18 1.90 ~1.7

Thickness (microns)  - 95 40 35 40 -

Diameter (mm) 0.5  60

 

 

Table III.3 Comparison of US and German Kernel Fabrication 

Process US(Prismatic) German(Pebble) 

Kernel Material LEU-UCO LEU-UO2 

Gel Precipitation  Internal External 

Broth Composition Aqueous solution of uranyl nitrate, 
carbon-black, Tamol, urea, HMTA

Aqueous solution of uranyl nitrate, 
PVA and other non-specified additives

Droplet Formation Vibrating Nozzle  Vibrating Nozzle 
Gelation Medium Trichloroethylene Ammonia Gas &ammonia solution 
Washing Ammonia solution & clean water Ammonia solution & isopropanol 
Drying Air at 60oC  Air at 80 oC 
Calcination Ar at 350 oC Air at 300 oC 
Reduction H2 at 1,600 oC n/a 
Sintering CO at 1,800 oC H2 at 1,600-1,700 oC 

 

 
Table III.4 Comparison of US and German Coating 

Process US(Prismatic) German(Pebble) 

Coating Process Discontinuous Continuous 

Buffer Gas Composition Ar-C2H2 Ar-C2H2 
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Coating Temp. 1,300 oC 1,250 oC  

Coating Rate n/a 6-10 µm/min 

Gas composition Ar-C3H6 n/a 
Seal 

Coating Temp. 1,200 oC n/a 

Gas Composition Ar-C2H2-C3H6 Ar-C2H2-C3H6 

Coating Temp. 1,230 oC 1,300 oC 
Inner 

PyC 
Coating Rate 4µm/min 4-6µm/min 

Gas Composition H2-CH3SiCl3 Ar-H2-CH3SiCl3 

Coating Temp. 1,650 oC 1,500 oC SiC 

Coating Rate 0.2-0.4 µm/min 0.2 µm/min 

Gas Composition Ar-C2H2-C3H6 Ar-C2H2-C3H6 

Coating Temp. >1,300 oC 1,300 oC 
Outer 

PyC 
Coating Rate 4µm/min 4-6µm/min 

Gas Composition Ar-C3H6 n/a 
Seal 

Coating Temp. 1,200 oC n/a 

Gas Composition Ar-C2H2 n/a 

Coating Temp. 1,300 oC n/a PPyC 

Coating Rate n/a n/a 

Gas Composition Ar-C3H6 n/a 
Seal 

Coating Temp. 1,200 oC n/a 

 

 

Table III.5 Comparison of US and German Fuel Element Manufacture 

Process US(Prismatic) German(Pebble) 

Fuel Element Compact Pebble 

Matrix Material Petroleum Pitch, Graphite Flour, 
graphite shim Graphite Powder 

Binders Octadecanol, polystyrene Phenol, hexamethylene-tetramine 
Matrix State Liquid Powder 
Overcoating n/a 200 µm 
Pre-pressing n/a 25 oC, 30MPa 
Pressing 160 oC, 6.9MPa 25 oC, 300-350 MPa 
Lathing n/a Yes 
Carbonization 900 oC in alumina podwer 800-900 oC in inert gas  
Leaching HCl n/a 
Heat Treatment 1,650 oC 1,800-1,950 oC in vacuum  
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III.2.1.2 Pebble Fuel Performance  

Numerous in-pile irradiation experiments have been performed for the pebble fuels.  Some 

results of the irradiation tests in Germany, Japan and Russia are reported in detail in IAEA-

TECDOC-978.  Part of German irradiation experiments conducted at a variety of burnups, 

temperatures, and fluences are shown in Table III.6.  German’s experiences on the pebble fuel 

performance under irradiation are as follows [27]; 

 

• The release of fission products from the TRISO particle pebble fuels come from three 

sources : (1) free heavy metal contamination located within fuel element graphite matrix 

introduced by the fuel manufacture process; (2) defective TRISO particles from the 

manufacturing process; (3) fuel particles that fail due to either the environmental effects of 

irradiation burn-up and diffusion through intact TRISO fuel particles.  The sequence of 

release is Ag-110m, Cs-137, Cs-134, Kr-85, Sr-90, Ru-106, Zr-95.  

• To demonstrate fuel qualification (for in-reactor integrity), the fuel must be (1) manufactured 

to precise design and manufacturing specifications, (2) irradiation tested over the full range of 

normal in-core operating conditions and environments, and (3) tested for all postulated off-

normal conditions via post-irradiation heatup tests.  The quality of the fuel manufacture with 

respect to defective particles and heavy-metal contamination outside the particle coatings is 

determined by the destructive burn-leach test of a small sample of manufactured fuel 

elements.  The graphite matrix and outer pyrolytic carbon layers are oxidized away at 800 oC 

down to the SiC layer which will not fail at this temperature.  The residue particles are then 

placed in HNO3 which will leach out all heavy metal not contained within an intact SiC layer.  

The weight of the uranium in solution is then measured.  Since the weight of heavy metal in a 

single fuel kernel is well defined, it is possible to determine the (effective) number of 

defective particles in a pebble from the weight of the measured heavy metal in solution.  For 

German reference HTR LEU UO2 fuel elements, these test results were reported to have met 

the manufacturing defect rate specification of 6.0x10-5. 

• Irradiation test results presented for German reference fuel irradiated in an MTR to a burnup 

of about 15% fraction of initial heavy metal atoms (FIMA) shows that the release-to-birth 

fraction (R/B) of Kr-88 (which is an indicator of all gaseous fission products released) in the 

range of 1.0x10-8 to 1.0x10-7. However, for TRISO particle fuel manufactured and irradiation 

tested worldwide, 88-Kr R/B experience indicates a range of particle defect rate from as low 

as 10-9 to as high as about 5.0x10-3.   
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• Based on irradiation testing for TRISO particle fuel, the failure rates in an irradiation 

environment are, in their order of importance: fuel temperature, burn-up, fast fluence, 

power/temperature gradients and transients, and irradiation time.  Models for in-reactor of 

failure of fuel particles have been developed.  Further development work has been suggested.  

These areas include : (1) reevaluation of the Ag-110m release rates during normal operation 

for obtaining a better understanding of the source term associated with Ag-110m plate out on 

the internal surfaces of a direct cycle HTR such as the PBMR.  Plate out of Ag-110m is 

considered a significant potential source of worker exposure in a direct cycle; (2) 

determination of the effect of fuel burnups greater than 10% FIMA on the irradiation 

performance; (3) development of an improved coated particle failure model for analyzing the 

performance of fuel particles under accident conditions over 1,600 oC.     

• The heat-up tests involving a temperature ramp up and hold for 500 hours on TRISO coated 

particle fuel shows that the Kr-88 R/B fraction is generally less than 10-6 for 1,600 °C but 

increase by 3 to 4 orders of magnitude at 1700°C.  A slight increase in cesium release (i.e., 

release fraction increasing from about 10-6 to 10-5) is observed after over 200 hours at 1600°C, 

but these time periods at high temperature are much longer than those predicted for analyzed 

core heat-up events in the HTR-Modul design. At 2100°C, the SiC layer breaks down well 

within 100 hours. It was noted that the accident simulation heat-up tests at 1600 to 1800°C 

can be used in developing and qualifying the computational models for fuel failure and 

fission product releases in licensing calculations. Experiments to determine fission product 

release during depressurization heat-up tests up to 1600°C for German reference TRISO 

coated particle fuel shows that (a) Cs and Sr are retained in the fuel element, (b) the most 

important fission product release is iodine - the amount depending on the number of failed 

particles, (c) the number of defective particles (from manufacture) and the number of 

additional particles that fail during irradiation and from accidents can only be determined by 

experimental methods, and (d) the particle failure fraction depends on the quality of the 

particles.     

• The particle failure mechanisms and fission product release effects for German reference 

HTR TRISO particle fuel elements were : (1) in the range from 1800 to 2500°C the number 

of particles that fail due to "pressure vessel" failure mechanism increases with increasing 

temperature; above 1800°C corrosion of SiC begins to occur and at 2000°C decomposition of 

SiC begins to occur; (2) at 1800°C, there is high release fraction for Cs and at 2300°C there is 

nearly total release; and (3) at 1800°C the release of Kr (or I) from single “pressure vessel” 

particle failures increases because of additional particle failures; and (3) at 2500°C, the 
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diffusion of Kr (or I) occurs through decomposed/destroyed SiC layer and still intact PyC 

layers up to 10%.  The implications for core heat-up simulation experiments up to 1600°C are 

that, except for Ag-110m, the fission product release is less than 6X10-5 which is from the 

heavy metal contamination during manufacturing. For heat-up up to 1800°C, single pressure 

vessel failures and changing of the SiC structure lead to increasing release of Cs, Sr, and Kr/I, 

in that order. 

• Ag-110m is not retained well at high temperatures and diffuses through SiC and pyrocarbon 

layers.  Also, if operation is allowed to exceed a fuel temperature of 1,250oC over an 

extended period of time, SiC coating thickness deterioration will occur due to palladium 

attack.   

 

In recent years, German is developing a silicon carbide coating technology to cover and seal 

the graphite surface of pebble fuel elements and graphite reflector blocks from chemical attack.  

If successful, such ceramic coating would prevent self-sustaining graphite oxidation in the case of 

a potential air-ingress event.    
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Figure III.3 TRISO Fuel Development in Germany 
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Figure III.4 Fabrication Process of the Pebble Fuel 
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Table III.6 LEU UO2 Pebble Fuel Heatup Test Summary1 

 

Heating Test No. of Failed Ptcl3 Fractional Release Fuel 

Element 

Burnup 

(%FIMA) 

Fast 

Fluence2 Temp(C) Time(H) Manufact Heating Kr-85 Sr-90 Ag-110m Cs-134 Cs-137

AVR 71/22 3.5 0.9 1,600 500 - - 4.0E-7 5.3E-6 9.0E-4 6.9E-5 2.0E-5

AVR 82/20 8.6 2.4 1,600 100 - - 1.5E-7 3.8E-6 4.4E-3 1.2E-4 6.2E-5

AVR 82/9 8.9 2.5 1,600 500 - - 5.3E-7 8.3E-5 1.9E-2 5.9E-4 7.6E-4

AVR 89/13 9.1 2.6 1,620 ~10 - - 2.0E-7 - 8.3E-4 1.3E-5 1.1E-5

AVR 85/18 9.2 2.6 1,620 ~10 - - 1.4E-7 - 6.5E-3 1.0E-5 1.3E-5

AVR 90/2 9.3 2.7 1,620 ~10 1 2 1.0E-4 - 3.7E-2 5.0E-5 4.6E-5

AVR 90/20 9.8 2.9 1,620 ~10 2 3 2.4E-4 - 7.6E-2 5.6E-6 6.3E-6

AVR 91/31 9.0 2.6 1,700 ~10 2 18 1.2E-3 - 6.2E-1 3.7E-3 2.4E-3

AVR 74/11 6.2 1.6 1,700 185 1 - 3.0E-3 7.2E-6 4.8E-2 8.4E-5 7.6E-5

AVR 76/18 7.1 1.9 1,800 200 - ~3 1.2E-4 6.6E-2 6.2E-1 5.3E-2 4.5E-2

AVR 88/41 7.6 2.0 1,800 24 - - 2.4E-7 1.2E-4 7.7E-2 1.4E-4 1.5E-4

                                                   
1 IAEA-TECDOC-978 
2 X10E25/m2 ,  E > 16 fJ 
3 Out of 16,400 particles 
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III.2.2 GT-MHR Fuel  

In the early 1980s, the USA (GA) programme improved the prismatic fuel based on the TRISO 

coating design.  In the US programme, the UCO kernel has been developed.  Selection of UCO 

kernel by US was initiated in an attempt to achieve high burnup of low enriched fuel.  Revisions 

in the US regulatory requirements mandated a change in the enrichment level to a maximum level 

of 20%.   Figure III.5 shows the components of the prismatic fuel for the GT-MHR system.  The 

coated fuel particles are bonded together with carbonaceous matrix into rod-shaped compacts that 

are stacked in fuel holes of hexagonal shaped nuclear grade graphite blocks.  The design of these 

fuel blocks is the same as proven in the Fort Saint Vrain demonstration plant.  The standard fuel 

block contains about 20 million coated particles [23].   Two TRISO particle types are used in the 

GT-MHR: fissile and fertile particles.  The TRISO particle for fertile fuel (natural UO2 or UCO) 

has a diameter of 850 microns while that for fissile fuel (19.9% enriched UCO) has a diameter of 

770 microns.   

 

 

Uranium Oxycarbide

Porous Carbon Buffer

Silicon Carbide

Pyrolytic Carbon

ParticlesParticles CompactsCompacts Fuel AssemblyFuel Assembly

Fissile TRISO
• Enrichment : 19.9 
• Kernel : UCO
• Diameter : 770 microns

Fertile TRISO
• Enrichment : Natural 
• Kernel : UO2 or UCO
• Diameter : 850 microns

 
Figure III.5 Components of the prismatic fuel 
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III.2.2.1 General Description of the GT-MHR Fuel   

A) Fuel Assembly  
The GT-MHR has three types of fuel assemblies containing fuel: standard fuel assemblies, 

reserve shutdown assemblies that contain a channel for reserve shutdown control, and control 

assemblies that also contain a control rod channel as shown in Figure III.6.  The principal fuel 

assembly structural material is H-451 graphite (1.74 g/cm3) in the form of a right hexagonal prism, 

793 mm high and 360 mm across the flats.  Fuel and control holes run parallel through the length 

of each prism in a regular triangular pattern of two fuel holes per one coolant hole.  The standard 

fuel assembly contains an essentially continuous pattern of fuel interrupted by the central 

handling hole, which is surrounded by smaller coolant holes.  The reserve shutdown and control 

fuel assemblies differ from the standard fuel assembly in that they contain 95.3 mm and 101.6 

mm diameter channels, respectively.  Those channels replace 24 fuel and 11 coolant holes. The 

pitch of the coolant and fuel hole array is 18.8 mm.  

Standard Fuel Assembly Reserve/Control AssemblyStandard Fuel Assembly Reserve/Control Assembly  
 

Figure III.6 Cross-sectional View of GT-MHR Fuel Assembly 

 

At each axial assembly-to-assembly interface in a column, four dowel/socket connections 

provide alignment for refueling and coolant channels, and transfer of seismic loads from fuel 

assembly.  A 35.0 mm diameter handling hole located at the center of the assembly extends down 

about one-third of the height.  Table III.7 represents the design specifications of the fuel 

assemblies.   
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B) Fuel Compact and TRISO Particle Fuels. 
The fuel compacts contained in the fuel holes have a 12.45 mm diameter with a length of 49.3 

mm.  Each fuel compact is a mixture of fissile, fertile, and graphite particles bonded by a 

carbonaceous matrix.  The six stacks under each of the four dowels contain 14 fuel compacts; all 

other stacks contain 15 fuel compacts.  Graphite plugs cemented into the tops of the fuel holes 

enclose the fuel compact stacks.  A nominal radial gap of 0.127 mm between the fuel compact 

and the fuel hole allows for fuel assembly and precludes interference between the fuel compact 

and the graphite block during operation.  Table III.7 shows design data for the fuel compact.   

 

The reference fuel cycle employs low-enriched uranium and natural uranium.  The fissile fuel is 

a two-phase mixture of 19.8% enriched UO2 and UC2, usually referred to as UCO, having an 

oxygen-to-uranium ratio of about 1.5 in fresh fuel, and a carbon-to-uranium ratio of about 0.5.  

The UCO kernel composition consists of distinct UC2 and UO2 phases.  Introduction of just 

enough UC2 into a UO2 kernel acts as a getter for oxygen and prevent CO gas formation during 

irradiation.  In this way, the rare earth fission products are retained as oxides in the kernel, while 

at the same time kernel migration of UO2 is minimized because of the very low CO pressure.   

The fertile fuel composition is the same as the fissile fuel, except that natural uranium is used 

rather than enriched uranium.   

Both fertile and fissile fuels are dense micro spheres coated in a fluidized bed with TRISO 

coatings.  The TRISO coatings are the same as in the PBMR fuel.  The coated fissile TRISO and 

fertile TRISO are blended and bonded together with a carbonaceous binder into a fuel compact.  

Details of the fuel particles are in Table III.8.  Bonding the TRISO particles into fuel compacts 

prevents mechanical interaction between the fuel particles and moderator graphite by maintaining 

the fuel as a free standing nonstructural component of the fuel assembly.  It also maximize the 

thermal conductivity in the fuel, and provides a secondary barrier to metallic fission product 

release through absorption mechanisms.    

 

III.2.2.2 Prismatic Fuel Fabrication  

The fabrication processes for the prismatic fuel are very similar to those of the pebble fuel.  

Kernels are fabricated via the same traditional sol-gel process as shown in Figure III.7.   The 

difference for the kernel fabrication is from a sintering step using CO in the US process to ensure 

adequate C/O stoichiometry in the kernel.  The coating processes for the buffer are similar, based 

on chemical vapor deposition from a mixture of Ar and acetylene in a coater.  However, US 
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processes have a 5-micron seal coating to seal off the buffer; this is not in the German process.  A 

key difference in the coating processes is that all three layers are coated in a continuous manner 

in the German process, whereas in the US process the fuel particles are unloaded after each layer 

coating to perform QC measurement.  A liquid matrix composed of petroleum pitch, graphite 

flour and graphite shim mixed with organic binders is used to make the fuel compact.  HCl is 

used to lrach impurities from the compact.  A final heat treatment will be done at 1650oC.  Tables 

III.3 - 5 show the comparison of US and German fuel fabrication. 

 

Table III.7 Fuel Assembly Design Data 

Parameter Design Value 

Distance across flats (m) 
Not including gaps  
Including gaps between assemblies  

Height (m) 
Control Rod Hole Diameter (mm) 
RSC hole diameter (mm) 
Coolant holes per assembly, small/large 

Standard 
Control and RSC Assembly 

Coolant Hole Diameter (mm) 
Small  
Large 

FBP (Fixed Burnable Poison) holes per assembly  
FBP hole diameter (mm) 
FBP hole length (m)  
FBP rods per assembly 
FBP rod diameter (mm) 
FBP rod length (m)  
Fuel hole diameter (mm)  
Fuel hole length (m) 

Under dowels 
Not under dowels 

Fuel compact diameter (mm) 
Fuel compact length (mm)  
Binder Type  
Filler 
Matrix Density (g/cm3) 
Volume fraction of fissile, fertile and shim particles 
Block graphite density (g/cm3)  

 
0.3600 
0.3610 
0.7930 
101.6 
95.25 
 
6/102 
7/88 
 
12.70 
15.88 
6 
12.70 
0.7815 
5 
11.43 
0.7214 
12.70 
 
0.7526 
0.7815 
12.45 
49.28 
Petroleum pitch 

Petroleum derived graphite flour 
0.8 ~ 1.2 
~0.61 
1.74 
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Table III.8 Design Data for Coated Particle 

Design Parameter Fissile Particle Fertile Particle 

Composition  
Uranium Enrichment (%) 
Kernel Diameter, (micron)  
Coating thickness (micron) 
    Buffer  
    Buffer seal  
    Inner Pyro-Carbon  
    Silicon Carbide  
    Outer Pyro-carbon  
Particle Diameter (micron) 
Mean densities (g/cm3)  
    Kernel 
    Buffer  
    Buffer seal 
    IPyC 
    SiC 
    OPyC  
Weights per Particle (g) 
    Carbon 
    Oxygen 
    Silicon  
    Uranium 
    Total 

UC0.5O1.5 
19.8 
350 
 
100 
- 
35 
35 
40 
770 
 
10.5 
1.00 
1.95 
1.87 
3.20 
1.83 
 
3.057E-04 
2.566E-05 
1.045E-04 
2.541E-04 
6.900E-04 

UC0.5O1.5 
Natural 
500 
 
65 
- 
35 
35 
40 
850 
 
10.5 
1.00 
1.95 
1.87 
3.20 
1.83 
 
3.799E-04 
6.162E-05 
1.332E-04 
6.102E-04 
1.185E-03 

 

 

 
Figure III.7 Fabrication Processes for the prismatic fuel 
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III.2.2.3 Prismatic Fuel Performance  

The quality of the coated particle fuel has evolved significantly along with the design.  The 

required fuel quality and performance limits in the GT-MHR are given in Table III.9.  A number 

of irradiation experiments have been performed in US.  Many different variants (different 

coatings, different kernels) were examined in the US, whereas the German program was focused 

on UO2-TRISO fuel.   Table III.10 shows some irradiation experimental results [15].  In normal 

operating conditions, the dominant fuel failure mechanism is the pressure vessel failure of 

particles with manufacturing defects (missing buffers).  On the other hand, SiC decomposition 

and high temperature reactions of fission products with SiC are the main failure mechanisms in 

accident conditions. The prismatic fuel is expected to have no thermal degradation until 

temperatures approaching ~2,000 oC as shown in Figure III.7.  Many of experiments 

demonstrated the performance potential of the prismatic fuels.  However, more tests need to be 

done to demonstrate that it satisfies GT-MHR performance requirements for normal operating 

and accident conditions.   

 

III.2.3 Comparison of German TRISO with US TRISO 

The key factor affecting the performance of the fuel is not the fuel element shape (pebble or 

prismatic) but the TRISO particle itself.  A comparison of the microstructures of the layers of the 

TRISO coatings in German and US fuel and a detailed review of the fabrication processes has 

revealed many differences although their overall processes are very similar [15].  There were 

three specific technical differences in the coating layers produced by the respective fabrication 

processes that have important impacts in terms of performance under irradiation and accident 

conditions: pyrocarbon anisotropy and density, Inner PyC/SiC interface structure, and SiC 

microstructure.       

Historically, the irradiation performance of TRISO-coated gas reactor particle in Germany has 

been superior to that in the USA.  German fuel generally displayed in-pile gas release values that 

were a factor of 1,000 lower than the US fuel as shown in Figure III.9.    These differences have 

in part been traced to technical differences in the microstructures of the PyC and SiC layers in 

the TRISO coating and the bonding of those layers.   In addition, part of the difference in the 

performance of these fuels has been attributed to the different philosophies and approaches used 

to implement the irradiation and testing programs in the two countries. German fabrication was 

industrial/production scale supporting the German AVR and THTR reactors, with a focus on 

UO2-TRISO fuel form.  By contrast, the US program post Ft. St. Vrain was a mixture of lab scale 
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and larger scale fabrication in which many different variants of TRISO coated particle fuel 

(different coatings, different kernels) were irradiated with apparently few lessons learned from 

one irradiation to the next and insufficient feedback to the fabrication process 

 

Table III.9 Fuel Quality and Performance Limits 

Parameter Segment Mean 95% Value Upper Bound Value 

As-manufactured fuel quality  

Heavy Metal Contamination Fraction 

Missing Buffer Fraction 

Missing or permeable IPyC 

SiC coating defect fraction  

Missing or Defective OPyC  

Fuel Performance (allowable core avg.) 

In-service Failure Fraction (normal)  

Incremental Failure During Accident  

 

≤ 1.0E-5 

≤ 1.0E-5 

≤ 4.0E-5 

≤ 5.0E-5 

≤ 1.0E-4 

 

≤ 5.0E-5 

≤ 1.5E-4 

 

≤ 2.0E-5 

≤ 2.0E-5 

≤ 1.0E-4 

≤ 1.0E-4 

≤ 1.0E-3 

 

≤ 2.0E-4 

≤ 6.0E-4 

 

 

Table III.10 Prismatic Fuel Irradiation Experiments 

Test Cell Fuel Forms 
Irrad. 
Time
(days)

Peak 
Temp 
(oC) 

Peak Fissile/Fertile
Burnup(%FIMA) 

Peak Flu.4 
(E25n/m2) 

Kr-85m 
(R/B5) 
(E-6) 

F-30/1 (Th,U)C2 ThC2 269 1,100 15.0/3.0 8.0 8 

F-30/2 (Th,U)C2 ThC2 269 1,100 19.0/4.5 10.5 100 

F-30/3 (Th,U)C2 ThC2 269 1,120 20.0/5.0 11.5 10 

F-30/4 (Th,U)C2 ThC2 269 1,100 18.0/4.0 9.5 20 

F-30/5 (Th,U)C2 ThC2 269 1,200 12.0/1.5 12.0 20 

HRB-4 UC2 ThO2 244 1,250 27.7/13.4 10.5 320 

HRB-5 UC2 ThO2 107 1,250 15.7/4.3 4.7 100 

R2-K13/2 UCO ThO2 517 1,190 22.5/4.6 7.8 80 

R2-K13/3 UCO ThO2 517 985 22.1/4.5 7.4 8 

HRB-21 UCO ThO2 105 1,300 22.0/2.2 3.5 200 

NPR-1 UCO 170 1,240 79.0 3.8 300 

NPR-2 UCO 172 1,030 79.0 3.8 60 

 
                                                   
4 E > 0.18 MeV 
5 Fission Gas Release to Birth Ratio 
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Figure III.8 Fuel Temperature Capability of the Prismatic Fuel  
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Figure III.9 Comparison of Kr-85m Release to Birth Ratio(R/B) from Historic German and US 

Irradiations 
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IV. Core Design 
 

The MHTGR cores can be featured as low power density ( ~ 5 Watt/cc) and an annular core 

concept with a graphite central column.  The fuel temperature can be kept below a certain 

maximum allowable level (~1,600oC) under any accidental circumstances by designing low 

power density and an annular core.  The advantage of the annular concept is that there is no 

power production in the center of the reactor and the shift of the peak power radially outward to 

the center of the annulus enables a significantly higher power output while still maintaining the 

required fuel safety margin.  In addition, the diameter of the core is usually limited in order to 

improve a passive heat removal capability.  Therefore, MHTGR cores are designed to have a 

H/D(Height/Diameter) ratio of  2 or 3.  A caution has to be given to avoid exceeding a length that 

introduces reactivity instabilities due to Xe poison swing.   In the long, slender, low power 

density, and annulus MHTGR cores, it is found that decay heat could be transferred passively by 

natural means (conduction, convection, and thermal radiation) to a steel reactor vessel wall and 

then thermally radiated (passively) from the vessel wall to surrounding reactivity cavity walls for 

conduction to a naturally circulating cooling system or to ground itself.    

Major material used in the MHTGR core is graphite.  Graphite decides some key neutronic 

characteristics in the core.  Compared to water, graphite has relatively higher mass number and 

lower absorption and scattering cross sections.   As results, the average energy of thermal 

neutrons is higher in the MHTGR.     

The gas (coolant) temperature changes significantly while the coolant is passing through the 

core.  For typical MHTGR, the inlet temperature is around 500 oC and the outlet is about 900oC.  

As results, the MHTGR has a strong coupling between neutronics and temperatures.  A reactor 

wide gas flow and temperature analysis has to be performed simultaneously with the pure 

neutronics description for the MHTGR core analysis.   

 

IV.1 PBMR  

IV.1.1 General Description  

The Pebble Bed Modular Reactor (PBMR) has been evolving steadily from a design based on 

the HTR-Module of Simens.  Table IV.1 shows core design comparisons for some pebble bed 

reactors [20].  In the process, it was found necessary to increase the unit power in order to make 
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the system economy within the commercial targets.  This was done in successive steps whereby 

the basic inherent safety characteristics were always kept.  The conceptual design of the PBMR 

has moved from a copy of the HTR-Modul developed in Germany to a direct gas cycle design 

utilizing the Brayton cycle. In the process of upgrading the output power, the design first adopted 

an annular core with a dynamic central column.  The central column had to be filled with graphite 

spheres circulating together with the fuel spheres.  These graphite spheres were replaceable if the 

fast neutron fluence higher than the designed value.  However, this replaceable central reflector 

concept was found to limit the system power level that was demanded to be increased further to 

bring the PBMR within the required cost range.  

 

Table IV.1 Core Design Comparisons for Pebble Reactors 

Reactor AVR THTR HTR-
MODULE HTR-100 PBMR-

268 
PBMR-

400 
Power(MWth/MWe) 46/15 750/330 200/80 250/100 268/110 400/168 

Avg. Pow. Density 
(MW/M3) 

2.2 6.0 3.0 4.2 3.9 4.8 

Core H/D (m) 3/3 5.1/5.6 9.43/3 8/3.45 9.04/3.5 11/3.7 

Radial Fuel Zoning 2 2 1 2 2 1 

He Pressure (MPa) 1.1 4.0 6.0 7.0 7.0 9.0 

 

Figure IV.1 shows the core configuration based on the central graphite sphere reflector concept.  

Between the graphite zone and the fuel, a mixing zone is formed as a result of the formation of 

the graphite and fuel sphere cones below the loading points with some graphite spheres sliding 

into the depressions between the fuel cones and fuel spheres sometimes bouncing into the 

graphite region.  The neutron flux in the mixing zone is highly thermalized and the fuel spheres in 

that region produce on average more power than those in the fuel region.  The central graphite 

sphere concept provides some drawbacks limiting the power density;  

• Significant amount of coolant bypasses through the central graphite sphere so that the 

core cooling capability is reduced.  In addition, it results in a larger core pressure drop.          

• Less cooling capability makes the maximum fuel temperature higher.  

• The effectiveness of control elements housed in the outer reflector is reduced 

considerably.   

 

As results, the central graphite sphere reflector was replaced by a replaceable solid reflector in 

order to increase the system power level.  The solid reflector concept eliminated the inevitable 



 

  39

mixing zone where the maximum fuel temperature occurred.  In theory, an annular core reactor 

can be made as large as is needed for the power level desired.  The limitations are that the decay 

heat must be removable by passive means, which demands a steel pressure vessel.  The 

manufacturability and transportability of the pressure vessel then play a decisive role.  The 

PBMR designers have decided to limit the size of the pressure vessels to 6.2 m in diameter so that 

for most possible reactor sites the transport of the components is still possible, even if difficult.  

With the limitations mentioned, core design calculations predict a maximum thermal power level 

of 400 MW for a design that complies with the standard safety features.   

 

 
Figure IV.1 Core Configuration for the PBMR with central graphite sphere reflector 

 

Figure IV.2 and Table IV.2 are the descriptions for the PBMR system [21, 22].  The core 

diameter is 3.7m and the equivalent core height is 11 m.  It is usually observed in cylindrical vats 

of spheres that the packing fraction is about 61% except near solid walls regardless of pebble size.  

The packing fraction is zero at the wall, and it fluctuates partially over about five sphere 

diameters before approaching the asymptotic value in the interior.  The bottom structures consist 

of the bottom reflector, cold and hot plenums and pipe shaped ceramic connections to the 

discharge and return tubes (pipes) to/from the PCU.  The cylindrical reactor structure consists of a 

high purity graphite side reflector containing borings for helium flow (36 holes), reactivity 

control (RCS).  This is embedded in a heavily borated (4 vol %) insulation ring that provides the 

function of a thermal insulator and neutron shield for the metallic parts to protect them against 

activation.   

The solid center reflector offers the possibility of placing control elements in the center, where 

their effectiveness is much higher.   The PBMR system has 9 cold shutdown systems of the small 

absorber spheres in the center reflector region.  There are total 24 control rods and they are 

divided into two groups based on their function.  12 of them are used to control upper part power 

shape and the rest 12 are for bottom half power control as shown in Figure IV.3   Due to the high 
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heat capacity and the low power density, operational and accidental transients evolve very slowly.  

Therefore, the control and shut-down may be performed on a slow time scale.  There is little need 

for fast actions in the PBMR.   

 

IV.1.2 Neutronic Characteristics  

The adoption of the pebble fuel provides many unique features to the PEBBLE system in terms 

the neutronic performances as follows :  

 

o Continuous Fuelling  

 Higher plant availability.  The plant will be shut down every 6 years just for outages.   

 Theoretically no excessive reactivity in the core.  Only small excess reactivity is 

required for load follow operation.  The PBMR core needs an excess reactivity of 1.3% 

∆k for 40 to 100% power control.   

o Constant Core Condition  

 No BOC and EOC.  The core is in equilibrium core conditions for more than 90% of its 

life time.   

 No reload core design is required at every outage.  

 The multi passing of the fuel makes small top-to-bottom fuel mixture difference.  

Average burnup difference between top and bottom is expected to be less than 10,000 

MWD/MTU.   

o Good Fuel Economy  

 All fuels have almost equal discharge burnup.   

 For the same enrichment fuel, the pebble fuel attains higher discharge burnup because 

of no burnable absorber.  For example, the pebble with 19.6% enrichment can achieve 

208 GWD/MTU burnup while the block fuel gets 120 GWD/MTU.   

 Continuous fueling lowers average fission product inventory.  Low fission product 

inventory increases fuel utilization.   

o Enhanced Core Design Flexibility  

 Higher enrichment for higher burnup can be introduced in standard plant design.  

 Excess reactivity is constantly adjustable by regulating feeding rate of fuel.    

o Cycling Operating Temperature   

 Direct cooling of sphere fuels gives substantially lower fuel temperatures than block 

type fuel (~ 100 to 150 oC)  
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 Higher chances to increase the outlet temperature. (Hydrogen Production)  

 

ESKOM performs the core design using VSOP(Very Superior Old Program) code system[25].   

The precursor of the VSOP was the MAFIA-II code, programmed based on FORTRAN 77.  The 

neutron spectrum is calculated by a combination of the GAM and THERMOS codes. The core 

analysis is performed by CITATION code based on 2 - 8 energy groups.  The burnup scheme has 

been developed from the FEVER code.  In order to cover the strong coupling between neutronics 

and temperature, THERMIX code is adopted.  VSOP provides the information of the neutronics 

and thermal-fluid-dynamics properties of the reactor core for the running-in (transient from BOC 

to Equilibrium) and equilibrium states.  Moreover the code allows to analyze even severe 

accident cases such as Depressurized Loss of Forced Coolant (DLOF) scenarios as long as the 

neutronics can be described in a quasi-steady state approach.  

For the small coated particle fuels, the resonance self-shielding is not negligible.  As a neutron 

escaping a coated particle at some resonance energy has a certain probability to reach the next 

neighborhood coated particle without being moderated further, the calculation of the resonance 

absorption is a complicated task.  The additional problem comes from the fact that there is not 

only an interaction of that type inside a pebble but also from one pebble to another. (inner and 

outer Dancoff correction).  These double heterogeneities have to be treated carefully in the core 

analysis calculation.   

The MHTGR fuel is dispersed in the small coated particles so that the flux gradients in the 

pebble fuel elements are very small.  The pebble fuel acts as being almost homogeneous both in 

the fast and the thermal energy regions.  A few core design data is available currently.  Table IV.3 

shows the temperature coefficients (no specific core conditions are mentioned) and Figure IV.4 

represents the flux distributions [26].   As it was mentioned, there are no coolant temperature 

coefficients because of its transparency to the neutrons.  The moderator temperature coefficients 

are negative because the moderator feedback leads to a spectrum change towards lower fuel 

‘efficiency’ with increasing temperatures together with an increase in core neutron transparency.  

On the other hand, the reflector temperature coefficients show a positive value.  The reason is that 

the absorption of the thermal neutrons in the reflector decreases and a greater number of them are 

reflected back into the core.  As the reflector temperature changes are considerably delayed and 

the absolute value of the reflector temperature coefficients are relatively small compared to the 

fuel and moderator temperature coefficients in almost all transient scenarios, the impact on the 

transient reactor behavior is very small or negligible.  However, it has to be fully taken into 

account, if reactivity balances are concerned for long-term cold shut-down.   
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SPECIFICATION
Total height of core barrel 22 m
Barrel Outside dia. 5.85 m
Active Core dia. 3.7 m
Central Reflector dia. 1.05 m

Central Reflector

Annular Core

Side Reflector

 

 
 

Figure IV.2 Reactor Core Structure of the PBMR 



 

  43

 

Table IV.2 Core Design Specifications 

Description Units Valus 
General Design Parameters   
Thermal Power Rating MW 400 
Fuelling Regime  Multi-pass (~ 6 times) 
Number of Fuelling Points  3 
Density of Graphite in pebble/fuel free zone g/cc 1.73 
Uranium Enrichment (result of VSOP equilibrium cal.) % 9.6 
Coated Particle (TRISO) density g/cc 10.4 
Coating Material Densities (C/C/SiC/C) g/cc 1.05/1.90/3.18/1.90 
Heavy Metal Content per TRISO particle G 9 
Design Discharge Burn-up MWD/t 95,000 
Pebble Bed Packing Fraction  0.61 
Load Follow Capability (Xenon Override) % Power 100 – 40 -100 
Maximum Power Production per Pebble kW 4.5  
Reactivity Shutdown Margin at 100 oC  %∆k >  1 
Number of Control Rods (upper position, side reflector)  12 
Number of Control Rods (lower position when inserted, 
side reflector)  12 

Effective length of control rods (both upper and lower) M 6.5 
Number of Reactor Shutdown System(RSS) in central 
reflector  9 

 

 

 
Figure IV.3 Reactivity Control and Shutdown System Position when inserted 
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Table IV.3 Temperature Coefficients of Reactivity at Operating Conditions 

Temperature Coefficients Unit Value 

Fuel (Doppler Coeff. of U-238) ∆k/oC -3.30E-05 

Moderator ∆k/oC -3.36E-05 

Central Graphite Reflector ∆k/oC 1.48E-05 

Outer Reflectors ∆k/oC 1.76E-05 

Total ∆k/oC -3.42E-05 
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Figure IV.4 Radial Flux Distribution in the PBMR core 
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IV.2 GT-MHR  

IV.2.1. General Description  

As mentioned, the GT-MHR was originally designed to burn weapon grade plutonium.  

However, the GT-MHR system is also being proposed to produce the energy using uranium fuel 

without changing technical specifications.  Figure IV.5 shows the core configuration for the GT-

MHR system.   The core is designed to provide 600MWth at a power density of 6.6 MW/m3.  

The active core consists of an assembly of hexagonal graphite fuel elements (blocks) containing 

blind holes for fuel compacts and full length channels for helium coolant flow.  The active fuel 

region of the core consists of 102 fuel columns by 10 block high, arranged in three annular rings 

as shown.  The fuel elements are stacked in the core to form columns (10 fuel elements per 

column) that rest on support structures.  Twelve core columns and 36 outer reflector columns 

contain channels for control rods.  Eighteen columns in the core also contain channels for reserve 

shutdown material.  
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102 COLUMNS
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Figure IV.5 Core Layout of the GT-MHR  
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The annular core configuration was adopted to achieve maximum power rating and permit 

passive core heat removal while maintaining the fuel temperature at less than 1,600 oC during a 

conduction cooldown event.  An active core effective outer diameter permits a minimum reflector 

thickness of 0.64 m.   

The annular fuel assembly stacks are surrounded by the inner, outer, upper and lower 

replaceable reflectors.  There are 102 columns in the side replaceable reflector and 61 columns in 

the inner one.  The core reactivity is controlled by a combination of lumped burnable poison 

(LBP), movable poison and a negative temperature coefficient.  Hot shutdown can be achieved 

with side reflector rods only.  Long-term cold shutdown requires all control rods.   Control rod 

design does not consist of any metallic elements for the high temperature operations.  The basic 

core design parameters are shown in Table IV.4 

 

Table IV.4 Basic Design Parameters of the GT-MHR Core 

Performance Parameter                         Value 

Full Thermal Reactor Power (MWth) 
 
Core Geometry Parameters  

- Equivalent Core Diameter (Inner/Outer, m) 
- Core Height (m) 

Active Core Specific Power Density (MW/m3) 
Number of Fuel Blocks  

- Standard  
- Control 
- Reserve Shutdown  
 

Prismatic Fuel Block Geometry 
- Height (m) 
- Size across the flats (m)  
- Number of Fuel compacts per fuel block (in core average) 
- Enrichment (%) 

 
Number of Reactivity Control Rods 

- In Core  
- In side reflector  

 
Number of Reserve Shutdown System Channels 

600 
 
 
2.96/4.84 
8.00 
6.5 
 
720 
120 
180 
 
 
0.80 
0.36 
2862 
19.8  
 
 
12 
36 
 
18 

 

A typical fuel element contains up to six fixed or lumped burnable poison (LBP) locations in the 

six corners of the block.  The poison rods consist of B4C granules dispersed in graphite compacts.  

The amount of BP is determined by reactivity control requirements, which may vary from cycle 
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to cycle.  The GT-MHR core contains an average of five fixed burnable poison rods per element 

in each cycle.   

The primary purpose of the LBP is to control excess reactivity during fuel cycle depletion.  A 

secondary consideration relates to the reduction in power peaking.  The placement of LBP rods is 

varied axially to reduce axial power peaking where appropriate.  Power distribution peaking 

needs to be controlled to limit peak fuel temperatures and assure axial power stability.  The 

principal means of power distribution control is the axial and radial fuel zoning with different 

concentrations of fissile and fertile fuel particles.   

The control rod neutron absorber material consists of 40% wt enriched boron (90% B-10), 

contained in B4C granules uniformly dispersed in a graphite matrix and formed into annular 

compacts.  The annular compacts have an inner diameter of 52.8 mm and an outer diameter of 

82.6 mm.  These compacts are enclosed in carbon-fiber reinforced carbon (C-C) composite 

canisters for structural support.  Coolant flows down the annulus between the control rod, its 

channel, and through the central hole, to remove heat generated in the compacts.  The reserve 

shutdown control material consists of the same material used for the control rods.  However, the 

reserved control rods or pellets are cylindrical, with rounded ends, and are 14 mm in diameter.  

The B4C granules are coated with dense pyrolytic carbon (PyC) to minimize oxidation and boron 

loss from the system during high temperature, high moisture off-normal events.  The coated B4C 

granules are 400 to 600 μm in diameter.  When released into the reserve shutdown channels in the 

active core, the pellets have a minimum packing fraction of 0.55[29].   

  

IV.2.2 Neutronic Characteristics  

The GT-MHR core is utilizing a burnable poison to control the excess reactivity.  Fuel and 

burnable poison loadings are varied radially within core annular rings and axially within fuel 

columns (zoning) to maintain stable power shapes with control rod motion and fuel burn-up as 

well as to keep peak fuel temperatures within acceptable limits.  The uranium loading in the fuel 

columns adjacent to the core/reflector boundary is reduced to minimize the reflector thermal 

peaking effect.  Table IV.5 shows fuel cycle data for an equilibrium condition.  

The loading amount of U-235 can be controlled by varying packing fraction(PF), enrichment, 

and fuel particle kernel diameter.  As expected, the system K-infinity increases as the enrichment 

is increased.  However, the packing fraction increment decreases the K-infinity value because of 

thermal neutron self-shielding.   Figure IV.6 shows the variation of the K-infinity values as a 
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function of fuel burnup for three different packing fractions.  It appears that the higher packing 

fraction achieves a longer cycle length with less excessive reactivity at the beginning of cycle.   

A water ingress study was performed to estimate the core reactivity effect due to the intrusion of 

water or steam into the core coolant channels[29].   The core reactivity does not increase as the 

water density increases in the coolant channels.   The reactivity increases considerably as the 

water density increases at the beginning.  However, the reactivity reaches a maximum value at a 

water density of approximately 0.2 g/cc (optimal moderation) and then drops off rapidly with 

further increases in water density because of water absorption as shown in Figure IV.7.   

 

   
Figure IV. 6 K-Inf vs Packing Fraction               Figure IV.7  K-eff vs Water Density 

 

Figures IV.8, IV.9 and IV.10 show the isothermal core temperature coefficient, fuel Doppler 

coefficients, and moderator (graphite in the fuel + fuel blocks, and reflectors) temperature 

coefficients, respectively.  The isothermal core temperature coefficients are all negative as 

expected and range in magnitude between -1.5E-5 and -1.5E-4 (Δρ /oC).   The discontinuities of 

the curve are due to the mismatch of the uranium and graphite temperature libraries (no 

continuity of S(α,β )).  The Doppler coefficients are all negative and range in magnitude between 

-2.0E-5 and -9.0E-5 (Δρ /oC).  The discontinuity of the Doppler curve is traced to the differences 

in the MCNP uranium cross section libraries.  The moderator temperature coefficients are derived 

from fourth-order polynomial. They are relatively small and positive values over part of the 

temperature range.  The positive portion appears mainly at lower temperature and is burnup 

dependent.  The moderator temperature coefficients are negative at the upper temperature range 

(1,200 – 2,000 oC).   
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The calculated radial leakages are the smallest at the core mid-plane and become larger toward 

the top and bottom of the core.  Any axial oscillation would increase the radial leakage so that K-

eff is decreased.  As results, the axial oscillation is strongly damped.  In addition, the neutron 

mean free path in graphite-moderated reactor is much larger than that in a LWR of the same 

power level.  The HTGR is much smaller than the equivalent LWR in terms of neutronics.  Since 

the tendency for xenon oscillation in a reactor is proportional to core neutronic size, the HTGR 

core is more stable than the equivalent LWR core.  It has been concluded that the ten element 

high GT-MHR is very stable against any xenon induced power oscillation.     

 

 
Figure IV.8 Core Isothermal Temperature Coefficients 

 

 
Figure IV.9 Doppler Coefficients                         Figure IV.10 Moderator Coefficients 
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Table IV.5 Fuel Cycle Parameter at Equilibrium 

Parameter Value 
Refueling interval (Months) 
 
Initial fuel loading  
- Fertile (Natural Uranium, kg) 
- Fissile (19.8% enriched, kg) 
 
FIMA 
- Fertile (%) 
- Fissile (%) 
 
Fuel Temperature (oC) 
- Peak 
- Time averaged 
- Median 
- Minimum  
 
Average thermal neutron energy (ev) 

15.8 (1/2 core) 
 
 
514 
1748 
 
 
3.74 
14.0 
 
 
1320 
1250 
850 
530 
 
0.22 

   

 

IV.3 Technical Experiences and Issues  

IV.3.1 PBMR 

The pebble flow rate distribution is one of key parameters determining the pebble burnup and 

power distribution. The actual behavior of the pebble flow was significantly different than 

predicted.  The pebble flow is a function of local temperatures.  Increased temperature lowers the 

coefficient of friction between the sliding pebbles allowing the pebbles to flow downward more 

easily.  This temperature effect was not seen in the model tests which were conducted in air at 

uniform temperature.  In addition to the temperature effects, the fact that the friction coefficient 

of air is significantly different from that of helium made contributions to those differences [27].    

 

Lager system output is preferred in terms of system economy, especially the pressure vessel 

costs.  Larger system output may be possible by increasing the core height and power density.    

A power density could be increased considerably by reducing the power peaking.  Some of 

burnable poison pebble can be used to reduce the power peaking if there is a way to control the 

BP pebble position.  If the fuel pebble distribution can be controlled, the power peaking can be 
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further reduced by loading higher burned fuel pebbles at the inner and outer boundaries where 

higher thermal flux occurs.    

  

In addition, some optimizations have to be developed on the pebble fuel to achieve “optimal 

moderation”.  If the fuel-to-moderator ratio were selected to give a maximum in K-effective, then 

the fuel would be utilized most efficiently and any change in the moderation would yield a 

decrease in reactivity.   Also, any water ingress would shutdown the reactor [28].    

 

IV.3.2 GT-MHR 

The GT-MHR core is much more controllable compare to the PBMR core because it is 

somehow a fixed core.   In addition, the neutron behavior in the GT-MHR is expected to be 

predicted with very good accuracy.   In the Fort St. Vrain reactor, the agreement between 

measured and calculated axial power distribution was within 10% for all regions.  In addition, the 

calculated radial peaking factor values were within one standard deviation of the measured value 

in nearly every case.  The predicted core shutdown margins and control system worths agreed 

with the measured values to within 0.004Δk or better for all subcritical configurations.  The 

largest discrepancy occurred for cases where the core multiplication was less than 0.95.   The 

predicted isothermal temperature coefficients were within 3% with measured values up to 300 oF 

[30].   It can be expected that a current reactor physics code systems can simulate the GT-MHR 

core neutronics with quite good accuracy.   

However, more investigations have to be done to extend the power cycle length and reduce the 

power peaking further.  The power peakings nearest the reflector-active core interfaces, especially 

the inner reflector-core interface are big concerns.  Some concepts such as a loading of BP rod or 

special type fuel rod, etc are to be studied.   
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V. Heat Removal and Safety  
The thermal hydraulic characteristics of a gas-cooled reactor are very different from those of the 

LWR system.  It is much easier to predict the behavior because of its single phase (no DNB).  

However, the viscosity of the gas increases with temperature so that the friction factor increases 

with temperature.  In addition, the heat transfer coefficient decrease as the temperature increases.  

Especially in the gas reactor cooling system design, some careful attention has to be given to 

avoiding “laminar instabilities”.  

In general, helium and carbon dioxide have been the candidates for the coolant of the MHTGR 

system.  Some key thermal hydraulic characteristics are given in Table V.1.   Compared to helium, 

carbon dioxide needs 30 % less pumping power to remove a given quantity of heat from a given 

channel with a fixed temperature rise.  Due to its high thermal conductivity and specific heat and 

low viscosity, helium provides higher heat transfer coefficient.  However, the high specific heat 

of helium needs either a large number of (gas) turbine stages, or an exceptionally high specific 

work output per turbine stage.   

In a nuclear reactor system, one of the most important features to be accounted for in the 

selection of the coolant is a chemical and radiological inertness.  In addition, it has to be very 

easy to purify the coolant when necessary [32, 33].   Helium is employed as a coolant for both 

PBMR and GT-MHR due to its good heat transfer capability, inertness and good characteristics 

for the purification.    

 

A general “rule of thumb” in the cooling system design for both the PBMR and the GT-MHR 

systems is to keep the peak fuel temperature below about 1,600 oC under any accident conditions.  

Two types of cooling systems are utilized to remove heat from the system in the PBMR and the 

GT-MHR systems; active and passive cooling systems.   Active cooling systems are used during 

normal conditions such as normal operation, planned shutdown, maintenance shutdown, etc.  As 

an ultimate way to remove the heat, a passive system based on the conduction cooling is designed 

for the case of no active cooling system available.  Helium coolant does not play any role in the 

passive cooling systems.  The ultimate system safety of the PBMR and GT-MHR heavily 

depends on the passive heat removal capability (conduction cooling capability).    
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Table V.1 Gas Property (700K, 5MPa) 

Property Helium CO2 

Specific Heat ratio, κ 1.66 1.22 

Isobaric Specific Heat, Cp (kJ/kg/K) 5.19 1.15 

Density, ρ (kg/m3) 3.41 37.8 

Sonic Velocity (m/s) 1570 402 

Viscosity, μ (μ Pa.s) 35.9 31.1 

Thermal conductivity (W/m/K) 0.283 0.0498 

Pumping Power Required* 1.0 0.7 
* Relative value to the helium. 

 

V.1 PBMR Cooling Systems  

V.1.1 General System Description of the PBMR 

The active cooling system during normal operation is coupled to the secondary side of the 

intercooler and pre-cooler as shown in Figure II.4.  The Reactor Unit Cooling System (RUCS) 

consists of the Reactor Pressure Vessel Conditioning System (RPVCS) and the Core 

Conditioning System (CCS).  The RPVCS circulates gas between the core barrel and the Reactor 

Pressure Vessel (RPV).  This serves to maintain the RPV wall at a more even temperature, 

eliminating hot spots.  The CCS is a small forced-cooling system capable of removing full decay 

heat.  It is used during maintenance periods in which the RPV must be isolated from the 

remainder of the Power Conversion Unit (PCU).  In the startup mode, the reactor is cooled by the 

Start-up Blower System (SBS).  The SBS is an in-line blower used to charge the Brayton cycle 

during startup operation.  Bypass valves serve to bypass the high- and low-pressure compressors 

during startup and some transient conditions.  The SBS is capable of operating up to a core power 

of about 20% and an average core temperature of 750 – 900 oC.  Heat removal is via the pre- and 

inter-coolers in this operation mode.  Heat removal is regulated by blower speed and bypass valve 

manipulation [31].   

The Brayton cycle removes heat by cycling the helium through the core and the PCU.  The heat 

removal is proportional to the helium inventory.  The reactor power will adjust to the amount of 

the helium inventory.  Control will be by opening the compressor bypass valve below 40% of full 

power.   
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For planned shutdown, reducing the helium inventory decreases fluidic power.  The reactor is 

shutdown and separated from the grid.  Opening bypass valves collapses the Brayton cycle.  The 

SBS is activated to remove decay heat via the active system.  On a scram, opening the bypass 

valve collapses the Brayton cycle.  On load rejection, the generator bypass valve prevent over-

speed, the reactor is run back, and the helium inventory is reduced.  Within a few minutes, the 

SBS is started for continued active heat removal.   

 

The RPV cooling under normal operation and accident conditions in which the PCU active 

cooling system may not be available is via conduction, convection, and thermal radiation through 

the vessel wall to the Reactor Cavity Cooling System (RCCS).  The RCCS consists of 45 tanks 

arrayed around the perimeter of the reactor cavity.  The system is operated as three separate loops 

of 15 tanks each.  In its active mode, coolant from each loop is pumped and rejects heat, via heat 

exchanger, to the sea.  If the heat rejection path fails, then heat is rejected to a cooling tower on 

the roof of the building.  Each loop can remove 50% of decay heat, providing redundancy in the 

system.   

If the active system removing heat from the RCCS fails, the system goes into its passive mode.  

Temperature in the tanks will increase until boiling begins.  Subsequent increases in pressure in 

the tanks will result in bursting of rupture discs.  Water vapor from subsequent boiling is released 

directly to the atmosphere.  There is sufficient water inventory in the RCCS tanks to remove 

decay heat for five days in this mode.  Tank level is monitored as part of the post event 

monitoring system.  There is no need for immediate operator actions to assure core cooling.     

Table V.2 describe the heat removal systems employed in the PBMR system.   

 

Table V.2 Heat Removal Systems for the PBMR 

System Name Functional Description 

PCU 
- Remove heat and convert the heat to Power  

- Brayton cycle  

RPVCS - Control pressure vessel wall temperature   

CCS - Remove decay heat during maintenance periods 

SBS - Cooling the core up to the 20 % of full power 

RCCS 
- Cooling RPV under normal and accident conditions in which the PCU 

system may not be available  
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V.1.2 Basic T/H and Safety Characteristics 

The PBMR system does not have a fixed flow channel.  The system pressure and the large 

pebble diameter cause high values of the Reynolds number up to Re = 4.5 E+4, which exceed 

those usually encountered by one order of magnitude.  On the other hand, the emergency cases 

where depressurized loss of forced flow occurs has Reynolds number of 10 [34].   

Pebble fraction becomes low near the wall so that it causes non-uniform velocity distribution 

across the core.  The velocity is higher at close to the wall while the velocity is lower than the 

mean velocity in the center.  Coolants flow a kind of porous medium so that there is relatively 

high pressure drop.    

Several computer code systems can be used for the T/H analysis.  Eskom is supposed to use 

general CFD code (STAR).  In INEEL, MELCORE is used for the analysis.  Thermal hydraulic 

analysis on the new PBMR system in which the central reflector is replaced by solid cylindrical 

shape graphite has not been obtained.  However, some safety analyses have been performed on 

the old PBMR system (400 MWth, graphite ball central reflector).  Table V.3 shows the major 

T/H parameters in the normal operation.  Table V.4 gives the temperatures of some components 

in the accident conditions.  In addition, Figures V.3 shows the variation of those temperatures as a 

function of the time for DLOFC (Depressurized Loss Of Forced Convection) event [26].  From 

the results, it is expected that the DLOFC event would not cause any damage on the particle fuels.       

 

 

Table V.3 Major T/H Parameters of the PBMR and GT-MHR in Normal Operation 

Parameters PBMR GT-MHR 

Reactor Power (MWth) 400 600

Coolant Inlet Temperature (oC)  488 491

Average Coolant Outlet Temperature (oC) 900 850

Maximum Coolant Outlet Temperature (oC) - 1021

Coolant Flow Rate (kg/s) 185 320

Bypass Flow Fraction 0.19 0.2

Maximum Fuel Temperature (oC) 1079 1218

Average Fuel Temperature (oC) ~850 821

Maximum Graphite Temperature (oC) - 1142
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Average Graphite Temperature (oC) - 770

Core Inlet Pressure (psia) 1,290 1025

Core Pressure Drop (psid)/fraction 43.5/0.03 6.9/0.007

Ratio of Max. Coolant Channel Flow to Average Channel - 1.07

Ratio of Min. Coolant Channel Flow to Average Channel  - 0.89

 

 

 

Table V.4 Fuel, Barrel and Vessel temperatures under accident conditions 

 
Normal Operation 

Pressurized Loss 

Of Forced Convection

Depressurized Loss 

Of Forced Convection

Max. Fuel Temp.(oF) 1079 1380 1534 

Core Barrel (oF) 428 589 654 

RP Vessel (oF) 280 452 506 

 

 

 

 
Figure V.2 Temperature Variation vs Time for DLOFC event 
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V.2 GT-MHR Cooling System  

V.2.1 General Description of the GT-MHR 

The GT-MHR has three different cooling systems so called PCS (Power Conversion System), 

SCS (Shutdown Cooling System) and RCCS (Reactor Core Cooling System) to remove 

fission/decay heat and keep the reactor system temperature below design limit values.  During 

normal plant operation, heat losses via both the SCS and RCCS do not exceed 1% of nominal 

value.  During cooling down the reactor system when the PCS is not operable, the heat is 

transferred to the SCS.  In this case, the helium in the reactor system is circulated by the SCS gas 

circulator.  In accidents associated with failure of the active heat removal systems, the reactor 

cool-down can be provided passively by the RCCS through the wall of the RPV.   

 The function of the PCS is to convert the thermal energy generated in the reactor core into 

electrical energy.  The primary components of the PCS include the turbo-machine (consisting of 

the turbo-compressor and generator), recuperator, precooler, intercooler and associated supports 

and ducts.  Primary helium and water of the heat removal system are the working fluids in the 

PCS.  Helium is circulated in the primary circuit by the compressors which operate during plant 

power operation, start-up, shut-down and cool-down (when turbine power is insufficient, the 

generator is utilized in the motoring mode from the electrical grid).   

The reactor shut-down cooling system (SCS) is designed to remove residual heat from both the 

reactor and PCS, thereby maintaining their temperatures to allow for fuel reloading or repair 

operations at a helium pressure near atmospheric.  The SCS removes heat from the shut-down 

reactor by forced circulation of coolant.  The SCS consists of the helium loop and the cooling 

water loop.  The helium loop components are arranged at a bottom part of the RPV.  On the other 

hand, the cooling water loop is located beyond the reactor cavity.  The SCS has three different 

operation modes as follows :  

• Standby mode : the SCS maintained in a hot state during reactor power operation with 

the gas circulator idle and cooling water circulating on both the intermediate and 

recirculation circuits, 

• Cooling Mode 1 : cooling the shutdown reactor while the primary circuit is pressurized, 

• Cooling Mode 2 : cooling the shutdown reactor and maintaining a prescribed 

temperature state during refueling or repair operations while the pressure in the primary 

circuit is near atmospheric.   
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The RCCS performs two safety functions.  It provides a passive means of transporting core 

residual heat from the reactor cavity when neither the PCS nor the SCS is available, thereby 

preventing the reactor vessel from exceeding design temperature limits. The RCCS removes heat 

by conduction through the graphite reflector and by radiation and natural convection from the un-

insulated vessel.  The system, which receives the heat transferred from the vessel, includes a 

cooling panel placed around the reactor vessel.  Heat is removed from the reactor cavity by 

natural circulation of outside air through the cooling panel.  The RCCS consists of a cooling 

panel which includes cold downcomers and hot risers and is located inside the reactor cavity 

surrounding the reactor vessel.  Connected to the cooling panel are the concentric hot and cold 

ducts which connect the panel to the inlet/outlet structure.   

Cold atmospheric air enters the RCCS through the inlet/outlet structure, which is located above 

grade on top of the reactor buildings.  The cold air flows downward from the inlet/outlet structure 

to the cooling panel by way of the outer duct of the concentric ducts.  The air enters the cooling 

panel and flows down by gravity to the bottom of the reactor cavity via the outer cold downcomer 

section of the panel and starts up the inner riser section which faces the reactor vessel.  There the 

air collects the heat radiated and convected from the reactor vessel.  The buoyancy imparted to 

the air due to heat-up causes the air to move upward toward the top of the reactor cavity through 

the riser section of the panel.  The heated air then leaves the cooling panel and reactor cavity, 

flows through the hot duct to the inlet/outlet structure and finally exhausts to the atmosphere.   

The RCCS is required to operate continuously in all modes of plant operation to support normal 

operation, and, if forced cooling is lost, it functions to remove decay heat to ensure investment 

and safety protection.  The RCCS is not required to remove decay heat during normal operation.  

During normal shutdown, decay heat is removed via the PCS or the SCS.   

 

V.2.2 Basic T/H and Safety Characteristics  

About 20% of the coolant bypasses the coolant holes and flows into gaps between blocks and 

into control rod channels in GT-MHR.  The control rod channels have orifices to minimize 

bypass flow while also maintaining adequate cooling for the control rods.  Approximately 3% of 

the coolant flows into the control rod channels.  Gaps between the fuel columns and between the 

core barrel and side reflector account for the bulk of the bypass flow.  During normal operation, 

these gaps widen because of thermal expansion of the metallic core support plate and irradiation 

induced shrinkage of the graphite.  Because of the transverse pressure gradients between columns, 

it is possible for a portion of the flow (referred to as cross flow) to leak from one column to 
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another, along the small gaps between the stacked blocks.  The experiences and measurements 

obtained from the Fort Saint Vrain indicated that approximately 30% of the power is removed by 

these bypass flows.  Reducing bypass flow would result in the reduction of the fuel and coolant 

maximum temperatures so that the system safety margin could be enhanced.   However, core 

pressure drop would be increased by reducing the bypass flow.   

Because of power peaking and considerable amount of bypass flow, there is a large coolant hot 

streaks.  In the Fort Saint Vrain, the valves were located above the core and operated on a 

feedback mechanism based on the temperature of the coolant exiting the region, in order to 

minimize coolant hot streaks.  This flow control strategy also had the effect of reducing peak fuel 

temperatures.   

 

The pressurized conduction cooldown (PCC) event is typically initiated by loss of offsite power 

and/or turbine trip plus failure of the SCS to start.  Due to natural convection within the core, core 

heat is more uniformly distributed relative to the depressurized conduction cooldown event.  

Reactor internal temperatures in the upper plenum region are higher with increased helium 

inventory due to the transport of hot helium gas from the core into this region.  Upper core 

restraint and upper plenum shroud temperatures are highest for the pressurized event.  The reactor 

vessel temperature drops rapidly immediately after a loss of forced circulation.  Then the vessel 

temperature begins to rise with the core temperature as heat is transmitted outward to the RCCS.   

A depressurized conduction cooldown (DCC) event is initiated by a primary coolant leak.  In 

contrast to the pressurized conduction cooldown results, the equilibrium pressure is atmospheric 

pressure.   The localized peak fuel temperature occurs in the inner fuel ring where the core power 

is highly peaked.  The peak temperature occurs at approximately 70 hours after.  At 

approximately the same time, the RCCS heat removal first exceeds decay heat generated.  The 

reactor vessel, upper core restraint, and upper plenum shroud metallic components do not exceed 

their limits for this event.  Initially, when helium along the vessel ceases, the vessel temperature 

declines from normal operation levels until the heat flow due to the core decay heat comes into 

balance with the RCCS heat removal.   Temperatures then slowly begin to rise and peak at about 

the vessel’s initial temperature conditions.  In contrast to pressurized conduction cooldown, the 

peak reactor vessel temperatures occur closer to the axial center of the core.   Table V.5 shows the 

peak temperatures of the components for pressurized and depressurized conduction cooldown 

events.            
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Table V.5 Peak Temperatures of the Components for the Conduction Cooldown Events 

Components PCC DCC Limit Values 

System Pressure (psia) 730 14.7 - 

Fuel Peak Temperature (oC) 1238 1521 1600 

Control Rod (oC) 966 1223 > 1315 

Core Barrel (oC) 729 766 760 

Vessel Midwall (oC) 497 490 565 

Upper Core Restraint (oC) 982 716 1095 

Upper Plenum Shroud (oC) 772 506 900 

 

V.3 Technical Experiences and Issues 

V.3.1 PBMR  

  AVR experience indicated that steel alloys require special treatments to avoid helium-induced 

concerns.  Without proper design and surface preparation, some steel joints and bearing surfaces 

exposed to helium were found to fuse or self-weld.   

  During normal operation, all three modes of heat transfer (i.e., conduction, convection, and 

radiation) plays important roles for the heat transfer.  For very fast transients, conduction in and 

between the coated particles is the most important heat transfer mechanism.  The conductivity of 

the pebbles depends on temperature and fast neutron fluence.  During normal operation where the 

power density is about at 3 MW/m3, the temperature difference across the pebble is less than 70 
oC and the difference between the pebble surface and the coolant is less than 30 oC.    

The heat transfer from the fuel pebbles to the coolant is modeled using Nusselt’s law combining 

some experimental results.  The heat transfer from pebble to pebble by conduction and radiation 

is modeled using an effective conductivity.  The effective conductivity is determined from 

theoretical principles and verified by experimental values.  Under the conduction cool-down 

event, the effective conductivity is a dominant factor that limits the maximum fuel temperature.   

 Coolant fluid flow in a pebble bed reactor core is difficult to model; therefore a homogeneous 

two dimensional flow model is used.  For steady state conditions, quasi-steady-state flow is 

assumed.   For accident conditions involving low pressure, convective heat transfer is ignored due 
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to the very low density of helium and only conduction and radiation heat transfer mechanisms are 

modeled.   

A loss of forced flow causes the core axial temperature distribution to shift upwards so that the 

upper part of the core is at the highest temperature.  The analysis of the loss of forced cooling 

event needs to consider the temperature shift and to determine if the materials in the upper 

elevation can accommodate the higher temperatures.  The power in a pebble-bed reactor is tightly 

coupled to helium mass flow rate because of strong Doppler effects.   Thus, a loss of coolant 

accident depressurization shuts down the reactor with low-power re-criticality occurring only 

after the decay of xenon.     

Some of AVR test indicated unpredicted local hot spots in the AVR core.  In that test, 

approximately 20% of the 200 unfueled melt-wire pebbles that were passed through the AVR 

core showed higher-than-expected maximum coolant temperatures.  Some attentions have to be 

given to the code validations.   

  Observed core bypass helium flows in the THTR were almost three times the predicted design 

values.  The predicted value was 7% but the observed was 18%.  In addition, temperature 

gradients at the THTR core exit were significantly larger than the predicted due in large part to 

the incorrectly predicted pebble flow and the resulting pebble burnup and power profiles.  These 

gradients led to larger than expected thermal stresses in the hot gas ducts and breakage of some 

insulation attachment bolts due to overstress.   

From the experiments, it was found that after a depressurization accident caused by a postulated 

break in the helium cross duct near the bottom of an HTR-Module vessel, the “diving bell” 

geometry will initially limit diffusion mixing of outside air with hot helium in the system.  For 

cases with no additional breaks postulated in the pressure boundary above the cross duck, the 

diving bell geometry was found to provide a “grace period”(i.e., time delay) before the one set of 

natural convection flow of air through the core.  After the grace period, natural circulation of air 

through the core begins, subjecting the graphite materials of the core supports, pebble fuel 

elements, and reflector blocks to oxidation induced corrosion.   

The safety evaluation of the German HTR-Module design concluded that the safety design 

functions of passive shut-down, passive decay heat removal, fission product retention within the 

fuel, and protection of the core against chemical attack (oxidation) would perform as analyzed.  

With regard to the potential for graphite oxidation events, the safety analysis cited “the leak 

before break” design criterion in assuming only individual small breaks (65 mm diameter) in the 

reactor pressure boundary piping.  Events resulting in large amounts of air entering the reactor 
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core were excluded from the design basis because of the estimated low combined probabilities of 

the component failures involved and the time available for mitigate actions.   

 

V.3.2 GT-MHR 

Because of its steam cycle, the water ingress events were the most important safety issues in the 

Fort Saint Vrain (FSV).  Moisture was experienced in the primary helium coolant many times in 

the FSV.  Two most important systems required for immediate plant shutdown (the control rod 

drive and reserve shutdown system) were seriously degraded because of the water ingress.  The 

control rod drive system had been undergoing degradation due to slight amounts of moisture for 

more than 2 years.  Moreover, the control rod drive system failed to fully perform its intended 

design function at a time when it was most needed.  The reserve shutdown system was also 

degraded over a period of time that probably exceeded 2 years [35].   

The pressure of secondary cooling system was always higher than the primary system in the 

steam cycle.  A higher secondary side pressure is supposed to make a considerable contribution to 

the water ingress events. The GT-MHR does not employ the steam cycle.  In addition, the 

primary side has much higher system pressure than the other system side such as precooler and 

intercooler.  Thus, those water ingress events are not expected anymore.  

The core temperature oscillation was monitored at the Fort St. Vrain.  It is supposed to come 

from the pressure drop across the core though detail causes are still under investigations [30].    
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VI. Summary and Lessons 

VI.1 Unique Design Features of the MHTGR 
The world will face with critical energy problems sooner or later.  Nuclear power is expected to 

play a key role in the future energy sectors.  Nuclear power has made a contribution mainly by 

producing the electricity.  However, nuclear power is requested to expand its role to meet the 

variety of the energy demand.  The Modular High Temperature Gas-cooled Reactor (MHTGR) is 

believed to be the one that can expand the role of nuclear energy.   

Two types of the MHTGR systems are being developed: the PBMR and the GT-MHR.  Both the 

PBMR and the GT-MHR have almost same system concepts except their fuel form and 

management concept.  The most unique common feature is the “catastrophic accident free” safety 

concept by employing following design concepts;  

• TRISO particle fuels,  

• Helium coolant (Chemically inert and transparent to the neutrons),  

• Graphite Structure (high heat capacity, slow thermal response, and good structural 

stability at very high operating temperature),  

• Annular core with low power density, 

• Strong negative temperature coefficients (inherent shutdown above normal operating 

temperature), 

• Conduction cooling capabilities. 

 

The TRISO fuel originated from the Dragon project is consist of a fuel kernel surround by a low 

density carbonaceous layer (the buffer), followed successively by layers of pyrolytic carbon, 

silicon carbide, and another pyrolytic carbon.  The TRISOs for both the PBMR and the GTMHR 

have the same concepts but are different in the composition of the kernel, coating thickness, and 

geometrical sizes.  Especially, the differences in the fabrication processes are supposed to result 

in some critical differences in the irradiation performances.  German TRISO showed 1,000 times 

better irradiation performance than US TRISO in terms of radioactive gas release.   

In order to facilitate the conduction cooling capability, the core is designed with an annular 

shape and low power density.  The relatively small system output power due to low power 

density decreases the system economy.  The average power density of the GT-MHR is higher 

than that of the PBMR by about 40%.  Relatively lower power peakings of the GT-MHR make it 

possible to have higher power density.  The safety of the PBMR and GT-MHR is achieved by 
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adopting a passive conduction cooling mechanism as an ultimate heat removal means.  If there is 

no active cooling system available, the core can be cooled down by transporting the heat from the 

core to the reactor vessel based on the conduction methods.  The heat transported to the vessel is 

transferred to the air by boiling off the coolant water of the RCCS (Reactor Cavity Cooling 

System) in the PBMR.  On the other hand, the heat is cooled down by natural air convection 

cooling in the GT-MHR. 

Both the PBMR and the GT-MHR have very similar fuel cycle characteristics.  Their low power 

densities result in ten times larger spent fuels than LWR in volumes for the same energy 

productions.  However, they spend less amount of the heavy metal compared to the LWR because 

of their high enrichment and high discharge burn-up.  In addition, the spent fuels from the PBMR 

and the GT-MHR are expected to require less repository space than those of the LWRs because of 

the lower heat loads.   

 

VI.2 Technical Experiences 
Several gas cooled reactors based on the helium coolant with graphite moderators had been 

operated.  The experiences on the AVR, THTR, Peach Bottom, and FSV can be utilized for the 

development of the PBMR and the GT-MHR.  

 

VI.2.1 AVR  

The 15 MW(e) AVR went critical in August 1966.  Initial power operation was reached in 1968 

with a helium outlet temperature of 750 oC.  Helium coolant has a pressure of 10.8 bar and was 

transported by means of two blowers from the bottom to top through the fuel bed and steam 

generator.  It was raised to 950 oC in 1974.  The reactor served as a large-scale test facility for all 

development stages of pebble fuel elements.  The AVR fuel handling system needed frequent 

maintenance in the early years but worked well after a series of improvements.  During the fuel 

cycling process, the burn-up of each fuel element was determined.  Those with average burn-up 

were returned into the center of the reactor core while those with low burn-up were returned into 

the outer core region (fuel zoning) [27, 40].    

Among the most significant events at the AVR was a leak in the steam generator.  The AVR’s 

steam generator was located inside the reactor vessel, above the core.  In 1978, one of the tubes 

developed a leak and about 27.5 tons of water ingressed into the primary circuit.  Water had to be 

removed from the core areas and the pebble refueling piping below the bottom of the reactor 
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vessel.  A few thousand fuel pebbles had been under water for some weeks.  There was, however, 

no significant damage to the fuel pebbles and none of them had to be removed from the reactor.   

During the final several years of operation, tests were conducted to demonstrate key safety 

principles of the HTR-Module and similar passive modular designs.  Experiments simultaneously 

simulating loss of forced cooling and struck absorber rods demonstrated passive shutdown 

without rod insertion.  Re-criticality occurred after 1 day and stabilized at a very low core power.  

Some tests (HTA-8) indicated unpredicted local hot spots in the core.  In the test, approximately 

20 % of the 200 un-fuelled melt-wire pebbles that were passed through the AVR core showed 

higher-than-expected maximum coolant temperatures (i.e., > 1280 oC during normal reactor 

operations with a nominal average outlet temperature of 950 oC).  Validating or correcting the 

code-predicted values was required.    

 

VI.2.2 THTR 

The 300 MW(e) Thorium High Temperature Reactor (THTR) was designed during late 1960s 

and early 1970s as a demonstration plant toward the planned commercialization of large-scale 

pebble bed reactor in Germany.  The long time span between the start of construction in 1972 and 

initial power operation in 1986 was largely due to design changes for addressing the evolving 

regulatory requirements related to external events.  Meanwhile, in the early 1980s, developments 

efforts in Germany started a gradual shift away from large-scale HTRs toward more inherently 

safe modular design with lower power density, like the HTR-Module design of the late 1980s.  

Following experiences were obtained from the operation of the THTR; 

• The high incident of broken pebbles was caused largely by the forceful insertion of control 

rods into the pebble bed core and was reduced by adding small amounts of ammonia as 

lubricant.  Broken pebbles exacerbated the occurrence of pebble bridging at the core outlet 

and many became jammed in the fuel handling system.    However, the frequent breakage 

of fuel pebble resulted in no measurable increases in reactor coolant activity. 

• The variation of the helium coolant temperature at the core outlet was much more larger 

than expected due in large part to the incorrectly predicted pebble flow and the resulting 

pebble burnup and power profiles.   

• Graphite dust was a greater problem than had been expected and an enhanced filtering 

arrangement was established for removing the dust.  After shutdown, re-criticality became 

a concern during defueling of the core due to the potential for more reactive fuel from the 

upper part of the outer core region to fall inward toward the center of the core.   
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In addition to the above problems, DM6 billion (US$ 3.5 billion) reactor, THTR, faced serious 

other safety problems.  In May 1986 (a week after the Chernobyl accident), radioactive gas 

escaped from the cooling system, after graphite-fuel balls stuck in the fuel inlet. Other problems 

occurred when fuel balls were damaged and when control rods became stuck.  In 1989 the reactor 

was permanently closed due to both potential financial risks and political reasons.    

 

VI.2.3 Peach Bottom  

The pebble bed concept was also studied by Sanderson and Porter in the US in the 1959 to the 

1962 time period but was terminated by the AEC in favor of the Peach Bottom program.  In 

February 1962, the AEC issued a construction permit for the Peach Bottom Atomic Power Station.  

Demonstration testing was started in 1964.  Because of a construction fire, its fuel loading was 

delayed to 1966.  Low power physics tests showed an excellent agreement between the predicted 

value and the measured value.  The plant went into commercial operation in June 1967.  

Before the commercial operation, many problems were found in the steam generator so that the 

super-heater section was re-tubed.  During the period from 1967 to 1969, the primary system 

activity had been increased continuously due to the fuel failure.  A decision was made to refuel 

the entire core (Core 1) with an advanced fuel elements (Core 2), BISO type fuels in October, 

1969.   The Core 1 fuel elements contained fuel compacts consisting of uranium and thorium in 

the form of carbides uniformly dispersed as particles in a graphite matrix.  Each particle was 

pyrolytically coated with a dense carbon.  On the other hand, the Core 2 fuel compacts (BISO) 

contained particles with coatings which consisted of an inner, low density pyrolytic carbon buffer 

coating around the carbide fuel kernel and an outer isotropic coating.   

The new core (Core 2) loaded with BISO type fuel was returned to power on July 13, 1970.  A 

test program resulted in good agreement with expected data.  Core 2 was operated successfully 

for its entire design lifetime of 900 EFPD.  The gaseous activity in the primary helium system 

averaged 0.5 curies during power operation with Core 2, as opposed to the level of 270 curies 

with Core 1.   

Peach bottom produced superheated steam at 1000 F and 1450 psig, with an overall station 

availability, excluding planned shutdown for R&D programs, of 88% and a gross thermal 

efficiency of 37%.  The reactor control systems functioned exceptionally well and the plant was 

operated in a load-following manner during the majority of its lifetime.  On October 31, 1974, 

Peach Bottom was shut down for decommissioning.  The decision was based on a study of the 
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benefits to be derived from further operation beyond depletion of the Core 2 relative to the 

investment necessary to satisfy the AEC’s requirement for a full-term license.  The study 

indicated that the benefits to be obtained form the continuous operation were not sufficient to 

justify the large expenses that would be required for a permanent license.    

 

VI.2.4 FSV  

General Atomic (GA) made a contract with the Public service company of Colorado in 1965 to 

construct a 330 MW(e) HTGR.  The construction permit was issued in September 1968.  The 

project was part of the AEC’s power demonstration program.  An operating license was issued by 

the AEC on December 21, 1973, but restricted power to 40% of rated.   On October 1978, the 

reactor power was permitted to increased 70%.   The licensing of the FSV was somewhat 

different form that of its contemporary commercial LWRs.  The licenses were issued under 

Section 104(b) of the Atomic Energy Act of 1954, as amended, (AEA).  Specifically, the FSV 

was licensed under the provisions of The Code of Federal Regulations, Title 10- Energy, Part 

50, Section 21, “Class 104 Licenses; for Medical Therapy and Research and Development 

Facilities (10 CFR 50.21).   The FSV had never sustained an annual availability of greater than 

30% during its ten years of commercial operation.  Then, on August 18, 1989, the plant was shut 

down to repair a stuck control rod pair.  However, numerous cracks were discovered during the 

shut down.  They were too expensive to justify continued operation.  Its O&M costs were 

exceeding its revenue.  As results, the FSV was decided to be shut down permanently.   

Water ingress was the safety related event occurred the most frequently in the FSV.  There were 

many moisture sources.  One is from the graphite when it was heated up (so called “drying out of 

the graphite).  In usual, graphite has an initial water content (tons in a new core) that has to be 

“baked out” during startup.  In addition, the FSV adopted a unique design concept for the helium 

circulator.  All four helium circulators used water as a bearing lubricant.  Water was chosen 

instead of oil in a misguided and unnecessary effort to avoid carbon dust.  A highly complicated 

system was installed to assure bearing integrity.  The water bearing system was so often 

malfunctioned that substantial amounts of water were injected into the hot core.  The replacement 

of the bearing lubricant with oil was explored but given up due to the high costs.  Near the end of 

its operational lifetime, a leak occurred in a steam generator tube and small cracks were found in 

a header to one of the steam generators. It was believed that the control rod insertion failures were 

resulted from the migration of moisture from the PCRV into the CRD motor area.   
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In late 1977, core outlet temperature fluctuations were observed during the power rising.  A 

study indicated that the shift of non-uniformities in pressure and temperatures in gaps between 

fuel and reflector columns caused the fluctuation.  This problem was solved by devices that 

restrained the upper end of the columns from lateral motion.  In addition, some other problems 

were experienced as follows; 

• Water emergency pump cavitation (one year delay)  

• Reserve shutdown system malfunction 

• Hot helium bypass on control rods drives 

• Environmental qualification 

• Hot spot on core support floor 

 

VI.3 Lessons  
Many key technologies and concepts for the MHTGR had been developed and experienced 

through the designing and operations of the AVR, THTR, Peach Bottom, and FSV.   Followings 

are some lessons obtained.     

• TRISO particle fuels could retain fission product very successfully up to the temperature 

of 1,200 oC. 

• On line refueling system for the pebble fuel showed good reliability  

• The control rod insertion into the pebble fuel region resulted in considerable damages in 

fuel integrity.    

• Mal flow distribution occurred in large diameter bed (Large temperature variation across 

the core outlet)   

• More careful attentions on the reactor physics estimations were required for the pebble 

bed core.  On the other hand, the reactor physics and transient behavior were well agreed 

with the predictions in the block (prismatic) type core.   

• The FSV is believed to fail because of too many new concepts adopted without enough 

tests.   

• In order to enhance system thermal efficiency, the secondary steam pressure had to be 

always higher than the primary gas pressure.  As results, the gas reactors based on the 

steam cycle may not avoid water ingress problems.   
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