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ABSTRACT 

Nuclear energy of the 21 century will be characterized by the use in its structure of fast 
reactors wherein nuclear fuel breeding is accomplished along with thermal reactors.   

A combined use of high-temperature gas cooled reactors on thermal (HTGR) and fast 
(BGR) neutrons may prove to be one of good solutions to the problem of providing fuel for 
the future nuclear energy. The high helium temperature at the outlet of such reactors allows 
both electricity generation and using heat for various processes, such as hydrogen production.  

The paper presents results of the analysis of efforts on development of fast helium 
cooled reactor concepts previously undertaken in Russia. Advantages of fast helium cooled 
reactors (BGR) over fast liquid metal cooled reactors are demonstrated. 

Various BGR concepts are analyzed.  
One of the concepts consists in attaining the maximum breeding ratio through the use of 

a modular reactor with a small core containing 239Pu without breeder material (the plutonium 
core reactor).  

In the second concept, an increase in the reactor power while maintaining the fuel 
breeding parameters is accomplished in a reactor with a multiplutonium core based on 
placement of several plutonium cores in a certain periodic structure inside a common uranium 
blanket.   

In the third concept, the reactor power is increased through an increase of the core 
volume using plutonium diluted with 238U (MOX fuel).  

The possibility of using in BGR a single-circuit scheme of converting heat to electricity 
with a gas turbine along with the conventional two-circuit scheme in a steam-turbine cycle is 
demonstrated.  

Design development efforts performed in Russia allowed designing a BGR-300 pilot 
fast helium reactor with electric power level of 300 MW. Main parameters of this reactor are 
presented.  

A point is made of the promise offered by international cooperation in development and 
application of high-temperature helium cooled reactor both on thermal (HTGR) and fast 
(BGR) neutrons for nuclear energy of the 21 century.  
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1 INTRODUCTION 

Nuclear energy of the 21 century will be characterized by the use in its structure of fast 
reactors wherein nuclear fuel breeding is accomplished, along with thermal reactors.  

Combined utilization of high-temperature gas cooled reactors on thermal (HTGR) and 
fast (BGR) neutrons may prove to be one of good solutions to the problem of providing fuel 
for the future nuclear energy. The high helium temperature at the outlet of such reactors 
allows both electricity generation and using heat for various processes, such as hydrogen 
production.  

The use of helium that virtually does not absorb neutrons as coolant improves the 
breeding ratio and fuel use efficiency. Helium is an inert gas, which ensures minimum 
chemical interaction between helium and reactor structural materials and allows achieving 
high coolant temperatures.  

In recent years much attention has been given to development of high-temperature 
helium cooled reactors on thermal neutrons in many countries of the world [1,2].  

Information about fast helium reactors that, along with efficient production of electricity 
and high-temperature heat, offer nuclear fuel breeding capabilities is known noticeably less. 
This paper presents results of concept-level fast helium reactor development efforts 
undertaken in Russia in 1970’s [1, 3,4].  

The paper analyzes the following fast helium reactor (BGR) concepts that were under 
development in Russia at that time. 

One of the concepts consists in attaining the maximum breeding ratio (BR=2) through 
the use of a modular reactor with a small core containing 239Pu without breeder material (the 
plutonium core reactor).  

In the second concept, an increase in the reactor power while maintaining the fuel 
breeding parameters is accomplished in a reactor with a multiplutonium core based on 
placement of several plutonium cores in a certain periodic structure inside a common uranium 
blanket.   

In the third concept, the reactor power is increased through an increase of the core 
volume using plutonium diluted with 238U (MOX fuel). 

These concepts are discussed in greater detail below. 

2 FAST HELIUM REACTOR CONCEPTS THAT WERE UNDER 
DEVELOPMENT IN RUSSIA  

2.1 Plutonium Core Reactor 

The reactor of this design [1, 4] consists of working fuel assemblies (FA) of hexagonal 
shape with the width across flats of 69 mm, that are arranged with a pitch of 71 mm. Along 
the height, all the working  assemblies of the core consist of a 40-cm high zone of plutonium 
dioxide and symmetrically located end blanket zones of depleted uranium, with the total 
height of the assembly being 180 cm. The desire to attain the minimum doubling time called 
for high power density of the core and high level of fuel burnup.  

This necessitated the use of high helium pressure and determined requirements for the 
fuel element design. The fuel elements have a cross-shaped section formed by the steel 
cladding with the filling of plutonium dioxide grains having the density of about 7.5 g/cm3 
(Figure 1). 

The core comprises 56 working FAs and 5 control assemblies. The working FAs of the 
side blanket are made of depleted uranium metal. The three scram assemblies contain 61 
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absorber elements in a steel cladding each, which central part is filled with boron carbide 
enriched to 60% in 10B. Each of the two automatic control assemblies is designed similarly to 
the scram assembly, except for consisting of seven  absorber elements of natural boron 
carbide.  

 
 
 
 
 
 
 
 
 
 

Figure 1: Cross-section of the Cross-shaped Fuel Rod: 
1 – cladding; 2 - fuel 

 
Main parameters of the plutonium core reactor presented in Table 1. 

 

Table 1: Main parameters of the plutonium core reactor 

Thermal power, MW… 250 
Helium pressure, MPa… 30 
Helium temperature at the reactor inlet/outlet, 0C… 300/490 
Efficiency, %… 40 
Core diameter/height, cm… 60/40 
Reactor diameter/height, including the blankets, cm… 180/180 
Critical 239Pu loading in steady state, kg… 155 
Breeding ratio  2.06 
Doubling time, years…  4–5 
Fuel burnup, % heavy at. … 30 
Fuel life, eff. days … 300 

 
The steel reactor vessel ~250 mm in thickness, 2.2 m in inner diameter and about 6 m 

high has a steel lid through which the refueling machine is inserted. The reactor control drives 
are attached to the bottom. An additional pressure-relieved steel shell  ~40 mm in thickness 
intended for prevention of fast gas release in case of vessel cracking in an accident is located 
at a spacing of 10-20 mm on the inside of the vessel.  

The heated helium is supplied from the reactor to steam generators from which steam 
goes to steam turbines in the machine room where electricity is generated. An NPP with 
electric power of 1200 MW means deployment of 12 identical modules in a reactor building 
with a common machine room and auxiliary facilities.   

 
2.2 Multiplutonium Core Reactor 

This reactor design [1,4] is based on arrangement of several plutonium cores in a certain 
periodic structure inside the common breeding zone block. The power level of such reactors is 
scalable. So, in order to generate the electric power of 1200 MW, 12 small plutonium core 
shall be arranged in two levels within a single block of the uranium breeding zone.  
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2.3 Fast Helium Cooled Reactor of High Unit Power with Mixed 
Uranium/Plutonium Fuel 

When developing a reactor with high unit power, the core sizes were selected based on 
the required power of an NPP unit. Thus, with the NPP unit electric power of 1000–1200 
MW, the core volume is ~ 2000 l, and the fuel load consists of a mixture of plutonium and 
uranium containing about 15–20% of plutonium.  

Two engineering decisions concerning the choice of the core size and shape and 
associated core cooling system design were considered [1]: a traditional heat removal system 
with longitudinal cooling of fuel rods, and a heat removal system utilizing spherical coated 
fuel particles and transverse-longitudinal flow of helium coolant in the core.  

The core with fuel rods. In order to have acceptable hydraulic losses when pumping 
helium for longitudinal cooling of fuel rods in a high unit power reactor, the core shall have 
considerable flattening (D/H=2–3). Two configurations of fuel rods were considered: a fuel 
rod of circular section and a fuel rod of cross-shaped section.  

The former has a metal cladding of stainless steel of type EI-847 ~7.0 mm in diameter 
and 0.3–0.4 mm thick. The fuel represents pellets of a mixture of plutonium dioxide with 
depleted uranium. The pellet outer diameter is about 6 mm, the hole diameter is 2.5 mm. The 
active length of the fuel element is ~1000 mm. End breeding zones of depleted uranium 
dioxide ~500 mm in thickness are contained in the same cladding at the top and at the bottom 
of the active portion.  

As the second configuration it was proposed to use a fuel element of cross-shaped 
section with the fuel in the form of the filling of grains of a mixture of plutonium dioxide with 
depleted uranium with the density of ~ 7.5 g/cm3.  

The core with spherical coated fuel particles. To achieve high specific power in large 
reactors, there was considered a reactor design with spherical coated fuel particles in the core 
and heat removal accomplished by transverse-longitudinal flow of helium coolant (Figures 2, 
3). This reactor design allows attaining high specific power in the core (~1000 kW/l) with 
relatively low power losses on helium pumping. The core of such a reactor is ~180 cm in 
diameter and ~120 cm high. The fuel assembly consists of two coaxial conical cylinders 
forming an annular cavity wherein spherical coated fuel particles are placed. The FA walls 
have openings for coolant passage (Figure 2). The reactor core consists of hexagonal FAs 
arranged with a spacing of ~140 mm. The wall on the high-temperature side is made of 
molybdenum, and the cold one – of stainless steel. 

As the baseline design of a coated fuel particle, there was considered a 2.15-mm 
diameter spherical kernel of compounds of plutonium and depleted uranium with a coating of 
silicon carbide and pyrolytic carbon layers (the total thickness of SiC and pyrocarbon 
protective coatings is 150–200 µm), producing the outer diameter of ~2.5 mm. There were 
also considered coated fuel particles of diameter 2.5–5 mm with coatings of refractory metal 
alloys such as chrome nickel alloys, tungsten- and vanadium-based alloys, etc.  

The thickness of the end blankets is ~1000 mm, and of the side ones - ~600 mm.  
The reactor is housed in a steel vessel of inner diameter 3.8 m and pressure about 17 

MPa, similar to VVER type reactors.  
Main characteristics of the high unit power fast helium reactor using fuel rods are close 

to those of the reactor with spherical coated fuel particles, and are presented in Table 2.  
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Figure 2: Schematic Diagram of the BGR Reactor FA with Spherical Coated Fuel 
Particles: 1 – end blankets; 2 – active length; 3, 4 – inner and outer wall with helium passage 

openings, respectively; 5 – spherical coated fuel particles. 
 
 

 
Figure 3: Schematic Diagram of the BGR Reactor Based on Spherical Coated Fuel 

Particles: 1, 3 – top and bottom blankets, respectively; 2 - core; 4 – side blanket; 5 – steel 
vessel. 

 

Table 2: Main characteristics of the high unit power fast helium reactor 

Power, MW 
thermal … 

 
2500–3000 

electric…  1200 
Helium pressure, MPa 15–20 
Helium temperature at the inlet/ outlet, o C 
design with a steam turbine … 

 
350/650 

design with a helium turbine … 450/850 
Loading of 239Pu, kg… 1400 
Fuel burnup, % heavy at. … 10 
Fuel element life, days… 250 
Breeding ratio 1.6 
Doubling time with the fuel processing period of 0.5 years, years … 5 
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In a reactor with spherical coated fuel particles, helium temperature at the reactor outlet 
is as high as 850 0С, which allows using it for NPP both with a two-circuit system using a 
steam turbine and with a single-circuit system using a helium turbine (Figure 4) while 
attaining high efficiencies (~48%). 

 

 
 
Figure 4: Diagram of a Single-circuit NPP with a Gas Turbine for a BGR with Spherical 

Coated Fuel Particles: 1 – reactor; 2, 5 – high- and low-pressure turbine, respectively; 
3, 4, 6 – high-, intermediate-, and low-pressure compressor respectively; 

7 – regenerator; 8 – end cooler; 9 – electric generator. 
 

 

3 UTILIZATION OF CARBIDE AND NITRIDE FUELS IN FAST HELIUM 
COOLED REACTORS 

Fuel breeding in BGR can be improved through the use of fuel with higher density as 
compared to oxide fuel, for example, carbide or nitride fuel [1] (Table 3). Nitride fuel has the 
highest density and thermal conductivity, and an acceptable melting point, which improves 
fuel breeding when this fuel is used.  

Table 3: Initial Fuel Characteristics 

Fuel  
Characteristic dioxide carbide nitride 

Theoretical density, g/cm3 10.9 13.6 14.3 
Melting point, °С 2800 2350 2650 
Thermal conductivity at 1000 °С, W/(m·K) 2.7 17.7 18.5 

 
From the data presented in Table 4 below it follows that with the carbide and nitride 

fuel the breeding ratio increases noticeably as compared to the oxide fuel, which stimulates 
interest in continued activities in this area.  

It is noteworthy that, when using nitride fuel, the fuel breeding can be increased by 
replacing 14N in the fuel with 15N, since the neutron absorption cross section of 15N is about 
1000 less than the neutron absorption cross section of 14N. Therefore, in the future, as nuclear 
fuel becomes more expensive, it may prove to be beneficial to use nitride fuel with nitrogen 
enriched in 15N isotope.  
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Table 4: Comparison of BGR Characteristics for Oxide, Carbide and Nitride Fuel 

Parameter (U, Pu)O2 (U, Pu)C (U, Pu)N (U, Pu) 15N 
Core volume, l 8360 8360 5640 5640 
Core specific power, kW/l 450 450 690 690 
Core flattening D/H 3 3 4 4 
Percentage of core components by volume 
(fuel/coolant/structural materials), % 

 
44/42/14 

 
44/42/14 

 
43/45/12 

 
43/45/12 

239Pu/240Pu/241Pu content,  % 60/30/10 60/30/10 75/20/5 75/20/5 
Critical plutonium loading at steady state, kg 3230 3590 2870 2630 
Core breeding ratio 1.0 1.2 0.93 1.0 
Breeding ratio 1.62 1.75 1.67 1.85 
Life-time, years 2 2.8 1.7 1.7 
Fuel doubling time (with the processing 
period of 1 year), years  

 
6.3 

 
5.5 

 
5.4 

 
4.1 

4 DEVELOPMENT OF THE BGR-300 PILOT NPP 

Analytical, experimental and design studies of BGR and extensive experience in 
development and operation of HTGR in the world allowed making a decision on designing a 
BGR-300 reactor unit for a 300 MW NPP [1, 3]. Basic equipment of the primary circuit is 
housed in a vessel of a pre-stressed reinforced concrete. 

The reactor unit consists of a reactor located in the central cavity of the vessel, four 
steam generators with primary gas blowers, four cooler heat exchangers with secondary gas 
blowers. The BGR-300 uses fuel rods of diameter 6.9 mm and wall thickness 0.4 mm. The 
fuel represents pellets of mixed dioxide of plutonium and depleted uranium. Each fuel 
element is filled with the pellets of mixed dioxide PuO2+UO2 in its portion located within the 
core. The active length of a fuel element is 1000 mm, the length of the end breeding zones is 
500 mm. The fuel element cladding is made of nimonic type alloy.   

The reactor core is comprised of 108 hexagonal FAs with the width across flats of 140 
mm and the sheath thickness of 2 mm that are arranged with a spacing of 145 mm. Each of 
the FA in the core contains 217 fuel elements. Two zones are provided in the core to ensure 
power density flattening: a low-enrichment zone and a high-enrichment one. The core is 
surrounded by three rows of FAs of the side blanket (Figure 5).  

 
Figure 5: Arrangement of FAs in the BGR-300 Core and Side Blanket:  
1–4 – Scram, automatic control, temperature compensation and subcriticality assurance 

assemblies, respectively; 5, 7 – FAs of the high-enrichment and low-enrichment zone, 
respectively; 6 – FAs of the high-enrichment zone replaceable with FAs of the side blanket; 8 
– FAs of the side blanket.  
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Main characteristics of the BGR-300 are as follows (Table 5): 

Table 5: Main characteristics of the BGR-300 

Power, thermal/electric, MW 810/300 
Helium pressure, MPa … 16 
Helium temperature at the inlet/outlet, °С… 260/630 
Fuel element type Rod 
Fuel in the core/breeding zone  (U+Pu)O2/UO2 
Critical loading of 239Pu+241Pu, kg… 948 
Composition of plutonium loading (239Pu/240Pu/241Pu), %... 60/30/10 
Fuel enrichment in plutonium, % 
in the low-enrichment zone/ in the high-enrichment zone … 

 
22/30 

Breeding ratio 1.63 
Doubling time at the fuel processing period of 0.5 years, years… 10–12 
 
The pilot NPP with the BGR-300 reactor unit represents a two-circuit plant with helium 

coolant in the primary circuit and steam turbine system in the secondary circuit, where the 
reactor and basic equipment of the primary circuit are housed in the vessel of pre-stressed 
reinforced concrete.  

CONCLUSION 

Analysis of the avenues of nuclear power development and fast helium cooled reactor 
development efforts allows making a conclusion that fast helium cooled reactors show 
promise when used along with HTGR in nuclear power of the 21st century. Therefore, it 
appears advisable to perform BGR design studies in the framework of international 
cooperation. 
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