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FOREWARD 

This report describes the preliminary design of the Suspended-Bed 
232 233 

Reactor fueled with Th -U 	coated particles and to be considered 

as an alternative to LMFBR's. It was prepared by R. A. Karam, A. Alapour, 

and C. C. Lee of the Georgia Institute of Technology under contract 

E(40-1)-5273. Mr. William Kitterman, who in addition to being a Project 

Manager for ERDA, was a motivating force for the project. Youssef Chacal's 

contribution in the art work is gratefully acknowledged. 
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SUMMARY 

SUSPENDED-BED REACTOR PRELIMINARY DESIGN 

U
233

-TH
232 

CYCLE 

The Division of International Security Affairs (ISA), Energy Research 

and Development Administration (ERDA), awarded Georgia Institute of Tech-

nology a 6-man-months contract to perform a preliminary system design and 

analysis of a stationary nuclear electric power station which is based on 

the Suspended-Bed Reactor concept (SBR) and which might be, by design, non-

proliferating. 

The SBR Concept  

When a fluid stream, either gas or liquid, is passed through a bed of 

granular material and the velocity of the stream is gradually increased, a 

point is reached such that the drag force resisting the flow of the fluid is 

equal to the weight of the particles in the bed. Any further increase in 

the fluid velocity would lead to expansion of the bed, i.e. the particles are 

separated resulting in a greater area for the passage of the fluid; this 

limits the pressure drop across the bed. This condition corresponds to the 

limit of stability of a packed (fixed) bed and marks the transition to the 

fluidized or suspended state. If the fluid velocity is held constant at 

this point, the force of the fluid balances the weight of the particles, 

and the contact among particles tends to cease. The surface of the bed 

adjusts itself just like a liquid, and the particles will remain suspended 

as long as the fluid flows at that velocity. 
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As the fluid velocity is increased still further, an intensive mixing 

of the bed begins and, finally on increasing the gas velocity still more, 

carry-over of particles from the container occurs. A fluidized condition 

exists for only a specific range of fluid velocities. Below this range, the 

bed is stationary or fixed, and above it the particles would be transported 

out of the bed. If a screen is placed at the top of the bed to prevent the 

flow of particles out of the bed, a fixed-bed condition would prevail again. 

The drag force under these conditions is much higher than the weight of the 

bed; consequently all the particles would be held up against the screen while 

the fluid is allowed through. This is the basis of the Suspended-Bed Reactor 

concept. 

Coated particles about 2 mm in diameter are used as the fuel. The 

coatings consist of three layers: (1) low density pyrolytic graphite, 70 p 

thick, (2) silicon carbide pressure vessel, 30 4 thick, and (3) ZrC layer, 

50 p thick, to protect the pressure vessel from moisture and oxygen. The 

fuel kernel can be either uranium-thorium dicarbide or metal. 

The coated particles are suspended by helium gas (coolant) in a cluster 

of pressurized tubes. The upward flow of helium fluidizes the coated par-

ticles. As the flow rate increases, the bed of particles is lifted upward 

to the core section. The particles are restrained at the upper end of the 

core by a suitable screen. The overall particle density in the core is just 

enough for criticality condition. Should the helium flow cease, the bed in 

the core section will collapse, and the particles will flow downward into 

the section where the increased physical spacings among the tubes brings 

about a safe shutdown. By immersing this section of the tubes in a large 

graphite block to serve as a heat sink, dissipation of decay heat becomes 

manageable. This eliminates the need for emergency core cooling systems. 
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The inherent advantages of this concept are: 

• No pressure vessel is required. 

• No control rods are required. Costly drive mechanisms and uneven 

flux distortion are eliminated. 

• Truly fail-safe operation with respect to decay heat removal. 

• No clad for the fuel is required. This reduces the waste-disposal 

problem. 

• No emergency core cooling is needed. 

• On-line fueling operation. This eliminates costly shutdown. 

• High temperature operation resulting in two distinct advantages: 

(1) high thermodynamic efficiency and (2) process heat for making 

steel, methane from coal, etc. 

• High burnup, 100,000 MWD/ton or more. 

• Coated particles retain fission products effectively. 

• Breeding ratio can be tailored to be close to 1.0 if desired. 

• High breeding ratio and low doubling time are possible. 

• Helium gas is a very safe coolant. 

The SBR Design  

Figure S-1 shows the overall Suspended-Bed Reactor design. Design 

parameters are listed in Table S-I for the dicarbide coated fuel. Table 

S-II lists design parameter for the metallic fuel coated particles. 

A comprehensive analysis of ways to increase the efficiency of thermal 

energy conversion to electricity, based on current technologies, led to the 

adoption of an optimized steam cycle "topped" by a simple gas-turbine cycle, 

the combination of which yields a significant increase in the thermodynamic 

4 
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Table S-I. SBR Design Specifications 
Dicarbide Fuel 

GENERAL 

Electric Power, MWe  1160.0 

Binary Cycle Overall Thermal Efficiency, % 40.0 

Core Power Density, MW/m
3 290.0 

Core Volume, m3 10.0 

Core Height, m 1.0 

GAS CYCLE 

He Gas Static Pressure, psi 1000.0 

Gas Compressor Compression Ratio 1.2 

Core Gas Inlet Temperature, ° F 590.0 

Core Gas Outlet Temperature, ° F 1500.0 

Comp./Gas-Turb. Efficiency, % 90.0 

Total Gas Cycle Pressure Loss Ratio, % 14.0 

Gas Volume Fraction in Core (Void), % 60.0 

Gas Mass Flow Rate, kg gas /hr 3.963 x 10
6 

Gas Superficial Velocity, m/sec 19.1 

Gas Pressure Drop in Core, psi 120.0 

STEAM GENERATOR 

Steam Generator Gas Inlet Temperature, 	°F 1464.0 

Steam Generator Gas Outlet Temperature, ° F 509.0 

Gas Temperature at Pinch Point, ° F 700.0 

Pound Gas per Pound Steam Generated 0.8415 

Steam Generator Outlet Temperature, °F 1000.0 

Steam Generator Feed Water Temperature, of 486.0 

(continued) 
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Table S-I. SBR Design Specifications 
Dicarbide Fuel (continued) 

STEAM CYCLE  

Superheated Steam Pressure/Temperature 
(Steam Turb. 	Inlet), psia/ ° F 

N2_ 	of Resuperheaters 

NE 	of Feed Water Heaters 

Condenser Pressure/Temperature, in. Hga/ ° F 

Quality of Steam at Low Pressure Turb. Exit, 

Steam Flow Rate, kg/hr 

2000/1000 

0.0 

6.0 

2/101 

% 	15.0 

4.709 x 10
6 

Pumping Requirement, MWe 32.0 

Thermal Efficiency of Steam Cycle Alone, % 43.0 

Net Power Generated by Steam Cycle, MWe 1310.0 

Steam Turbine/Pump Efficiency, % 85.0 

FUEL 

Fuel Particle Diameter, cm 0.17 

Fuel Kernel Diameter (U
233

-Th
232

)C
2' 

cm 0.14 

Fuel Particle Total Coating Thickness, cm 0.015 

Pyrolytic Graphite Layer Thickness 
(First Layer), cm 0.0070 

Silicon Carbide Layer Thickness 
(Second Layer), cm 0.0030 

Zirconium Carbide Layer Thickness 
(Third Layer), cm 0.0050 

Maximum Fuel Temperature, ° F 2400.0 

Maximum Temperature Drop through the 
Fuel Kernel, ° F 290.0 

Terminal Velocity of Fuel Particles, m/sec 8.7 

Fuel Kernel Max. Volumetric Heat Source 
Strength, MW/m3  1.830 x 10

5 

Fertile Mass Core/Blanket, kg 10,963/57,590 

Fissile Mass, kg 2600.0 

Specific Power, MW/kg 1.1 

Enrichment, Inner Core/Outer Core, % 16.0/22.88 

Initial Breeding Ratio 1.06 

Power Peaking Factor 1.21 
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Table S-II. SBR Design Specifications 
(Coated Metallic Fuel) 

GENERAL  

Electrical Power, MW e 
902.0 

Binary Cycle Overall Thermal Efficiency, % 41.0 

Core Power Density, MW/m3 220.0 

Core Volume, m3 10.0 

Core Height, m 1.0 

GAS CYCLE 

He Gas Static Pressure, psi 1000.0 

Gas Compressor Compression Ratio 1.2 

Core Gas Inlet Temperature, ° F 590.0 

Core Gas Outlet Temperature, 	°F 1500.0 

Comp./Gas-Turb. Efficiency, 	% 90.0 

Total Gas Cycle Pressure Loss Ratio, % 12.0 

Gas Volume Fraction in Core (Void), % 55.0 

Gas Mass Flow Rate, kg/hr 
gas 

3.017 x 10
6 

Gas Superficial Velocity, m/sec 14.7 

Gas Pressure Drop in Core, psi 98.0 

STEAM GENERATOR 

Steam Generator Gas Inlet Temperature, ° F 1452.0 

Steam Generator Gas Outlet Temperature, ° F 512.0 

Gas Temperature at Pinch Point, ° F 700.0 

Pound Gas Required per Pound Steam Generated 0.8551 

Steam Generator Outlet Temperature, 
o
f 1000.0 

Steam Generator Feed Water Temperature, °F 486.0 

(continued) 
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Table S-II. SBR Design Specifications 
(Coated Metallic Fuel-continued) 

STEAM CYCLE 

Superheated Steam Pressure/Temperature, 
psia/ ° F 	 2000/1000 

N9- of Resuperheater 	 0.0 

N 2  of Feed Water Heaters 	 6.0 

Cond. Pressure/Temperature, in. Hga/ ° F 	 2/101 

Quality of Steam, % 	 15.0 

Steam Flow Rate, kg/hr 	 3.528 x 10
6 

Pumping Requirement, MWe 	 24.0 

Thermal Efficiency of Steam Cycle Alone, % 	43.0 

Net Power Generated by Steam Cycle, MWe 	 983.3 

Steam Turbine/Pump Efficiency, % 	 85.0 

FUEL  

Fuel Particle Diameter, cm . 

Fuel Kernel Diameter (U
233

-Th
232

), cm 

Fuel Particle Total Coating Thickness, cm 

Pyrolytic Graphite Layer Thickness, cm 

Silicon Carbide Layer Thickness, cm 

Zirconium Carbide Layer Thickness, cm 

Maximum Fuel Temperature, ° F 

Maximum Temperature Drop for Fuel Kernel, ° F 

Terminal Velocity of Fuel Particles, m/sec 

Fuel Kernel Max. Volumetric Heat Source 
Strength, MW/m3  

Fertile Mass Core/Blanket, kg 

Fissile Mass, kg 

Specific Power 

Enrichment, Inner Core/Outer Core, % 

Conversion Ratio 

0.17 

0.14 

0.0150 

0.0070 

0.0030 

0.0050 

2000.0 

94.0 

9.3 

1.217 x 10
5 

17,479/63,584 

3348.0 

1.21 

12.8/18.3 

1.17 
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efficiency. Features of this binary cycle are shown in Figures S-2 and 3 for 

reactor outlet temperatures of 1500 ° F and 1800 ° F, respectively. Figure S-4 

shows a schematic of the reactor binary cycle. Inherent features of this 

cycle are: 

• Exploitation of high temperature benefits become possible 

without necessitating higher temperature steam cycle technology. 

This is accomplished by simply passing the high temperature gas 

through the gas turbine first and then to the steam generator. 

• Recuperators which are required for direct gas cycle are not needed 

in this design. The hot gas coming out of the turbine is cooled 

while producing superheated steam for the steam cycle. Gas leaving 

the steam generator is still hot, 500-600 ° F. It is compressed and 

sent back to the reactor. This gas cycle is very similar to what 

is now in HTGR's, except for a key component, an addition of a gas 

turbine. This addition and optimization of the whole cycle yields 

a significant improvement in overall efficiency. 

• Because the gas cycle used in this design has a low efficiency, it 

matches in a natural way the gas turbine technology, i.e. small 

size and small MW rating, 100-250 MWe. 

• The gas pressure drop of this gas/steam binary cycle is expected to 

decrease to about half of that characteristic of direct gas cycles, 

primarily because of eliminating the recuperator. 

• Inlet temperature to the reactor would be lower than that associated 

with gas cycle. 

• The complete elimination of the reheater. 
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Research and Development Program 

The first point that should be emphasized is that the Suspended-Bed 

Reactor concept is not really limited to any one type of fuel or coolant. 

For example, if the coated particle fuel should prove unsuitable in a sus-

pended-bed operation due to breakage or erosion, it is quite possible to 

use coated particles fixed in a matrix of a material with high thermal con-

ductivity shaped into disks with holes drilled through the disk for the 

passage of the coolant. The disks can be suspended in "guides" just like 

the coated particles. Thus, the fail-safe or nearly fail-safe features of 

the Suspended-Bed Reactor are not really tied to particles. 

Nevertheless, if coated particles are to be used in a Suspended-Bed 

Reactor, it is necessary to experimentally determine the erosion rate of 

the outer layer under normal operating conditions, i.e. helium velocity and 

temperature and, later, irradiating condition. In addition to erosion, it 

is important to determine the breakage rate due to normal handling, i.e. 

fluidization and suspension of the particles in the core region. Another im-

portant factor is whether or not, at operating temperatures, the particles 

tend to stick to each other after long-term operation. 

The pressure drop through the reactor is a very important design param-

eter which has important implications on performance and economics. This 

one parameter affects the breeding ratio, doubling time, overall thermodynamic 

efficiency and eventually the cost of electricity. It is, therefore, impor-

tant to conduct an experimental program aimed at minimizing the pressure drop 

before any final fuel design is chosen. The state of the art of calculating 

pressure drops in fixed or fluidized beds is not accurate. Thus an exper-

imental program for measuring the pressure drop as a function of particle 
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size and density at various coolant velocities is necessary. 

Suspending fuel, whether coated particles or disks, in a core region 

is certainly possible, and there is no doubt whatsoever about its feasi-

bility. But it needs to be demonstrated with the goal of assessing the 

ease with which reactors can be controlled. 

A block diagram of the program envisioned for the SBR final design is 

shown in Figure S-5. The work heretofore concentrated on the thermodynamic 

and thermal hydraulic optimization under realistic engineering constraints. 

We have not exhausted, due to time limitations, the possibilities for opti-

mum fuel design. Many possibilities exist whereby the fuel volume fraction 

and the power density would increase and, at the same time, the pressure drop 

would decrease. The benefits of such optimization translate directly into 

cheaper energy cost. The block diagram in Figure S-5 represents a scheme to 

optimize the condition for a self-sustaining energy source at the cheapest 

cost. Our analysis, which is based on considerations of physics and thermal 

hydraulics, indicates that a doubling time for the SBR as short as ten years 

or even shorter is very possible. 

15 



Generation 

of 
Cross 

Sections 

Be Effects on 

Breeding Ratio 

Neutronic 
Calculation 

for 
Initial Core 

Fuel 

Cycle 

Calculation; 
4 	 

SUSPENDED-BED REACTOR CONCEPT 

Fuel Design: Cladding, Bonding, etc. 

Yes 

Optimum 

Doubling Time 
No 

Economic 

Analysis 

Engineering and Safety Constraints 

Optimum 
No 

Doubling Tim,/ 	 
Change 

Coolant Volume 
Fraction 

Change 
Fuel Design 

Yes 

 

  

Final Design 
Figure S-5. Program of Study 

Block Diagram 

16 



I. INTRODUCTION 

The Division of International Security Affairs, Energy Research 

and Development Administration (ERDA), held a meeting on August 18, 1976 

at ERDA Headquarters to discuss the possibility of limiting proliferation 

by design specifications. Tentative design features circulated at the 

meeting by ISA for a reactor system that is nearly proliferation-proof 

were: 

A. No fuel element withdrawal during the life of the reactor. 

B. Subsequent to startup, no requirement for the addition of 

enriched fissile fuel for the life of the reactor. 

C. After an initial short "burn-in" period, fuel shall contain 

isotopic species which can only be removed by high technology 

such as isotope separation devices which can not be handled 

without a massive protective shielding. 

D. Reactor shall be refueled with fertile material only, either 

periodically or continuously. 

E. Any reprocessing shall be accomplished inside the biological 

shield only. No fuel shall be removed outside the biological 

shield during normal operations. Only fission products shall be 

permitted outside biological shield in suitable shielded containers. 

F. Core shall contain low critical mass of special nuclear material 

(SNM). If any fuel is diverted, reactor will be shutdown. 

17 



G. Reactor shall not be designed for "breeder" operation which 

accumulates excess SNM. Performance shall be based upon 

"sustainer" operation, i.e., breeding ratio being approximately 

one. If any of the bred fuel is diverted the reactor will be 

shutdown. 

H. High thermodynamic efficiency in the production of electricity. 

Two main reactor concepts were discussed: the gaseous fuel reactor and 

the fluidized-bed reactor. Interest in both concepts dates back to the 

early fifties. A review of the early considerations of these concepts 

is found in Ref. 1. Currently the National Aeronautics and Space Admin-

istration is actively supporting the development of the gaseous core 

concept. Features of this concept were discussed at the meeting by 

Dr. Karlheinz Thom of NASA. 

The fluidized-bed reactor concept which was totally different from 

previously considered concepts (2-6) 
was discussed by R. A. Karam of the 

Georgia Institute of Technology. The initial concept as presented on 

August 18, 1976 comprised the following: pyrolytic carbon coated 
233 

(U - Th)C2 particles are fluidized and cooled by helium in a cluster of 

pressurized tubes. The tubes are arranged as shown in Fig. I-1. The 

upward flow of helium fluidizes the coated particles. As the flow 

rate increases the bed of particles are lifted upward to the core 

section. The particles are restrained at the upper end of the core 

by a suitable screen. The overall particle density in the core is 

just enough for criticality condition. Should the helium flow cease, 

the bed in the core section will collapse, and the particles will flow 
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downward into the flaired section where the increased physical spacings 

among the tubes brings about a safe shutdown. By immersing the flaired 

section of the tubes in a pool of water, removal of decay heat becomes 

possible and this eliminates the need for emergency core cooling system. 

The inherent advantages of this concept are: 

• No pressure vessel is required. 

• No control rods are required. Costly drive mechanisms and un-

even flux distortion are eliminated. 

• Truly fail...safe operation with respect to decay heat removal. 

• No clad for the fuel is required. This reduces the waste-

disposal problem. 

• No emergency core cooling is needed. 

• On-line fueling operation. This eliminates costly shutdown. 

• High temperature operation resulting in two distinct advantages: 

(1) high thermodynamic efficiency and (2) process heat for making 

steel, methane from coal, etc. 

• High burnup, 100,000 
MWD/ton 

or more. 

• Coated particles retain fission products effectively. 

• Breeding ratio can be tailored to be close to 1.0 if desired. 

• Helium gas is safe, inert coolant. 

Based upon the above considerations ERDA's ISA awarded Georgia Tech 

a 6 man-months contract to perform a preliminary system design and analysis 

of a stationary nuclear electric power station which could meet the tentative 

specifications, cited above, for non-proliferating power reactors. 
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Fig. I-1. Arrangement of Tubes for Suspended.-Bed Reactor 
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This report contains the preliminary design and consists of the 

following chapters: 

I. Introduction 

II. Suspended-Bed Reactor System Design 

1. Introduction 

2. Thermal hydraulics for fluidized and fixed bed regimes 

3. Thermodynamic optimization study of gas cooled reactors 

4. Suspended-bed reactor fuel design 

5. Physics calculation 

6, Selection of pipe material and sizes 

7, Decay heat removal 

8, Considerations leading to SBR parameters, 

9. The preliminary design of the suspended bed reactor 

III. Recommend Research and Development Program 

Appendix A. General Considerations of Natural Uranium on Thorium 
Reserves and Implication on Nuclear Power Growth 

1. 	Uranium reserves 

2, 	The thorium resource 

3. Energy from assured reserves 

4. Electrical energy needs and nuclear power growth 

Appendix B. Thorium Based Reactors 

1. General background 

2. Physics parameters 

2.1. 	Breeding 

2.2. 	Doubling time and specific power 

2.3. 	Breeding strategy 

2.3.1 Metallic Pu-Th Interim Breeders 
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2.4. 	Coolant void coefficient 

	

2.5. 	Doppler coefficient 

	

2.6. 	Protactinium Production 

	

2.7. 	Uranium -232 production 

	

2.8. 	Transuranium elements production 

	

2,9. 	Delayed neutron fraction 

Appendix C. Heat Conduction Through Successive Spherical Shell 

Appendix D, Computer Program 

Appendix E, Gas-Steam Binary Cycle 
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SUSPENDED-BED REACTOR CONCEPT 

1, Introduction 

When a fluid stream, either gas or liquid, is passed through a bed of 

granular material and the velocity of the stream is gradually increased, a 

point is reached such that the drag force resisting the flow of the fluid is 

equal to the weight of the particles in the bed. Any further increase in 

the fluid velocity would lead to expansion of the bed, i.e. the particles 

are separated resulting in a greater area for the passage of the fluid; this 

limits the pressure drop across the bed. This condition corresponds to the 

limit of stability of a packed (fixed) bed and marks the transition to the 

fluidized or suspended state. If the fluid velocity is held constant at 

this point, the force of the fluid balances the weight of the particles, 

and the contact among particles tends to cease. The surface of the bed 

adjusts itself just like a liquid, and the particles will remain suspended 

as long as the fluid flows at that velocity. 

As the fluid velocity is increased still further, an intensive mixing 

of the bed begins and, finally on increasing the gas velocity still more, 

carry-over of particles from the container occurs. A fluidized condition 

exists for only a specific range of fluid velocities. Below this range, the 

bed is stationary or fixed, and above it the particles would be transported 

out of the bed. If a screen is placed at the top of the bed to prevent the 

flow of particles out of the bed, a fixed-bed condition would prevail again. 

The drag force under these conditions is much higher than the weight of the 

bed; consequently all the particles would be held up against the screen while 
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the fluid is allowed through. This is the basis of the suspended-bed reactor 

concept. 

In the fluidized regime, the bed is expanded to a volume greater than 

that of the fixed bed, and the particles are in continuous oscillation, 

colliding with one another and moving from point to point within the bed. 

The macroscopic properties of the bed, however, are characteristic of a 

liquid. Buoyancy, hydrostatic pressure, and absence of resistance to shear 

stresses are a few examples. The overall flow pattern depends on the fluid 

medium and the size, shape and density of the particles being fluidized. 

Generally there are two distinct types of flow patterns: particulate and 

aggregative. Particulate fluidization refers to the bed expansion under 

uniform distribution. Particulate fluidization occurs with liquid-solid 

systems, and gas-solid systems when the particles are very fine. Ag-

gregative fluidization is regarded as an excess of fluid passing through the 

bed in the form of bubbles, giving rise to essentially a two-phase system. 

Aggregative fluidization occurs with gas-solid systems and sometimes with 

liquid-solid systems when the solids are of high density. 

Important parameters frequently encountered in studying fixed/fluidized 

beds are the pressure drop through the bed (AP), the bed height (H), the 

superficial velocity, terminal velocity, and porosity of the bed. The super-

ficial velocity is defined as the velocity that the fluid would have if there 

were no particles, i.e. the velocity of fluid before entering the bed. The 

terminal velocity is the velocity of free falling particles in the medium. 

The porosity or void fraction is regarded as the ratio of the volume of fluid to 

the total volume of the bed (fluid and particles). 

"A flu id surface" characterizes the fluidized-bed in the fluidized region. 
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At porosities higher than 0,8, however, the high degree of turbulence may 

cause large fluctuations at the top of the bed that a particular level 

can no longer be defined. As a result of increasing the superficial veloc-

ity even further to the value of terminal velocity, the transition from 

fluidized-bed to vertical slurry occurs. At this stage the particles are 

carried over from the bed by the fluid medium, unless the particles are 

stopped by a restricting screen. In this case, the particles are stacked 

up to the top of the bed and form a suspended-bed. 

Coated particles about 2 mm in diameter are used as the fuel. The 

coatings consist of three layers: (1) low density prolytic graphite, 70p 

thick, (2) silicon carbide pressure vessel, 30p thick, and (3) ZrC layer, 

50p thick, to protect the pressure vessel from moisture and oxygen. The 

fuel kernel can be either uranium-thorium dicarbide or metal. 

The coated particles are suspended by helium gas (coolant) in a 

cluster of pressurized tubes. The upward flow of helium fluidizes the 

coated particles. As the flow rate increases the bed of particles is 

lifted upward to the core section. The particles are restrained at the 

upper end of the core by a suitable screen. The overall particle density 

in the core is just enough for criticality condition. Should the helium 

flow cease, the bed in the core section will collapse, and the particles 

will flow downward into the section where the increased physical spacings 

among the tubes brings about a safe shutdown. By immersing this section 

of the tubes in a pool of water or a suitable heat sink, removal of decay 

heat becomes possible. This eliminates the need for emergency core 

cooling systems. 
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This chapter contains the following sections: 

1. Introduction 

2. Thermal Hydraulics for Fluidized- and Fixed-Bed Regimes 

3, Thermodynamic Optimization Study for Gas Cooled Reactors 

4. Suspended-Bed Reactor Fuel Design 

5, Physics Calculation Including Core and Blanket Specifications 

6, Selection of Pipe Material and Sizes 

7. Decay Heat Removal 

8. Considerations Leading to SBR Parameters 

9, The Preliminary Final Design of the Suspended-Bed Reactor 
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2. Thermal Hydraulics for Fluidized- and Fixed-.Bed Regimes  

2.1 Heat Transport  

The amount of heat, Q(Z), removed by the helium gas as it passes 

through the bed to a point Z along the axial height is 

Q(z) = th cP 
 (r 

g 
 (z) - T gin ) 

where m = mass transfer rate = G Ab , 

G = mass flow rate per unit area, 

Ab  = area of the bed, 

C = heat capacity at constant pressure, 

T (Z) = temperature of the gas as a function 
of the axial distance, Z, and 

T gin inlet temperature of the gas. 

The quantity Q(Z) is also the heat generated by the fuel in the bed at Z, 

i.e. 

fly 
Q(Z) = 	q (Z) d V

f 
-L/ 2 

fl, 	nt 
where 	q (Z) = q 	cos -.7-  = volumetric heat source as a 

function of Z. 
IU 

= volumetric thermal heat source assumed 
constant radially, 

= extrapolated height of core bed, 
at which neutron flux goes to zero, 

= volume of fuel kernels per unit length 
of bed (see sketches a and b) 

qc 

H 

V
f 

2 7 



a. Sketch illustrating relationships of Q(Z), q (Z) and 
bed height 

COATING 

b. Fuel kernel and fuel particle 

Fig. II-2,--l. Sketches illustrating (a) bed height, Q(Z), q (Z) and 
(b) fuel kernel. 

Define E as the void fraction in the bed; it may also be expressed as 

C 
volume of gas 

 V 
=  g 	

v
g  

volume of bed 
V 

 b  V  p 
 + Vg 

 
(3) 

where V and Vg  are the volume of the particles and the gas respectively. 

The volume of the particles may also be expressed as; 

V 	= (1-c)Vb  . 	 (4) 
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since 

V
f
/V

p 
=

D 
	 (5) 

where Df 
and D are the diameters of the fuel kernel and particle respec-

tively, then 

D
f 

3 

Vf  = (1-c) ( 17) Vb  

or 
D 3 

dV
f 

= (1-c) Df 	Ab dz . ( 7 ) 

Consequently, 

(ITZ 
Q(Z) = 	q

c 
cos 	 (1- s) 	Ab  dz 
 Df

-L/2 

(6) 

( D

f 
3 
	ty, H 

= (1-c) ly Ab  qc  17  

  

sin 
712 
— sin 

2H 

 

(8) 

Equating (1) and (8), yields 

3 
1 	 D f 
	

'" 	sin I: 
+ sin 

IL
] T (Z) = T 	+  

g 	gin 	G C 	D 	qc 	 211 P 	P 

At Z = L/2 
3 

	

1 - 	
D f 	"' 

T (out) 	T 	
+  G C 	D 	

2 sin 7 • gin 	
P 	p 	

qc TT' 	2U) 

( 9 ) 

(10) 
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Also 

A 
T134'g 

 (Z) = 
crZ 

- T
g

)
c 

cos -) 

where A T
P4g 

 (Z) is the difference in temperature between the particle 

surface and the gas at point Z and (Tp
-T

g
)
c 

is the difference at the 

bed center, 
lit 

The heat transfer equation relating T 
P 
 , T

g 
 and q c 

is 

U, 
q
c 

d V
f 

= h(T
p 

- T
g

)
c 
d A

p 

where h = heat transfer coefficient for the film between the gas 
and particle surface 

3 
Vp  = N 

7 
 - D

p 
, N is number of particles 

Ap  = N 7 D
2 

, 

D 
from which V = A 

p 	p 6 	• 

substituting (13) into (4) one gets 

A 
6(1-c) Vb  

 

and thus d A
p 

= 
6(1-c) A

b 
dz 

• 

Combining (15) and (7) into (12) yields 
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Substituting (16) 

or equivalently, 

(fp  - 

into (11) 

A T 	(z) 
P±g 

T (Z) 	= 

T
g)c 

yields 

q c  

T (Z) 

q c 

pf 
y3.--  

'c 

Df
)3 

!), 

D 	6h 

3 

cos 
 (IF:\ 

6h 

D 	D 
f  

)
3 	

(" 

(16) 

(17) 

(18) D 	6h cos 	)  

Replacing T (Z) by its equivalent from (9) into (18) gives 

3  

T (Z) 
gin G C 	D 

= T 	+ 1  -  E 	(1: 	p 13 + sinn .  
2A 

	

P 	p 

D (D f  3 11 ► 	 (7Z 

	

6h D 	
qc  cos --- 

A 

The maximum surface temperature of the particles is obtained by differen-

tiating (19) with respect to Z and equating the result to zero. The 

expression is 

(19)  

   

= 171  tan 
-1 

(T )max 	7 
H  

7G C D 
P 

 (1-c) 6h 

(20) 

   

The amount of heat, q, conducted through a shell around the spherical 

fuel kernel can be shown (see Appendix C) as 
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(21) 

P 

where 	A
f 

= surface of the fuel kernel 

k
c 

= thermal conductivity of shell 

T
s 

= temperature at the surface of fuel kernel 

cl 

 

T = temperature at outer surface of shell. 
P 

For three layer shell Equation (21) becomes (see Appendix C) 
r■ 

[k  

D 

q 

q 

= 

= 

A
cl 

AP 

gm.. 

k
c2 

T - 
 (c) 	c) 

[T
c2 

- T
c] 

Dc 1 	
D
cl (1  _ 

2 
Dc2) 

k
c3 

	

Dp. 	(1  _ 22_2)  

	

2 	Dc  

where k
cl' 

k
c2 

and  k
c2 

are the thermal conductivity of the inner, middle 

and outer shells respectively. The amount of heat conducted at a point 

Z is the volumetric heat source at that point times the volume of the 

fuel particle, or 

T" 

q(Z) = q''' (Z) Vf 
	6 	q = 2-1: D3

f  a 
	(Z) 

q = A
f f/2 (1 	f ) _ D  

D ] (Ts) - ('cl 
/2 

cV 

(22) 
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Also, the quantity (T
s 

- T 
P 
 ) at z is related to (T

s 
- T 

P 
 ) 
c 
 , the dif- 

7Z 
ference at the center line, times cos — 

H 
At z = 0 

TT 	3 	"' 	2 
q(0) = 	Df  qc  = 7 D f  

s 
- T (23) 

From which 

D
f
q
c 	

Df 

( 
s 
 r - T 

c 6 

	
Df 	) 

	

f 	D
p  

With this relation, Ts  (z) becomes 

2 kc  

(24) 

D 	„, 
T (Z) = T 

P
(Z) 

D
f 	

D 
_ ) D 	

7Z 
2 k

c 
	 cos ( 

H 
(25) 

where T (Z) is given in Eq. (19). With these equations the maximum 

fuel kernel surface temperature is found at 

H 	-1 
= Tr7 (T )max 	tan 

s 
 

 

H 

  

  

(26) 

 

7 G Cp  D 	D 	1  D
f 

1-c 	6h 	6 	3 D
f 	- 

D 	
2k

c 

 

    

    

Similarly the maximum fuel center line temperature, Tm 
occurs at 

H 	-1 
= -'T--r tan (T

m 
)max 

     

 

H 

  

(27) 

 

7 d'c D 	Df 	1  
D 	Df 	Df 

(1-c) 6h 	6 (D  )3 	f 
1 - 

Dp 	4k 

	

D 	
2k

c 
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= 981 [ cmd 
sec 

2.2 Fluidized and Fixed-Bed Regimes 

2.2.1 Fluidized Bed 

In a fluidized bed the optimum Reynolds number at which the heat 

transfer coefficient is maximum is Ref. (7). 

Ar  Re
opt 

18 + 5.22 Ar 

D
3 

P - p 
where Ar = g . —P  . P 	g 

v2 
	p

g  

= 	km 2-1 
p 	Lsec  

Archimedes Number 

gravity acceleration 

dynamic viscosity of the gas 

ug  gr  
[cm sec] 

viscosity of the gas 

Pg 

 Pp  

[  gr 

 cm
3  

gr  

[cm
3  

density of the gas 

density of the particles 

D 
p 
	 diameter of the particle 

The quantities, p and p , are valuated at the mean temperature of the 

gas in the reactor. The inlet gas temperature is normally set; the 

outlet temperature is calculated so that the maximum tolerable fuel 

temperature is not exceeded. The maximum tolerable fuel temperature for 
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(31) 

—0.21 
relation

(8) 

2 
18 R

e (opt) 
 + .36 R

e opt 
A
r 

the coated dicarbide particles was set at 2400
o
F, the same value as used 

in the HTGR technology. In practice the calculation of the T 	was 
g out 

 

accomplished by an iterative procedure. An initial guess on the value of 

Tg  was made, then it was calculated. The procedure was repeated under the 

constraint that nowhere along the bed height the maximum temperature for 

the fuel is exceeded. 

The mass flow velocity is related to R
e opt

, from Eq. (28), by the 

relation 

R
e (opt) 

p
g gr  

G
opt 2 

p 	cm •sec 

and opt  
U
opt p g  x 100 (sec) 

where G = mass flow rate per unit area 

and 	U = gas superficial velocity, i.e. velocity fluid would have 
if there were no particles in bed. 

The dependence of the void fraction on 
(Re)opt 

i
s 
given by the 

(29) 

(30) 

The appropriate heat transfer coefficient for the gas film is given by 

the Chu equation (9)  

-0.78 
if 	 30 	(32) x G 

1-6 
h  = 5.7  (9 

2/3 
x (Re  opt  watt  x Cp  - 0, t 	2 

F 
P
r 	1-c 

cm •  
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and 

2/3 	(R 
e opt

-0.44  
) 

xC xG 	
watt 	Re opt 	30 	(33)  h = 1.77 

1 
 (—) 

P
r 	1-E 	 popt 

cm
2 	11  1-E 

Prandlt No 	0.67 

Pressure drop for the fluid is calculated by (10) 

AP = (p 
P 
 -p 

g
) (1-c) x H x g x (14.22/9810)psi 
	

(34) 

2.2.2 Fixed Beds  

In fixed beds the void fraction, e, and the gas velocity can be 

specified. The gas density and viscosity are averaged over the gas 

temperature in the reactor bed. The heat transfer coefficient is obtained 

by (33) and (34) with a fixed void fraction. The pressure drop for the 

fixed bed is: (11
'
12) 

	

isp 
	C 

 H x 100  r 2 x 	- El (1.41),si  

p 	L 	2g 	3 	100 v  

	

C 	constant 	(Ref. 7). 

A computer program has been written incorporating all these equations. 

For a given gas inlet temperature, and for fixed bed and void fraction, 

the code calculates the power density, the gas outlet temperature under 

the constraint that the maximum fuel temperature does not exceed a preset 

value, the gas velocity and the pressure drop. The size of the particle, 

where P
r 	

p Pg  
k 
g 
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the coating thickness up to three layers, and bed-height are input 

parameters. Appendix D list the code which was written for the CDC 

CYBER-74 and a sample output is included. 
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3. Thermodynamic  Optimization Study for Gas Cooled Reactors  

The helium cooled Suspended-Bed Reactor has the potential of reaching 

high gas outlet temperatures, perhaps 1800 °F or higher. Currently the 

HTGR's of General Atomics operate at about 1500 °F. The AVR reactor in 

Germany reached helium exit temperature of 1740 0 F. (13) Apparently, the 

HTGR's could also achieve helium exit temperature of 1800 °F with a slight 

decrease in the power density. (14) 
 The main advantages of high temperature 

operation are: (1) significant improvement in the thermodynamic efficiency 

and (2) availability of high temperature process heat heretofore available 

only from fossil fuel. In this section we will review: (1) optimized 

direct gas-cycle and (2) binary cycle using both gas and steam. 

The direct gas cycle has recently been reviewed by Fortescue and 

Quade
(81) 

for possible application in HTGR's. The primary interest in 

developing the gas cycle is to more fully exploit the high temperature 

potential. Additional benefits, cited by Fortescue and Quade are: 

(1) Gas turbines would eliminate the need for a high-temperature-input 

heat exchanger (steam generator). 

(2) Gas turbines would save on capital cost for equipment that would 

otherwise be needed for water treatment, feed water heating, and 

primary loop gas circulation. 

(3) Gas turbines would greatly facilitate dry cooling due to the high 

mean temperature of the gas turbine reject heat. This same feature 

can be applied in a supplementary waste heat vapor expansion cycle, 

using isobutane, to increase overall efficiency to greater than 50%. 

(4) Gas turbine would effect total plant simplification and consequent 
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capital and operational cost reduction. 

Currently HTGR's gas outlet temperature is about 1400-1500 °F while the 

steam temperature is limited to 950-1000
o
F because of design and economic 

considerations set by the technology of steam plants. The temperature 

differential between reactor gas outlet and steam is high, but more 

importantly, exploitation of higher temperatures which are quite easily 

attainable in HTGR's, can not be effectively used with current steam 

generator technology. 

3.1 Gas-Cycle Studies  

The helium gas-cycle efficiency was calculated as a function 

of compression ratio, the compressor's outlet to inlet pressure, 

and recuperator effectiveness. Details of the equations used in the 

calculations are given in Appendix E. The results are shown in Fig. 11-3-1. 

Specific mass flow rates, relative exhaust volume as a function of com-

pression ratio, and the T-S diagram are also shown. These results were 

obtained with a single stage compression, no intercooling, with top and 

bottom temperatures fixed at 1500
o
F and 105° F respectively. 

The results in Fig. 11-3-1 :dearly show that the recuperator effec-

tiveness plays an important role in improving the overall efficiency of 

the gas turbine. Using the practical value for recuperator effectiveness of 

0.8 and a compression ratio of 2.5, with other conditions as specified in 

Fig, 1T-3-1, we find the optimum gas-cycle efficiency to be 37%. HTGR's 

steam cycle efficiency is about 40%; consequently, based on efficiency alone, 

direct cycle is not better. 
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A two stage compression with intercooling was also used. The results 

and appropriate conditions are shown in Fig. IT-3-2, It is seen that the 

efficiency is hardly changed. These results are also in close agreement 

with those reported in Ref. (14). 

Figure II-3-3 shows gas cycle efficiency as a function of compression 

ratio for several gas temperatures and recuperator effectiveness. An 

increase in recuperator effectiveness of 5% would increase cycle efficiency 

by about 2% at a given temperature. Also, at a given recuperator effective-

ness, an increase in gas outlet temperature of 200 °F would increase cycle 

efficiency by about 2%. 

It should be noted that a direct gas cycle for HTGR's, optimized as 

indicated in Fig. IT-3-1, would increase the inlet gas temperature to the 

reactor by about 200-350 °F over current designs, i.e., from 650°F to 

950°F . This would decrease the thermal power density which is already 

low. Improving the efficiency to about 50% by supplementary waste heat 

vapor expansion cycle, using isobutane, is certainly possible, but there 

is no experience with this technology and the advantages of simplicity, 

dry cooling, and compactness of the overall plant would be compromised. 

Additionally, isobutane is highly flammable material. An alternative to 

the binary cycle proposed by Fortescue and Quade
(14) 

which uses optimum 

gas cycle efficiency and low efficiency vapor expansion cycle, is a 

binary cycle which uses low efficiency gas cycle and optimum efficiency 

steam cycle. This not only would solve the high temperatures limitations 

of present HTGR's steam cycles but also would solve the problem of size 

limitations of gas turbine technology. 
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Fig. 11-3-2. Gas Cycle Efficiency vs Compression Ratio for Two Stage Compression 
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3.2 Gas/Steam Binary Cycle 

Optimum gas/steam binary cycles for reactor gas outlet temperatures 

of 1500°F and 1800 o
F are summarized in Figs, II-3-4 and II-3-5 respectively, 

For 1500
o
F gas outlet temperature, the steam cycle efficiency was 43,1% 

and the combined binary efficiency was greater than 47% (see Fig. 11-3-4). 

The corresponding values for 1800 °F gas outlet temperature were 43.1% for 

the steam cycle and 51% for the binary cycle. Other data pertinant to these 

calculations are given in Figs. II-3-4  and 5. Details of the calculations are 

given in Appendix E. 

Advantages of this design are as follows: 

(1) Exploitation of high temperature benefits are now possible without 

necessitating higher temperature steam cycle technology. This is 

accomplished by simply passing the high temperature gas through 

the gas turbine first and then to the steam generator. 

(2) Recuperators which are required for direct gas cycle are not needed 

in this design. The hot gas coming out of the turbine is cooled 

while producing superheated steam for the steam cycle. Gas leaving 

the steam generator is still hot - 500°F. It is compressed and sent 

back to the reactor. This gas cycle is very similar to what is 

used now in HTGR's, except for a key component, an addition of a gas 

turbine. This addition and optimization of the whole cycle yields 

a significant improvement in overall efficiency. 

(3) Because the gas cycle used in this design has a low efficiency, it 

matches in a natural way the gas turbine technology, i.e., small 

size and small MW rating - 100-250 MWe. 
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(4) The gas pressure drop of this gas/steam binary cycle is expected 

to decrease to about half of that characteristic of gas cycles, 

primarily because of eliminating the recuperator. 

(5) Inlet temperature to the reactor would be lower than that associated 

with gas cycle only. 

The combination of a relatively efficient, technologically well developed 

steam cycle with a rather inefficient but well developed gas cycle, yields a 

significant advantage over existing thermal power converters. 

The steam cycle shown in Fig. II-3-4 consists of six feed water heaters, 

five of which are closed loop heaters, one is open loop for deareation 

purposes. The last heater is usually located at high elevation with respect 

to the boiler feed pumps to effect a continuous positive pressure at the 

input to the pumps and this eliminates cavitation and vibration. Steam at 

2000 psi and 1000°F from the steam generator goes to the high- and low-

pressure turbines. Steam from the low-pressure turbine is extracted at 

various stages to heat the feed water. The rest of the steam goes to the 

condenser where the pressure is 2" Hg absolute. Here heat is rejected by 

the circulating water to the wet cooling towers. 

Figure II-3,4 and 7 show the gas turbine outlet temperature, reactor 

gas-in temperature, compressor inlet temperature, and the pounds of gas 

needed per pound of steam generated, all versus gas compression ratio 

for outlet of 1500°F and 1800°F respectively. Also shown is the overall 

binary cycle efficiency as a function of compression ratio. It is interest-

ing to note that at a compression ratio of 1.8 and T
max 

for reactor gas 

outlet of 1500
o
F, the optimized binary efficiency is 47.3%, but the turbine 
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gas outlet temperature is only 1150°F. This gas temperature and the 

steam cycle (shown in Fig. lir-37-4) yields a steam cycle efficiency of 

43.1%. This optimum binary cycle efficiency, however, corresponds to a 

reactor inlet temperature of 890
o
F which is not really desirable because 

high gas flow rates would be required, and this could be costly. A 

better choice for operating compression ratios could be 1.4 to 1.5 where 

the efficiency is 46-46.7%, the inlet reactor temperature range is 

710-760
o
F, and the gas turbine outlet temperature is 1300-1250

o
F. Optimum 

operating conditions from an economic point of view would require further 

analysis. 

It is important to point out that the difference in the steam cycle 

efficiencies between this work and that of the HTGR's is primarily due 

to the fact that the compressors in this work are driven by the gas cycle, 

whereas the circulators in present HTGR technology are driven by steam. 

In addition to this work, the gas cycle produces additional electricity. 

For example, for a 1000 MWe plant operating at a compression ratio of 1.5, 

the binary cycle efficiency is 46.7% or the reactor produces 2140 MWth. 

The steam cycle alone produces 866 MWe and the net gas cycle is 134 Me, 

The current HTGR technology with a 2140 MWth plant produces 856 

assuming a steam cycle efficiency of 40%. In other words, the binary cycle 

described herein is over 16% better than HTGR technology under approxi-

mately the same operating condition. 
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4 Fuel Design 

4.1 General Considerations of Coated Particles 

The fuel particle design is a key factor which affects overall reactor 

performance. Physics and thermal hydraulics considerations show that the 

fuel particle design should have the following desirable characteristics: 

1. large fuel volume fraction, or equivalently small coating 

material volume fraction 

2. for better breeding performance, the higher the fuel density the 

better 

3. high thermal conductivity for both coating layers and fuel kernel 

4. high creep strength for long term irradiation in high temperature 

and pressure environments 

5. good drop impact resistance and high crushing strength 

6. optimum size to give the highest power density at the lowest 

pressure drop, and 

7. high burnup performance. 

4.2 Coated Particle Fuel - A Review  

The development of coated particles fuel for thermal reactors 

(HTGR's and AVR's) and the developing coated particle technology for 

17)16, 
fast reactors (15,16,17) provide an extensive experience to draw upon 

for the Suspended-Bed Reactor. A brief review of these fuels is useful. 

Work on pyrolytic carbon coated particles has been going on for 

some time in many centers and laboratories around the world. (18,19,20,21)  

As excellent review of the general properties of BISO and TRISO coated 
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particles was recently reported. (21) 
 The reference BISO and TRISO 

particles as well as some advanced BISO particles are described in 

Table 11-4-I. (22)  Generally, coating failure depends on the fuel tempera-

ture and irradiation time. Specifically there are two factors involved 

in irradiation time: (1) the fluence of neutrons above 100-200 KeV and 

(2) burnup. Figures 11-4-1 and 11-4-2, taken from (Ref. 21), illustrate 

respectively the coating failure zones for these particles as a function 

of irradiation time and fuel temperature. Figure II-4-3(a) shows TRISO 

particle failure as a function of fast neutron fluence in unit of 10
21 

nvt, 

at energies above 180 KeV. Figure II-4-3(b) shows TRISO particle failure 

as a function of fissile atom burnup, in units of % FIMA (fissions per 

initial heavy metal atom). TRISO particle failure as a function of tempera-

ture after exposure for different periods of irradiation is shown in 

Figure 11-4-4. Finally rapid thermal excursion effects from 1250 °  to 1425 ° , 

to 1600
o
, or to 1800

o
C and back to 1250

o
C on pressure vessel failure in 

TRISO particles is shown in Figure 11-4-5 as a function of fast neutron 

fluence (a) and kernel burnup (b). That the properties of these particles 

are excellent is obvious. In particular, the large burnup possible, 

shown in Figure II-4-3(b), is very attractive. 

The General Atomic Corporation has also investigated
(22) the breed-

ing potential of HTGR's. To that end, some advanced designs of coated 

particles have been considered, namely BISO I, BISO II, and BISO III, all 

listed in Table II-4-I. The conversion ratio possible with these fuels 

are given in Table II-4-11. 
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Table 	-I 

Advanced BISO Fertile Particle Description 

Particle 
System 

Particle Parameters 

Kernel 
Dia., pm 

Buffer 
Thickness 

pm 

Outer 
Coating 

Thickness 
pm 

Total 
Coating 

Thickness 
pm 

Kernel 
Volume 
Fraction 

Reference 
TRISO-BISO 

305 (TRISO) 
500 (BISO) 

50 
85 

100* 
75 

150 
160 

0.128 
0.227 

Advanced 
BISO-I 500 60 65 

(Si-PyC) 
125 0.274 

Advanced 
BISO-II 

500 50 50 
(Si-PyC) 

100 0.364 

Advanced 
BISO-III 500 40 35 

(Si-PyC) 
75 0.477 

Outer coating comprise 30pm high density PyC, 35 pm SiC, and 35 pm high density PyC 
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 fuel. (From Ref. 21). 
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Table 	 Effective Conversion Factors for 
Advanced BISO Fuel Particles 

Reactor Type a 
Particle System Effective Conversion 

Ratio 

Carbon to 
Thorium Atom 

Ratio 

HTGR 
Reference 
Fuel Rod 

and 
Fuel Block 
Design 

BISO - I 0.84a  0.75
b  

115
a  

130
b  

BISO - II 0.89a  0.82
b  

90
a  

100b 
 

BISO - III 0.93
a  

0.87
b  

70
a  

80
b  

HTGR 
Modified Fuel 
rod and block 
Design(c) 

BISO - I 0.90 
73a 

BISO - II 0.94 56
a  

BISO - III 0.96 45a  

(a) Power Density = 6.0 MWth/m3  

(b) Power Density = 8.4 MWth/m3  

(c) Coolant and fuel hole diameter = 1.857 cm 
in modified 8-row block. Fuel rod diameter 
increased while coolant channel decreased 
with respect to reference design. 
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It is seen that the conversion ratio increases as the carbon-to-

thorium atom ratio decreases. Additionally, the coating thickness in 

the advanced BISO is significantly thinner than the reference BISO and 

TRISO particles. The advanced BISO's contain "Si-alloys coatings.
"(22) 

What these Si-alloys are was not stated. It was indicated, however, that 

Si-alloys, presumably SiC, exhibit higher strength than pyrolytic 

carbon and thus make it possible to have thinner coating. 

The AVR fuel is also pyrolytic carbon coated particles placed in a 

graphite matrix and coated on the outside with a graphite shell about 

5 mm. The AVR pebbles are spheres of about 6 cm diameter. In February 

1974, the AVR reached helium exit temperature of about 1740
0
F.

(13) 

Other coated particles designs have been considered for gas cooled 

fast reactors.
(15,16)

These include: 

1. carbide or oxide coated particles, 

2. carbide or oxide fuel with stainless steel clad, and 

3. carbide or oxide fuel with Vanadium-Ti alloy clad. 

In many of the coated particle designs, SiC was selected as the pres-

sure vessel material primarily because of its small interatomic spacing, 

absence of reaction with UC or UC
2 
at high temperatures, low neutron 

capture cross section, good thermal conductivity, superior resistance 

to fuel migration, and superior strength.
(22

'
17) M. Dalle Donne, et al!

15) 

have designed a mixed uranium plutonium carbide particles 1.4 mm dia-

meter, with a triplex 120 pm thick coating (two layers of graphite and 

one silicon carbide) for use in a fast spectrum. 

One of the main reasons for SiC coating being chosen for fast 

reactors is its superior performance under high fast neutrons fluence 
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1 x 10
23 

nvt. Because of its strength and irradiation tolerance SiC 

coatings are normally thin and this has a positive effect on the breed-

ing ratio. 

It is to be stressed, however, that the experience with coated parti-

cles in fast neutron spectra is quite limited. The Suspended-Bed 

Reactor has a relatively fast neutron spectrum, and, consequently, the 

coated particles selected for this reactor require proof testing. 

4.3 Suspended-Bed Reactor Fuel Design 

Two types of coated particles were chosen for the preliminary design 

of the Suspended-Bed Reactor: (1) (Th-U)C 2  kernel coated with triple 

layers of low density graphite buffer region, SiC pressure vessel and ZrC 

outer layer, and (2) (Th-U) metal kernel oxidized on the surface and coat-

ed with the same layers as the (Th-U)C 2  kernel. The kernel diameter in 

both cases was 1.4 mm. The thicknesses of the three layers were as 

follows: 70 pm low density graphite, 30 pm SiC, and 50 pm ZrC. These 

designs are similar to the German design described in (Ref. 16). The 

buffer layer, consisting of low density graphite ( < 1.0 g/cm), fulfill 

two important functions: 

1. protects all other layers against fission product recoil effects, 

2. provides free volume which would accommodate kernel swelling and 

fission products storage. 

The thickness of the buffer region was determined as a function of kernel 

diameter (Ref. 16) which for our case would be 70 pm. The SiC layer 

provides two functions also: 
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1. serves as a pressure vessel 

2. serves as barrier for fission products. 

As the kernel expands due to thermal and irradiation swelling, the SiC 

is in tension. However, SiC has high thermal creep strength and very 

good mechanical properties with small dimensional variation 	(0.3%). 

The ZrC layer primary function is to protect the SiC layer from attack 

by oxygen which may exist in low concentration in the helium coolant. Other 

material which could replace ZrC as a protective layer is Nb, NbC or 

perhaps Ni. ZrC, however, appears to be most adherent and is very re-

sistant to thermal shock; thermal expansion coefficient is 6.6 x 10
-6

/
o
C 

compared to 5.35 x 10
-6

/
o
C for SiC. 

The choice of a dicarbide kernel rather than oxide was primarily 

due to the excellent thermal conductivity of (U-Th)C 2  which is 13.8 BTU/ 

m
o
F ft. versus 0.2 BTU/m

o
F ft. for the oxide. This factor is important 

to power density and decay heat removal. Additionally, carbon has lower 

capture cross section than oxygen. 

Metallic fuel kernel -- it is generally known that metallic thorium-

uranium alloys exhibit superior irradiation stability over uranium 

( 
alloys.

23-26) 
 The inherent advantages of this fuel are: 

(a) large fuel volume fraction 

(b) excellent thermal conductivity 

(c) high breeding ratio. 

Among the disadvantages, the lack of experience requires a detailed 

development program. 

The mechanical properties of the Suspended-Bed Reactor duel design 

are listed in Table 11-4-III. 
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Table 

Mechanical Properties of Fuel Materials 

Properties Unit U-Th)C Th Buffer PyC S.0 
1 

ZrC 
--- 

Young's modulus 

Ultimate tensile 
strength 

Yield strength 

Thermal expansion 

Poison's ratio 

Thermal conductivity 

Density 

Melting point 

psi 

psi 

psi 
o
C
-1 

watts 

 m C 

-; 
cm 
o
C 

23.9 

9.3 

4.62x10
6 

80x10
3 

35x10
3 

_ 
12.5x10 

0.27 

45 (600 ° C) 

11.72 

3092°F 

2.4x10
6 

5.4x10
-6 

0.24 

75 	(800° ) 

1.05 

6710°F 

52.5x10
6 

46x10
3 

46x10
3 

- 6 
5.35x10 

0.25 - 0.3 

36 (800
o
C) 

3.2 

3997 °F 

2.0 x 10 7  

20.5 	(800
o

i 

6.7 

6400°F 
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At high temperature thorium will react with the carbon coating. 

To prevent this, it is proposed that a layer on the surface of metal 

be oxidized before applying the buffer low density graphite, Another 

alternative to low density graphite, SiC and ZrC coatings is to use 

Cr, V, or V-Ti alloy, M Dalle Donne, et al (15)  indicated that metallic 

coatings can be applied on practically any size kernel. However, the 

particle should be designed so as to accommodate diameter variation 

and fission gas pressure buildup. Vanadium-titanium (20%) alloy has 

been found to be very compatible with thorium metal
(27) under long term 

irradiation and high temperature, It has, however, lower thermal con-

ductivity than either SiC or graphite, On the other hand; it may have 

better impact resistance, better wear resistance, and higher crushing 

strength. A fuel coated with V-Ti (20%) may be a potential fuel for the 

Suspended-Bed Reactor. 
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5. Physics Calculations  

5.1 Core Specification  

The Suspended-Bed Reactor consists of a core comprising two radial 

regions: inner core with a radius of 125 cm and an outer core extending 

from 125 cm to 178 cm. The core weight is one meter. The axial and radial 

blankets are 50 cm thick and are surrounded by 30 cm graphite reflectors. A 

sketch of the reactor is shown in Fig. 11-5-1. 

The core region consists of 151 (10" S.S. 316) pipes arranged into 

an 8-ring hexagon (see Fig. 11-5-2). Above and below the core region, the 

10" pipes are reduced to 4" to provide space for the axial blanket. This 

is shown in Fig. 11-5-3. At the top of the core inside each 10" pipe, a 

screen is placed to prevent the coated particles from being carried away 

with the helium coolant. In the core region within each 10" S.S. pipe, a 

stainless steel distributor is placed for the purpose of increasing the 

void fraction. The pipes are insulated on the inside with 50 mils Zr0 2 

 layer to allow high temperature operation (Fig. 11-5-4). 

A 10 m
3 
volume for the core was selected. This is based on thermal 

hydraulic analysis which indicated that for the Suspended-Bed Reactor and 

the fuel particle size chosen, the range of power density possible was 

between 150-400 MW/m
3
. A choice of 250MW/m

3 
yields, for the 10 m

3 
core, 

a total power of 2500 MWth, 

The unit cell in the Suspended-Bed Reactor can be represented by a 

triangle with equal sides (see Fig. 11-5-5), The small pipe at the center 

of the unit cell is a control element placed in the empty space among the 

large pipes. The total volume fraction of the empty space is 9% of the 

core volume and represents about 2% reactivity. 
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Fig. 11-5-1. Geometrical Description of the Suspended Bed-Reactor 
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Fig. 11-5-2. Pictorial View of Pipe 
Arrangement 
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Fig. 11-5-3. A Section of Pipe Showing 
Core and Blanket Arrangements 
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Schedule 40 S 
4" S.S. 316 

Fig. 11-5-4. A Sketch of the Suspended-Bed Reactor Pipe Showing Insulation 
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Fig. 11-5-5. Unit Cell in Suspended-Bed Reactor 



The stainless steel volume fraction is relatively insensitive to 

the pipe diameter. For example, the difference in volume fractions 

between 5" and 10" pipes is only 0.2%. 

The material volume fractions for the Suspended-Bed Reactor are 

given in Table II-5-1. Component volume fractions in GCFR's and LMFBR 

are included for comparison. 

5.2 Blanket Specifications 

The specifications for the radial blanket are: 

Radial Blanket  

no. of blanket elements 	 102 

233 	232 
kernel material 	 (U 	Th )C

2 

coating material 	 ZrC-SiC-PyC 

no. of particles per element 	 11,801,922 

blanket height 	 1 M 

pipe specification 	 10" schedule 80 S S.S. 316 

Top Axial Blanket  

blanket type hexgonal element (fertile rods 
inserted in graphite matrix or Beo 
matrix) with a4.5" diameter hole 
at center 

no. o f elements 	 253 

no. of rods per element 
	

18 

no. of coolant channels 
	

2 

blanket pellet diameter 
	

4.52 cm 
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Table II-5-J. Comparison of Material Volume Fractions 
of SBR with Typical GCFR and LMFBR 

Reactor 
SBR 

➢icarbide Kernel 
SBR 

Metallic Kernel 

GCFR 
(Ref. 

28) 
LMFBR 

(Ref. 	29) 

Core 
Coolant 	Volume Fraction 0.2886 0.361 0.433 0.325 0.361 0.397 0.640 0.406 

Fuel 	" 	n 0.242 0.202 0.161 0.222 0.202 0.181 0.221 0.329 

Stainless Steel 	" 	n 0.17 0.17 0.17 0.17 0.17 0.17 0.139 0.223 

Kernel Coating 	" 	? I 0.191 0.159 0.124 0.175 0.159 0.144 

Pipe Lining 	" 	n 0.0153 0.015 0.0153 0.0153 0.0153 0.0153 

Radial Blanket 

Coolant 	Volume Fraction 0.23 0.23 0.23 0.23 0.23 0.23 0.34 0.274 

Fertile 0.30 0.30 0.30 0.30 0.30 0.30 0.50 0.451 

Stainless 	Steel 	II 	 II 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.245 

Graphite 	n 	n 0.22 0.22 0.22 0.22 0.22 0.22 

Axial Blanket 

Top Coolant Volume 	Fraction 0.27 0.27 0.27 0.27 0.27 0.27 0.640 0.406 

Fertile 	" 0.45 0.45 0.45 0.45 0.45 0.45 0.221 0.329 

Stainless Steel 	"n 

Graphite n 

Bottom Coolant 	"n 

0.08 

0.20 

0.12 

0.08 

0.20 

0.12 

0.08 

0.20 

0.12 

0.08 

0.20 

0.12 

0.08 

0.20 

0.12 

0.08 

0.20 

0.12 

0.39 0.223 

If Graphite 	" 0.20 0.20 0.20 0.12 0.12 0.12 

Stainless Steel " 0.08 0.08 0.08 0.08 0.08 0.08 

Fertile" 	■■ 0.60 0.60 0.60 0.60 0.60 0.60 
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Top Axial Blanket (contd.) 

coolant channel size 

light of element 

length of each side of element 

Bottom Axial Blanket  

blanket type 

1.78 cm x 45.72 cm x 27.3 cm 

50 cm 

31.53 cm 

Hexgonal element (fertile rods 
inserted in graphite matrix or 
Beo matrix) with a 4.5" diameter 
hole at center 

no. of elements 	 253 

no. of rods per element 	 24 

blanket pellet 	 452 cm 

cladding thickness 	 1.27 mm 

height of element 	 50 cm 

length of each side of element 	 31.53 cm 

Figures 11-5-6 and 11-5-7 show the details for bottom and top axial blankets. 
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5.3 Cross Section Generation  

The MC
2 

code, (30)  which utilizes the narrow resonance treatment, 

equivalence theory and an exact Legendre treatment for slowing down, was 

used. A total of about 2000 energy groups covered the energy range of 

15 MeV to 0.75 eV. A thermal group was added. ENDF/B Version III data 

were used. 

The unit cell specification accounted for self-shielding. 

The kernels were assumed homogeneous and energy self-shielding was taken 

into consideration by the narrow resonance treatment in MC
2
. The cross 

section sets generated for the Suspended-Bed Reactor consisted of 25 broad 

energy groups averaged over the fundamental mode spectrum of each com-

position. 

5.4 Reactor Calculations  

A set of spherical calculations were performed with the two basic fuel 

kernels chosen for the Suspended-Bed Reactor: dicarbide and metallic kernels. 

These calculations were used to delineate the dependence of critical mass 

and conversion ratio on coolant volume fraction (Fig. 11-5-9 and 11-5-10). 

The calculations comprised a one-region core, 35-cm blanket and 32-cm 

graphite reflector. Tables 11-5-11 and 11-5-III show the results for the 

dicarbide and metallic fuels respectively. 

Table II-5-IV compares the parameters of Suspended-Bed Reactor in 

spherical geometry with comparable GCFR and an LMFBR parameters. The 

Suspended-Bed Reactor fundamental mode spectrum is compared with that 

of a typical LMFBR in Fig. 11-5-11. It is noted that the Suspended-Bed 

Reactor spectrum is significantly softer than that of an LMFBR but much 
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Table II-5-II 

Fissile and Fertile Material Requirements and Conversion 
Ratios as a Function of Coolant Volume Fraction in 

Dicarbide Spherical Suspended-Bed Reactor 

Core Geometry Spherical, Dicarbide 

Core Volume, m
3 

10 6.4 10 11.67 10 10.4 

Coolant Volume Fraction (%) 28.86 28.86 36.1 36.1 43.3 43.3 

Conversion Ratio 1.12 1.13 1.085 1.09 1.06 1.07 

Critical Enrichment (%) 12 13 13.5 13 15 15 

Fissile Inventory (kg) 2564 1709 2311 2597 2054 2136 

Fertile Inventory Core (kg) 18875 11491 14816 17254 11633 12099 

Blanket (kg) 62365 48368 62365 66086 25839 64236 

Total Heavy Metal Inventory 21439 13206 17127 19851 13687 14235 
In-core (kg) 



o 

Table II-5-111 

Fissile and Fertile Material Requirements and Conversion 
Ratios as a Function of Coolant Volume Fraction in the 

Metallic Spherical Suspended-Bed Reactor 

Core Geometry Spherical, Metallic 

Core Volume, m
3 

5.9 10 10 12.8 10 13.1 

Coolant Volume Fraction (%) 32.5 32.5 36.1 36.1 39.7 39.7 

Breeding Ratio 1.2 1.191 1.182 1.18 1.174 1.17 

Critical Enrichment (%) 124 11 11,5 11 12 11.5 

Fissile Inventory (kg) 1911 2965 2818 3450 2646 3322 

Fertile Inventory Core (kg) 14017 23988 20230 27913 19491 25570 

Blanket (kg) 46200 62365 62365 72654 62365 73275 

Total Heavy Metal Inventory 
In-core (kg) 15928 26952 23048 27913 22137 28892 



Table 11-5-IV. SBR Comparison with Other 1000 MWe Reactors 

Reactor Type Suspended-Bed Reactor 
GCFR 	LMFBR 

(Ref.31)(Ref.32) 

Fuel Dicarbide Kernel Metallic Kernel Oxide Oxide 

Particle Coating ZrC - SiC - PyC ZrC - SiC - PyC 

Clad Material S.S. S.S. 

Blanket Material Th metal in Th metal in Th02 UO2 
Graphite Matrix Graphite Matrix 

Coolant He He He Na 

Core Power Density 
MW/m 3  250 250 240 380 

Core Volume,(m 3 ) 10 10 10.306 6.3 

Specific Power, 1.08 0.887 0.827 1.0 
Mw/kg 

Critical Mass, kg 2311 2818 2910 2400 

Conversion Ratio 1.08 1.18 1.21 1.20 

8 1 



10 

r 
r- - 

1 0 

r - 

SBR 

F. 

J 
- 

1 0 -1  

R
E

L
A

T
IV

E
 F

L
U

X
 

10 -2 

LMFBR 

10 - 3 
10 1 	10 	 10 

Energy, eV 

Fig. 115,10. Fundamental Mode Neutron 
Spectrum of the SBR and 
the LMFBR 

10 10 10 b  

82 



harder than the LWR's. 

The void coefficient of the coolant in the Suspended-Bed Reactor 

is small (- 0.003% Lk/k), but negative. 

5.5 The Suspended-Bed Reactor Cylindrical Calculations  

The physics parameters of the Suspended-Bed Reactor, as sketched 

in Fig. 11-5-1 were calculated in cylindrical geometry. Table 11-5-V 

summarizes the results. Figure 11-5-11 shows the spatial power distri-

bution. 

When the reactor is shutdown the suspended bed collapses and the 

reactivity of the assembly in transition (see Fig. 11-5-12) is less than 

0.87. 
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Table II-5-V. Physics Parameters for Cylindrical Reactors 

Parameter Dicarbide Fuel Metallic Fuel 

Core volume, m
3 

10.0 10.0 

Inner core, m
3 

5.64 5.64 

Outer core, m3 4.54 4.54 

Enrichment 

inner core 16.0 % 12.8% 

outer core 22.88% 18.3% 

Total fissile inventory 

inner core, kg 1170.0 1507.0 

outer core, kg 1430.0 1841.0 

Total fertile 

inner core, kg 6143.0 10,266.0 

outer core, kg 4820.0 7213.0 

axial blanket, kg 41,166.0 41,166.0 

radial blanket, kg 16,424.0 22,418.0 

Conversion ratio 1.06 1.17 

Power peaking factor 1.21 1.21 

Heavy metal loading per particle, gm 0.0134 0.0175 

Total number of particles 1.0128 x 10
9 1.19 x 10

9 

Number of fuel particles per pipe 6.66 x 10
9 

7.829 x 10
6 
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6. Selection of Pipe Material and Sizes  

The essential requirements for pipes' material in the Suspended-Bed 

Reactor are: 

(a) high melting point 

(b) high mechanical and creep strength for high temperature and 
high pressure operation 

(c) retention of satisfactory physical and mechanical properties 
at high temperature (1000 °F) and pressure (1000) psi for long-term 
irradiations 

(d) compatibility with carbide 

(e) low cost. 

Metals and alloys of particular interests are stainless steel 316, 

zircalloy and vanadium Ti - 20%. 

Studies involving V-Ti alloys have indicated (27) 
that the 20% Ti-Vanadium 

alloy shows,(1) very little irradiation-induced swelling due to the absence 

of helium void formation, (2) hardly any irradiation-induced high temperature 

embrittlement, (3) relatively high creep strength which is maintained for 

long term irradiations, and (4) higher mechanical strength than S.S. 316 or 

zircalloy at high temperatures, to 800°C (1472°F). Thus, the V-20 Ti alloy 

appears to be a very promising pipe material. However, it is quite expen-

sive; only a small amount of vanadium is produced commercially. The cost 

is approximately $30/lb. With massive production, it is possible that 

the cost can be drastically decreased. 

Zircalloy is widely used as a cladding material in thermal reactors 

due to its low thermal absorption cross sections. But in a fast reactor, 

the neutron spectum is hard; the advantages of small thermal cross section 

are not significant. As a result, structural materials, such as stainless 
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steel with fairly high thermal absorption, can be used in fast reactor. 

Stainless steel is well developed and widely used in industry. It is the 

cheapest metal with reasonably good mechanical and irradiation behavior 

in high temperature and pressure environments. These are the main reasons 

why we chose stainless steel as a piping material for the Suspended-Bed 

Reactor. 

The comparisons of mechanical, physical and nuclear properties for 

these three kinds of materials are listed in Table II-6-I. (33 -35)  

One-dimensional diffusion calculations were performed using V-Ti(20%) 

Zr and s.s. as piping material to study their effects on critical mass and 

breeding ratio. The results are shown in Table II-6-II. It is seen that 

with V-Ti one has almost the same breeding ratio as with stainless 

steel. 

Pipe Size 

The selection of pipe size mainly depends on the following factors: 

(a) cost 

(b) V.F. (volume fraction) of pipe material 

(c) removal of decay heat 

(d) operating pressure and operating temperature. 

The general formula, recommended by the Power Boiler Section of the 

ASME boiler code and the ANSI code for pressure piping, is: 

2(tm-C)  
P/S - 

D-2y(tm-C) 
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Table II-6-I. Mechanical, Physical, and Nuclear Properties of 
V-Ti(20✓), Zircalloy 2 and 4, and S.S. 316 

Yield strength 	10
3 

psi 

(0.2 % offset) 

Tensile strength 	10
3 

psi 

Creep strength 

Compatibility 
with carbide 

Irradiation 
behavior 

V-Ti 20% Zircaloy 2,4 S.S. 	316 

3200° F 3310°F 255 02650°F 

5.75 6.5 7.92 

9.4 5.9 19.7 

0.047 0.035 (25 ° C) 0.035 (100° C) 

0.0315 (300° C) 0.050 (500° C) 

30(25°C) 

21 (1000°F) 

19.5 	(1300 °F) 

75 	(25°C) 

42 	(25 °C) 

70 (25° C) 100 (25°C) 

69.2 (1000°F) 95 (500°C) 

46.0 (1300°F) 85 (700°C) 

52 (900° C) 

good bad fair 

good unknown good 

good fair fair 

Unit  

Melting point 	°F 

gm  Density 3 
cm 

Linear thermal 
10

-6 
per 

o
C 

expansion 

Thermal conductivity cal/cm/sec °C 

Thermal absorption 
cross section barn 	 4.88 	 0.18 	 3.0 
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Table 11-6,11 

Effects of Pipe Material on Neutronic Performance 

p. 

Pipe material S. 	S, Zr V.-Ti(20%) 

Enrichment 12% 12% 12% 

Relative Breeding Ratio 1.0 0.99 1.0 

Relative critical mass 1 0.97 0.86 

90 



where 

P = maximum internal operating pressure in lb/in
2 

S = allowable stress in material due to internal pressure 

tm = 

C = 

D = 

y = 

minimum pipe wall thickness in inches 

allowance for threading, mechanical strength, and/or corrosion, 
in inches 

outside diameter of pipe, inches 

a coefficient having values as follows: 

0.4 up to, and including, 1050
o
F 

0.5 for 1100 °F 

0.7 for 1150°F, and above. 

Calculations show that the volume fraction of S.S. 316 corresponding 

to the required thickness to have internal operating pressure 1000 psi at 

temperature 1000 °F almost stay constant as pipe sizes are increased from 

1 1/2" to the 10". For the Suspended-Bed Reactor it is economical to 

keep the number of pipes in the core reasonably low. However, removal of 

decay heat requires that pipes, 4" or smaller, be used. 

The pipe size chosen for the core region was 10", schedule No. 80S. 

The pipe size above and below the core region is reduced to 4" , schedule 

No. 40S. Additional benefits which result from this arrangement are: 

1. adequate space among 4" pipes is provided to accommodate axial 

blanket and reflector so as to increase breeding ratio and de-

crease critical mass. 

2. adequate space is provided to stack graphite blocks below the 

reactor for decay heat, heat sink. 
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3. adequate space is provided for the valves needed to control flow. 

The schedule number given in A.S.T.M. specification A409 (corrosion 

resistant pipes) for 10" and 4" S.S. 316 pipes for service at 1000 °F 

and pressure 1000 psi is "80S" and "40S" and are listed in Table II-6-111. 

Since the Suspended-Bed Reactor will have gas exit temperatures 

exceeding 1500 °F, it is necessary to insulate the pipes such that the 

temperature drop across the insulation is equal or greater than 500 °F. 

The material chosen for this purpose is Zr0 2 . It has a high melting 

point (2600 °C) and a very low thermal conductivity ( - .004 cal/cm-sec °C). 

It is compatible with stainless steel. 

Our calculations show that a 10-20 mils thick lining on the inside 

of each pipe would be more than enough to insulate the pipes. We chose 

50 mils Zr0
2 

coating. 
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Table 11-6-III 

Design Properties of Pipes 

nominal 	'schedule 
pipe size 

and 
outside 

diameter 

number 
wall 

thickness 
inches 

inside 
diameter 
inches 

Cross-Sectional 
metal 
area 

sq. 	in. 

flow 
area 

sq. 	in. 

weight 
of pipe 

lb/ft 

4 
40S .237 4.026 3.17 12.73 10.79 

D = 4.500 

10 80S .500 9.750 16.1 74.7 54.7 
D = 10.750 
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7. Decay Heat Removal  

After a reactor has been shut down, large amounts of heat continue 

to be generated in the fuel due to the presence of fission products. 

Measures must be taken to ensure removal of this heat, especially if shut-

down is a consequence of interruption of coolant flow. 

In the Suspended-Bed Reactor, if the coolant flow is decreased 

rapidly, the fuel particles will fall to the bottom by gravity force where 

physical spacing among pipes and poison in the pipes will bring about safe 

shutdown. The graphite blocks among the pipes serve as decay sink and 

helps keep temperatures low without causing any material damage for a 

period of at least 24 hours. 

The purpose of this section is to calculate the amount of graphite 

required to withstand decay heat for at least a period of one day with 

no coolant flow at all. 

The following assumptions are made: 

a. total power = 2500 Mwt 

b. peak power density = 300 MW/m 3  

c. maximum bed center line temperature = 3200 °F 

d. maximum pipe wall temperature = 1200°F 

e. average temperature rise of graphite block = 1000 °F 

The total amount of graphite is determined by: 

M 
1  

Cp  • AT 

t 
p(t) dt 
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where M is the mass of graphite 

Cp is the specific heat of graphite 

At is the temperature rise in graphite block 

f
t 

o 

p(t)dt is the integral of decay power over cooling time, i.e. 

the total decay heat during t. 

The result of calculations are given in Table 11-7-I. 

TAble 

Mass of Graphite Block Required to Remove 

Decay Heat for 1, 12, and 24 hours After Shutdown. 

Time After Shutdown 

1 hour 12 hours 24 hours 

Decay heat in MWD 

3.9 13.4 21.5 

Total amount of graphite (density = 1.8 g) 

20 m
3 

68.7 m 3  110 m
3 
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It is seen that the amount of graphite required to accommodate decay heat 

for one day following shut down is only 110 m
3 
which is equivalent to a 

solid cylinder of 3.27 m radius and 3.27 m height. 

The calculation of the temperature across the 4" pipe profile was 

done with the following equations: 

a. Temperature across the pipe wall 

	

q"'2 	r 
 

	

Ti  - T
o 	

n 	 — 

	

o 	2 Ks 	r
i 

Ti  = pipe inside wall temperature 

To  = pipe outside wall temperature 

ri  = pipe inside radius 

ro  = pipe outside radius 

Ks = thermal conductivity of pipe material 

e= power density 

b. Temperature across the bed: 

ti 
qm  r

2
i  

4 ke 

4: bed center line temperature 

Ke: bed effective thermal conductivity 

The bed effective thermal conductivity is about one-tenth of the 

particle overall thermal conductivity according to reference.
(36)  

Table I1-7-11 summarizes the results for various pipe sizes. It can 

be seen that only the 4" schedule 40S pipe meet the guidelines outlined 

earlier. The maximum fuel bed center-line temperature was 2894 °F consider-

ably lower than design limits. 
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Table 11-7-II 

Temperature Distribution for Various Sizes of Pipes 

Size Maximum bed center 
line temperature 

Maximum 
wall temperature 

Graphite 
temperature 

4" 2894 °F 739°F 500°F 

6" 5820°F 930°F 500°F 

10" 14366°F 1727 °F 500°F 
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8. Considerations Leading to Choice of Suspended-Bed Reactor Parameters  

Initially it was thought that fluidized bed reactors would yield supe-

rior power densities. However, it soon was realized that such was not the 

case. Figure II-8-1 shows the power density as a function of particle size 

for a coating thickness to diameter of kernel ratio of 1/10. Three bed 

heights were considered: 1, 2, and 3 meters. Gas pressure, inlet tempera-

ture and maximum fuel temperature were set at 1000 psi, 500°F and 2400°F 

respectively. The gas outlet temperature as a function of particle size 

is shown in Fig. II-8,2, The pressure loss as a function of bed height 

is shown in Fig. 11-8-3. From these results, it was found that the max- 

imum power density in fluidized beds is rather small - 12-30 MFWm
3 
 . 

The gas static pressure affects the power density slightly. Figure 

II-8-4 shows the power density as a function of particle diameter at three 

pressures: 1000, 1500, and 2000 psi. Finally, the dependence of power 

density on gas inlet temperature is shown in Fig. 11-8-5. 

As a consequence of this study, it was realized that fluidized bed 

reactors have relative low power densities. The breeding ratio and good 

doubling times require high fuel volume fraction and high power density. 

To overcome these limitations, it was decided to increase the gas velocities 

and trap the coated particles in the core by means of a screen so that the 

reactor would be a suspended-bed-reactor, i.e. fixed bed in a suspended 

state. 

A parametric study of the suspended-bed-reactor concept was performed. 

Figure II-8-6 shows power density vs gas velocity for various particle sizes. 

It is seen that for particles 2 mm diameter or smaller and gas velocities 

of 10-20 meters/sec the power densities possible are 200-300 Mw/m
3
. The 
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gas outlet temperature for each particle size as a function of gas velocity 

is shown in Fig. 11-8-7. The corresponding pressure drop is shown in 

Fig. 11-8-8. Figure 11-8-9 shows the power density dependence on the void 

fraction and the corresponding pressure drop for 1 mm particles and 

Figure 11-8-10 shows the same parameters for 2 mm particles. 

The results indicate that power densities between 200-500. MW/m
3 

at acceptable pressure losses are indeed possible. 
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9. Preliminary Design of Suspended-Bed Reactor  

Parametric optimization of a binary cycle, employing a combination 

of relatively low, direct gas cycle, efficiency and an indirect high effi-

ciency steam cycle, was discussed in section 3 of this chapter. The 

dependence of the overall binary cycle efficiency on 6, the pressure loss 

ratio, i.e. pressure drop in circuit, is shown in Fig. 11-9-1 for 6 values 

between 0.01 and 0.09. Figure 11-9-2 shows compressor outlet or core inlet 

temperature and overall binary cycle efficiency at various compression 

ratios, as a function of gas pressure loss ratio. 

The power density as a function of compression ratio for various void 

fractions in the dicarbide fueled Suspended-Bed Reactor is shown in Fig. 

11-9-3. These results characterize the dicarbide fuel under the appropriate 

constraints specified in the figure. The pressure loss vs compression 

ratio is given in Figure 11-9-4. The binary efficiency for various void 

fractions as a function compression ratio is shown in Fig. 11-9-5. 

The results for metallic fuel coated particles are given in Figures 

11-9-6, 11-9-7, and 11-9-8. 

The maximum fuel temperature for the dicarbide and metallic fuels was 

set at 2400
o
F and 2000

o
F respectively. The gas outlet temperature was set 

at 1500
o
F in all cases, The suspended-bed height was 1 meter and this 

represents a reasonable compromise between neutronic and pressure loss 

considerations. 

The three layer coatings were 70p low density prolytic carbon, 30p 

SiC and 50p ZrC. Section 4 of this chapter discusses further the fuel 

design. Table 11-9-1 lists other material constants used in the calculation. 
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Fig. 11 ,-9-1. Binary Cycle Efficiency vs Compression Ratio 
at Various Pressure Loss Ratios 
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Fig. 11-9-I. Material Constants Used in Calculation 

FUEL KERNEL: 

Dicarbide Fuel, (U
233

,Th
232

)C2 

Density of dicarbide fuel kernel, gm/cm
3 	 10.0 

Thermal conductivity of dicarbide fuel watt/cm ° C 	 0.24 

b. Metallic fuel, (U
233

,Th
232

) 

Density of metal fuel, gm/cm
3 	

11.7 

Thermal condition of metal fuel, watt/cm °C 
	

0.45 

COATING 

1st layer; density of low density pyro. graphite, gm/cm
3 	1.0 

Thermal conductivity of low density pyro. graphite, watt/cm °  0.75 

2nd layer; density of silicon carbide, gm/cm
3 	

3.2 

Thermal conductivity of silicon carbide, watt/cm ° C 
	

0.36 

3rd layer; density of zirconium carbide, gm/cm
3 	

6.7 

Thermal conductivity of zirconium carbide, watt/cm °C 	 0.205 

119 



For the carbide fuel the maximum binary cycle efficiency for a void 

fraction of 60% occurs at a compression ratio of about 1.2 (Fig. 11-9-5). 

The pressure loss in the core at this compression ratio is 120 psi 

(Fig. 11-9-4), Assuming an additional pressure loss in the rest of the 

circuit of 20% or a total loss of 140 psi. The corresponding overall 

binary efficiency is 40%. The power density is 290 MW/m
3
. Table 11-9-T1 

summarizes the dicarbide Suspended-Bed Reactor design parameters. 

For the metallic fuel, the same procedure for optimization, yields 

acceptable pressure losses at 55% void fraction for which the maximum 

binary cycle efficiency occurs at a compression ratio of 1,2. The pres-

sure loss in the core is 100 psi, and the overall efficiency is 41%. The 

power density is 220 MW/m
3
. Table 11-9-111 summarizes the coated metallic 

fuel Suspended-Bed Reactor design parameters. 

The overall Suspended-Bed Reactor binary cycle is shown schematically 

in Fig. 11-9-9. 

The overall Suspended-Bed Reactor is shown in Fig. 11-9-10. 
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Table II-9-II. SBR Design Specifications 
(Dicarbide Fuel) 

GENERAL 

1160.0 

40.0 

Electric Power, MWe 
Binary Cycle Overall Thermal Efficiency, % 

Core Power Density, MW/m
3 290.0 

Core Volume, m3 10.0 

Core Height, m 1.0 

GAS CYCLE 

He Gas Static Pressure, psi 1000.0 

Gas Compressor Compression Ratio 1.2 

Core Gas Inlet Temperature, ° F 590.0 

Core Gas Outlet Temperature, ° F, 1500.0 

Comp./Gas-Turb. Efficiency, % 90.0 

Total Gas Cycle Pressure Loss Ratio, % 14.0 

Gas Volume Fraction in Core (Void), % 60.0 

Gas Mass Flow Rate, kg gas /hr 3.963 x 10
6 

Gas Superficial Velocity, m/sec 19.1 

Gas Pressure Drop in Core, psi 120.0 

STEAM GENERATOR 

Steam Generator Gas Inlet Temperature, ° F 1464.0 

Steam Generator Gas Outlet Temperature, ° F 509.0 

Gas Temperature at Pinch Point, ° F 700.0 

Pound Gas per Pound Steam Generated 0.8415 

Steam Generator Outlet Temperature, OF 1000.0 

Steam Generator Feed Water Temperature, 
o
F 486.0 

(continued) 
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Table 11-9-II. SBR Design Specifications 
(Dicarbide Fuel-continued) 

STEAM CYCLE  

Superheated Steam Pressure/Temperature 
(Steam Turb. Inlet), psia/ ° F 	 2000/1000 

N. of Resuperheaters 	 0.0 

NI of Feed Water Heaters 	 6.0 

Condenser Pressure/Temperature, in. Hga/ ° F 

Quality of Steam at Low Pressure Turb. Exit, 

Steam Flow Rate, kg/hr 

2/101 

% 	15.0 

4.709 x 10
6 

Pumping Requirement, MWe 32.0 

Thermal Efficiency of Steam Cycle Alone, % 43.0 

Net Power Generated by Steam Cycle, MWe 1310.0 

Steam Turbine/Pump Efficiency, % 85.0 

FUEL 

Fuel Particle Diameter, cm 0.17 

Fuel Kernel Diameter (U
233

-Th
232

)C 2' cm 
0.14 

Fuel Particle Total Coating Thickness, cm 0.015 

Pyrolytic Graphite Layer Thickness 
(First Layer), cm 0.0070 

Silicon Carbide Layer Thickness 
(Second Layer), cm 0.0030 

Zirconium Carbide Layer Thickness 
(Third Layer), cm 0.0050 

Maximum Fuel Temperature, ° F 2400.0 

Maximum Temperature Drop through the 
Fuel Kernel, ° F 290.0 

Terminal Velocity of Fuel Particles, m/sec 8.7 

Fuel Kernel Max. Volumetric Heat Source 
Strength, MW/m 3  1.830 x 105 

Fertile Mass Core/Blanket, kg 

Fissile Mass, kg 

Specific Power, MW/kg 

Enrichment, Inner Core/Outer Core, % 

Initial Breeding Ratio 

Power Peaking Factor 

10,963/57,590 

2600.0 

1.1 

16.0/22.88 

1.06 

1.21 
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Table 	 SBR Design Specifications 
(Coated Metallic Fuel) 

GENERAL  

Electrical Power, MWe  902.0 

Binary Cycle Overall Thermal Efficiency, % 41.0 

Core Power Density, MW/m 3 220.0 

Core Volume, m3 10.0 

Core Height, m 1.0 

GAS CYCLE 

He Gas Static Pressure, psi 1000.0 

Gas Compressor Compression Ratio 1.2 

Core Gas Inlet Temperature, ° F 590.0 

Core Gas Outlet Temperature, ° F 1500.0 

Comp./Gas-Turb. Efficiency, % 90.0 

Total Gas Cycle Pressure Loss Ratio, % 12.0 

Gas Volume Fraction in Core (Void), % 55.0 

Gas Mass Flow Rate, kg/hr 3.017 x 10
6 

gas 
Gas Superficial Velocity, m/sec 14.7 

Gas Pressure Drop in Core, psi 98.0 

STEAM GENERATOR 

Steam Generator Gas Inlet Temperature, ° F 1452.0 

Steam Generator Gas Outlet Temperature, ° F 512.0 

Gas Temperature at Pinch Point, ° F 700.0 

Pound Gas Required per Pound Steam Generated 0.8551 

Steam Generator Outlet Temperature, 	F 1000.0 

Steam Generator Feed Water Temperature, 
o
F 486.0 

(continued) 
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Table II-9-III. SBR Design Specifications 
(Coated Metallic Fuel-continued) 

STEAM CYCLE 

Superheated Steam Pressure/Temperature, 
psia/ ° F 	 2000/1000 

Nsi of Resuperheater 	 0.0 

N 2  of Feed Water Heaters 	 6.0 

Cond. Pressure/Temperature, in. Hga/ ° F 	 2/101 

Quality of Steam, % 	 15.0 

Steam Flow Rate, kg/hr 	 3.528 x 10
6 

Pumping Requirement, MWe 	 24.0 

Thermal Efficiency of Steam Cycle Alone, % 	43.0 

Net Power Generated by Steam Cycle, MWe 	 983.3 

Steam Turbine/Pump Efficiency, % 	 85.0 

FUEL  

Fuel Particle Diameter, cm 

Fuel Kernel Diameter (U
233

-Th
232

), cm 

Fuel Particle Total Coating Thickness, cm 

Pyrolytic Graphite Layer Thickness, cm 

Silicon Carbide Layer Thickness, cm 

Zirconium Carbide Layer Thickness, cm 

Maximum Fuel Temperature, °F 

Maximum Temperature Drop for Fuel Kernel, ° F 

Terminal Velocity of Fuel Particles, m/sec 

Fuel Kernel Max. Volumetric Heat Source 
Strength, MW/m3  

Fertile Mass Core/Blanket, kg 

Fissile Mass, kg 

Specific Power 

Enrichment, Inner Core/Outer Core, % 

Conversion Ratio 

0.17 

0.14 

0.0150 

0.0070 

0.0030 

0.0050 

2000.0 

94.0 

9.3 

1.217 x 10
5 

17,479/63,584 

3348.0 

1.21 

12.8/18.3 

1.17 

124 



qu.tuw tte  

Gas Tue 

MEM,  

L 	 

Sref:m  

NUCLEAR 

REACTOR 

Figure II-9-9. Suspended-Bed Reactor Binary Cycle. 



Figure 11-9-10. Suspended-Bed Reactor. 
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III. RECOMMENDED RESEARCH AND DEVELOPMENT PROGRAM 

The first point that should be emphasized is that the Suspended-

Bed Reactor concept is not really limited to any one type of fuel or 

coolant. For example if the coated particle fuel should prove un-

suitable in a suspended bed operation due to breakage or erosion, it 

is quite possible to use coated particles fixed in a matrix of a 

material with high thermal conductivity shaped into disks with holes 

drilled through the disk for the passage of the coolant. The disks 

can be suspended in "guides" just like the coated particles. Thus, the 

fail-safe or nearly fail-safe features of the Suspended-Bed Reactor are 

not really tied to particles. 

Nevertheless, if coated particles are to be used in a Suspended-

Bed Reactor, it is necessary to experimentally determine the erosion 

rate of the outer layer under normal operating conditions, i.e. helium 

velocity and temperature and later irradiating condition. In addition 

to erosion, it is important to determine the breakage rate due to normal 

handling, i.e., fluidization and suspending the particles in the core 

region. Another important factor is whether or not at operating tempera-

tures the particles tend to stick to each other after long term operation. 

The pressure drop through the reactor is a very important design 

parameter which has important implications on performance and economics. 

This one parameter affects the breeding ratio, doubling time, overall 

thermodynamic efficiency and eventually the cost of electricity. It is, 

therefore, important to conduct an experimental program aimed at minimiz- 

ing the pressure drop before any final fuel design is chosen. The state 
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of the art of calculating pressure drops in fixed or fluidized beds 

is not accurate, perhaps within 50%. Thus an experimental prografu for 

measuring the pressure drop as a function of particle size and density 

at various coolant velocities is necessary. 

Suspending fuel, whether coated particles or disks, in a core 

region is certainly possible, and there is no doubt whatsoever about its 

feasibility. But it needs to be demonstrated with the goal of assessing 

the ease with which reactors can be controlled. 

A block diagram of the program we envision for the the SBR final 

design is shown in Fig. III-1-1. Our work heretofore concentrated on the 

thermodynamic and thermal hydaulic optimization under realistic engineer-

ing constraints. We have not exhausted, due to time limitations, the 

possibilities for optimum fuel design. Many possibilities exist whereby 

the fuel volume fraction and the power density would increase and at the 

same time the pressure drop would decrease. The benefits of such optimi-

zation translate directly into cheaper energy cost. The block diagram in 

Fig. III-1-1 represents a scheme to optimize the condition for a self-

sustaining energy source at the cheapest cost. Our analysis which is 

based on considerations of physics and thermal hydraulics indicates that 

a doubling time for the SBR as short as 10 years or even shorter is 

very possible. 

The fuel cycle calculation represents a significant effort which is 

essential. In particular, reactivity swings for each fuel cycle needs to be 

evaluated. Burnup effects on breeding ratio must be assessed. Protactinium 

effects on control should also be assessed. We currently are testing the 

appropriate codes which we are planning to use for the fuel cycle analysis. 
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Economic analysis also requires a significant effort, but it is 

necessary. Our activity in this area was limited to costing out com-

ponents. It would be desirable to cooperate with Oak Ridge National 

Laboratory and perform this analysis for the Suspended-Bed Reactor. 

We welcome the opportunity. 
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Engineering and Safety Constraints 

SUSPENDED-BED REACTOR CONCEPT 
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APPENDIX A 

GENERAL CONSIDERATIONS OF NATURAL URANIUM AND THORIUM- 

RESERVES AND IMPLICATION ON NUCLEAR POWER GROWTH 
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A.1 Uranium Reserves 

INFO, December 1975, tabulated the U,S, uranium resources as given in Table A-1-I. 

Table A-1-I 	U.S. Uranium Resources as of January 1, 1975 
(Tons of U

3
0
8
) 

Production Cost 
Reasonably 
Assured 
Reserves 

Potential Reserves 

Probable 	Possible Speculative Total 

$8 200,000 300,000 200,000 30,000 730,000 
$8-10 Increment 115,000 160,000 190,000 80,000 545,000 
$10 315,000 460,000 390,000 110,000 1,275,000 
$10-15 Increment 105,000 220,000 250,000 100,000 675,000 
$15 420,000 680,000 640,000 210,000 1,950,000 
$15-30 Increment 180,000 460,000 700,000 200,000 1,540,000 
$30 600,000 1,140,000 1,340,000 410,000 3,490,000 
By-products(a) 

1975-2000 90,000 90,000 
TOTAL 690,000 1,140,000 1,340,000 410,000 3,580,000 

Source: Energy Research and Development Administration. 
Note: Numbers may not add to totals because of rounding. 
(a) By-product of phosphate and copper production. 

The potential U.S. resources reported by ERDA as of January 1, 1976 are given 

in Table A-1-II (information from ERDA--Weekly Announcements, March 19, 1976). 

Table A-1-13, Potential Resources--January 1, 1976 

Tons U
3
0
8 

Class 
	

$10 	$15 
	

$30 

Probable 440,000 655,000 1,060,000 
Possible 420,000 675,000 1,270,000 
Speculative 145,000 290,000 590,000 

Includes lower cost resources 
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The data in Table A-1-II show a net decrease  in the "probable resources" 

category of 80,000 tons of U3 08 . Exploration efforts in 1975 included 26 

million feet of drilling in some 56,000 holes for an average depth of 465 

feet per hole. 

The Committee on Mineral Resources and the Environment (COMRATE) in a 

recent , study of reserves and resources of uranium in the United States (37) 

concluded: "Current data on uranium reserves (in known deposits) are re-

liable, but estimates of potential undiscovered resources are of uncertain 

validity." Potential reserves are those reserves which are yet to be dis-

covered although there is no guarantee that they will ever be discovered. 

ERDA's estimates of potential reserves are based on comparison of charac-

teristics of known deposits and their geologic surroundings to similar 

geologic areas. Recent exploration efforts,
(38) 
 presumably guided by 

knowledge of geologic strata, have failed to expand the reserves. 

The quantities of uranium that could be recovered at costs higher than 

$30/lb U
3
0
8 from known deposits appear to be very small.

(39) Moreover, 

since variations in the grade of ore in a given deposit occur frequently, 

the recovery of the lower grade ore (or higher-cost uranium reserves) 

must be carried out at the same time as that of the high grade ore. 

This increases the average cost of recovery to the $30/lb U 3
08 

level. 

If the low-grade ore is not recovered concurrently with the high grade ore, 

the resource would be lost because at that time the cost of recovery would 

be greatly increased. (39)  

The validity of the AEC estimates of potential resources in sandstone 

deposits was recently examined in a two-day conference at Albuquerque, 

New Mexico, December 12 and 13, 1974. Although participants in the 
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conference have had extensive experience with sandstone deposits, there 

was no agreement. Views varied from pessimistic to optimistic, The 

following observations
(37) 

were offered as reasons that AEC estimates of 

resources will not be met: 

1. The most favorable areas in some of the basins, e.g. in the Wind 

River Basin of Wyoming, may already have been explored. 

2. The amount of U
3
0
8 found per foot of exploratory drilling has 

decreased from 14.7 pounds to U3 08  per foot in 1955 to 4.7 pounds 

per foot in 1971 (mostly because of increased drill hole depths). 

3. Drilling during 1971-73 increased AEC $10 "reserves" by only 7,000 

tons of U3 08 . 

4. Drilling in certain areas that under the AEC system would have 

been estimated to contain potential resources has not been  

successful (underlined for emphasis). 

5. Evidence of the existence of large low-grade (0.05 to 0.10%, U3 08 ) 

deposits of uranium in sandstones is lacking. 

6. Exploration experience has contradicted projections involved in 

estimates of potential ore. 

7. While known mineralization is widespread, a relatively few deposits 

contain the bulk of the reserves. About 95% of reserves are in 150 

of the 4500 properties listed by the AEC. 

Observations in support of AEC estimates were as follows: 

1. There is a close correlation between past drilling effort (annual 

total footage) and amounts of uranium discovered. 

2. Since knowledge of uranium deposits is incomplete, future explora-

tion will very likely discover deposits of kinds unrecognized at 

present. 
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3. Higher prices in future will justify a search for lower grade 

ores than those mined at present. 

4. There are mineralized areas already known that have not been 

fully explored, either because first results of drilling indicated 

submarginal grades, or because reserves in hand were adequate to 

sustain company production schedules. 

5, Exploration effort to date is not an adequate index of the re-

sources that could be discovered if the exploration effort were 

greatly increased, The uncertain market for uranium and the low 

profitability of the industry have not been conductive to vigorous 

exploration. 

COMRATE
(37) 

saw no quantitative basis for evaluating these contradictory 

observations. However, the extensive drilling, during 1975, reported re-

cently by ERDA seems to confirm the pessimists' view on this point. COMRATE 

also rejects the optimistic estimates of uranium resources made by the 

Electric Power Research Institute (EPRI). (40) 

Some believe that exploration has been so extensive that all major 

reserves have been found. (41)  

The black shales of the United States have been frequently mentioned 

as a potential source of uranium, particularly the Chattanooga shale in 

the east central United States. The Chattanooga shale at an average grade 

of .007% and an average recovery of 50%, requires nearly 30,000 tons of 

rock for every ton of U
3
0
8 produced, Cost analysis (studied by COMRATE)

(37) 

suggest that the cost per pound of U3 08  (1974 dollars) would be upwards of 

$80, Even if such a price should prove acceptable, formidable problems of 

mining and milling, water supply, environmental protection, and capital 
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costs would have to be resolved. One recent analysis concludes
(42)

the 

energy cost of mining, milling, processing, and power generation from 

uranium from Chattanooga shale would be less than the yield of energy. 

Another analysis
(43) 

concludes that some reactors produce rather little 

excess in energy beyond that required to fuel them with uranium from 

Chattanooga shale. 

An independent check on the AEC estimates of the resource in 

the San Juan Basin in New Mexico was provided by 36 experts from industry, 

( 

university and government.
44,45)

AEC's own estimate was 740,000 tons of 

U
3
0
8 at costs of up to $30/lb. Twelve experts estimated that the Basin 

contained less than 100,000 tons and four estimated more than 1 million 

tons. The median estimate was 150,000 tons and the average estimate was 

450,000 tons. This illustrates further the urgent need for an accurate 

assessment of uranium reserves and points to the presence of error flags 

associated with the known reserves. 

On a more practical level the confusion with respect to the availability 

of uranium as reflected by price stability is permeating the literature of 

the nuclear industry. Westinghouse announced (46) that the Company is 

seeking to free herself from contractual obligation to supply uranium to 

utility companies at pre-oil embargo prices. According to Westinghouse, 

dramatic uranium price increases could cause her to lose 2 billion dollars. 

Westinghouse estimates of the price of U
3
0
8 

in October, 1975 were $24/1b.
(46) 

 In the March, 1976 issue of Nuclear News, chairman of the board of West-

inghouse, Robert Kelley, talks about $40/lb of U 308. Back in the October 

issue of Nuclear News (1975), William Minsch, a retired AEC senior attorney 

says, "Everybody has a fear of facing up to this drastic uranium shortage 
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that is closing in on us. We ought not to act like someone who thinks he 

has cancer, but is afraid to go to the doctor. It is better to know the 

truth and see what you can do about it. We have got to face up to this 

shortage of uranium. I think it would take a massive coordinated effort 

between government and domestic uranium industry . . .." 

The concern about the magnitude of the uranium resources for the LWR 

industry is genuine. John Hagerton of the S. M. Stoller Corporation in an 

address to the Atomic Industrial Forum Conference on Energy Alternatives, 

February 19, 1975, Washington, D. C., correctly summarized the situation 

with this statement, "If nuclear power [LWR] is beholden to the nuclear 

physicist and reactor technologist for its progress to date, its future 

may well be in the hands of the hard-rock geologist and mining engineer." 

In an article on energy in the Wall Street Journal, March 29, 1976, the 

following statement appeared; "In 1966 this newspaper reported forecasts 

that there would be almost limitless supplies of power from nuclear power 

plants expected eventually to be the cheapest source of energy almost 

anywhere on the globe. It already has become clear, however, that nuclear 

power is no panacea. In fact, some observers consider it a sick industry. 

Its cost are escalating. Environmentalists are attacking it and some 

people think the world will run out of uranium before it runs out of oil." 

Nuclear News (Mid-February 1976) reported that at least a dozen 

utilities were in various mining ventures trying to assure themselves 

adequate supplies of uranium. John Hogerton (47) says, "Today it is difficult 

to find a utility with nuclear commitments that is not concerned with some 

aspects of uranium supply. Some are concerned about lack of coverage for 

near-term or even close-in requirements. Others are concerned about 
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resources for the long-haul." 

World assured reserves, according to the Nuclear Energy Agency of the 

Organization for Economic Cooperation and Development and the International 

Atomic Energy Agency as of January 1, 1975, are listed in Table II-2-III. (48) 

It is interesting to note that NEA/IAEA assessment of the U.S. reserves 

are lower than ERDA's figures. 
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Table A-1-III 	Reasonably Assured Uranium Reserves 
(as of January 1, 1975, 1000 tons) 

Cost Range 	 < $15/1b U3
0
8 

$15-30/lb U3
0
8 

Reserves 

Algeria 28.0  

Argentina 9.3 11.3 

Australia 243.0 _a 
 

Brazil 9.7 0.7 

Canada
b 

144.0 22.0c  

Central African Republic 8.0 - 

Denmark (Greenland) - 6.0 

Finland - 1.9 

France 37.0 18.0 

Gabon 20.0 - 

Germany 0.5 0.5 

India 3.4 25.8 

Italy - 1.2 

Japan 1.1 6.6 

Korea - 2.4 

Mexico 5.0 1.0 

Niger 40.0 10.0 

Portugal 6.9 _a 

South Africa 186.0 90.0 

Spain 10.0 93.5 

Sweden - 300.0 

Turkey 2.6 0.5 

United Kingdom - 1.8 

United States d  320.0 1342:03 

Yugoslavia 4.2 

Zaire 1.8 - 

TOTAL (rounded) 1080.0 730.0 

a. Estimates of resources in this range have not been made and are, therefore, 
unknown. Exploration to date has concentrated on proving high-grade 
resources. 

b. Categories are by reference to price. 
c. Estimates in this price range are preliminary, restricted only to principal 

deposits, and thus are very conservative. 
d. Does not include 54,000 tons U as a by-product from phosphates or 15,000 

tons U as a by-product from copper production which might be recovered in 
the period to the year 2000. 
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A.2 The Thorium Resource 

Estimates of the thorium resource in the U.S., reported in WASH-1097 

(1969), are given in Table A-2-I. 

Table A-2-1 	Estimates of U.S. Thorium Resources 

Up to Price of 
	

Total, Reasonable Assured 
$/lb Th02 	 plus Estimated Additional, 

Millions of Short Tons 

USAEC
(49) 

USGS (50) 

10 0.6 1.0 

30 0.8 2.1 

50 11 

100 36 77 

500 3000 

Table A-2-1 may be compared to estimates of the uranium resource, shown in 

Table A-2- -II under the same range of recovery costs as reported in WASH-1097. 

Table A-2-1I Estimates of the U.S. Uranium Fuel Resources 

Up to Price of 
$/lb U308 

Reasonably Assured Total, Reasonably Assured 
plus Estimated Additional 

7 

USAEC 
Millions of Short Tons 

USGS USGS 	 USAEC 

0.10 

8 0.15 0.43 

10 0.21 0.19 0.56 1. 1 

15 0.46 1.0 

30 0.66 0.36 1.6 1.9 

50 6 10 

100 11 15 25 40 

500 500 2000 4700 
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More recent estimates (as of May 1973 (51)
) of the thorium resource are 

given in Table A-2-III. 

Table A=27-IIT Estimated U.S. Thorium Resources 
(thousand tons) 

Cutoff Cost 
($/lb Th02 

Reseasonably 
Assured 

Estimated 
Additional 

Total 

10 65 335 400 

30a  200 400 600 

50a  3,200 7,400 10,600 

a
Includes lower cost resources 

Relative abundance of thorium and uranium in the earth is sketched in 

Fig. A-2-1.(after Ref.52) and shows that the thorium resource is about 

3 times that of the uranium. 0thers (53)  report that the estimate for the 

thorium resource is 10 times as big as that of the uranium. 

Fig. A-2 1, Relative Abundance of Nuclear Fuels in the 
Earth's Crust (Basis, Ref. 54). 
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It is realistic to expect that the estimates of the thorium resource 

have not been subjected to the same type of scrutiny as those of uranium. 

Nevertheless, a consensus emerges that: (1) the thorium resource, woldwide, 

is larger than the uranium resource, and (2) the U.S. reasonably assured 

resource at recovery cost of $30/lb Th0 2  or less (i.e. 200,000 short tons,  

Table A-2-III) will be adequate to supply about 1000 power plants, of 1000 MWe 

each, practically indefinitely. It, therefore, appears that the thorium 

resource will be adequate to allow for growth in a thorium-based breeder 

concept. 

A.3 Energy From Assured Reserves  

That the LWR industry is facing difficulties due to uncertainities in 

uranium reserves is perhaps an understatement. If it is assumed that we 

can only be sure of about 700,000 short tons of U3 08 , then the time span to 

exhaust this reserve, assuming 1000 nuclear plants each rated at 1000 MWe 

and operated at a load factor of 75% and a net thermal efficiency of 32%, 

would be short 5.4 years. More importantly, the entire 700,000 tons would 

be committed completely for only 125 (1000 MWe) plants, assuming the life- 

time of a plant is 40 years. (55)  

Recently, financial problems have forced several utilities to delay 

and in some cases cancel construction of nuclear power plants. According 

to INFO (September, 1974) the total generating capacity, on order, under 

construction and operating was 237,194 MWe. As of March 8, 1976, the total 

generating capacity included in the three categories was 226,189 MWe, repre-

senting a net decrease of about 11,000 MWe. Orders for new power plants in 

1975 totaled 5 compared to 27 in 1974 (INFO, December 1975). As of December 

7, 1976, the total stands at 224,882 MWe (INFO, December 1976). 
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Regardless of the precise amount of uranium reserve which may ulti-

mately be found, this source of energy for the LWR industry is quite 

limited. ERDA's forecasts for nuclear power growth (56) (WASH-1139 (1974)) 

are shown below in Table A.73-I. 

Table. U.S. Nuclear Electrical Capacity Forecasts 
as of February 1974 (thousands of megawatts) 

Year 
Case 1980 1985 1990 2000 

A 85 231 410 850 

B 102 260 500 1200 

C 112 275 575 1400 

D 102 250 475 1090 

A key difference among cases A, B, and C is that the project time, from in-

ception to licensing and operation, is 10, 8, and 6 years, respectively. 

Case D assumes a general reduction in the growth rate of electricity use. 

The total electric generating capacity in 1980 is forecast to be 680,000 MW 

compared to 700,000 MW for Case B, otherwise case D is similar to case B. 

Apparently it was assumed in this extensive work [WASH-1139 (74)] that the 

uranium resources will be adequate to justify the growth shown in Table A-3-I. 

A reasonable reaction to the shortage of uranium would be that utilities 

would only build nuclear power plants (LWR's) for which there are assured 

uranium reserves. This translates to 125,000 MW capacity under the assump-

tions of 700,000 short tons of U3 08 , 75% load factor, and 40 years plant 

life time. The annual production of fissile plutonium in 125 (1000 MWe) 

reactors is 125 x 170 kg or 21,000 kg (see Ref. 57 for plutonium production). 
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This amount of plutonium is only enough to fuel 6 to 7 LMFBR's of 1000 MWe 

capacity and is hardly enough to make much of an impact on future energy 

requirements. 

Starting with 41,000 MWe nuclear capacity already installed in 1975 

(INFO,  February, 1976) and assuming an additional rate of 10,000 MWe per year, 

we will reach the limit of 125,000 MWe, described earlier, by 1984. The 

cummulative amount of fissile plutonium produced by that time would be 

145,100 kg. Unless the installed capacity is increased beyond the 125,000 

MWe level, the annual production of fissile plutonium from LWR's would level 

off at 21,000 kg. This inventory would, however, decrease significantly if 

the recycle of plutonium in LWR's, as proposed in WASH-1327, begins in 1977 

or 1978. Burning the very limited inventory of plutonium in light water 

reactors will increase the likelihood that no breeder concept would have 

enough base-support with respect to fuel availability to make much of an 

impact on electrical energy needs. 

A.4 Electrical Energy Needs and Nuclear Power Growth 

Electric utilities usually plan their generating capacities according 

to projections based on estimates of growth in the population, economy and 

the standard of living. These projections necessarily anticipate demands 

7-10 years ahead of time because it takes that long to bring power plants 

on line. The method of statistical analysis of past history and trend 

projection to predict energy requirements often fails to incorporate tech-

nical, social and political developments which affect such predictions. 

Nevertheless, trend projection is the only tool available for future energy 

needs assessment. 
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The Energy Research and Development Administration study, WASH-1139 

(74), employed such statistical tools to forecast electrical energy needs 

and anticipated nuclear power growth between 1974 and 2000. The forecast 

is based on the Census Bureau's Series E population projection which indi-

cates a total U.S. population of 228 million in 1980 and 271 million in the 

year 2000. It also assumes net immigration of 0.4 million a year and a 

fertility rate to replacement level. All of these assumptions are in 

agreement with recent trends. Estimates of the work force were based on 

age-groups within the total population, taking into account recent trends 

toward greater female participation in the labor force. These assumptions 

are then correlated with the Gross National Product (GNP) to predict future 

energy demands. 

The total electrical energy demand between now and the year 2000 is 

represented by the upper left line shown in Fig. A-4-1. This forecast 

represents the slowest rate of growth studied in WASH-1139.
(56)  It 

assumed a decreased emphasis on the production of goods due to higher 

energy prices. It also assumed that maximum efforts would be made to 

conserve energy by increasing utilization efficiency and by changing tem-

perature settings in heating and cooling homes and commercial buildings. 

Under these same conditions ERDA's study predicts a nuclear power growth 

of 85,000 MWe in 1980 to 850,000 MWe in the year 2000. This prediction is 

represented by the solid line in Fig. A-4-1. Extrapolation to the year 

2030 is based on the data reported by J. Dietrich. (58)  As mentioned ear-

lier, ERDA's prediction does not consider the limitations of uranium 

reserves; consequently, the growth rate depicted in Fig. A-4-1 cannot 

be realized. 
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If one postulates that the growth of the LWR industry will continue 

until it reaches a level supportable by the U.S. proven reserves, and no 

more, then the total nuclear capacity possible would be 125,000 MWe assum-

ing no plutonium recycle and 40-year plant lifetime. Should the uranium 

reserves, due to the greatly expanded exploration efforts, dramatically 

increase, ERDA's forecast of installed capacities can be reactivated. How-

ever, until major additional tracts of uranium deposits are found, it is 

prudent to follow a strategy based on what is, rather than on what might 

be. In this connection, one is reminded that on December 20, 1973, the 

Department of Interior leased 87 tracts in the Gulf of Mexico, off the 

shores of Mississippi, Alabama and Florida (MAFLO, for a fat $1.49 billion. 

According to the Wall Street Journal (4/4/76), "The shallow Continental 

Shelf along the coastline of those states was virgin territory that brought 

a gleam to the oilman's eye." There was a great expectation that major 

finds in the Gulf of Mexico would be found and that these will force the 

Oil Producing Nations to roll back their prices. In 1976, however, drillers 

stunned geologists by coming up with 15 expensive holes so dry they were 

dusty. 	After a glum reassessment of their tracts, several oil companies 

had second thoughts and are relinquishing their rights to the leases. 

The installed nuclear capacity in the U.S. in 1975 was 41,000 MWe 

(INFO, February 1976). If 10,000 MWe is added annually to the generating 

capacity, the 125,000 MWe level of LWR would be reached by 1984 and this 

level would stay constant for approximately 40 years unless changed by 

new discoveries of uranium deposits or by recycling plutonium. (Note that 

700,000 short tons of U
3
0
8 recoverable at cost up to $30/lb is the basis 

for the 125,000 MWe capacity.) The quantities of uranium that could be 
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recovered at costs higher than $30/lb from known deposits are very small 

according to ERDA.
(59) 
 The LWR projected generating capacity, as limited 

by the uranium reserve, is represented by the bottom curve in Fig, A-4-1. 

Flatness of this curve between 1984 and the year 2015 is due to the fact 

that all known reserves would have been committed to the installed capac-

ity. Plutonium recycle is not considered because it is used more advanta-

geously in breeders than in LWR's. 

The fissile plutonium generated in LWR's is about 170 kg/1000 MWe or 

272,000 kg by 1990, the year a breeder technology is assumed (optimisti-

cally) to come on line. Assuming a low fuel inventory of 3000 kg of fissile 

plutonium per breeder of 1000 MWe (comparable to LMFBR designs) and as-

suming that the fuel inventory is independent of the breeder's doubling 

time, we would have a breeder generating capacity of 90,000 MWe by 1990. 

The doubling time was varied: 30, 10, and 5 years were assumed and each 

breeder system was allowed to expand (1) at its own self-expanding rate 

(i.e. exponentially with characteristic doubling time) and (2) with ad-

ditions from LWR generated plutonium. These curves are shown in Fig, A-4-1. 

(Note that the current estimates of the doubling time of the Clinch River 

Breeder Reactor, an LMFBR demonstration plant, is 34 years,
(60) 
 based on 

a breeding ratio of 1.20. Current estimates of breeding ratio tend to be 

high and consequently the doubling time may be as high as 60 years. 

It is evident from Fig. A-4-1 that a breeder system with a doubling 

time of 30 years or longer does not have the potential to provide enough 

* 
Note that this assumption is not valid; generally the doubling time 

is a function dependent on the fuel inventory, power density and the 
breeding ratio. For the purpose of trend projections, this dependence is 
not important. 
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electrical energy to cover projected requirements. In fact, even the 

10-year doubler could not begin to cover requirements until the second 

half of the 21st century. The 5-year doubler would be ideal but unreal-

istic and perhaps unattainable when one considers fuel cycle delays and 

technology problems. 

If projected electrical energy requirements are to be met and if no 

major new deposits of uranium are found, other sources than fission energy 

would have to be used extensively regardless of the LMFBR program. 

There are those who question the continued growth of energy consump-

tion. Indeed, the growth cannot be sustained indefinitely. It may even 

be desirable from the environmental point of view to deliberately plan 

no growth. These questions cannot be settled here and will have to be 

settled by society as a whole. Energy availability, however, will be a 

major factor which affects the direction society finally follows. 
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TWRIUM-BASED REACTORS 

B.1 General Background 

In response to a request in 1966 by the Congressional Joint Committee 

on Atomic Energy, the AEC organized a Thorium Systems Task Force for the 

purpose of an overall assessment of the Civilian Nuclear Power Program 

and the potential use of the thorium'cycle in specific reactor designs. 

The task force was organized to essentially review and compile information, 

and to indicate the present status and the factors involved in the use of 

thorium in power reactors. Apparently the task force ". . . was not sup-

posed to provide a comprehensive inquiry which would include national 

policy considerations, detailed assessment of the overall thorium cycle 

and power generation, and the effect of the introduction of a fast breeder 

on the use of thorium reactors.-„ 
(61) 

 It was felt that LWR's will be the 

main vehicle with which the nuclear industry will make its start and event-

ually will be propagated through the successful entry of an economic fast 

breeder, presumably the LMFBR. The severe limitations on the LWR industry 

due to limited uranium reserves have already been discussed. The prospect 

for a successful debut of an LMFBR industry, acceptable to the public, 

remains cloudy and could go either way. Consider the recent statement by 

Dr. Robert C. Seamans, Jr., Administrator of ERDA,
(62) 
 "In conclusion, it 

must be emphasized that at this stage of LMFBR technology development we 

do not have all the answers necessary to determine the environmental ac-

ceptability, technical feasibility and economic competitiveness of LMFBR 

technology for widespread commercial deployment.” Opponents of the LMFBR 

program consider it uneconomical, unnecessary, and unsafe. Public unease 
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has certainly been expressed about the widespread use of plutonium as 

indicated, for example, by the resolution of the National Council of 

Churches. More importantly, unless the doubling time of current LMFBR 

designs is improved drastically, this technology won't have the potential 

of meeting electrical energy needs. 

Decreasing the doubling time with improvement in design is certainly 

possible. The French concept of heterogeneous cores, (63)  as discussed in 

Ref. 64, essentially increases the overall volume fraction of fuel which 

increases the breeding ratio. Russian designs
(65) 

contain lower sodium 

volume fractions and high fuel volume fractions and, therefore, have higher 

breeding ratios. Increasing the breeding ratio will decrease the doubling 

time (for further discussion of this see B-2-2). Improvements in doubling 

time are possible, but it is doubtful that such improvements would ultimately 

yield adequate doubling times unless the basic design of oxide fuel is 

changed to either carbide or metallic fuel whereby short doubling times are 

possible (more on this later). 

A central factor which is the basis for most of the concern over LMFBR 

safety is the positive sodium-void coefficient. According to ERBA,
(66) 

 "Except for LMFBR designs in which a large positive reactivity worth zone 

could be suddenly and coherently voided as a result of a loss of flow acci-

dent accompanied by a total loss of control function, there is no possible 

initiator of an energetic core disruption prior to large scale loss of core 

integrity." Actually all current LMFBR designs have large positive central 

sodium-void coefficients and the loss of flow is not the only mechanism; 

sodium boiling could initiate uncontrollable transients with bad consequences. 

In view of the facts that the LMFBR program as presently conceived: 

(1) may not have the potential for meeting electrical energy needs any 
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time before the last part of the twenty first century (see Fig.A-4-1), 

(2) may prove to be uneconomical, (3) may continue to have problems with 

sodium-void coefficients, and (4) may be rejected by the public solely 

because of resistance to wide scale use of plutonium, it is most useful 

to consider alternative breeders with better breeding potential and safety 

characteristics. In the rest of this chapter we will review the general 

information on thorium-based reactors. 

B.2 Physics Parameters  

B.2.1 Breeding  

A key parameter which characterizes the breeding potential of any reac-

tor system is the production of neutrons per neutron absorbed in the fissile 

material. This parameter is known as n and its dependence on energy is 

233 
shown in Fig. B-2-1. 	The striking feature of n 	is that it is relatively 

independent of the incident neutron energy up to about 1 MeV. By contrast 
239 

the n for Pu 	is highly dependent on the neutron energy; it is lower than 
233 

in the entire energy range below about 60 keV. The relationship of 

n for a particular isotope to the breeding potential of that isotope is 

given by the simple conversion ratio (CR) formula: 

CR=en-1- L 

where barred quantities represent averages over energy and spatial distri-

butions. 

= 1 + neutrons produced due to fissions in fertile material  
neutrons produced in fissile material 

(1) 
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and 

L = neutrons lost parasitically and through leakage per neutron 

absorbed in the fissile fuel. 

The conversion ratio measures the number of fertile atoms coverted to 

fissile atoms for each fissile atom destroyed. If the value of CR, aver-

aged over the in-core fuel cycle time at equilibrium condition, is 1.0 or 

greater the conversion ratio becomes the breeding ratio, indicating that 

the reactor system can generate its own fissile material. It is highly 

desirable to have a breeding ratio much greater than 1.0 so that bred fuel 

in excess of what is needed by the operating plant may be used for expansion 

and growth. 

The factor, c, plays an important role in determining the final value 
238 

of CR. Because of lower fission threshold in U 	relative to thorium-232, 

238 	 232 
the neutron yield in U 	is about four times that in Th 	. This property, 

which contributes significantly to CR when the neutron spectrum is very 

hard, is apparently the main reason for the policy to develop the LMFBR with 
238 

a U - based fuel rather than with a thorium cycle. In justifying this 

policy the AEC study, WASH-1097,
(61) 

cited some calculations performed by 

Okrent
(67) 

prior to 1964 showing that for metallic fuel the conversion ratio 
238 

in a small 1500 liter spherical core is 0.15 to 0.25 higher with U _ Pu 
232 233 

than with Th - U fuels. The fact that Okrent calculations apply to small 

metallic cores implies that the neutron spectrum was very hard. Consequently, 

239 	 233 
the breeding potential of Pu 	would be expected to be better than U 	. 

238 	232 
The additional fission advantage of U 	over Th 	is gravy. Oxide, not 

metallic, fuel, however, is used in the LMFBR program and core sizes in 

excess of 8000 liters are typical. Both of these facts contribute 
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significantly to softening of the neutron spectrum and this renders the 

comparison irrelevant. Nevertheless, it is true that under comparable 

238 	 232 
conditions c for U is higher than that for Th 	and the fissions in 

238 	 232 
U 	relative to Th 	, in typical LMFBR spectra, are approximately 4 to 1, 

(see Fig. B-2-2). 

Increasing the value of the factor c by including Be with thorium is 

possible on two counts: (1) the neutron production due to the Be (n,2n) 

238 
reaction is about 25% of the production in U 	in typical LMFBR spectra 

assuming equal atom density, and (2) the Be (y,n) reaction could increase 

the conversion ratio somewhat. 

A high conversion ratio is desirable but, by itself, it does not guaran-

tee a breeder concept which could grow fast enough to meet energy require-

ments. Along with a high conversion ratio it is desirable to have a low 

critical mass and a high power density. The doubling time which depends on 

all three variables is a better measure of the breeding performance of a 

reactor. In this regard the critical mass is dependent on the difference 

between the neutron yield and neutron absorption in the fissile isotope, i.e. 

(vo
fa

). The larger the value of this quantity the lower the critical mass 

would be. Thus, if the critical mass is assumed to be inversely propor- 

tional to vuf
-a

a 
and if the breeding gain is assumed to be proportional to 

en-2, then the quantity, 	
1 	

, would be proportional to the doub- 
(vu

f
-a

a
) (en-2) 

ling time. The doubling time is the time required for a breeder to double 

its fuel inventory and, for a given power density, is proportional to the 

critical mass divided by the breeding gain. The breeding gain is the breed-

ing ratio minus one and it represents the excess fuel bred. 
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1 
___ 	, 	

233 	239 
A comparison of the quantity,  	 for U 	and Pu  

(vu
f
-u

a
) (en-2) 

using multigroup formalism would be more meaningful with respect to breed-

ing performance than conversion ratios. The values for the effective cross 

sections used in the comparison were recently generated
(68) 
 for the funda-

mental mode spectrum in the following reactors; 

233 	232 
(U - Th 	)02  cooled by D2 0 

239 	232 
(Pu - Th 	)02  cooled by D2 0 

239 238 
(Pu - U )02  cooled by sodium 

The MC
2 

code
(30) 

which utilizes the narrow resonance treatment, equivalence 

theory for heterogeneity effects, and an exact legendre treatment for slow-

ing down, was used. A total of about 2000 groups covered the energy range 

from 15 MeV to 0.43 eV. ENDF/B Version III data were used. 

The unit-cell configuration of the D 2 0 reactors was fuel pins, 0.53 cm 

radius, surrounded by 0.1 cm thick zirconium clad (substituted for zircaloy) 

and 0.13 cm thick D
20 cooling jacket. The triangular unit-cell had a pitch 

to diameter ratio of 1.150. 

The unit-cell configuration of the LMFBR reactor was a fuel pin, 0.28 

cm radius, clad, 12 mil thick stainless steel, and an outer radius of 0.45 

CM. 

The homogenized atom densities of all three reactor compositions are 

given in Table B-2-I. 

The values for the quantity, 	
1  

(va -a ) (en-2)
, for each broad energy 

f a 

group are given in Tables B-2-II, B-2-III, and for all three reactors. 

Examination of these tables reveals the following: 
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239 	238 
(1) At energies above 100 KeV the breeding performance of Fu - Th 

233 
in an LMFBR is better than the breeding performance of U r Th in 

a D
2
0 reactor. The improvement is primarily due to higher values 

238 
of s because of the higher fission rate in U 

233 
(2) Below about 50 keV the breeding performance of the U - Th system 

is superior to the current LMFBR designs. This region extends all 

the way down to thermal energies. 
233 	232 

(3) The breeding performance of the U - Th system could be improved 

further by including Be in the fuel composition.
(69,70)

MC
2 

calculations
(30) 

indicate the neutron yield from the Be (n,2n) 
238 

reaction is about 25% of the U 	fission yield. Additionally, 

the Be (y,n) reaction will add to the improvement. 

(4) Breeding below 20 keV and above thermal energies is not possible 

with plutonium systems. This is indicated in Table B-2,-1V 

negative values for the quantity, 	
1 	

. The reason 
(va

f
-a

a
) (en-2) 

is that En is less than 2 (see Fig. 111-2-1). 
233 	232 

(5) The best breeding potential for the U - Th 	system is perhaps 

between 10 eV and 50 keV. In this energy range the NKr
f
-cr

a 
is 

233 
large, the n 	is rather flat, and the effects of fission prod. 

ucts are significantly less than in thermal reactors and hopefully 

manageable. 

Fission product capture cross sections have been analyzed
(71) 

by a combina-

tion of experimental results and statistical estimates for group cross 

sections for primary and secondary fission products covering the complete 

range of energies of interest to reactor calculations. Tables B-2-V, and 

B-2-VI, taken from Ref. 71, list the group cross sections for the slowly 
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and rapidly saturating fission products, respectively. It is seen from 

these data that the large capture resonances are below 10 eV. More work, 

however, is needed to assess the fission product effects on the breeding 

ratio of systems with average reaction rates in the energy region 10 eV - 

50 keV. 
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Table B-2-I. Atom Densities in Heavy Water-Cooled 0
233

-Th
232

)0 2 and (Pu
239

-Th
232

)0 2 
Reactors and in Sodium-Cooled (Pu 	U 238 )0 2  Reactors 

Homogenized Atom Densities x 10
-24 

U
237 

Th 	0 	D 	Zr 

(U
233

-Th
232)0

2 
in D2

0 Coolant 

.00085483 	.0092365 	.030192 	.0200178. .0085285 

Pu
239 

Th 	0 	D 	Zr 

(Pu
239

-Th
232

)02 
in D20 Coolant 

.001190 	.008956 	.03030 	.0200198 	.0085285 

Pu239 Pu240 Pu241 Pu
242 

U
238 	016  

Na23 Fe 	Cr 

(Pu
231

-U
238

)02 
in Na Coolant 

	

.00307 	.00148 	.00033 	.00177 	.0136 	.023822 	.01227 	.008173 	.001776 

Ni 	Mo 

	

.001217 	.0001494 



Table B- 2- II. Breeding Performance of (U 233-Th232 )0
2 in D20-Cooled Reactor 

Energy 
Group Elower' eV  "U-233 f

-aa )U-233 
1 

(va
f
-a

a )(En-2) 

1 0.60653x10 7  3.430 5.220 2.30470 3.2440x10-2  

2 0.36788x10
7 3.084 3.484 1.96920 8.3046x10

2 

3 0.22313x10
7 2.849 ' 	3.532 1.56136 1.1560x10

-1 

4 0.13534x10 7 2.689 3.281 1.39831 1.7310x10
1 

5 0.82085x10 6 2.553 2.972 1.01046 5.8040x10
-1 

6 0.38774x10
6 2.413 2.948 1.01000 8.2130x10

-1 

7 0.18316x10 6 2.324 3.117 1.00000 
1 

9.9000x10 

8 0.11109x10 6 2.287 3.183 1.00000 1.0950x100  

9 0.52475x10 5 2.270 3.324 1.00000 1.1140x10
0  

10 0.19305x10
5 2.260 4.242 1.00000 0.9060x10 0  

11 0.91188x10
4 2.251 5.802 1.00000 0.6870x10 0  

12 0.43074x104 2.220 7.517 1.00000 0.6050x10 °  

13 0.20347x104 2.139 9.821 1.00000 0.43301)(10 0  

14 0.96112x10
3 1.981 12.462 1.00000 -4.2230x10 °  

15 0.45400x10 3  1.893 16.194 1.00000 -0.5771x10 °  

16 0.21445x103 2.042 23.945 1.00000 0.9940x10°  

17 0.10130x10 3 2.050 30.856 1.00000 0.6480x10°  

18 0.47851x10 2 2.113 50.970 1.00000 0.1740x10 °  

19 0.22603x10
2 

2.265 66.412 1.00000 5.6800x10
2 

20 0.10677x10
2 2.150 141.940 1.00000 4.6960x10

-2 

21 0.50435x101 2.110 156.513 1.00000 5.8100x10
-2 

22 0.23824x101  2.168 112.130 1.00000 5.3000x10
-2 

23 0.11254x101  1.923 485.400 1.00000 2.6700x10 2 

24 0.41399x10°  2.330 181.490 1.00000 1.6690x10-2 

*See Equation (1) for definition of e; the ratio of fertile to fissile 
atom density was assumed to be 10.8. 
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Table B - 2- III. Breeding Performance of (Pu
239-Th232 )02  

in D20-Cooled Reactor 

Energy 
Group 

E
lower'

eV  
(11)Pu-239 (vcr f-craPu-239 	c  

1 
(vaf-aa)(nc-2) 

1. 6.0653x10 6 3.983 6.302 2.1394 2.430x10-2 

2.  3.6788x106 
3.541 4.338 1.6559 5.960x10

-2 

3.  2.2313x106 3.259 4.416 1.4799 8.020x10
-2 

4.  1.3534x10 6 3.094 4.216 1.3342 1.110x10-2 

5.  8.2085x105 2.974 3.505 1.0082 1 3.270x10 

6.  3.8774x10 5 
2.796 3.058 1.0000 4.100x10 1  

7.  1.8316x10 5  2.596 2.700 1.0000 6.190x10-1 

8.  1.1109x10 5 2.525 2.696 1.0000 7.060x10-1 

9.  5.2475x104 2.464 2.846 1.0000 7.580x10 1 

10.  1.9305x10 4 2.165 2.695 1.0000 2.250x10°  

11.  9.1188x103 1.891 2.589 1.0000 -3.540x10 o 

12.  4.3074x103 1.625 2.532 1.0000 -1.050x10°  

13.  2.0347x10 3 1.475 2.820 1.0000 -0.675x10°  

14.  9.6112x10 2 1.603 5.250 1.0000 -5.303x10
2 

15.  4.5400x10 2 1.621 8.810 1.0000 -4.300x10 2 

16.  2.1445x102 1.540 10.110 1.0000 1 -2.150x10 

17.  1.0130x102 1.652 19.234 1.0000 -1.490x10-1 

18.  4.7851x101 1.924 54.740 1.0000 -2.400x10-1  

19.  2.2603x10 1 1.027 0.810 1.0000 -1.268x10 °  

20.  1.0677x101 1.706 53.110 1.0000 -6.400x10 2 

21.  5.0435x10°  1.677 28.120 1.0000 -1.100x10-1 

22.  2.3824x10°  2.644 17.730 1.0000 8.760x10-4  

23.  1.1254x10 °  2.291 32.020 1.0000 1.070x10 1  

24.  4.1399x10-1  1.996 127.150 1.0000 -1.966x10°  

*See Equation (1) for definition of c; the ratio of fertile to fissile 
atom density was 10.80. 
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Table B-2-TV. Breeding Performance of (Pu 239-U238)02 
 in Sodium-Cooled Reactor 

Energy 
Group Elower' eV  (1)Pu-239 (va f-aa)

Pu-239 
* 

e 
 

1 
(vaf-aa) ( e n-2 ) 

1 0.36788x10
7 

3.6550 4.760 3.955 4.133x10
3 

2 0.22313x10
7 3.2620 4.415 3.567 2.344x10

2 

3 0.13534x10
7 3.0970 4.231 2.909 3.372x10

2 

4 0.82085x10
6 2.9820 3.516 1.422 1.269x10

-1 

5 0.49787x10
6 2.9620 3.348 1.007 3.039x10

1 

6 1 
6 0.30197x10 2.6850 2.859 1.000 5.096x10 

7 0.18316x10
6 2.5630 2.658 1.000 6.673x10

1 

8 0.11109x10
6 2.5260 2.693 1.000 

1 
7.053x10 

9 0.67379x10
5 2.7890 2.813 1.000 4.500x10

1 

10 0.40868x10
5 2.3950 2.859 1.000 8.855x10

1 

11 0.24788x10
5 2.1970 2.735 1.000 1.856x10 0 

12 0.15034x10 5 2.0150 2.606 1.000 25.582x100 

13 0.91188x104 1.9650 2.756 1.000 -10.367x100  

14 0.43074x10
4 1.6530 2.577 1.000 

1 
-2.780x10 

15 0.26126x10
4 1.5490 2.947 1.000 -7.524x10 1  

16 0.20347x104 1.3330 2.150 1.000 -6.970x10
1 

4 1 
17 0.12341x10 1.5190 4.048 1.000 -5.136x10 

18 0.96112x103 1.6750 6.696 1.000 -4.595x10
-1 

19 0.58295x10
3 1.5120 5.797 1.000 -3.535x10

-1 
 

20 0.27536x10
3 1.8017 14.537 1.000 -3.469x10

1 

21 0.10130x10
3 1.5880 17.491 1.000 -1.388x10 1  

22 0.29023x10
2 2.0156 49.360 1.000 1.299x10°  
2 1 

23 0.13710x10 1.6400 26.910 1.000 -1.032x10 

24 0.30590x101  1.7230 47.250 1.000 -7.640x10
-2 

25 0.68256x10°  2.3710 29.018 1.000 9.288x10
2 

*See Equation (1) for definition of e; the ratio of fertile to fissile 
atom density was assumed to be 10.8. 
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Table B-2-V. Group Cross Sections for Slowly Saturating Fission Products (in barns) 

Group 
Energy interval 

(eV) 	Me" 
	

Tc" 	Rhn"  

10 	1.05 X 	1110- 0.01 	0.20 0.10 	0.07; 

8.21 X 10' 

19 	1.11 	X 	10 5- 0.16 	0.60 0.36 	0.23 

8.65 X 10' 

28 1.17 X 	10'-  0.78 	1.60 1.00 0.69 

9.12  X 10' 
II  

37 1.23 X 	10 3- 1.80 	2.80 3.30 3.00, 

38 	961- 2.00 	3.20 3.60 3.70" 

39 	748- 2.74 	I 	3.70 3.90 	4.50 .  

40 	583- 1.93 	4.30 4.40 	5.50, 

41 	454- o 	
5.00 5.00 	6.60' 

42 	354- 0 	5.80 5.70 	8.00! 

43 	i 	275- 
0 	6.70 4.6G 	9.70; 
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45 	167- 3.99 I 	16.4 21.7 	14.0 
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47 	101- 0 0 2.87 	20.0 

48 	78.9- 0 0 0.41 	11.9 

49 	61.4- 0 	7.00 0 	0 

50 	I 	47.9- 387 	6.20 2.19 	44.0 ' 

51 	37.3- 0.39 	0 0 	0 	1 

52 	I 	29.0- 0.44 	0 0 	0 

53 	22.6- 0.50 	87.2 0 	0 
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66 	0.876- 2.51 	! 	3.98 170 	21.7 

67 	1 	0.683- 2.85 1 	4.51 106 	24.0 

68 	I 	0.532- 3.23 	5.11 83.4 	27:9 

69 	0.414- 3.66 	5.79 74.0 

15.8 70 	I 	0.322- 4.14 	1 	6.56 71.0 
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75 0.0924- 7.74 

	111 

91.0 	66.8 

76 I 	0.0719- 100 	75.7 	1 

77 	0.0561- 9.93 	15.7 111 	85.8 

78 	0.0430- 11.3 	17.8 124 	97.2 

7g 	0.0340- 12.8 	20.2 138 	110 

80 	0.0265- 14.5 	22.9 155 	125 

81 	0.0206- 16.4 	25.9 174 	I 	141 

0.0161- 18.6 	29.4 190 	160 

83 	0.0125- 21.0 	33.3 221 	182 

84 	0.0097- 23.8 	37.7 250 	206 

85 	0.0076-- 27.0 	42.7 282 	233 
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Table B-2-VI. 	Group Cross Sections for Rapidly Saturating and Nonsaturating Fission 
Products and Xe 135  (in barns) 

Group 	Energy interval 
(ev) 

 O" 

Rapidly saturlting  
Xel" 

233 

Nonsaturating" 

239 Sni'" 	So-du  Gclm 235 

1 

10 	, 1.20 	0.50 1.05 X 	10'- 0.10 0.40 ,  0.24' 0.0211 0.028; 0.1114 
1 	8.21 	X 10' 

19 	1.11 	X 	10'- 0. 35 3.00 1 	1.00 1.40 0.57! 0.091 0.10  0.15 

8.65 X UP! 

28 	' 	1.17 	X 	10 4- I 	1.20. 7.20; 	5.20 6.20j 3.10' 
1 

0.33 0.36 	
1 

0.51 

9.12 X 10': 

37 	1.23 X 10'- 2.70 .  18.0 	25.0 	17.0 7.70 1.07 1.13 	I 1.53 

38 	
1 	

961- 3.10 22.0 	29.0 	20.0 9.30: 1.07 1.14 1.59 

39 	748- 3.60 26.0 	34.0 	24.0 ' 	11.0 	1 1.36 1.47 2.01 

40 	I 	583- 4.20 32.0 	40.0 	28.0 1 	13.0 2.38 2.01 3.26 

41 	454- 5.00 38.0 	40.0 	33.0 10.0 4.62 5.76 	' 6.83 

42 	354- 6.00 46.0 	54.0 	38.0 19.0 	j 2.99 2.97 4.07 

43 	275- 7.201 55.0 	63.0 	44.0 23.0 4.13 4.14 	1 4.84 

44 	215- 12.9 27.0 1.99 2.05 	1 3.63 

	

06.0 	73.0 	

59  

	

78.0 	84.0 	60. 00 
1 

45 	167- 0 32.0; 2.12 1.67 :3.28 

45 	130- 13.7 93.0 	97.0 69.0 ! 	37.0' 1.81 1.85 2.81 

47 	101- 20.4 123 	110 80.0 I 	44.0 9.24 S.94 10.3 

48 	78.9- 12.6 300 	130 52.0 8.12 9.26 11.8 

49 	61.4- 0 210 	150 1(1 (1 '0  66.1 2.43 2.63 	I 4.4(1 

50 	47.9- 0 238 	170 157 37.8 	I 5.16 5.51 7.31 

51 	37.3- 0' 110 	200 326 0 3.74 3.33 14.7 

52 	29.0- 0 194 	230 93.7 1 	0 	 1 7.97 4.49 3.50 

53 	22.3- 6.69, 0 	: 	260 349 0 	 2 0.21 0.13 0.23 

54 	17.6- 0 	I 279 	! 	300 81.7 472 	 4 4.02 6.61 7.03 

55 	13.7- 0 	I 75.4 1 	340 78.7 0 	 7 0.59 0.03 4.43 

56 	10.68- 0.25' 79.6 1 	390 14.4 1 	0 	 12 0.21 0.20 0.28 

57 	8.:32- 0.50 0 	1 	440 791 0 	 20 0.21 0.20 0.24 

58 	j 
	

6.48- 1.14. 154 	I 	956 0 0 	 30 2.34 1.81) 78.6 

59 	5.04- 2.16 723 	314 0 0 	 G7 0.29 0.27 0.41) 

60 	j 	3.93- 4.15 1.93: 	0 0 0 	 127 0.39 0.33 0.55 

61 	j 	3.06- 8.01 3.67j 	0 2854 350 	 241 0.43 0.37 0.53 

62 	2.38- 15.4 G.94, 	1040 

567 

11.0 	451 0.51 (1.43 0.61 

63 	1.86- 30.6 	! 13.4 	' 	847 8.09 32.9 	871 :3.0)) 1.74 5.07 

64 	1.44- 61.1 	' 25.9 	1490 15.2 02.0 	1070 0.72 0.51) 0.52 

65 	1.125- 123 4300 	2000 	28.8  117 	3230 0.51 0.68 0.93 

66 	0.876- 265 4400 	23.0 54.5 223 	6300 1.05 0.84 1.10 

07 	0.683- 

68 	0.532- 

69 	0.414- 

1380 

3587 

204 	43.0 

426 

924 

103 

198 

378 

425 	12,700 

815 

1571 	

25,600 

53,200 

1.24 

j 1.44 

06 1. 

0.95) 

1.16 

1.32 

1.30 

1.50 

1.70 

70 	0.322- 10,700 2120 	256 7 96 3043 	1.14 X 10' , 	1.90 1.50 2.01) 

71 	0.251- 

72 	0.196- 

73 	0.152 

34,400 

"59,000 	' 

44,9(X) 

5250 

	

14,000 	790 

	

45.500 	1340 

14(H) 

2610 

5020 

, 	5910 	j 	2.4S X 
' 	11,400 	j 	5.55 	X 
121,900 	I 	1.18 	X 

10 2.08 

	

10', 	2.42 

	

10 6 ! 	2.75 

1.71 

1.94 

2.20 

2.17 

2.50 

2.S0 

74 0.119-- 30,200 104,00 	2200 0 	 9210 I 40,700 	: 	2.14 	X 10' j 	3.16 2.51 3.20 

75 0.0024- .23,500 111,000 	3450 	15,900 - 70,700 	2.8)1 	X 10' 	:3.52 2.80 3.56 

76 0.0719- :20,400  74,000 	5200 	' 24,90) 111,000 	2.98 X 101''' 	4.00 3.20 4.04 

77 	0.0561- ,19,100 54,900 	7400 35,200 154,000 	2.86 X 10'. 	4.62 3.63 4.63 

I 

78 	0.0436- 1 18.800 46,100 	10,100 	I 44,900 '192.000 2.74 X 10': 5.20 , 	4.10 5.23 

79 	0.0340- ,19,200 	: 42.100 	13.100 	! 53.100 221,000 	12.69 X 11)' 	5.90 . 	4.65 5.93 

80 	0.0265- '20,200 	! 40,800 	16,500 	I 60,200 .24(1.000 	2.73 X 10' i  6.70 5.28 6.76 

81 	I 	0.0206- 21,1100 	I 41,200 	20,100 	06.700 210,000 	2.83 X 10 6 1 	7.00 5.95 7.70 

82 	0.0161- 2:3.400 	• 42 900 	94-.100 	73,000 ,. 294,181) 	3.4)0 	X 10 6 	8.00 6.75 8.70 

83 	0.0125- 25,600  45.500 	28,400 	1 80.500 :320.000 	3.23 X 10 6 ! 	9.72 7.70 9.80 

84 	0.0097- 25,300 	' 49,200 	33,3011 	189.000 352,000 	3.52 X 10 6 11.0 5.50 11.1 

55 	0.0076- :31,400 	! 53,700 	38.500 	I 98 7 (.100 389,000 	3.88 X 10 6 12.5 9.90 12.11 

86 	0.0059- 35,000 	1 59, 900 	44,301 	11111.00) 431,000 	4.30 X 10'41.2 11.2 11.3 

87 	I 	0.0046- 39,100 	. (15.200 	50.3(X) 	1123,000 478,000 	4.76 X 10 11 1140 12.7 15.8 

311  0.0036- 43,1100 72,010 	56,900 	138,018) 5, 10.000 	' 	5.30 X 10 6 .18.2 14.3 18.1 

-11--th nonsaturating fission product has been multiplied by its yield from 
U233 ,  U235, and Pu 239  fission, separately. These products have been summed to 
obtain the combined group cross sections tabulated in the last three columns.  
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B.2.2 Doubling Time and Specific Power 

The concept of breeding ratio and breeding gain is straightforward 

and simple, but apparently there is no definition for the breeding ratio 

that is universally accepted. The difficulty arises from the fact that 

the fuel composition of the initial loading in a breeder reactor differs 

from the ultimate, equilibrium composition in a closed cycle. In a closed 

cycle at equilibrium, the composition of a fuel charge is closely related 

to the discharge composition. Part of the discharged bred fuel is used 

back into the same reactor; surplus fuel is used to fuel other reactors. 

By contrast, the fuel in an open cycle operation always reflects the com-

position of the feed fuel, consequently the breeding ratio in open cycles 

is time-dependent. Additional complications in the definition of the 

breeding ratio come from inconsistencies in what is considered fissile 
235 

isotopes. For example, some consider U 	in natural uranium as fissile 

fuel; others discount it. Some adjust the critical mass as a function of 

burnup to compensate for fission product buildup; this obviously affects 

the breeding gain. Others reduce all isotopes of plutonium to equivalent 
239 

Pu 	. A comprehensive discussion of these considerations is found in 

Ref. 72-76. In this work the following definitions, patterned after Ref. 

75 are chosen as a frame of reference for comparison. The breeding ratio 

and breeding gains are time averaged quantities over one fuel cycle which 

begins with start-up and ends with refueling. 
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(Fissile) EOC (Fissile)BOC BOC Breeding Gain (BG) = 
Fissile Destroyed 

(1) 

Fissile Gain 
Fissile Loss 

where 	EOC = end of cycle 

BOC = beginning of cycle 

Fissile Produced Fissile Loss + Fissile Gain  Breeding Ratio (BR) - 	 (2) 
Fissile Loss 	 Fissile Loss 

= 1 + BG 

Reactor Doubling Time (RDT) 	= Fissile Gain  
Fuel Cycle x Fuel Cycles/Year 

Inventory Doubling Time (IDT) - 
Fissile Gaini,osd 

ex x Fuel Cycles/Year 

where 

	

	fex = fraction of fissile inventory external to reactor in critical 

mass units 

(losi
ex = out-of-reactor losses during the course of reprocessing and 

fabrication plus losses associated with radioactive decay. 

Compound Inventory Doubling Time (CIDT) = 0.693 (IDT) 	 (5) 

(Fissile)
BOC 

 
RDT = 	 (6) 

Fissile Loss  
(BR-1) x Fuel Cycle x Fuel Cycles/Year 

(Fissile)
BOC 

 (1 + fex) 

(Fissile) 
BOC 

(3) 

(4) 

Fuel Cycle 
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But 

Fissile Loss
= 
 Energy Produced (MWD) 	Fuel Consumed  

Fuel Cycle 	Fuel Cycle 	 MWD 

Fissions in Fissile Fissile Loss (Capture + Fissions)  
Total Fissions 	 Fissile Fissioned (7)  

Combining (7) into (6) one gets 

(RDT) = 

 

1 
(8) 

(BR-1) 
Energy Produced (MWD)/Fuel Cycle (ABC) x Fuel Cycles  

(Fissile) BOC 	 Year 

where 

A = the conversion factor of fuel fissioned per MWD 

B = the ratio of fissions originating in fissile to total fissions 

C = the fissile loss due to capture and fission divided by the loss 

due to fission only or (1+a) 

A is not system dependent, B depends on the relative fissions in fissile 

and fertile materials and C depends on the a, the capture to fission ratio 

of the fissile isotopes only. 

From Eq. (8) we see that RDT is inversely proportional to the breeding 

gain and the specific energy, MWD/kg fissile for one fuel cycle. The aver-

age specific power, in MW/kg of fissile material, is obtained by dividing 

the specific energy by the length of the fuel cycle in days. 

For a cylindrical fuel element with a radius a cm and a clad of thick-

ness A cm surrounded by a coolant having a heat transfer coefficient h, it 

can be shown
(77,78,79) that the specific power and heat generation are re-

lated to the engineering characteristics of the reactor by the relation 
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a
2 	2 	

b 	1 Specific Power (SP) = Q/d = (TMF- T
c )/(d 	+ —2- (T.1 

cl 
 Qn --a- + 1'T) 	(9) 4k

F  

where 

Q = heat generation rate per unit volume of fuel 

d = fissile fuel density 

T
MF = maximum fuel temperature at pin center 

T
c = average coolant temperature 

a = fuel radius 

b = a + clad thickness A 

kF ,kci  = thermal conductivity of fuel and clad, respectively 

h = average heat transfer coefficient. 

By substituting Eq. (9) into Eq. (8) one gets 

RDT - 
Days 	 Fuel Cycles  

(BR-1) (T 	1 ) Fm  - 71 
Fuel Cycle (ABC) x Year 

With Eq. (10), it is possible to make several observations: 

(1) The relationship between the density of fissile material, d, 

and the breeding ratio is such that if d decreases while the 

fuel volume fraction is held constant (equivalent to decreasing 

the enrichment), the volume of the reactor increases and the 
239 	238 

breeding ratio in typical, Pu 	- U 	LMFBR system, decreases. 

On the other hand, transport calculations have shown that the 
233 

D
2
0-cooled (U 	- Th)02 system would have a conversion ratio 

[ d  [4k 	2 [ k R'n 	hid cl 

(10) 
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of 1.16 at 8.5% enrichment and 1.14 at 12% enrichment. The 

fissile density was .37 kg/liter and .48 kg/liter at the lower 

and higher enrichments, respectively. These results support 
233 

the conclusion that the U -Th system would exhibit better 

RDT performance at relatively soft (not necessarily thermal) 

neutron spectra. 

(2) The fuel which would give the lowest RDT is the fuel with the 

highest thermal conductivity (see Table B- 2-VII) . . 

(3) The RDT for a particular fuel increases as the square of the 

radius of the fuel pin. Consequently, the smallest pin diameter 

consistent with economic constraints is desired. 

(4) While it is desirable to have a high heat transfer coefficient 

for the coolant, it may not have significant effects on RDT if 

	
hb << 4kr + 2k  Qn 

	

cl 	a  

B.2.3 Breeder Strategy  

Based on data shown in Fig. A-471, it was stated that, if projected 

energy requirements are to be met and if no major new deposits of uranium 

are found, other sources than fission energy would have to be used exten-

sively regardless of the LMFBR program. In this section we show that 

thorium-based breeders could realistically compete with current designs of 

LMFBR's. In fact, thorium-based breeders can have not only comparable 

breeding ratios but superior doubling time regardless of the form of fuel, 

i.e. oxide, carbide or metal. 

For completeness we will only mention that various schemes to improve, 

or stretch, fuel utilization
(81-83) 

have been studied and that such schemes 

171 



Table R- 2-VII. Thermal Conduc tivity kf  of Some 
Fuel Materials 
(Btu/hr-ft- °F) 

Temperature, 
F 

Uranium UO 3  "" UC PuO, Thorium ThO, 

	
En

rpop 

15.80 
16.40 
17.00 
17.50 
18.10 
18.62 
19.20 
19.70 
20.25 
20.75 
21.20 
21.60 
22.00 

, 

4.5 
... 
3.5 • 
... 
2.8 
... 
2.5 
... 
2.2 
... 
2.0 
... 
1.6 
1.5 
1.4 
1.3 
1.2 
1.1 
1.1 
1.1 
1.1 
1.1 

14.77 
14.07 
13.48 
13.02 
12.67 
12.39 
12.19 
12.02 
11.91 

11.82 

11.76 
11.70 
11.67 
11.57 

3.60 

1.57 

;-'.1.-75 
22.18 
22.60 
23.00 
23.45 
23.90 
24.30 
24.65 
25.75 
25.60 
26.13 

7.29 > 
6.25 
5.34 
4.61 
4.03 
3.59 
3.21 
2.91 
2.68 
2.47 
2.30 

2.17 
2.07 
1.90 
1.80 
1.70 
1.69 
1.68 
.... 
.... 
.... 
.... 

• Values given are for unirradiated materials and usuall!, decrease on irradiation. 
The percent decrease is a function of both irradiation temperature and burnup. The 
ceramics (U0,, Th0,, and UC) in particular suffer a lar.,7e decrease. For example, kf  for 
UO, decreases by some 60 percent on irradiation at 200°F and after 4.000 Mw-dayiton 
burnup. For UC the decrease is about 58 percent on irradiation at 1000-1500°F and 
after 7,500-10,000 Mw-day/ton burnup. (Source Ref. 84) 
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may prove to be too little and too late, especially if the uranium reserve 

picture does not change dramatically for the better. In the same category 

as the improved converters is the LWBR. Our analysis showed that the LWBR 

will be a good converter but not a true breeder. Apparently ERDA sees a 

potential for this concept and is proceeding with a demonstration reactor 

in Shippingport. (52)  There are three major drawbacks to the LWBR: 

(1) In the initial phase, the demand for new uranium to fuel the 

"pre-breeder" reactors would be about 2.5 times more than the 

demand for the current LWR fuel cycle.
(52) 
 This increase in de-

mand, apparently, would not taper off to LWR levels for a period 

of 12 years. At a time when there is so much uncertainty about 

uranium reserves, the LWBR could be the straw that breaks the 

camel's back! 

(2) The "pre-breeder" of the LWBR concept would also require a 

significant increase in the enrichment capacity. 

(3) The LWBR could not possibly provide a solution to electrical 

energy demands on a timely schedule unless a dramatic increase 

in uranium reserves is realized. Basically this concept em-

phasizes long term conservation rather than making abundant 

supplies of fuel possible. 

The Molten Salt Breeder Reactor (MSBR) has an attractive potential for 

reasonable doubling times, perhaps 15 years.
(61) 
 This program, however, has 

been out of funds for some time presumably because of material problems with 

graphite expansion after irradiation. Experience has shown
(61) 

that dimen-

sional changes occur as a result of irradiation, first contraction then ex-

pansion. The rate of volumetric expansion after the graphite reaches its 
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initial volume again becomes large and this limits its performance. Graph- 

, 
ite irradiation limit was estimated at 3 x 10

22 
 neutrons/cm

2 
 . This corre- 

sponds to 2-4 years lifetime exposure. Another concern with graphite is its 

permeability to xenon isotopes. This adversely affects the breeding ratio. 

A third concern is the embrittlement of Hastelloy-N by helium, which is 

produced in the metal when irradiated. 

In addition to the material problems of the MSBR, there are logistical 

233 
problems. Currently the U 	inventory is very limited. To get this 

235 
program to any kind of start would require using U 	which would further 

limit the supply for LWR's. Consequently, the way in which breeder con-

cept impacts current technology and how readily it could bring relief to 

power demand become very important. 

The AEC's and now ERDA's plan is to use LWR generated plutonium with 

238 
U 	as oxide fuel in LMFBR's. The breeding ratio of such systems is low, 

perhaps as low as 1.1, or lower, and the doubling time is high, perhaps as 

high as 60 years (see Ref. 60). This low performance when added to the 

uncertainty in safety and economics fully justifies a search for alterna-

tives. 

Our strategy is to use plutonium-thorium fuel in metallic form in 

either sodium cooled or helium cooled fast reactors as interim breeders. 

233 	232 
In time, U -Th 	fuel will be recycled in the same reactor with beryllia, 

if needed, to enhance the breeding ratio and minimize the critical mass. 

Justification for this approach is delineated below. 
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B.2.3.1 Metallic Pu-Th Interim Breeders 

Our investigations indicate that metallic Pu-Th fuels with high 

burnup, good thermal conductivity, high power density, and low doubling 

time in either sodium cooled or helium cooled reactors are technologically 

possible. There has been limited irradiation of thorium-uranium metallic 

fuel. The results showed that thorium-based fuels exhibit superior irradi- 

ation stability over uranium alloys.
(23,25,61)

The consensus is that such 

fuel would perform well in power reactors. No experimental data have been 

reported on the irradiation tolerance of metallic Pu-Th fuels. What is 

needed is an immediate program designed to establish the temperature and 

irradiation limits of these fuels. EBR-II is operating and could imme-

diately be used for this purpose. 

The thermal conductivity for metallic fuel is at least 10 times more 

than oxide fuel and this would contribute significantly to the reduction 

of JDT (see Eq. 10). 

The breeding ratio for metallic Pu-Th fuel is expected to be comparable 
238 

to that for (Pn-U )0
2 because of the difference in the neutron spectrum. 

The spectrum with oxide fuels is relatively soft due to the scattering with 
238 

oxygen which results in lower total fissions in U 	. The hardness of the 

spectrum in metallic fuel improves the breeding ratio on two counts: (1) 

232 
the n of Pu increases, and (2) the total fissions in Th 	increases. Both 

have positive effects on the breeding ratio. 

The good thermal conductivity and the small diameter particles when 

combined with the excellent heat transfer properties of sodium or the re-

lative good properties of helium should produce high power densities and 

low RDT's. 
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238 
The use of thorium instead of U 	in the fuel would improve the 

sodium void coefficient and thus contribute to the safety features of 

those reactors. 

It is not certain that including beryllia in the design would improve 

the breeding ratio with Pu-Th fuel because the n,2n and y, n production of 

239 
neutrons in Be is offset by a decrease in 11 	as a result of spectrum 

233 
softening. But since n 	is not sensitive to changes in the neutron 

233 
spectrum, including beryllia in the U -Th cycle would improve the breed- 

ing ratio. 

The technology for metallic fuel and sodium cooled reactors is reason-

ably at hand. EBR-II has been operating for about 14 years and represents 

a vast experience to draw upon. We only lack experimental data on the 

232 	233 	232 
behavior of the Pu-Th 	and U 	Th 	fuels under reactor irradiation 

conditions. 

B.2.4 Coolant Void Coefficient  

The coolant-void coefficient is a design parameter of considerable 

importance to the safe operation of a nuclear power plant. The sodium-cooled 
239 238 

fast breeder reactors, fueled with Pu -U 	, have a positive void coeffi- 

cient in a large region about the center of the core. Loss of flow and/or 

sodium boiling in this region could initiate transients with severe conse-

quences. ERDA currently is funding large programs concerned with safety 

issues directly related to the void coefficient. 
238 

The major reasons for the sodium-void being positive in Pu -U systems 
233 

may he seen from Fig. B - 2-3 in which the fission cross sections for U 	2 
235 	239 

U 	and Pu 	are shown as a function of energy. As a consequence of the 
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Fig. B-2-3. Fission Cross Sections of U 233 , U235 , and Pu 239  as 
a Function of Energy (source Ref. 61). 
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voiding, the neutron spectrum hardens, i.e., the average energy increases 
239 	238 

resulting in lower parasitic captures in Pu 	, U 	, and structural 
238 	 239 

material and a higher fission rate in U 	. The Pu 	fission cross section 

below about 1 MeV is not sensitive to variation in the neutron energy. 
239 

Above 1 MeV the spectral hardening would increase the fission rate in Pu 

All of these effects increase the reactivity of the system. 

In thorium-based reactors, cooled with sodium or helium, the same 

analysis applies except in this case a significant reduction in the fission 
233 

rate of U 	takes place, as a result of spectral hardening, offsetting any 

increase in the thorium fission rate. Thus, it is possible to design sodium- 
233 	232 

cooled U -Th 	systems with negative void coefficients. Helium cooled 

thorium-based reactors have a negative void coefficient. 

B.2.5 Doppler Coefficient  

The Doppler coefficient of fissile material is usually small and 

perhaps positive. The Doppler effect of fertile material is large and 

negative. When both the fissile and fertile materials are homogeneously 

mixed, either fuel cycle can have a large negative Doppler effect. When the 

neutron spectrum is relatively soft, as should be the case for the He 
233 	232 

cooled (U -Th 	)C2  system, the Doppler coefficient should be signifi- 

cantly larger and negative. 

B.2.6 Protactinium Production 

232 	 233 
A neutron capture in Th 	results in Pa 	which decays with a 27- 

233 
day half-life. As a result, Pa 	will build up such that the build-up 

233 
of U 	is delayed. This gives rise to several special problems of safety 
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233 
and operation. The build-up of Pa 	increases the excess reactivity to 

233 	233 
be controlled for burnup and the decay of Pa 	to U 	causes an increase 

in reactivity after shutdown. In a study by Sofer et a1. (85) it was con- 
233 	232 

cluded that these characteristics of the U - Th 	reactor do not materi- 

ally affect the operation and safety of the reactor. 
233 

The absorption of a neutron by a Pa 	atom is of more importance to 

breeding considerations because not only a neutron is lost but also the 
233 

eventual breeding of one U 	atom. The full impact of the conversion of 
233 	234 

Pa 	to U 	and its effects on the breeding ratio has not, as far as we 

are aware, been assessed comprehensively in the epithermal region. The 
234 	 233 	232 

effects of U 	presence on the sodium-void coefficient in U - Th 	fast 

reactors were considered by Lowenstein and Blumenthal.
(86)  The breeding 

233 	232 	(85) ratio in a fast U -Th 	system 	was not, apparently, adversely affected 

233 
by the presence of Pa 	; in fact, the total breeding ratio for the fuel 

cycle was higher than the initial conversion ratio. 

B.2.7 Uranium-232 Production 

The transmutations by nuclear reactions in thorium-based reactors are 

shown in Fig. B-2-4. 	For comparison, the transmutations in U-based 
232 

reactors are shown in Fig. B-2- 5. The production of U 	comes from the 
233 	233 	 232 	 232 

n,2n reactions in U 	, Pa 	, and Th 	. The daughter products of U 

are also shown in Fig. B-2-4. 	The daughter products Bi-212 and T1-208 

emit high energy gamma rays, 0.4 - 2.1 MeV from Bi-212 and 2.6 MeV from T1-208. 

233 
For a limited time after chemical purification of the U 	from a 

reactor, the material will emit weak radiation. However, as Bi-212 builds 

up, the radiation becomes more intense and it becomes necessary to use 
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233 
remote handling procedures. The radiation intensity from spheres of U 

232 
contaminated by U 	was calculated by Devaney 	and and the results are 

as follows: 

Results: 

1. The radiation level at the surface is given by: 

r = 2 cm 14.0 x (T.F.) 

r = 3 cm 14.8 x (T.F.) 

r = 4 cm 15.0 x (T.F.) is units of roentgens 
232 

per hr -ppm U 
r = 5 cm 15.2 x (T.F.) 

(T.F.) is the time factor and may be read from Fig. B-2-6. 

2. The energy intensity at the surface is: 

r = 2 cm 1.56 x 10
10 

x (T.F.) 

r = 3 cm 1.67 x 10
10 

x (T.F.) 
	

in units of MeV/hr- 

cm
2
-ppm U 

232 

r = 4 cm 1.71 x 10
10 

x (T.F.) 

r = 5 cm 1.74 x 10
10 

x (T.F.) 

3. In order to get irradiations and intensities at a distance R(< 

from the center of the sphere, multiply the numbers of 1 and 2 

by (r/R)
2

. 

The time factor to be used with these results is given in Fig. B-2-6. The 
232 	 (85) 

equilibrium concentration of U 	in uranium was estimated by Sofer et al. 

at 5000 ppm which would not be reached until 100 years of irradiation. 

232 	 233 	232 
The U 	problem is a distinct disadvantage of the U - Th fuel 

cycle. Fuel fabrication, however, can still be carried out without re- 
233 

mote handling equipment if the U 	is chemically separated from trace 
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228 	 232 
amounts of Th 	and all other daughter products of U 	just before fab- 

228 
rication. Experimental procedures to remove Th 	have been successfully 

(88) 
demonstrated at Los Alamos. 

In one regard, the suggestion advanced as a solution to safeguarding 

fissile material enroute from reprocessing plants or fuel fabrication plants 

to power stations that the fuel be spiked by gamma emitting isotopes to 

discourage potential saboteurs from attempts on the material, applies natu- 
233 

rally to U 	• 

B.2.8 Transuranium Element Production 

Figures B- 2•4 and B-2-5, cited earlier, show the isotopic build 

up in thorium and uranium systems. Although the relative hazards assessment 

associated with each fuel cycle would require knowledge of the absolute 

quantities of each of the isotopes at equilibrium conditions, it is safe 
238 	239 	240 	241 	243 

to say that Pu 	, Pu 	, Pu 	, Am 	, and Am 	are more hazardous than 
232 	233 	234 	235 	236 

U 	, U 	, U 	, U 	, andU. Morgan et al 	studied studied the relative 

hazards of various radionuclides. Assigning a relative hazard of 1.0 for 
226 

Ra 	, they computed the relative hazards listed in Table B-2-VIII for 

the main transuranium elements listed above. 
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Table RelatpsF Hazards of Transuranium Elements 
in Th 	and U238 Fuel Cycles 

Thorium Cycle Relative Hazard U238 Cycle Relative Hazard 

Thorium-232 

Pu-233 

U-233 

U-234 

U-235 

U-236 

Np-237 

1.11 x 10
-7 

 1.67 x 10
-3 

2.38 x 10
-3 

1.49 x 10
-3 

 4.85 x 10
-7 

1.48 x 10
-5 

4.91 x 10
-3 

U-238 

Np-239 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Am-243 

1.37 x 

4.46 x 

152.0 

1.04 

384 

3.23 

6.21 x 

.97 

10
-7 

10
-4 

10
-2 

B.2.9 Delayed Neutron Fraction 

The delayed neutron fraction is an important control parameter in the 

safe operation of nuclear reactors. The number of delayed neutrons per fis-

sion for the relevant fissile and fertile isotopes are given in Table B-2-IX. 
233 	 239 

Although the delayed neutron fraction for U 	is larger than that for Pu 	, 

239 238 
the effective delayed neutron fraction in Pu -U 	systems is comparable 

233 	232 
to that in U -Th 	systems because of the larger number of fissions in 
238 	 232 

U 	relative to Th 	. 

Table B-2-IX. 	Delayed Neutrons per Fission (Source Ref. 90). 

Delayed 
	Th 232 U233 	

U
235 	

U
238 	

Pu
239 	

Pu
240 

 
Neutrons per 

Fission 

	

.0496 	.0070 	.0165 	.0412 	.0063 	.0088 

	

± 0.002 	± 0.004 	± 0.0005 	± .0017 	± .0003 	± .006 
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APPENDIX C 

HEAT CONDUCTION THROUGH 

SUCCESSIVE SPHERICAL SHELLS 
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HEAT CONDUCTION THROUGH SUCCESSIVE SPHERICAL SHELLS 

C.1 Heat Conduction Through A Single Spherical Shell 

The steady state heat equation with no heat generation is generally in 

the form of Laplace's equation in three dimensions. For spherically sym-

metric problems, however, it would reduce to one dimensional, second order, 

ordinary differential equation. 

T
P  

Fig. C-1. Sketch of a Single Spherical Shell With Inside 
and Outside Radii of r

f 
and r respectively 

The Laplaces' Equation is 

0 2 
T(r, 6, 	= 0 
	

(C 

For spherically symmetric problem T(r, 0, 0 = T(r). Thus 

r

1 d ( 	 d 
2dr 

r
2 

r- T(r) = 0 	(0-2) 

r
2 

dr
-
4
- T(r) = A' E constant (C-3) 

d  ' 
dr T(r) 
	

A= 
 r

2 
(C-4) 
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By integration: 

' 
T (r) = 	

A + B' 

Now applying boundary conditions: 

at 	r = r f 	=.>• T = T 

r = r 	 = T
r 

to Eq. (C-5) yields 

A' 
T = - — +B' 

r
f 

T =- A  B' 
p 	r 

and B' are constants 	(C-5) 

(C-6) 

(C-7) 

(C-8) 

(C-9) 

Solving Equations (C-8) and (C-9) for A', one gets 

T - T 
A' - 	s 	P  

	

1 	1 

	

r 	r 

	

p 	s 

But from the Fourier Equation for heat conduction, we have 

d T(r)  
q = - A

f 
K
c dr 

r= rf  

(C-10) 

(C-11) 

or equally 

d T(r)1 
q = - A

p 
K
c dr r=r 

(C-12) 
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where 	q = amount of heat conducted 

K
c 

L.-  thermal conductivity of the shell 

A
f 
= area of sphere of radius r

f 

A = area of sphere of radius r 

Upon substitution 

q= Af 

q = A 

of equations (C-9) and C-10) in 

(T 
s 
 -T

p 
 ) 

I (T -T ) 

(C-11) and (C-12) 

(C-13) 

(C-14) 

one gets 

r 
r 	(1 - 
f 	r 

K 

[r
p 	

- 11 
 rf  

Equations (C-13) and (C-14) are exactly the same. In terms of the diameter 

of a particle the 

q = A
f 

q = Ap  

above equations 

2K 

could be written as: 

	

s
-T

p
) 	 (C-15) 

(T -T ) (C-16) 
s 	p 

D,)
] (T 

Df 1 - 

 

( 

D [ D 

	( --P- - 1) 
P 	Df 

C.2 Heat Conduction Through Three Layer Spherical Shell 

Since the amount of heat conducted through each layer is the same, 

the above equations could be generalized for each of the successive layers. 
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Fig. 	C.II: 

q = Af 

[ 

q = A
cl 

Sketch of Three. 

2K
cl 

Successive Spherical Shells 

s
-T

cl
)  

(T
cl-Tc2 )  

c2 
-T

p
) 

(c-17) 

(C-18) 

(C-19) 

Dc 
Df  (1  

cl 

2K
c2 

(T 

Dell
Dc1 (1  Dc2 

2 K
c3 q = A 

[D 

I 

--P-- 	1 
P  ( D  c2 

Since the concern is with the temperature drop through the three layers, 

the above equations, namely (C,17), (C-18), and (C-19) for the temperature 

differences through each layer are: 
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T 	T = -g- c2 	p Ap  2K
c3 

[ D 	 
p (D c2 

- 111 
D 

(C-22) 

T - T = q 
s 	p 	A

f 
2K

c1 	A
cl 	

2K
c2 	

A 

	

Dfil

D
f 	

D
cl 

D
cl 	D 

(1 -  	D (--P- 1 

	

cl 	1 	 c2 	1  p  Dc2 

D 
Df fl iF  f-) 

T 	= 	cl  
A
f 	

2K
cl 

D 

[ Dc1 1  b4.) 
- 	= -g- 	 c2  T 	T 

cl 	c2 A
cl 	

2K
c2 

(C-20) 

(C-21)  

By adding all three equations (C-20), (C-21), and (C-22) one gets 

(C-23)

 But q is the amount of heat generated in the fuel particle, as 

q = q" x V
f 

_ ir 
where 	Vf = volume of the fuel kernel = -6 -D f

3 
 

q" = volumetric heat source strength 

substituting (C-24) in (C-23) yields 

2K
c3 

(C-24) 
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T - T = q"' 	6 	 6 •  
	

ll + s 	p 	 2K
c1 	 2K

c2 

D 	
2 D 	- 1)] 

f  (Df ) 	p D
c2  

6 	Dp 	2K
c3 

(C-25) 

This relationship describes the temperature drop through three spherical 

shells with heat generation in the fuel kernel, for a constant volumetric 

heat source strength. 

C.3 Heat Generation in Spherical Geometry 

The steady state heat equation with heat generation is generally in 

the form of Poisson's Equation: 

2
T + 

q"  
= 0 	 (C-26) 

Kf 

where T = T(r,(1),61) E temperature distribution 

gm = volumetric heat source strength 

K
f = thermal conductivity of fuel kernel 

Fig. C-III: Sketch of the Spherical Fuel Kernel With Radius 
rf 

and thermal conductivity K f . 
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Equation (C-26) is a general form of the temperature distribution with 

internal heat production. However, in the case of a spherically symmetric 

problem with flat volumetric heat source strength (constant e t ), the 

problem is greatly simplified: 

1 	 2  rrr 

r 2 dr
d 	

r d  T(r)) + 	= 0Kf 
(C-27) 

Upon integration, one gets: 

dT(r) 	q"' 	r 	A 
dr 	 A 	constant 	(C-28) 

K
f 	

3 	
r
2 

Integration of Eq. (C-28) yields, 

rn 
T(r) = - 

K 	
r 
6 
2 

f 	-r+B 
B E constant 	(C-29) 

Applying boundary conditions 

at 	r = 0 ====>.T = Tm 	 (C-30) 

at 	r = r
f 	= T

s 	 (C-31) 

The first boundary condition, Eq. (C-30), implies that A = 0, and 

the second one, (C-31), yields B = T. By substituting the results 

into Eq. (C-29), one gets 

2 

T
m 
 - T 

s K— = - 

 

(C-32) 
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But amount of heat generated is 

q 
7f 	3 

= q'" V
f 

= —
6 

D
f 

(C-33) 

Solving for q", one gets 

_ 	q  
Tr D 3 6- Df  

q'"t 
(C-34) 

Substituting (C-34) into (C-33) and solving for q one gets 

(4 Kf  
q = A

f 	
Df 

- T
s
) (C-35) 

194 



APPENDIX D 

THERMAL HYDRAULICS CODE 



COMPUTER PROGRAM 

Definition of Variables 

ROC1 E density of the first coating layer (low density pyrolytic carbon 

gr/cm
3

) 

ROC2 	E density of the second coating layer (SiC) 

ROC3 	E density of the third coating layer (ZrC) 

ROF 	E density of the fuel kernel 

TCC11 E thermal conductivity of the first coating layer (low density prolytic 

carbon)  s.mtt 
o
C.cm 

TCC22 E thermal conductivity of the second coating layer 

TCC33 E thermal conductivity of the third coating layer (ZrC) 

TCFF E thermal conductivity of the fuel kernel 

CPP 	E specific heat of gas 

GPRESS E gas static press [psi] 

watt.sec  

gr.
o
C 

TGI 	E core gas inlet temperature [
o
F] 

SUPFV E superficial velocity of the gas [m/sec] 

HC 	E height of the core [m] 

void E gas volume fraction in core 

CONST E a constant used in pressure drop formula for fixed bed 
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D 	E fuel particle diameter (cm) 

THICK E total coating thickness (cm) 

THICK1 E thickness of the first layer (carbon coating) 

THICK2 E thickness of the second layer (SiC) 

THICK3 E thickness of the third layer (ZRC) 



PROGRAM FIXRUN2 	73/74 	0PT=1 	 FTN 4.61.428 	 ; 

	

1 	 PROGRAM FIXRUN2(INPUT.OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 
C 
C 
C THIS PROGRAM CALCULATES POWER DENSITY OF A HEGASSUSPENDEU••3EU 

	

5 	 C NUCLEAR REACTOR AS A FUNCTION OF FUEL PARTICLE SIZE WITH MAXIMUM 
G THREE LAYERS COATINGS OVER FUEL KERNEL . 

READ(5,1) ROC1/R0C2.R0C3.ROF 
READ(5,1) TCC11,TCC22ITCC331TCFF,CPP 

65 READ (5,2) GPRESS,TGIISUPFV.HC.VOID,CONST 

	

1Ci 	 IF(GPRESS.LT.10G.) GO TO 999 
ROGI=n1.00595/(TGI+460.1)*GPRESS 

75 READ(593) DP.THICK.THI(;K1.THICK2 
IF(OP.LT.A.Q0E•-06) GO TO 888 

1 	FORMATt7F1ij.5) 

	

15 	 2 FORMAT(6F10.5) 
3 FORMAT(4F10.5) 

PI=3.14159 
OF=DP(2. 4 THICK) 
0C1=OF+(2. 4 THICK1) 

	

20 	 002=0C1,(2.. 4 THICK2) 
VP=(PI/6.)*(0P**3.) 
VF=(PI/6.)*(0F"3.) 

1/40 	 VC1=(FI/6.)*(aG1"3.) 
co 	 VC2=(PI/6.)*(0G24.3.) 

	

25 	 W=(VF*ROF)+(VC1.'VF)*ROC14 - (VO2-VC1)*R0024-(VF...VO2) 4. ROC3 
ROP=W/VP 
OR=DF/DP 
DR1=0F/DG1 
OR12=061iDC2 

	

3G 	 DR2=DP/DC2 
TGC1=TGC11 4. 5./9. 
TCC2=TCC22 45./9. 
TCC3=TCC33*5,./9. 
TCF=TOFF*5.19. 

35 	 CP=CPP 4- 5./9. 
A=(OF*(1.0R1))/(2.*TCC1) 
AGA=(0R1"e.)*(0C1*(1.-^DR12))/(2. 4. 1002) 
AA=(DR**2.)*(DP*(0R2-1.))/i2. 4 TCC3) 
B=OF/(4.*TGF) 

	

40 	 C=1./(DR 4.3.) 
0=0F/6. 
CC=78.2 
G=981. 



PR=0.67 
45 	 PR23=PR 44. (2./3.) 

HE=HC/6.874 
PLH=PI*HC/A2. 4 HE1 
TC=273.1 
TG01=150C. 

50 	 T1=(5./9.)* (TAI-32.) 
T2=(5./9.) 4 (TG01-32.) 
112=(T1+12)/2. 
ROG=M1+TO)/(T12+TC))*ROGi 
VISCG=0.006187.4(TC+CC)/(T12+TL+G)) 4 (((T124-TO)/273.1) 4 ÷1.5) 

55 	 OELRO=(ROP-ROG)/ROG 
DVIS2=(VISCG/ROG) 4"0 2. 
AP=t(G*(0P 4 "3.))/DVIS2)*OELt<0 

PROGRAM FIX&UN2 	73/74 	OPT=1 	 FTN 4.64-420 

ARSQ=SQRT(AR) 
S it 

60 	 TERVEL=RETERM*VISCG/(0P#ROG 4'10L0 
211 GOPT=SUPFV*100. 41 ROGI 

REOPT=iGOPT.OP/VISCLA*tROGIROGil 
REMOG=kEOPT/(1.-VOID) 
IF(REMOO.GT.30.) GO TO 2(J 

65 	 C TH6 FOLLOWING HTC(HEAT TRANS. GOEF.) IS 3ASiO ON CHU c_.74 
HIC=(5.7/PR23)*(1./(REMOD**0.78))+GP*GOPT 
HTTC=HIC*9./5. 
GO TO 60 

20 HTC=(1.77/PR23)*(1./(REMOO*.0.44)) 4 CP4 GOPT 
70 	 HTTC=HTC*9./5. 

30 OD=OP/(6. 4 HIC) 
PGGV=FI*GOPT 4 GP/(1.-VOICfl 
ZOFMAX=(HO/PI)*ATAN(106..dL/IPGCV*(0J+0 4 C 4 (A+AOA+AA+B)))) 
PZH=(PI*ZCFMAX)/HE 

75 	 0,01=(PI/PGCV)*(1./C) 4 (HE/P1) 0ASIN(PZHIN(PLA)) 
U0.2=0b 4- (1./G)*GUS(PZ4) 
(43=D 4. AA 4COS(PZH) 
Q04=D 4 ACA*COS(PZH) 
005=0*A*C0S(PZH) 



	

oti 	 QQ6=0+84 GOS(PZH) 
DTZ=24C0.-TGI 
QQQC=OTZ/(0U14-QQ2+13+QC,i4++QQ6) 
TGO=TGI+(PI/PGGV)*(1./G)*QG*(HE/PI) 4 (2. 4 SIN(PLN)) 
TGZ=TGI+(FI/PGCV) 4 (1./C)+OQC 4 (Ht.'/PI)*(SIN(PZH)+SI\(PLN)) 

	

85 	 TPZ=TGZ+00 4 (1./0 4 C4OQGfOOS(?ZH) 
TC2Z=TPZ+0*AA*QQC*COS(PZH) 
TG1Z=TG2Z+0 4- AGA*WOO*OOS(PZH) 
TSZ=TC1Z+0*QQQC 4- A.GOS(PZH) 
TMZ=TSZ+D*OL4G 4 6*O0S(PZH) 

	

90 	 UELTGO=TGO1-TGC 
IF(DELTGO) 40.50160 

40 	IF(ABS(DELTGO).GT.5.) GO TO 41 
GO TO 50 

41 SUPFV=SUPFV+0.1 

	

95 	 GO TO 211 
60 	IF(DELTGO.GT.5.) GO TO 61 

GO TO 50 
61 SUPFV=SUPFV-0.1 

GO TO 211 

	

100 	 50 PWROEN=(GOPT*GP).(TGO-TGI)/(HG 4. 100.) 
VFUN=(1.-VOID)/(VOI0**3.) 
PROROP=CONST*(HC 4 100./DP)*(SURFV"2.).(ROG/(.02*G))*VFUN*1.41 
WRITE(6,100) 

100 FORMAT(///6X,"OP",9X,"THIGK",7X,"G-OPT",7X1"VOID". 

	

105 	 17X,"PR.DROP",5X."ZCFMAX".4X,"GAS IN TLMP",2X,"GAS PRL:.3",2X 
1," GAS IN DEN",3X,"MEAN G. DEN.") 

WRITE(6,101) OPITHIOK,GOPT,VOIO,PROROP,ZUMAX,TGI,GFRS,ROGI,KJG 
101 FORMAT(/1X,10(1PE12.5)) 

WRITE(6,2(6) 

	

110 	 200 	FORMAT(/2X."HEAT T.G.".3X."FUi-L L;.T.".3K,"FUc1. 
15X."V.H.S0".3X ,CGAS OUT TEMP"11X,"POWER DEN.'92X,"1.3 AkT. S.T.", 
12X1"TELRM. VEL. 12X."13E0 HEIGHT",2X,"GAS IN VEL•") 

WRITE(6.201) HTTOITMZ,TSZoQOUG,TGO,PWROEN,TPZITc_RVEL,HG,SUPFV 
201 - FORMAT UDC 110 UREA 2.5) ) 

PROGRAM FIXRUN2 	73/74 	ORT=1 	 FIN 4.6+428  

115, GO TO 75 
888 GO TO 65 
999 STOP 

LND 



SAMPLE OUTPUT 

OP 	 THICK 
	

G-OPT 
	

VOID 	PR.DROP 

1.70UOLE-01 1.50000E-02 1.39019E+01 5.GLUJOE-01 4.96842E+02 

HEAT T.C. 	FUEL C.T. 	FUEL S.T. 	V.H.SO 	GAS OUT. TEMP 

3.38774E+00 2.40000E+03 2.05192E+03 2.197566+05 1.50446E+3 
SCAN 	10 FOR 	13 

0 	OMIT 
NO COPRECTIONS APPLIED. 

ZCFMAX 	GAS IN TEMP GAS PRES 	GAS IN JEN 	NLiiiv U. DEN. 

4.77661E-01 5.54G00L+02 1.U6L;JUE+03 5.8678E-.0.5 4.66Li82L-U3 

POWER DEN. 	PARRT. S.T. 	TERM. Vz:L.. 	Bit) +7..IGHT 	GAS IN VEL. 

4.38282::.+02 1.97409L+U3 8'469794E+00 1.00uU0.--.+0 	24710OUL+01 
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GAS-STEAM BINARY CYCLE 

E.1 Steam Cycle  

The T-S diagram of the steam cycle with six feed water heaters and 

no reheat is shown in Fig. (E-1). 

The symbols used are: 

h
mn

, n=1,2,. . .6 
	

E The actual enthalpy of the steam extraction to 

the n
th 

heater 

h
mnf and  vmnf, 

 n=1,2,...6 E enthalpy and specific volume of the condensed 

extraction steam (saturated liquid) in the n
th 

heater, 

h
mnc

, n=1,2,...6 
	

E enthalpy of the compressed liquid (feed or condensed 

water) at the n th heater outlet, 

p
mn 

and timn , n=1,2,...6 	E the pressure and corresponding saturation temper- 

ature of the n
th 

extraction steam, 

m 	n=1,2,...6 	 E fraction of the steam extracted from different 

stages of steam turbine for nth  heater. 

Once the condition of the steam at the turbine outlet (p 1  and t 1 ), and 

condensor (p ...), and also pressures of the steam extractions (pmn,  n=1,2,...6) 

are specified the rest of the properties of the steam cycle could be obtained 

from steam-tables taking into account the turbine efficiency at each stages 

of the steam extractions. 

From the simple heat balance for different heaters the fractional steam 

extractions are obtained under the assumption that compressed liquid (feed 

water and condensed water) at each heater is heated up to a temperature 
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which equals the saturated temperature of the extraction steam corre-

sponding to its pressure for that heater. The justification for the 

assumption is that since most of the extractions are taken where the 

steam is still superheated, except for the very low pressure heater, it 

is possible to achieve the prescribed temperatures. For the very low 

pressure heater the effectiveness of the heater is ignored. Furthermore, 

one of the heaters, namely heater 4#3, is open-loop for deaeration purposes, 

the rest are closed loop heaters. The condensed extraction steam at each 

closed-loop heater is to be drained to the successive lower pressure heater. 

For the low pressure heaters the condensed steam is sent to the condensate 

line. 

The fractional quantities of steam extractions are obtained as: 

h
mlc 

- h
m2c m

1 	hml - hmlf 
(1) 

(h
im2c 

- h
B2

) - 
m1(hmlf 

- h
m2f

) 
m
2 	 h

m2 
- h

m2f 

(2) 

(1  - ml m2 )(hm3f  hm4c ) 	(ml m2 )(hm2f hm3f )  

	

m
3 	 h

m3 
h
m4c 

(1 - m
1 

- m
2 

- 
m3)(hm4c 

- h
m5c

) 
m
4 hm4 

h
m4f 

(1  - ml - m2 - m3 )(11q5c hm6c) m4 (hm4f hm5f )  

	

5 	 h
m5 

h
m5f 

m - 

(3)  

(4) 

(5)  
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m6  = 
(. ml - m2 - m3 - m4 - m5 )(hm6c hB1 )  - (m4 m5 )(hm5f hm6f )  

(11m6 	hm6f) + (hm6c 	11,31) 

 

(6) 

where 	h
B2 E actual enthalpy of the feed pump outlet 

h
Bl 

E actual enthalpy of the condensate pump outlet 

It should be noticed that the effect of the drip pump is neglected be-

cause of its very small contribution, but the drip pumping requirements 

will be considered later. . 

The turbine is obtained by summing the partial turbine works at 

different stages of steam extractions as, 

wtl = hl h

• 

ml 

wt2 = (• 1 m

• 

i)(hml h

• 

m2 )  

wt3 = (1  - ml m2)(hm2 hm3 )  

wt4 = (• 1  - m

• 

l - m2 - m

• 

3 )(hm3 hm4 )  

wt5 = (1 
m
1 
 - 

m2 
 -m3 

 - m  ) 4 (hm4 hm5 )  

wt6 = (• 1  m

• 

l -m2  -m

• 3 

 -m4 - 
m5 )(hm5 hm6 )  

wt7 = ( 	m

• 

l - m2 - m3 - m4 - m 5  - m6 )(hme,  - h* ) 
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where h
1 

E enthalpy of steam at the turbine inlet 

h = enthalpy of steam at the turbine exit to the condensor. 

The total turbine work is given by 

w
t 

= w
tl 

+ w
t2 

+ w
t3 

+ w
t4 

+ w
t5 

+ w
t6 

+ w
t7 

The required work for the condensate pump is obtained as, 

vf 

wpl = (1 ml - m2 - m3 - m4 - m5 - m6 )  71-- Opt 
Pi 

where 
	

6p1 = Pm3 P  

* 
p = absolute pressure in condensor 

o
f 

= specific volume of the saturated water in condensor 

pl = efficiency of the condensate pump. 

The required work for feed water pump is given as, 

vm3f  

wp2 	
p2 

= 	 A p2  

where 	
46' P 2 = P 1 	Pm3 

np2 = efficiency of the feed pump, 

and the drip pump required work is written as, 

wp3  = (1 - ml  - m2  - m3 ) —T 
 vm
T

6f
-- A p3  

P 3  

(14) 

(15) 

(16) 

(17) 
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The total pumping requirements is obtained by summing up the Eqs. 

(15), (16), and (17) as, 

w
p 

=
pl 

+ w
p2 

+ w
p3 
	 (18) 

The net work done by the steam cycle is simply obtained by subtracting 

Eq. (18) from Eq. (14), 

= w t  w
net

ste
am 
	cup 

The amount of heat needed to generate superheated steam at the desired 

conditions, i.e. p
1 

and t
1
, is obtained as, 

in 	
= h

1 
- h

mlc steam 

Thus, the efficiency of the steam cycle alone is obtained as 

net
steam  

x 100 nsteam Q
insteam 

(21) 

and the quality of steam turbine exit to the condensor is, 

* 	* 
h - h 

X = 1 	 * 
hf  

g 

where h
fg 

= total latent heat of steam at the condensor pressure, 

(19)  

(20) 

(22) 

h
f = enthalpy of the saturated water at the condensor pressure. 
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E.2 Gas Trubine 

The T-S diagram of the gas-cycle is shown in Fig. (E-2). Also, the 

temperature vs fractional heat exchanged in the steam generator is shown. 

The gas trubine work is given by 

W
t 	=CnTmax p tg gas 

(23) 

where 

C E specific heat of gas 

1 tg 
	efficiency of the gas turbine 

T
max 

E maximum temperature of the gas (absolute) 

0 = 1 + pressure loss ratio of the cycle 

r E compressor pressure ratio 

y E specific heat ratio. 

The gas turbine outlet is obtained as 

T
t 	

= T
max 	Cp out 

	 wt
gas 	 (24) 

By setting Ti; for the gas (see Fig. E-2), and heat balance for the steam 

generator from punch point to the high temperature terminal, one obtains 

an expression for the amount of gas per unit mass of steam generated as, 

h
1 	

h
b 	

(25) 
Cp(T

t 	
- T') 

out 
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The gas temperature leaving the steam temperature could be obtained 

straight forwardly as 

hb h 
tic T . = T 	- 

min 	b 	C m 
P g 

(26) 

The compressor work requirement is obtained as, 

1- 1 

we 	
cg 

T
minrp 

I 

	

- 11 	 (27) 
gas 

where n
cg 

= efficiency of the compressor 

and the gas temperature leaving the compressor is written as, 

w 

= T 	+ 
min Cp 

gas  
Tcout 

The amount of heat required to increase the gas temperature from T
c 
out 

to T
max 

 is simply, 

Qin 	= C
p
(T
max 

- T
cout

) 
gas 

The efficiency of the gas cycle above is obtained by 

w
tgas 

- w
cgas  

7-1 	 x 100 
gas 	Qin

gas 

Thus, the net work done by the binary cycle is: 

(28)  

(29)  

(30)  
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net = 
mg wtgas 

wcgas) 
wnetsteam binary  

and finally the overall thermal efficiency of the binary cycle is 

obtained as 

net 
 

nbinary 	m Q. 
g in  

(31)  

(32)  
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Fig. (E-l): T-S Diagram of the Steam Cycle 
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E
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T 

FRACTIONAL HEAT EXCHANGED IN STEAM GENERATOR (%) 

(6) 

Fig. (E-2): (a) Sketch of T-S Diagram of Gas Cycle (Brayton Cycle) 

(b) Temperature (Absolute) vs Fractional Heat Exchanged 
in Steam Generator. 
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