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FOREWARD

This report describes the preliminary design of the Suspended-Bed
232 233
Reactor fueled with Th -T coated particles and to be considered
as an alternative to LMFBR's. It was prepared by R. A. Karam, A. Alapour,
and €. €. 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.



SUMMARY

SUSPENDED-BED REACTOR PRELIMINARY DESIGN
U233—TH232 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.



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 U
thick, (2) silicon carbide pressure vessel, 30 U thick, and (3) ZrC layer,
50 u 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.



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 i1f 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-1II 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






Table S-I. SBR Design Specifications
Dicarbide Fuel

GENERAL

Electric Power, Mwe

Binary Cycle Overall Thermal Efficiency, 7%

Core Power Density, MW/m3
Core Volume, m3

Core Height, m

GAS CYCLE

He Gas Static Pressure, psi

Gas Compressor Compression Ratio
Core Gas Inlet Temperature, °F
Core Gas Outlet Temperature, °F

Comp./Gas-Turb. Efficiency, %

Total Gas Cycle Pressure Loss Ratio,

Gas Volume Fraction in Core (Void), %

Gas Mass Flow Rate, kg _ /hr
gas
Gas Superficial Velocity, m/sec

Gas Pressure Drop in Core, psi

STEAM GENERATOR

%

Steam Generator Gas Inlet Temperature,

Steam Generator Gas Outlet Temperature,
Gas Temperature at Pinch Point, °F
Pound Gas per Pound Steam Generated
Steam Gemerator Outlet Temperature,

Steam Generator Feed Water Temperature,

(continued)

°F

°F

0
¥

1160.0
40.0
290.0
10.0

0

1000.

0
2
590.0
1500.0
0

0

0

1464.0
509.0
700.0

0.8415

1000.0

486.0




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

STEAM CYCLE

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

N2 of Resuperheaters
N2 of Feed Water Heaters

Condenser Pressure/Temperature, in. Hga/°F

Quality of Steam at Low Pressure Turb. Exit, 7% 15.

Steam Flow Rate, kg/hr

Pumping Requirement, MWe

Thermal Efficiency of Steam Cycle Alone, %
Net Power Generated by Steam Cycle, MWe

Steam Turbine/Pump Efficiency, %

FUEL

Fuel Particle Diameter, cm

233—Th232)C2, e

Fuel Kernel Diameter (U
Fuel Particle Total Coating Thickness, cm

Pyrolytic Graphite Layer Thickness
(First Layer), ecm

Silicon Carbide Layer Thickness
(Second Layer), cm

Zirconium Carbide Layer Thickness
(Third Layer), em

Maximum Fuel Temperature, °F

Maximum Temperature Drop through the
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, MW/kg

Enrichment, Inner Core/Quter Core, 7%
Initial Breeding Ratio

Power Peaking Factor

2000/1000

0
6

.0
.0

2/101

4

32.
43.
1310.
85.

0

0

0
2400

290
8

1

0
.709 x 106
0

0
0
0

17
14
.015

.0070
.0030

.0050
.0

.0
.7

.830 x lO5

10,963/57,590

2600
1

.0
.1

16.0/22.88

1
1

.06
.21




Table S-TII. SBR Design Specifications

(Coated Metallic Fuel)

GENERAL

Electrical Power, Mwe

Binary Cycle Overall Thermal Efficiency, %
Core Power Density, MW/m3

Core Volume, m3

Core Height, m

GAS CYCLE

He Gas Static Pressure, psi

Gas Compressor Compression Ratio

Core Gas Inlet Temperature, °F |

Core Gas Outlet Temperature, °F
Comp./Gas-Turb. Efficiency, %

Total Gas Cycle Pressure Loss Ratio, %
Gas Volume Fraction in Core (Void), %
Gas Mass Flow Rate, kggas/hr

Gas Superficial Velocity, m/sec

Gas Pressure Drop in Core, psi

STEAM GENERATOR

Steam Generator Gas Inlet Temperature, °F
Steam Generator Gas Outlet Temperature, °F
Gas Temperature at Pinch Point, °F

Pound Gas Required per Pound Steam Generated
Steam Generator Outlet Tempcrature, 0F

. 0
Steam Generator Feed Water Temperature, F

{continued)

902.
41.
220,
10.

1000.

590.
1500.
90.
12.
55.
017 x lO6
14.
98.

1452,
512,
700.

0.

1000.

486.

o O O O O

o O O © O N O




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

STEAM CYCLE

Superheated Steam Pressure/Temperature,

psia/°F 2000/1000
N 2 of Resuperheater 0.0
N2 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 106
Pumping Requirement, MWe 24,0
Thermal Efficiency of Steam Cycle Alone, 7% 43.0
Net Power Generated by Steam Cycle, MWe 983.3
Steam Turbine/Pump Efficiency, % 85.0

FUEL

Fuel Particle Diameter, cm 0.17
Fuel Kernel Diameter (U233—Th232), cm 0.14
Fuel Particle Total Coating Thickness, cm 0.0150
Pyrolytic Graphite Layer Thickness, cm 0.0070
Silicon Carbide Layer Thickness, cm 0.0030
Zirconium Carbide Layer Thickness, cm 0.0050
Maximum Fuel Temperature, °F 2000.0
Maximum Temperature Drop for Fuel Kernel, °F 94.0
Terminal Velocity of Fuel Particles, m/sec 9.3
Fuel Kernel Max. Volumetric Heat Source 5

Strength, MW/m3 1.217 x 10
Fertile Mass Core/Blanket, kg 17,479/63,584
Fissile Mass, kg 3348.0
Specific Power 1.21
Enrichment, Inner Core/Outer Core, % 12.8/18.3
Conversion Ratio 1.17




efficiency. Features of this binary cycle are shown in Figures $-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 iﬁ a sus-
pended-bed operation due to breakage or erosion, it is quite possible to
use coated particles fixed in a wmatrix 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 operationm.

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

14



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 tem years

or even shorter is very possible.
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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 1life 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

(2-6)

previously considered concepts 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

2
(U 33 Th)C, 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 inrthe core section will collapse, and the particles will flow

18



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.

e 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 statiomary nuclear electric power station which could meet the tentative

specifications, cited above, for non-proliferating power reactors.
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Arrangement of Tubes for Suspended~Bed Reactor

e B¥O

Fig, I-1.
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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.

Appendix B.

2.1.
2,2,
2.3,

2.3.1

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

Uranium reserves

The thorium resource

Energy from assured reserves

Electrical energy needs and nuclear power growth
Thorium Based Reactors

General background

Physics parameters

Breeding

Doubling time and specific power

Breeding strategy

Metallic Pu-Th Interim Breeders

21



2.4, Coolant voild coefficient

2.5, Doppler coefficient

2.6, Protactinium Production

2.7. Uranium ~232 production

2.8. Transuranjum 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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IT, 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 welight 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. 1If 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

23



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 fluid 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, 70u
thick, (2) silicon carbide pressure vessel, 30y thick, and (3) ZrC layer,
50u 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:

Introduction

Thermal Hydraulics for Fluidized- and Fixed-Bed Regimes
Thermodynamic Optimization Study for Gas Cooled Reactors
Suspended-Bed Reactor Fuel Design

Physics Calculation Including Core and Blanket Specifications
Selection of Pipe Material and Sizes

Decay Heat Removal

Considerations Leading to SBR Parameters

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

where m

Uz =dC, (T (2) - T 0

mass transfer rate = G Ab’

G = mass flow rate per unit area,
Ab = area of the bed,
Cp = heat capacity at constant pressure,
T (Z) = temperature of the gas as a function
& of the axial distance, Z, and
T |, = inlet temperature of the gas.
gin

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

i.e.

11

where q (2)

"t

Q) = q (2) d Ve
-L/2

me

mZ

q cos(:) = yolumetric heat source as a
c H

function of Z.

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)
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I
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(%3 4
a. Sketch illustrating relationships of Q(Z), q (Z2) and
bed height

COATING

b. Fuel kernel and fuel particle

Fig. II-2-~1. Sketches illustrating (a) bed height, Q(Z), q (Z) and
(b) fuel kernel.

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

v 1%
volume of gas _ g _ ___ g (3)
volume of bed Vb Vp * Vg

E =

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

The volume of the particles may also be expressed as:

Vp = (l—s)Vb . (4)
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since

VIV = | (5)

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

tively, then

Df 3
Vf = (1—8) D—' Vb (6)
p
Df 3
or de = (1-¢€) o Ab dz . D)
p
Consequently,
Z
e Tz D 3
Q(z) = q COS(TT)(l—S) —_ Ab dz
H
-L/2 P
D 3 ~
f " H . TZ TL
= ~e) | = = —= + =
(1-¢) D Ab q, 7 ¢sin > sin oF (8)
Equating (1) and (8), yields
3
D "Y1 [ (TI')
- l-ef f H |sin{—= L
Tg(Z) = Tgin + 5 C 5 1@ 7 i/ + sin 2~] (9)
p p
At z = LJ2
D 3 ~
1 -~¢ f "oy L
Tg(out) = Tgin-+ G Cp 5; 1, 7 @ sin ﬁ) (10)

29



Also

A Tp—>g z) = (Tp - Tg)c cos (‘Til?—) (11)

where A T (z) 1is the difference in temperature between the particle
P

surface and the gas at point Z and (Tp—Tg)c is the difference at the

bed center,
(141
The heat transfer equation relating Tp, Tg and q. is

ny
= - T d A (12)
q dV h('I‘p g)C P

where h = heat transfer coefficient for the film between the gas
and particle surface
v = N-E D3 », N 1s number of particles
P 6 p
A = NTD ,
P
D
from which V. = A -E (13)
2 p 6
substituting (13) into (4) one gets
6(1-€) Vb
Ap = — (14)
P
and thus d A = 6(1-e) , 4, ] (15)
P Dp b

Combining (15) and (7) into (12) yields
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m D D
_ - ) B
@f Tg)c 9 1D 6h (16)
p
Substituting (16) into (11) yields
"e Df 3 EE _
b1 @ = q 5; £ cos(—ﬁ) an
or equivalently,
Z m Df 3 EE Tr?
T@ - 1@+, 5| s (H) (18)

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

D 3 ~

1-c¢ f RN & ., TZ Y,

= + -_— el - =] —_—
Tp(Z) Tgln G Cp Dp %@ 7 [Sln 3 + ..:ln(zﬁ)]

3

D D 'y

_p (£ mZ (19)

+ e 1D a, cos(ﬁ

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

H
G C_ D (20)
__P P
(1-e) 6h

Z
T max
( )

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

fuel kernel can be shown (see Appendix C) as

31



——D)] (Ts - Tp) (2

where Af = surface of the fuel kernel
kc = thermal conductivity of shell
TS = temperature at the surface of fuel kérnel
Tp = temperature at outer surface of shell,

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

1= A }11201 D Ts) ™ Le
LF £/2 G"'Bfi) ( ) é a

k
q = A c2
cl D.1 ( _ Dcl) écg - Tc2
L 2 Dc2
k
— c3 _
T D D [Tcz TCl]
P (]_ - B
2 DC

e

where kbl’ kc2 and kc2 are the thermal conductivity of the inner, middle
and outer shells respectively. The amount of heat conducted at a point

Z 1s the voplumetric heat source at that point times the volume of the

fuel particle, or

1t

q (@) . (22)

oo

= m = I
q(Z) q'"" (2) Ve =D
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Also, the quantity (TS - Tp) at z is related to (TS - Tp)c, the dif-

. s mZ
ference at the center line, times cos —
H
At z =0
k
I 3 ne 2 c
=  — = T -—
1(0) 6 Df qc " Df D D (s Tp) (23)
R S R
2 D/
From which
Ty
D
D_q f
(T_T) _ _f'e Df(l——D—) . (24)
s plc 6 P
2 k
c
With this relation, Tq(z) becomes
D D D
f "t f .n.Z (25)
= + —= _ =
Tj.s(z) Tp(;’) & 9. > kc cos (ﬁ)

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

fuel kermel surface temperature is found at

. -1 ~ _]
H H
.} 26
(T Ymax mtn | T¢ec (D D D (26)
s "t ieL e 1|, (1 _ £
1-¢ 6h 6 D 3 f D
¥ R
D ch
P
Similarly the maximum fuel center line temperature, Tm occurs at
o -1 N
H H
z(Tm)max x tan T GC (D Df 1 Df Df (27)
___P_ _.P_ + — D l - 4
(1-¢) )6h 6 D 3 f D 4k
£ —y P
D 2k,
P



2.2 Flujdized 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).

Re = = —A (28)
P 18 + 5.22/Ar
3
D P~ p
where Ar = g . —ié . —ILE——~5 Archimedes Number
v B

gravity acceleration

[0)2}
1}
O
(o]
=
—
n

n |0
o |8
LI g

U
v = E& [gEiJ dynamic viscosity of the gas

viscosity of the gas

e
o
i
]
=
o
)
o
el

density of the gas

©
[0)0]
1t
[00]
w
[

density of the particles

©
o
{
g_|&
wln
—

Dp Fmﬂ diameter of the particle

The quantities, pg and ug, 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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the coated dicarbide particles was set at 24000F, the same value as used
in the HTGR technology. In practice the calculation of the Tg out was
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 Re opt’ from Eq. (28), by the

relation
R
¢ - _e(opt) g B (29)
opt 2
P cm -sec
Ggpt m

and UoPt N pg x 100 (sec) (30)
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 is given by the
relation(S)

2 0.21

+ .36 R, opt
- . (31)
r

18 R, (oot

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

the Chu equation(g)
-0.78
2/3 R R
ho= 5.7(E] x [-SCBE x C x G |BLE} 45 € OPt . 35 (32)
Pr 1l-€ P opt CmZ.OF 1l-¢

35



and

1 2/3 Re ont =0.44 e R
h o= 1.77(% x (—=-2R% xC_ xG HEEE 14 2 9RL 5 30 (33)
P 1-e P opt 20 1-¢
r cm + F
C v
where Pr = *%Z—E Prandlt No . 0,67
g
. (10)
Pressure drop for the fluid is calculated by
AP = (pp—pg) (1-e) x H x g x (14.22/9810)psi . (34)

2.2,2 Fixed Beds

In fixed beds the void fraction, €, 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:(ll’lz)

p
_ Hx 100 [.2  “g] {1 - €| {1.41 .
AP = C ——B;——- E’ X 2?} [_€3 ] (100)p51

]
1

constant . (Ref. 7).

A computer program has been written incorporating all these equations.
For a given gas inlet temperature, and for fixed bed and wvoid 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,
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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 Optimizat}on Study for Gas Cooled Reactors

The helium cooled Suspended-Bed Reactor has the potential of reaching
high gas outlet temperatures, perhaps 18000F or higher. Currently the
HTGR's of General Atomics operate at about 1500°F. The AVR reactor in

(13)

Germany reached helium exit temperature of 17400F. Apparently, the

HTGR's could also achieve helium exit temperature of 18000F with a slight

(14)

decrease in the power density. 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(Sl)

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—10000F 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. II-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 lSOOOF and lOSOF respectively.

The results in Fig. II-3-1 :zlearly 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, II-3-1, we find the optimum gas-cycle efficiency to be 37%. HIGR's
steam cycle efficiency is about 407%; consequently, based on efficiency alone,

direct cycle is not better.

39



GAS CYCLE EFFICIENCY [%]

COMPRESSOR TEMP.
117 213. 296, 370. 499, 700, 709.
[ S — - B R i - D ]

Single Comp. (No Intercooling)

il 2 (ore Gas Outlet Temp. (Turb. Inlet
" Compressor Intake Temp.

. Pressure Loss Ratio

Comp. /Turb. Efficiency

Yge = 1.73,  Cpy = 1.298 S
: lbm F
S Soah U S s

< - Recuperator Effectiveness

0

o 1
P

RISE [°F].
798

A e kT

B B B .

‘ijelative Mass Flow i?i77 ~”

COMPRESSTON RATIO
Fig, II-3-1.

70

8.0

3.0

10.0

Gas Cycle Efficiency vs Compression Ratio for One State Compression




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 thanged. These results are also in close agreement
with those reported in Ref. (14).

Figure I1-3-3 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

(14)

the binary cycle proposed by Fortescue and Quade 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 HIGR's steam cycles but also would solve the problem of size

limitations of gas turbine technology.
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3.2 Gas/Steam Binary Cycle

Optimum gas/steam binary cycles for reactor gas outlet temperatures

0 )
of 1500"F and 1800 F are summarized in Figs, IT-3~4 and I1-3-5respectively,

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

and the combined binary efficiency was greater than 47% (see Fig. I1-3-4).

The corresponding values for 1800°F gas outlet temperature were 43.17% for

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

calculations are given in Figs. 1I-3~4and 5. Details of the calculations are

given in Appendix E.

Advantages of this design are as follows:

(1)

(2)

(3)

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.

Recuperators which are required for direct gas cyecle are not needed
in this design. The het 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.

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 cvcles,
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. I1-3-4 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 lOOOOF 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-3-6 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 mnote that at a compression ratio of 1.8 and TmaX for reactor gas

outlet of lSOOOF, the optimized binary efficiency is 47.37%, but the turbine
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gas outlet temperature is only 11500F. This gas temperature and the
steam cycle (shown in Fig. II+3-4) yields a steam cycle efficiency of
43.1%. This optimum binary cycle efficiency, however, corresponds to a
reactor inlet temperature of 890°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—76OOF, and the gas turbine outlet temperature is 1300—12500F. 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 compfessors 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 MWye 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 Mie,
The current HTGR technology with a 2140 MWth plant produces 856
assuming a steam cycle efficiency of 40%. 1In other words, the binary cycle
"described herein i1s 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
fast reactors(l5’l6’l7) 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.(ZI) The reference BISO and TRISO
particles as well as some advanced BISO particles are described in

Table II-4-TI. 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 II-4-1 and II-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 lO21 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 II-4-4. Finally rapid thermal excursion effects from 1250° to 14250,
to 1600°, or to 1800°C and back to 1250°C on pressure vessel failure in
TRISO particles is shown in Figure II-4-5 as a function of fast neutron
fluence (a) and kermel burnup (b). That the properties of these particles
are excellent is obvious. In particular, the large burnup possible,
shown in Figure I1-4-3(b), is very attractive.

The General Atomic Corporation has also investigated(zz) the breed-
ing potential of HIGR'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-II.
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Table II-4-I

Advanced BISO Fertile Particle Description

Particle Parameters

Particle Outer Total
Buffer ) Kernel
System Kernel . Coating Coating
. Thickness . X Volume
Dia., um Thickness Thickness .
pm - Fraction
pm um
Reference 305 (TRISO) 50 100%* 150 0.128
TRISO-BISO 500 (BISO) 85 75 160 0.227
aovanced 500 60 65 125 0.274
(Si-PyC)
Advanced 500 50 50 100 0.364
(Si-PyC)
dvaneed | 09 0 s 75
(Si-PyC)

*
Outer coating comprise 30um high density PyC, 35 um SiC, and 35 pm high density PyC
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Table II_-méH--II .

Effective Conversion Factors for

Advanced BISO Fuel Particles

a Effective C rsi Carben to
Reactor Type |[Particle System ec ¢ Lonve °% ' Thorium Atom
Ratio .
Ratio
a b a b
HTGR BISO - I 0.84 0.75 115 130
Reference
Fuel Rod
g BISO - II 0.89% 0.82° 90®  100°
Fuel Block
Desi
esign BISO - IIT 0.932 0.87° 70% 80P
HTGR BISO - I 0.90 732
Modified Fuel
rod and block
Design(¢)  |pIso - 1I 0.94 562
a
BISO - III 0.96 45
. 3
(a) Power Density = 6.0 MWth/m
3
(b) Power Density = 8.4 MWth/m
(¢) 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."(zz)
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 17400F.(l3)
Other coated particles designs have been considered for gas cooled

(15,16) These include:

fast reactors.

1. carbide or oxlde 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 UC2 at high temperatures, low neutron
capture cross section, good thermal conductivity, superior resistance

(22,17) M. Dalle Donne, et alﬁlS)

to fuel migration, and superior strength.
have designed a mixed uranium plutonium carbide particles 1.4 mm dia-

meter, with a triplex 120 um 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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~ 23
1x 10 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)C2 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)C2 kernel. The kernel diameter in
both cases was 1.4 mm. The thicknesses of the three layers were as
follows: 70 um low density graphite, 30 um SiC, and 50 um 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 um. 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_6/00
compared to 5.35 x 10_6/00 for SiC.

The choice of a dicarbide kernel rather than oxide was primarily
due to the excellent thermal conductivity of (U—Th)C2 which is 13.8 BTU/
n’F ft. versus 0.2 BTU/n’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

(¢) 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 II-4-IIT.
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Table II-4-111

Mechanical Properties of Fuel Materials

Properties Unit | (U-Th)C» Th Buffer PyC SiC ZrC
Young's modulus psi 4.62x10° 2. 4x10° 52.5¢10° | 2.0 x 107
Ultimate tensile . 3 3
strength psi 80x10 46x10
Yield strength psi 35x103 46x103
Thermal expansion g1 12.5x107% | 5.4x107° 5.35%10"°
Poison's ratio 0.27 0.24 0.2570.3
Thermal conductivity| ¥2EES | 23,9 |45 (600°C)| 75 (800°) 36 (800°C)|20.5 (800°C)
m C
Density £ 9.3 11.72 1.05 3.2 6.7
cm
Melting point °c 3092°F 6710°F | 3997°F 6400°F
I

63



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(ls) 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

(27)

been found to be very compatible with thorium metal 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. II-5-1.

The core region consists of 151 (10" S$.S. 316) pipes arranged into
an 8-ring hexagon (see Fig. II-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. II-5-3. At the top of the core inside each 10" pipe, a
screen 1s placed to prevent the coated particles from being carried away
with the helium coolant. 1In 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 ZrO2
layer to allow high temperature operation (Fig. II-5-4).

A 10 m3 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/m3. A choice of ZSOMW/m3 yields, for the 10 m3 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. II-~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 27 reactivity.
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Blanket

Fig. II-5-3. A Section of Pipe Showing
Core and Blanket Arrangements
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Fig. II-5-5, Unit Cell in Suspended-Bed Reactor
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The stainless steel volume fraction is relatively insensitive to
the pipe diameter. TFor example, the difference in volume fractions
between 3" 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 )C2
coating material ZxrC-5iC-PyC
no. of particles per element 11,801,922
blanket height 1M
pipe specification 10" schedule 80 S S.8. 316
Top Axjial Blanket
blanket type | hexgonal element (fertile rods

inserted in graphite matrix or Beo
matrix) with a4.5" diameter hole
at center

no. of elements 253
no. of rods per element 18
no. of coolant channels 2
blanket pellet diameter 4,52 cm
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Tahkle II-5-1,

Comparison of Material Volume Fractions
of SBR with Typical GCFR and LMFBR

GCFR
Reactor SBER SBR (Ref., | LMFBR
Dicarbide Kernel Metallic Kernel 28) | (Ref. 29)
Core
Coolant Volume Fraction| 0.2886 0.361) 0.43310.325; 0.36110.397 [0.640| 0.406
Fuel " " 0.242 0.202| 0.161 [ 0.222 | 0.202}0.181 (0.221| 0.329
Stainless Steel " " 0.17 0.17 0.17 0.17 0.17 0.17 0.1391 0.223
Kernel Coating " " 0.191 0.159| 0.124 { 0.175 | 0.159 | 0.144
Pipe Lining " " 0.0153 0.0153 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 " " 0.16 0.16 0.16 |0.16 (0.16 }0.16 0.16 0.245
Graphite " " 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 " n 0.45 0.45 0.45 0.45 0.45 0.45 0.221| 0.329
Stainless Steel " " 0.08 0.08 0.08 0.08 0.08 0.08 0.39 0.223
Graphite " " 0.20 0.20 0.20 0.20 0.20 0.20
Bottom Coolant " " 0.12 0.12 0.12 0.12 0.12 0.12
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

no. of elements

no. of rods per element
blanket pellet

cladding thickness
height of element

length of each side of element

1.78 em x 45.72 em 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

253

24

452 cm

1.27 mm

50 cm

31.53 cm

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

The MC? code, (39

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 MC2. 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 conve;sion ratio on coolant volume fraction (Fig. II-5-9 and II-5-10).
The calculations comprised a one-region core, 35-cm blanket and 32-cm
graphite reflector. Tables II-5-II and II-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. II-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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Fig. II-5-8. Critical Mass vs Coolant Volume Fraction
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Table II-5-1IT

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, m3 10 6.4 10 11.67 10 10.4
Coolant Volume Fraction (7%) 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)




08

Core Geometry

3
Core Volume, p
Coolant Volume Fraction (%)
Breeding Ratio
Critical Enrichment (%)
Fissile Inventory (kg)
Fertile Inventory Core (kg)

Blanket (kg)

Total Heavy Metal Inventory
In-core (kg)

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

Table II-5-I1I

Metallic Spherical Suspended-Bed Reactor

Spherical, Metallic

5.9 10 10 12.8 10 13.1
32.5 32.5 36.1 36.1 39.7 39.7
1.2 1.191 1.182 1.18 1.174 1.17
124 11 11.5 11 12 11.5
1911 2965 2818 3450 2646 3322
14017 23988 20230 27913 19491 25570
46200 62365 62365 72654 62365 73275
15928 26952 23048 27913 22137 28892




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

Reactor Type

Suspended-Bed Reactor

GCFR LMFBR
(Ref.31) (Ref.32)

Fuel

Particle Coating
Clad Material
Blanket Material

Coolant

Core Power Density
MW /m3

Core Volume,(m3)

Specific Power,
Mw/kg

Critical Mass, kg

Conversion Ratio

Dicarbide Kernel

ZrC - SiC - PyC

Th metal in
Graphite Matrix
He

250

1.08

2311

1.08

Metallic Kernel

ZrC - SiC - PyC

Th metal in
Graphite Matrix

He
250
10

0.887

2818

1.18

Oxide Oxide
S.S S.S
ThO2 UO2
He Na
240 380
10.306 6.3
0.827 1.0
2910 © 2400
1.21 1.20
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harder than the LWR's.
The void coefficient of the coolant in the Suspended-Bed Reactor

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

5.5 The Suspended-Bed Reactor Cylindrical Calculations

The physics parameters of the Suspended-Bed Reactor, as sketched
in Fig. II-5-1 were calculated in cylindrical geometry. Table II-5-V
summarizes the results. Figure IT-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. II-5-12) is less than

0.87.

83



Table II-5-V.

Physics Parameters for Cylindrical Reactors

Parameter

Dicarbide Fuel

Metallic Fuel

Core volume, m
3

Inner core, m

Outer core, m

Enrichment
inner core

outer core

Total fissile inventory
inner core, kg

outer core, kg

Total fertile
inner core, kg
outer core, kg
axial blanket, kg
radial blanket, kg

Conversion ratio
Power peaking factor

Heavy metal loading per

Total number of particles

Number of fuel particles per pipe

10.

4.

1e6.
22.

1170.
1430.

6143.
4820.
41,166.
16,424,

1.
1.

particle, gm 0.

1.

6.

0

.64

54

07
887%

0
0

0
0
0
0

06

21

0134

0128 x lO9

66 x lO9

10.0

5.64

4.54

12.8%
18.3%

o

1507.
1841.

o

10,266.0

7213.0
41,166.0
22,418.0

1.17
1.21

0.0175

1.19 x lO9

7.829 x lO6
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Spatial Power Distribution in the SBR

I1-5-11.

Fig.
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6. Selection of Pipe Material and Sizes

The essential requirements for pipes' material in the Suspended-Bed
Reactor are:
(2a) 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 (LO00®E and pressure (1000) psi for long-term
irradiations

(d) compatibility with carbide

(e) 1low 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 5.5, 316 or
zircalloy at high temperatures, to 800°¢C (14720F). 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 $30/1b. With massive production, it is possible that
the cost can be drastically decreased.

Zircalloy is widely used as a cla&ding 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 3,8, 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-T1(20%), Zircalloy 2 and 4, and S.5. 316

Unit V-Ti 20% _Zircaloy 2,4 S.S. 316
Melting point ok 3200°F 3310°F 255072650°F
Density iﬂ% 5,75 6.5 7.92
cm
Li;gzzsgzsrmal 108 per °c 9.4 5.9 19.7
Thermal conductivity cal/cm/secOC 0.047 0.035 (éSOC) 0.035 (IOOOC)
0.0315 (300°C) 0.050 (500°C)
Yield strength 103 psi 30(250C) 42 (250C)
(0.2 % offset) 21 (1000°F)
19.5 (1300°F)
Tensile strength 10° psi 75 (25°¢) 70 (25°¢) 100 (25°C)
69.2 (1000°F) 95 (500°C)
46.0 (1300°F) 85 (700°C)
52 (900°C)
Creep strength good bad fair
Cg?iﬁti:i;igz good unknown good
I;Z;ii?gion good fair fair
Thermal absorption barn 4.88 0.18 3.0

cross section
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Table JI-6-~1I

Effects of Pipe Material on Neutronic Performance

Pipe material 5. S, Zr V-T1(20%)
Enrichment 12% 12% 12%
Relative Breeding Ratic 1.0 0.99 1.0
Relative critical mass 1 0.97 0.86
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where

P = maximum internal operating pressure in lb/in2

S = allowable stress in material due to internal pressure

tm = minimum pipe wall thickness in inches

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

D = outside diameter of pipe, inches

y = a céefficient having values as follows:

0.4 up to, and including, 1050°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". TFor 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. gpecification 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-I1I.
Since the Suspended-Bed Reactor will have gas exit temperatures
exceeding ISOOOF, 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 It has a high melting

7
point (26OOOC) 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 ZrO2 coating.

92



Table II-6-I1I

Design Properties of Pipes

Cross~Sectional

nominal schedule wall inside metal flow weight
pipe size number thickness diameter area area of pipe
and inches inches sq. in. |sq. in. 1b/ft
outside
diameter
4 408 .237 4,026 3.17 12.73 10.79
D = 4.500
10 808 .500 9.750 16.1 74.7 54.7
D = 10.750
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/. 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/m3

c. maximum bed center line temperature = 32000F

d. maximum pipe wall temperature = 12000F

e. average temperature rise of graphite block = 10000F

The total amount of graphite is determined by:
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where M 1s the mass of graphite
Cp is the specific heat of graphite
At is the temperature rise in graphite block
fz 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 II-7-I.

Table II_—] ~1

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 m3 68.7 m3 110 m3
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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 m3 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

qlll2 T
_ L%, o
T1 =T = 2ks In T
i
Ti = pilpe inside wall temperature
T, = pipe outside wall temperature

r; = pipe inside radius
r, = pipe outside radius
Ks = thermal conductivity of pipe material

q'"= power density
b. Temperature across the bed:

e

2,
N L S !
T¢ - i 4 ke

T¢: bed center line temperature

Ke: bed effective thermal conductivity

‘Thé bed effective thermél donductivity is about one-tenth of the

particle overall thermal conductivity according to reference.(36)
Table II-7-IT summarizes the results for various pipe sizes. It can

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

0
earlier. The maximum fuel bed center-line temperature was 2894 F consider-

ably lower than design limits.
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Table II-7-1I1

Temperature Distribution for Various Sizes of Pipes

Size Maximum bed center Maximum Graphite
line temperature . wall temperature 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 JI-8-1shows 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. IT-8-2, The pressure loss as a function of bed height
is shown in Fig. II-8-3. From these results, it was found that the max-
imum power density in fluidized beds is rather small ~ 12-30 Mva3.

The gas static pressure affects the power density slightly. Figure
I1-8-4 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. II-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 IT-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

3
of 10-20 meters/sec the power densities possible are 200-300 Mw/m . The
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REACTOR THERMAL POWER DENSITY [MW/mB]
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2400 °F

Gas Inlet Temperature

Maximum Fuel Temperature

Fuel Kernel Thermal Cond.

Coating Thermal Cond.
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Diameter = 1/10
Fuel Kernel Density = 10 gm/cm3
Carbon Coating Density = 2.25 gm/cm3
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Fig. I1-8-1. P;wer Dénsity vs Fuel Particle Diameter
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PRESSURE LOSS THROUGH BED [psi.]
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Fig. II-8-3. Pressure Loss vs Bed Height (Fluidized Bed)

1101



| Vool AR -

A ST— T T

— ———— — - . . —_— - @« -
v 2
— - i [a] -
5} e R — - - - ~ — e
-] (&) A I
- . - ° oo ".Va R _ - .
L . o & _
S~ J = - I - - o ]
o — P [l
oo g
: | ] [3] N
R 1 oo B ® ~ -8
€ o 3 g cu
: (=2 4 S & Y ;
B © © N o — ‘E ;
- 23 s S8 =g
- 3 et .
, ~ a g
EO D T T oo =
o .
. . g
v o
O - N
. — B ]
=) J kg
g Ll P I s I
a o a3
o O . m [y
[ o o Com
[ B V= B ¥ > L
Fra m Q ~ n -
o + (&} (] bl ]
[V o] o} Rt
O n U — o g [n gt
a ¢ = m c 17} -
g g H© X A g @,
o g [ YRS |9 a
H 9 4 U o —~ la o .
H oY S S - W M
W g H BHo g TN
U - P Lo
—~ U U % wu o L FE !
C 3 M € g8 M ‘O o -
R — o oa 1O
- B B i
@ K Y g 94 9
b .
g2 2388 &
-1 e
:f L

[ B/MA] ALISNEQ ¥IMOd TVWHMIHL WOLOVAN

1

102

FUEL PARTICLE DIAMETER [cm ]



3

REACTOR THERMAL POWER DENSITY [MW/m
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CORE THERMAL POWER DENSITY [mw/m3]
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gas outlet temperature for each particle size as a function of gas velocity
is shown in Fig. IT-8-7, The corresponding pressure drop is shown in
Fig. II-8-8, Figure II-8-9 shows the power density dependence on the void
fraction and the corresponding pressure drop for 1 mm particles and
Figure II-8-10 shows the same parameters for 2 mm particles.

The results indicate that power densities between 200-500 MW/m3

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 B, the pressure loss
ratio, i.e. pressure drop in circuit, is shown in Fig. II-9-1 for B values
between 0.01 and 0.09. Figure II-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.
II-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 II-9-4. The binary efficiency for va;ious void
fractions as a function compression ratio is shown in Fig. II-9-5.

The results for metallic fuel coated particles are given in Figures
II-9-6, II-9-7, and 1I-9-8.

The maximum fuel temperature for the dicarbide and metallic fuels was
set at 2400°F and 2000°F respectively. The gas outlet temperature was set
at 1500°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 70u low density prolytic carbon, 30u
S1iC and 50p ZrC. Section 4 of this chapter discusses further the fuel

design. Table II-9-I lists other material constants used in the calculation.
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BINARY CYCLE OVERALL THERMAL EFFICIENCY (%)
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CORE THERMAL POWER DENSITY [ MW/m3]
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PRESSURE L0OSS IN CORE (psi)
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Flg. II-9~4., Pressure Loss vs Compression Ratio (Dicarbide Fﬁel)

i

10l
LI

N 1
1.2 1.3 1.4
COMPRESSION RATIO

114



BINARY CYCLE OVERALL THERMAL EFFICIENCY (%)
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PRESSURE LOSS IN CORE (psi)

Metallic Fuel

Fig, II-9-7. Pressure Loss Ratio vs Compression Ratio.'
for Various Void Fractions (Metallic Fuel)
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Overall Binary Efficiency vs Compression Ratio

for Various Voids (Metallic Fuel)
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Fig. TII-9-I, Material Constants Used in Calculation

FUEL KERNEL:

a. Dicarbide Fuel, (U233,Th232)c2
Density of dicarbide fuel kernel, gm/cm3 10.0
Thermal conductivity of dicarbide fuel watt/cmC 0.24
b. Metallic fuel, (U233,Th232)
, 3
Density of metal fuel, gm/cm 11.7
Thermal condition of metal fuel, watt/cmoc 0.45
COATING
1st layer; density of low density pyro. graphite, gm/cm3 1.0

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

2nd layer; density of silicon carbide, gndcm3 3.2
Thermal conductivity of silicon carbide, watt/cmoC 0.36
3rd layer; density of zirconium carbide, gm/cm3 6.7
Thermal conductivity of zirconium carbide, watt/cm C 0.205
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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. I1-9-5),
The pressure loss in the core at this compression ratio is 120 psi
(Fig. 1I-9-4), Assuming an additional pressure loss in the rest of the
circuit of 207 or a total loss of 140 psi. The corresponding overall
binary efficiency is 40%. The power density is 290 MW/mS. Table 11-9-11
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/mB. Table II1-9-T11 summarizes the coated metallic
fuel Suspended-Bed Reactor design parameters.

The overall Suspended-Bed Reactor binary cycle is shown schematically
in Fig. II-9-9.

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

GENERAL
Electric Power, MW, 1160.0
Binary Cycle Overall Thermal Efficiency, % 40.0
Core Power Density, MW/m3 290.0
Core Volume, m3 ' 7 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 Qutlet Temperature, °F, 1500.0
Comp./Gas-Turb. Efficiency, 7% ' 90.0
Total Gas Cycle Pressure Loss Ratio, % 14.0
Gas Volume Fraction in Core (Void), % 60.0
Gas Mass Flow Rate, kggas/hr 3.963 x 10
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 Qutlet Temperature, oF 1000.0

Steam Generator Feed Water Temperature, _F 486.0
(continued)

12]
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Table II-9-II. SBR Design Specifications
(Dicarbide Fuel-continued)

STEAM CYCLE

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

N2 of Resuperheaters
N2 of Feed Water Heaters

Condenser Pressure/Temperature, in. Hga/°F

Quality of Steam at Low Pressure Turb. Exit,

Steam Flow Rate, kg/hr

Pumping Requirement, MWe
ThermaliEfficiency of Steam Cycle Alone, %
Net Power Generated by Steam Cycle, MWe

Steam Turbine/Pump Efficiency, 7

FUEL

Fuel Particle Diameter, cm

Fuel Kernel Diameter (U233—

2
Th 32)C2, cm
Fuel Particle Total Coating Thickness{ cm

Pyrolytic Graphite Layer Thickness
(First Layer), cm

Silicon Carbide Layer Thickness
(Second Layer), cm

Zirconium Carbide Layer Thickness
(Third Layer), cm

Maximum Fuel Temperature, °F

Maximum Temperature Drop through the
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, MW/kg

Enrichment, Inner Core/Outer Core, %
Initial Breeding Ratio

Power Peaking Factor

2000/1000
0.0
6.0
2/101
Z 15.0

4.709 x 10

32.0
43.0
1310.0
85.0

0.17
0.14
0.015

0.0070
0.0030

0.0050
2400.0

290.0
8.7

1.830 x 10
10,963/57,590
2600.0
1.1
16.0/22.88
1.06
1.21

6
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Table TI-9-TII, SBR Design Specifications
(Coated Metallic Fuel)

GENERAL

Electrical Power, MWe

Binary Cycle Overall Thermal Efficiency, Z%
Core Power Density, MW/m3

Core Volume, m3

Core Height, m

GAS CYCLE

He Gas Static Pressure, psi

Gas Compressor Compression Ratio

Core Gas Inlet Temperature, °F

Core Gas Outlet Temperature, °F
Comp./Gas-Turb. Efficiency, %

Total Gas Cycle Pressure Loss Ratio, %
Gas Volume Fraction in Core (Void), %
Gas Mass Flow Rate, kggaslhr

Gas Superficial Velocity, m/sec

Gas Pressure Drop in Core, psi

STEAM GENERATOR

Steam Generator Gas Inlet Temperature, °F
Steam Generator Gas Outlet Temperature, °F

Gas Temperature at Pinch Point, °F

Pound Gas Required per Pound Steam Generated

Steam Generator Outlet Temperature, F

0
Steam Generator Feed Water Temperature, F

{continued)

902.0
41.0
220.0
10.0
1.0

1000.0
1.2
590.0
1500.0
90.0
12.0
55.0
3.017 x 106
14.7
98.0

1452.0
512.0
700.0

0.8551

1000.0

486.0
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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
N2 of Resuperheater 0.0
N2 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 106
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 0.17
Fuel Kernel Diameter (U233—Th232), cm 0.14
Fuel Particle Total Coating Thickness, cm 0.0150
Pyrolytic Graphite Layer Thickness, cm 0.0070
Silicon Carbide Layer Thickness, cm 0.0030
Zirconium Carbide Layer Thickness, cm 0.0050
Maximum Fuel Temperature, °F 2000.0
Maximum Temperature Drop for Fuel Kernel, °F 94.0
Terminal Velocity of Fuel Particles, m/sec 9.3
Fuel Kernel Max. Volumetric Heat Source 5

Strength, MW/m3 1.217 x 10
Fertile Mass Core/Blanket, kg 17,479/63,584
Fissile Mass, kg 3348.0
Specific Power 1.21
Enrichment, Inner Core/Outer Core, % 12.8/18.3
Conversion Ratio 1.17
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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 program 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. TIITI-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. TII-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 swihgs 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 Natiomal
Laboratory and perform this analysis for the Suspended-Bed Reactor.

We welcome the opportunity.
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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-T.

Table A-1-I  U.S. Uranium Resources as of January 1, 1975
(Tons of U308)

Potential Reserves

Reasonably
Production Cost Assured Probable Possible Speculative Total
Reserves
$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-II Potential Resources--January 1, 1976

Tons U0

38 *
Class 510 $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 U Exploration efforts in 1975 included 26

308'
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 Enviromment (COMRATE) in a

(37)

recent study of reserves and resources of uranium in the United States

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

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

l.(39) Moreover,

$30/1b U308 from known deposits appear to be very smal
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 carrjed out at the same time as that of the high grade ore,.
This increases the average cost of recovery to the $30/1b U308 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.(Bg)

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

(37)

following observations 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 U308 found per foot of exploratory drilling has
decreased from 14.7 pounds to U308 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 U308.

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%, U308)
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.
134



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.

(37)

COMRATE saw no quantitative basis for evaluating these contradictoery

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

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

alse rejects the optimistic estimates of uranium resources made by the

Electric Power Research Institute (EPRI).(AO)
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 scurce of uranium, particularly the Chattancoga shale in

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

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

(37)

rock for every ton of U308 produced, Cost analysis (studied by COMRATE)

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

3%
$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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(42)

costs would have to be resolved. One recent analysis concludes 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(as) 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,

N . (44,45)
university and government.

AEC's own estimate was 740,000 tons of
U308 at costs of up to $30/1b. 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

d(46) that the Company is

the nuclear industry. Westinghouse announce
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 U308 in October, 1975 were $24/lb.(46)

In the March, 1976 issue of Nuclear News, chairman of the board of West-

308. Back in the October

issue of Nuclear News (1975), William Minsch, a retired AEC senior attormey

inghouse, Robert Kelley, talks about $40/1b of U

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 uranivum., 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 theé 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

(47) says, '""Today it is difficult

adequate supplies of uranium. John Hogerton
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—Z—III.(48)

It is interesting to note that NEA/IAFA assessment of the U.S. reserves

are lower than ERDA's figures,
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Table A-1-1I11 Reasonably Assured Uranium Reserves
(as of January 1, 1975, 1000 tons)

Cost Range < 815/1b U308 $15-30/1b U308
Reserves
Algeria 28,0 -
Argentina 9.3 11.3
Australia 243.0 -4
Brazil 9.7 0.7
Canadab 144.0 22.0°
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 Statesd 320.0 134.0
Yugoslavia 4,2 2.3
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-T Estimates of U.S. Thorium Resources

Up to Price of Total, Reasonable Assured
$/1b ThO, plus Estimated Additional,
Millions of Short Tons
USAEC(ag) USGS(SO)
10 0.6 1.0
30 0.8 2.1
50 11 —
100 36 77
500 3000 —

Table A~2-TI may be compared to estimates of the uranium resource, shown in

Table A~2-IT wunder the same range of recovery costs as reported in WASH-1097.

Table A-2-TIT Estimates of the U.S. Uranium Fuel Resources

Up to Price of Reasonably Assured Total, Reasonably Assured
$/1b U30g plus Estimated Additional
Millions of Short Tous
USAEC USGS USAEC UsGs
7 - -- 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-TIT,

Table A<Z-I1II Estimated U.S. Thorium Resources
(thousand tons)

Cutoff Cost Reseasonably Estimated Total
(§/1b ThO, Assured Additional
10 65 335 400
302 200 400 600
502 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. Others(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 $30/1b ThO, or less (i.e. 200,000 short tons,

Table A-2-II1I) 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 Fnergy 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 U308’ then the time span to
exhaust this reserve, assuming 1000 nuclear plants each rated at 1000 MWe
and operated at a load factor of 757 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.(SS)

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 gemerating capacity, om 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-3-I,

Table A-3-1 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 U3O8’ 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
145,106 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 lNeeds 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

h.(58) As mentioned ear-

2030 is based on the data reported by J, Dietric
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 (MAFLA), 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
0il 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 U308 recoverable at cost up to $30/1b 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 $30/1b 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 breéders 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

(60)

Breeder Reactor, an LMFBR demonstration plant, is 34 years, 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 2lst 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 mno
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 environmmental 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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THORIUM-BASED REACTORS

B.1l 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
thoriuﬁ 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

61
n(01) It was felt that LWR's will be the

on the use of thorium reactors.
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

(62)

Dr. Robert C. Seamans, Jr., Administrator of ERDA, "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 LMFER

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

(63)

possible. The French concept of heterogeneous cores, as discussed in

Ref. 64, essentially increases the overall volume fraction of fuel which

65)

increases the breeding ratio. Russian designs( 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 ILMFBR
safety is the positive sodium-void coefficient. According to ERDA,(66)
"Except for IMFBR 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

o 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
n in the entire enevgy 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-1-1

where barred quantities represent averages over energy and spatial distri-

butions.

neutrons produced due to fissions in fertile material (1)
neutrons produced in fissile material

e=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 Eﬁ, 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, €, 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
al - based fuel rather than with a thorium cycle. In justifying this

policy the AEC study, WASH—1097,(61) cited some calculations performed by

(67)

Okrent 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 € for U is higher than that for Th and the fissions in

U238 relative to Th232, in typical LMFBR spectra, are approximately 4 to 1,
(see Fig. B-2-2).

Increasing the value of the factor € by including Be with thorium is
possible on two counts: (1) the neutron production due to the Be {(n,2n)
reaction 1s about 25% of the production in U238 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 —oa). 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 vof—oa and if the breeding gain is assumed to be proportional to
1

(vog=0_) (en-2)

ling time, The doubling time is the time required for a breeder to double

gn—-2, then the quantity, , would be proportional to the doub-

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
(vof—oa) (en-2)

using multigroup formalism would be more meaningful with respect to breed-
ing performance than conversion ratios. The values for the effective cross
(68

sections used in the comparison were recently generated for the funda-

mental mode spectrum in the following reactors:

233 232
(U - Th )02 cooled by D20
239 232
(Pu - Th )O2 cooled by D20
239 238

(Pu -U )O2 cooled by sodium

The MC2 code(BO)

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,0 reactors was fuel pins, 0.53 cm

2
radius, surrounded by 0.1 cm thick zirconium clad (substituted for zircaloy)
and 0.13 cm thick D20 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.

1
(vof—oa) (en-2)

The values for the quantity, for each broad energy

group are given in Tables B-2-IT, B-2-III, and for all three reactors.

Examination of these tables reveals the following:
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1)

(2)

(3)

(4)

(5)

Fission product capture cross sections have been analyzed

239 238
At energies above 100 KeV the breeding performance of Pu - Th

233
in an LMFBR is better than the breeding performance of U -~ Th in

a D20 reactor. The improvement is primarily due to higher values

238
of € because of the higher fission rate in U .

233
Below about 50 keV the breeding performance of the U - Th system

is superior to the current ILMFBR designs. This region extends all

the way down to thermal energies.

233 232
The breeding performance of the U - Th system could be improved

69,70
( ) MC2

further by including Be in the fuel composition.

(30)

indicate the neutron yield from the Be (n,2n)

238
reaction is about 25% of the U fission yield. Additionally,

calculations

the Be (y,n) reaction will add to the improvement.
Breeding below 20 keV and above thermal energies is not possible

with plutonium systems. This is indicated in Table B-2-IV

. , 1
negative values for the quantity, . The reason

(vof—oa) (en-2)
is that en is less than 2 (see Fig. III-2-1).

233 232
The best breeding potential for the U - Th system is perhaps

between 10 eV and 50 keV. In this energy range the vof—oa 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,

(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 kevV.
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Table B-2-I. Atom Densities in Heavy Water-Cooled (U233-Th232)02 and (Pu239-‘1‘h232)02
Reactors and in Sodium-Cooled (Pu239-U238)O2 Reactors
. ~-24
Homogenized Atom Densities x 10
U237 Th 0 D Zr
@?33-n?%0, | .00085483 0092365  .030192  .0200178, .0085285
in DZO Coolant
Pu239 Th 0 D Zr
239 232
(Pu™""=Th )O2 .001190 .008956 .03030 .0200198 .0085285
in DZO Coolant
Pu239 Pu240 Pu241 Pu242 U238 O16 NaZ3 Fe cr
231 238
(Pu"""-U )O2 .00307 .00148 .00033 .00177 .0136 .023822 .01227 .008173 .001776
in Na Coolant
Ni Mo
.001217 . 0001494




Table B-2-II. Breeding Performance of (U233—Th232)0

in DZQ—Cooled Reactor 2
Energy * 1
Group Eower’ eV (n)U-233 (vgf—ga)U-ZBB € (vof_oa)(gn_z)
1 0.60653x107 3.430 5.220 2.30470 3.2440x10~2
2 0.36788x107 3.084 3.484 1.96920 8.3046x10 2
3 0.22313x10’ 2.849  ° 3.532 1.56136 1.1560x10 "
4 0.13534x107 2.689 3.281 1.39831 1.7310x10° T
5 0.82085x10° 2.553 2.972 1.01046 5.8040x10™1
6 0.38774x10° 2.413 2.948 1.01000 8.2130x10" T
7 0.18316x10° 2.324 3.117 1.00000 9.9000x10™
8 0.11109x10° 2.287 3.183 1.00000 1.0950x10°
9 0.52475x10°  2.270 3,324 1.00000 1.1140x10°
10 0.19305x10° 2.260 4.242 1.00000 0.9060x10°
11 0.91188x10" 2.251 5.802 1.00000 0.6870x10°
12 0.43074x10" 2.220 7.517 1.00000 0.6050x10°
13 0.20347x10" 2.139 9.821 1.00000 0.4330x10°
14 0.96112x10°  1.981  12.462 1.00000  ~4.2230x10°
15 0.45400x10°  1.893 16.194 1.00000  ~0.5771x10°
16 0.21445x10° 2.042 23.945 1.00000 0.9940x10°
17 0.10130x10°  2.050 30.856 1.00000 0.6480x10°
18 0.47851x102 2.113 50.970 1.00000 0.1740x10°
19 0.22603x10° 2.265 66.412 1.00000 5. 6800x10 2
20 0.10677x10° 2.150  141.940 1.00000 4.6960x10" 2
21 0.50435x101  2.110  156.513 1.00000 5.8100x10 2
22 0.23824x100  2.168  112.130 1.00000 5.3000x10 2
23 0.11254x10°  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~IITI, Breeding Performance of (Pu239—Th232)0

in D20—Cooled Reactor 2
g::ziy Elower’ev (n)Pu—239 (vof—oa}Pu-ZBQ e* (vof—oa§(ns—2)
1. 6.0653x10° 3.983 6.302 2.1394  2.430x1072
2. 3.6788x10° 3.541 4.338 1.6559 5.960x10 >
3, 2.2313x10°  3.259 4.4l 1.4799  8.020x10 2
4. 1.3534x10®  3.094 4.216 1.3342  1.110x10° >
5. 8.2085x10° 2.974 3.505 1.0082 3.270x107 %
6. 3.8774x10° 2.796 3,058 1.0000  4.100x10
7. 1.8316x10° 2.596 2.700 1.0000  6.190x10
8. 1.1109x10° 2.525 2.696 1.0000  7.060x10° T
9.  5.2475x10%  2.464 2.846 1.0000  7.580x10
10. 1.9305x10%  2.165 2.695 1.0000  2.250x10°
11. 9.1188x10° 1.891 2.589 1.0000  -3.540x10°
12. 4.3074x10° 1.625 . 2.532 1.0000  -1.050x10°
13. 2.0347x10° 1.475 2.820 1.0000  -0.675x10°
14. 9.6112x10°  1.603 5.250 1.0000  -5.303x10
15. 4.5400x10° 1.621 8.810 1.0000  -4.300x10 2
16. 2.1445x10° 1.540  10.110 1.0000  -2.150x10 T
17. 1.0130x10° 1.652 19.234 1.0000  -1.490x10° %
18. 4.7851x100  1.924  54.740 1.0000  -2.400x10° L
19. 2.2603x100  1.027 0.810 1.0000  -1.268x10°
20. 1.0677x10% - 1.706  53.110 1.0000  -6.400x10 2
21. 5.0435x10°  1.677 28.120 . 1.0000 -1.100x10"
22, 2.3824x10°  2.644  '17.730 1.0000  8.760x10" >
23. 1.1254x10° 2,291 32.020 1.0000  1.070x10°!
24. 4.1399x10° 1 1.996  127.150 1.0000  -1.966x10°

*See Equation (1) for definition of €; the ratio of fertile to fissile
atom density was 10.80.

163



239_,238

Tahle B-2-1V. Breeding Performance of (Pu )O

in Sodium-Cooled Reactor 2
Energy * 1
Group lower*®V 0])Pu-239 cVc‘f-ga)Pu-239 ¢ (vcf—ca)(En—Z)

1 0.36788x10’ 3.6550 4.760 3.955 4.133x107>
2 0.22313x10'  3.2620  4.415 3.567 2.344x10"
3 0.13534x10’ 3.0970  4.231 2.909 3.372x10 2
4 0.82085x10°  2.9820  3.516 1.422 1.269x107"
5 0.49787x10°  2.9620  3.348 1.007 3.039x10
6 0.30197x10%  2.6850  2.859 1.000 5.096x10 *
7 0.18316x10° 2.5630 2.658 1.000 6.673x10 T
8 0.11109x10°  2.5260  2.693 1.000 7.053x10 T
9 0.67379x10° 2.7890  2.813 1.000 4.500x107 1
10 0.40868x10° 2.3950  2.859 1.000 8.855x10 T
11 0.24788x10°  2.1970  2.735 1.000 1.856x10°
12 0.15034x10°  2.0150  2.606 1.000  25.582x10°
13 0.91188x10*  1.9650  2.756 1.000  -10.367x10°
14 0.43074x10"  1.6530  2.577 1.000  -2.780x10° %
15 0.26126x10%  1.5490  2.947 1.000  -7.524x107%
16 0.20347x10%  1.3330  2.150 1.000  -6.970x10t
17 0.12341x10% 1.5190  4.048 1.000  -5.136x107 %
18 0.96112x10°  1.6750  6.696 1.000  -4.595x10°%
19 0.58295x10°  1.5120  5.797 1.000  -3.535x107"
20 0.27536x10° = 1.8017 14.537 1.000  -3.469x10° %
21 0.10130x10°  1.5880 17.491 -  1.000  -1.388x10 -
22 0.29023x10%  2.0156  49.360 1.000 1.299x10°
23 0.13710x10>  1.6400  26.910 1.000  -1.032x107%
24 0.30590x100  1.7230  47.250 1.000  -7.640x1072
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)

oy

Group

. . Slowly saturating
| Energy interval

{ (ev) T Mo i Tc® i Rh'os { Xetdl ‘1 Csls N ! Nd‘”“ Pm'¥ l Sm!% Euts
i ! o . 1 P
; - ; i | - A
10 | 1.05 X 10% 0.0t 0.20] 0.0 0.07% 0.08 0.01 0.0t 0.24? 0.07. 0.3
| 8.21 x 100 ! | : ! i ; |
19 !1.11 X 105 0.16'  0.60 0.36, 023 0.2 ‘ ol 010! 053 018 120
| 865 x 100 | ‘ | | | ‘ | | !
28 | 1.17 X 10~ 0.78 ' 1.60 1.0 0.69, 0741 040 037 3.0 1.2 5.30
9.2 x 100 | | i : | | |
37 | 1.23 X 10 180 2.80, 3.30, 3.00 3.90 3.00 28 19.0; 2.8 23.0
38 961~ 200 3.20; 3.600 3.70 4.70 3.70 340 23.0, 3.00 26.0
39 | 748 274 370 3.900 450 570 4.70° 4.40. 27.0  3.30 30.0
10 - 383- 1,93 430 4.40} 550 6.90 5.80| 540 33.0 410 35.0
41 454 0 | 3000 5.000  6.600 840 T.30 | 7.0 39.0 5.20  40.0
42 ¢ 3B 0 | 580, 570 800 1.0 920 870 48.0  6.50 47.0
43 | 275~ 0 | 6.70 4.66) 970, 183 11.0 ;11.0 i 57.0 8.20 55.0
4 0 215- 0 218 | 944 120’ 8.2 140 140 | 67.0 10.0] 063.0
45 167- 3.90 | 16.4 2.7, 140 151 17.0 17.0 | S0 120 720
46 130~ 0 9.8 1.920 17,0 208 210 210 ¢ 960 150 830
47 101- 0 0 | 2.8 200! 247 2.0 2.0 | 10 190 9.0
8 . 78.9- 0 o | o4 11y’ 0 ;0 [ 32.0 130 24,01 110
49 61.4- o | 700! o ' o ' 0 -5t1 0 iT.8 0 125
50 | 47.9- 387 6.20 | 219 4.0 60.0  0.11 210 397 0 140
51 | 373 031 o + o ; o I o 0.20 0 505 0 160
52 1 29.0- o44i 0 1 0 | 0O 0 0.351 0 o 0 1.1
53 . 2.6~ 0.50 . 8.2 | 0 | 0 | 1004 | 0610 . 725 0 392
5t 1 17.6- 056 0 | 0 280- 0 | 102 0 | 6.7 0 .7
5 13.7- 0640 0 | 0 | 549 0 L6t 0 0 0 o2
56 | 10.68- L0720 0 0 | 622 0 257 0 0 0 38.2
57 8.32- i 08, 0 ' 0 | 7.5 0 |38 0 1.0 9,600 2.7
58 6.48- 0.93 320 0.750  7.981.330 5.72 0 7,200 4.4 136
59 5.01- 1.5 1.66 . 1.65  9.05 2.1 8.13. 5.20; 0 16.3 . 505
60 3.98- 120 188 3.2 103] 2401113 543 0 18.5 . 6%
61 3.06- 1.35 . 2,130 10.4: 116 250 151  581° 0 20,9 1,742
62 2.38- 1,52 2.41° 336 1321 3.10'19.7 658 0 23.7 0
63 ¢~ 1.85- 1.73 0 2,73 183 4.9 3.50 252 . TG 0 2.8 164
64 | 1.44- 1.96 0 3.10 2,940 16.9 3.90 314 845 4.7 304 220
65 | 1.125- 2220 351 480 19.1 1.50 1385 . 9.57 210 345 26.7
66 0.876- 251 3.98 170 . 21.7 5.10 4.5 1108 31,0 39.1  35.2
67 0.683- 285 | 4.511 106 ¢ 24.6: 5.70 355 ;12.3 35.0 . H.2 0.0
68 | 0.532- 3.237 5110 8.4, 279, 630, 655 1139 0.0 30.1 485
69 { 0.414- 3.660 5.79; 740, 3161 740767 158 5.0 56.8  30.0
70 | 0.322- .14 656, 7107 35.8' 8.30:8.1 17.9 51.0 644 7L
71 - 0.251- 1600 7430 710 405 9.30 103 20.3 38.0 729 9.0
72 0.196~ 5320 842 T4.01 459 107 119 230 66.0  82.7 105
73 . 0.152- 6.03 9.51| 780, 3200 121 136 26.0 5.0, 93.7 127
4 0.119- 6831 10.8 | 810’ 390 13.8 156 . 293 8.0 . 106 154
75 0.0024~ 7.4 122 0 910 6681 15.6 178 33.4 96.0 - 120 184
76 ! 0.0710- .77 139 0 100 7571 137 203 378 109 136 225
77 0.0361~ 9.93 15.7 ' 111 8.8 1 20.0 231 2.9 1A 154 27
8 0. 0436~ 11.3 78 1M 97.2 22,7 262 400 140 175 233
79 0.0340- 12.8 . 20.2 | 138 110 2.7 208 05351 15 198 )
80 0.02065- 4.5 0 229 0 155 | 123 20.1 3390 2.4 - 180 225 =
8t 0.0206- 16.4 0 250 i 174 | 141 | 33.0 38 70.7 - 204 254 32
82 0.0161- 18.6  29.4 | 196 160 37.4 436 801 231 288 715
83 0.0125- 210 33.3 | 221 182 12,4 494 90.8 - 202 327 65
84 0.0007- 23.8  37.7 250 2AHi 8.0 361 103 207 470 L5
85 0. 0076 27,0 2.7 282 233 544 636 117 337 419 L
86 0.0059- 30.6 . 48.4 319 264 61.6 728 132 342 T LS W]
87 | 0. 046 347, 348 1 359 299 69.8 814 150 433 539 Lo
88 | 0. 0036~ 39.3 | 62.2 407 ' 339 79.1 {905 170 1M 610 2,30
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Table B-2-VI. Group Cross Sections for Rapidly Saturating and Nonsaturating Fission
Products and Xe!3% (in barns)

. . ) Rapidly saturating |  Nonsaturating
Growp,  Fhereimtecvad _ CNeW
| Cana . Smw . S \ Gde G C 233 235 | 239
. ; 1 I . i
10 ‘ 1.05 X 106 0.10 1.20f 0.50] 0.40 .24 — l 0.026° 0,028 0.044
| 8.21 X 107 | j ! ’
19 ¢ 110 % 105- .85 500 1.00 1.40 0.57: L0001 0,10 0.15
8.63 X 104 : . | | | ‘
8 LI X 10 1.20 7.20 5.20 6.20 3.10; — 0.3310.36 1 0.51
i 9.12 X 0% i | L l ‘ i
37 1 1.23 X 10~ 2.70 18.01  25.0 17.0 - 7.70, — S1.07 1131 1.53
38 | 961- 3.10 22.0 29.0 20.0 | 9.30. - D107 14 15y
39 0 748 : 3.60 26,0 1 34.0 24.0 1 11.0 | — | 136 14T 2,01
10 [ 583~ P 420 200 1.0 9sol 130 — 1238 2,610 3.2
11 454 500 3800 46,00 330 16.0 — 162 5376 6.83
12 354- B0 4600 340, 38.00  19.0 — 209 2207 107
43 275~ ! 7.20 55.0 0 63.0 1.0 23.0 — ‘ 113 4.4 4.8
14 215- Ry 6.0 i 73.0 52.0 ; 27.0 l — i 1.9 2.05 ) 3.63
15 167- 0 | 8.0, 810 60.0 3200 - 212 167 3.8
16 150- 13.7 | 93.0 97.0 69.0 ! 37.0 1 — P81 185 2,81
47 101- o204 1230 110 $0.0 1 4401 — 19820801, 103
18 78.9- L1206 300 130 92.0 52.0 — 812 0.2 11.%
49 61.4- Lo 0 210, 150 100 66.1 = 2,43 2.63 . 4.6
50 179~ 0o ¢ 238 | 170 157 37.8 | - 5.16 5.5 1 T7.34
51 37.3- o 10 | 200 326 - 0 374333 4.7
52 29.0- i 0 | 194 ! 230 93.7 | 0 1 7.97 - 440 3.50
53 22.6- .60, 0 260 340 0 2 [0.21 7 0.13  0.23
54 17.6- o 219 1 300 8l.7 472 1 1102 661 703
55 13.7- 0 | 5.4 340 8.7 0 7 0.50  0.93  4.43
i { t | | | . !
56 . 10.68- i 0.25 9.6 1 300 4.4 0o | 120,20 0.20 0 (.28
57 | 8.32- 0.50 0 | 4o o1 0 20 020 0.20 024
58 | 4. 48- ; L1t 154 | 956 0 0 3G 2.4 1.80 8.5
59 | 5.04- ; 216 723 1 314 0| 0 | 6T | 0.200 02T 0.4y
60 3.93- 4.15 1.93; 0 0 o | 127 1030 0.33 - 058
61 3.06- ‘ 8.01 467 0 | 2854 350 41 0043 037 0.53
42 2.38 f 15.4 6.94, 1040 5657 17.0 151 051 0430 06
63 1.86- L3006 13,41 847 .00 320 s71 U300 1.74 0 567
64 1.44- Coo i 25.9 1490 15.2 62.0 1670 1072 0.59  0.82
65 1.125- ; 125 1300 2000 288, 17| 3230 0.81 0 068 093
66 0.876— | 25 400 23.0 3.5 223 G360 1.05 0.5 - Lo
I 0. 683~ | 383 200 ¢ 43.0 103 425 ' 12500 124 0.9 130
68 0.532- © 1380 26 T80, 198 815 25,600  1.44 116 1.50
69 0.414- DO3sST v 43 378 1571 53200 L6 1§20 190
70 0.322- 10,700 2200 0 256 T2 30435 114 X L0 1L 150 2.0
71 0.251- 34,4600 3250 1435 OO 0 3010 2.48 X 193 2.08 171 2.17
72 0196~ 39,000 14,600 790 2670 ¢ 11,400 3.35 x 107 242 1.1 2.50
o 0152 44000 45500 1300 1 50200 20,900 1118 X 108 2,75 2.0 2.80
4 0.9 30,200 104,000 220 9210 140,700 ¢ 2,14 X 10% 30160 2.51 ¢ 3.20
55 10,0024~ 23,500 111,000 3430 15,000 . 70,700 2.86 X 108 352 2.80 . 3.5
76 \ 0.0719- 20,400 74,000 T 5200 20,000 111,000 2.98 X 10% 4.00 3.20 0 1.04
i 0.0361- 19,100 54,900 TI00 | 35,200 154,000 2.86 X 105 4.62 3.65 463
78 0.0436-  18.800 - 46,100 10,100 | £4.900  '192.000 o7 x W05 520410 5.2
79 0.0340- 19,200 42,100 13,100 53,100 221,000 1 2.60 X 105 5.090 0165 5.05
80 0.0265- 20,200 140,800 16,500 | 60200 246,000 2.73 X 108 6.70 5.28 6.7
81 0.0206~ 21,600 41,200 20,100 GE.T00 269,000 2.83 X 10% 760 5.95  T.70
82 0.0161- 23400 42000 26100 | T3.600 204000 3.00 X 105 560 675 8.70
8 | 0.0125- 25,600 45,500 25400 | SO.S00 320,000 ¢ 3.23 X 10% 9.2 750 9.80
84 0.D00T— 283000 49,200 33,300 1 S0.G00 352,000 3.52 X 100110 8.80 1.1
85 O.00T6- 31400 A3.7000 38500 98,000 280,000 3.88 X 10S12.5 0.9 12
61 0.0030- 33,000 50,200 44,300 THL000 431,000 130 < 10012 k2 13
87 1 0.0046- 80100 L 65200 A0500 23000 478,000 §76 X 105160 12,7 158
88 ) 0.0036— 43,600 [ T2,000 56,000 (138,00 A0.000 530 X W0R18.2 143 184

233 aEgg% nonsaturating fission product has been multiplied by its yield from
U s U , and Pu?39 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 frem inconsistencies in what is considered fissile
isotopes. For example, some consider U235 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
Pu239. A comprehensive discussion of these considerations is found in
Ref. 72-76. In this work the following definitions, patterned after Ref.
75 arechosen 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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(F15511e)EOC--(F15511e)BOC

It

Breeding Gain (BG) &8

Fissile Destroyed

- Fissile Gain
Fissile Loss

where EQC

end of cycle

I}

BOC = beginning of cycle

Breeding Ratio (BR) = Fissile Produced - Fissile Loss + Fissile Gain (2)

Fissile Loss Fissile Loss
= 1 4+ BG
(Fissile)BOC
Reactor Doubling Time (RDT) = = p (3
Fissile Gain x Fuel Cycles/Year
Fuel Cycle y
(Fissile)BOC (1 + fex)
I D 1i | =
nventory Doubling Time (IDT) Fiooiie Gain{iosq (4)
€X x Fuel Cycles/Year
Fuel Cycle

where fex = fraction of fissile inventory external to reactor in critical
mass units
Pos%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)
(FlSSlle)BOC
RDT = Fissile Los (6)
(BR-1) x —= 955 ¥ Fuel Cycles/Year

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

Combining (7) into - (6) one gets

1

(RDT) _(BR_l) Energy Produced (MWD)/Fuel Cycle (,p.y . 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 inverselybproportional 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

(77,78,79)

can be shown that the specific power and heat generation are re-

lated to the engineering characteristics of the reactor by the relation
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Specific Power (SP) = Q/d = -T 5/61———-+ (4£— n g

where
Q = heat generation rate per unit volume of fuel
d = fissile fuel density
TMF = maximum fuel temperature at pin center
¥c = average coolant temperature

a = fuel radius
b = a + clad thickness A
kF’kcl = thermal conductivity of fuel and clad, respectively

h

average heat transfer coef ficient.

By substituting Eq. (9) into Eq. (8) one gets

2 2

a 1 b1
[4k + 5 [k fn o F hb]]
cl

RDT =
_ _ = Days Fuel Cycles
(BR-1) (TFM T) 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 ILMFBR system, decreases.

On the other hand, transport calculations have shown that the

233

D20—cooled (U - Th)O2 system would have a conversion ratio
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of 1.16 at 8.5%7 enrichment and 1.14 at 127 enrichment. The
fissile density was .37 kg/liter and .48 kg/liter at the lower
and higher enrichments, respectively. These results support
the conclusion that the'U23%-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

1

1 1 b
hb 4kF+2

n —
kcl a

B.2.3 Breeder Strategy

Based on data shown in Fig. A-4<1, 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 gection we show thar
thorium-based breeders could realistically compete with current designs of
IMFBR's. In fact, thorijum-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,

(81-83)

or stretch, fuel utilization have been studied and that such schemes
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Thermal Conductivity ke of Some

Ta_b.le B,T\Z?*VII -
Fuel Materials™

(Btu/hr-£t-°F)

Temperature, Uranium . vo, | ¥uc PuO, Thorium Tho,
200 15.80 45 14.77 3.60 2L 7.9
300 16.40 ... 1407 | ... 22.18 6.25
400 17.00 35 1348 | .. 22.60 5.34
500 17.50 i 1302 | ..... 23.00 4.61
600 18.10 2.8 1267 | ... 23.45 403
700 18.62 e 1239 | ... 2390 3.59
800 19.20 2.5 12.19 24.30 3.21
900 19.70 o 1202 | ... 24.65 291
1000 20.25 2.2 T T . 25.75 268

1100 20.75 I R B 25.60 247
1200 21.20 20 e | ... 26.13 230
1300 21.60 oo | 217
1400 22.00 1.6 11.76 157 | ... 207
1600 1.5 o | ... | ... 1.90
1800 | ... 1.4 e | ... | ..... 1.80
200 1 ..., 1.3 1.57 | ... ..., 1.70
200 | ... 2 (o 1.69
2400 | ..., | e 1.68
26000 | ..... | % R A O .
200 | ..... 0 O [

00 [ ... 31 T I RO R

3200 | ..., | I T O A

* Values given are for unirradiated materials and usually decrease on irradiation.
The percent decrease is a [unction of both irradiation temperature and burnup. The
ceramics (UO,, ThO,. and UC) in particular suffer a larze decrease.  For example, & for
UO, decreases by some 60 percent on irradiation at 200°F and after 4.000 Mw-duy/ton
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.(Sz)

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

(32)

demand for the current LWR fuel cycle. 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 lO22 neutrons/cmz. 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

program to any kind of start would require using U235 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
U238 as oxide fuel in ILMFBR'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 limjted irradiation of thorium-uranium metallic
fuel. ‘The results showed that thorium-based fuels exhibit superior irradi-

(23,25,61) The consensus is that such

ation stability over uranium alloys.
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 RDT (see Eq. 10),

The breeding ratio for metallic Pu-Th fuel is expected to be comparable
to that for (Pu—Uzag)O2 becaqse of the difference in the neutroﬂ spectrum.
The spectrum with oxide fuels is relatively soft due to the scattering with
oxygen which results in lower total fissions in U238. The hardness of the
spectrum in metallic fuel improves the breeding ratio on two counts: (1)
the n of Pu increases, and (2) the total fissions in Th232 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 n as a result of spectrum

233
softening. But since 7 is not sensitive to changes in the neutron

spectrum, Including beryllia in the U23%~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 systenms
233
may be seen from Fig. B-2-3 in which the fission cross sections for U ,
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. Tission Cross Sections of U233, U235, and Pu?3? ag

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 delayved. 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 al.(gs) 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

233 232 585)
ratio in a fast U ~Th syste 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 Prodﬂction

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.
For a limited time after chemical purification of the U233 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 . (87)
contaminated by U was calculated by Devaney

and the results are
as follows:

Results:

1. The radiation level at the surface is given by:

r=2cm 14.0 x (T.F.)
r=3cm 124.8 x (T.F.)

r=4cm 15.0 x (T.F.) is units of gggntgens

per hr-ppm U
r =5cm 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=2cm 1.56 x lOlO x (T.F.)

r =3 cm 1.67 x 10lO x (T.F.) in units 8§2MeV/hr—
cm -ppm U

r=4ocml.71 x lOlO x (T.F.)

r=5cm1l.74 x lOlO

x (T.F.)
3. 1In order to get irradiations and intensities at a distance R(< r)
from the center of the sphere, multiply the numbers of 1 and 2
by (r/R)z.
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 2490 241 _ 243
to say that Pu , Pu , Pu , Am , and Am are more hazardous than

232 233 234 235 236 (89)

U ,» U , U , U , and U . Morgan et al 89 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 B~-2-VIII, Relatégs Hazarggaof Transuranium Elements
in Th™ and U Fuel Cycles

Thorium Cycle Relative Hazard ,U238 Cycle Relative Hazard

Thor ium~232 1.11 x 107/ U-238 1.37 x 107/

Pu-233 1.67 x 107> Np-239 4.46 x 107

U-233 2.38 x 107> Pu~238 152.0

U-234 1.49 x 107> Pu~239 1.04

U-235 4.85 x 107/ Pu-240 384

U-236 1,48 x 107° Pu-241 3,23

Np-237 4,91 x 107> Pu~242 6.21 x 1072
Am-243 .97

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-2Z-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 ~TU 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).

232 233 235 238 239 240
Delayed Th U U U Pu Pu
Neutrons per
Fission
. 0496 .0070 .0165 " .0412 .0063 .0088

t 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 generallv 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.

Fig. C-1. Sketch of a Single Spherical Shell With Inside

and Outside Radii of T, and rp respectively

The Laplaces' Equation is

v2 1, 8, ¢) = 0 (c-1)

For spherically symmetric problem T(r, 6, ¢) = T(r). Thus

d }
L 2L =0 (G-2)
r
2 4 .
T E;~T(r) = A' = constant (C-3)
d Al
. T(r) = — (C-4)
T
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By integratiomn:
T (r) = =~ {g + B! A' and B' are constants (C-5)
Now applying boundary conditions:
at T =T, —z>T="T (C-6)
r=71r ==>T =T (c-7)

to Eq. (C-5) yields

T =~ —+ B' (C-8)

3
Il
|
|

+

o

(C-9)

Solving Equations (C-8) and (C-9) for A', one gets

=]

T
At = _S p (C-10)
1 1
T r
P s
But from the Fourier Equation for heat conduction, we have
_ d T(r) (c-11)
4= Af Kc dr -r
f
or equally
_ d T(r)
q = Ap K. —ar e (C-12)
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where q = amount of heat conducted
KC = thermal conductivity of the shell
Af = area of sphere of radius Te

Ap = area of sphere of radius rp

Upon substitution of equations (C-9) and C-10) in (C-11) and (C~12) one gets

K
3 ——-——-—C————-—— — -
q = A | @) (c-13)
%

]
i
g

(Tszp) (C~14)

Equations (C-13) and (C-14) are exactly the same. In terms of the diameter

of a particle the above equations could be written as;

2K
q = Ag D (Ts~Tp) (Cc-15)
p.f1--L
£ D
p
_ - - c-16
q Ap 5 (,TS Tp) ] ( )
p |2 - 1)
P|Ds

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: Sketch of Three Successive Spherical Shells

2Kc1
q = Af D (TS—TCI) (c~17)
Deil =3 -
cl
2Kc2
1= Acl D (Tcl—TCZ) (C-18)
D 1 - _cl
cl DC2
2Kc3
q = (TC2 -Tp) (C-19)

P D
P 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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D
b (1 e 4
| £ D
P -7 =-4 .V cl!? (C-20)
s cl Af 2KCl
D
cl
9 DClll ) DC2J
- = : -2
T~ T2 =2 7K (¢-21)
cl c2
D
p | =& -1
| P02 (C-22)
Tog =T, 7 A X B

By adding all three equations (C-20), (C-21), and (C-22) one gets

Df D 1 D
D_|{1 - — D .|1-== D |=E -1
1 f D cl D 1 P{D,,
T T =gq |— ; cl + 1 . c2 + L 2c
S P Af Kcl Acl Kc2 Ap Kc:3

(C-23)

But q is the amount of heat generated in the fuel particle, as

q = qﬂl % Vf (C—zlf)
_ 3
where Vf = volume of the fuel kernel = r3 Df
q'"" = volumetric heat source strength

substituting (C-24) in (C-23) yields
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D
P _
D D¢ * P Doy 1)
3 (5" 2K (€-25)
P c3

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:

m
Mr+ 2 - g (C-26)
K
f
where T = T(r,$,8) = temperature distribution
" = vyolumetric heat source strength
Kf = thermal conductivity of fuel kernel

o,

™~
gy/W

N

Fig. C-III: Sketch of the Spherical Fuel Kernel With Radius
re and thermal conductivity Kf.
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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 q'" ), the

problem is greatly simplified:

—1_ _i d "y _
2 dr (r ar T(r)| + -LK = 0 (c-27)
r f
Upon integration, one gets:
dT "
d(rr) = - %( ’ %+ % » A = constant (C-28)
f T

Integration of Eq. (C-28) yields,

m r2 A
T(r) =-3— L _ 243 , B = constant (C-29)
Kf 6 T
Applying boundary conditions
at r=0 == =T (C-30)
at r = rf-——#T = TS (C-31)

The first boundary condition, Eq. (C-30), implies that A = 0, and
the second one, (C-31}, yields B = Tm. By substituting the results

into Eq. (C-29), one gets
r 2
m f
R (C-32)

m s Kf
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But amount of heat generated is

Solving for q"', one gets

m

q =

:

T 3
6 Df

Substituting (C-34) into (C-33) and solving for q one gets

4K

(Tm - TS)
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APPENDIX D

THERMAL HYDRAULICS CODE



ROC1

ROC2
ROC3
ROF

TCC1l1

TCC22

TCC33

TCFF

CPP

~ GPRESS
TGI
SUPFV
HC
void

CONST

I

i

Hi

i

1

i

density

8r/cm3)

density
density
density
thermal

carbon)

thermal

thermal

thermal

specific heat of gas

COMPUTER PROGRAM
Definition of Variables

of the first coating layer (low density pyrolytic carbon

of the second coating layer (SiC)
of the third coating layer (ZrC)
of the fuel kernel

conductivity of the first coating layer (low density prolytic
_watt

0
C.cm

conductivity of the second coating layer

conductivity of the third coating layer (ZrC)

conductivity of the fuel kernel

watt.sec

gr.oC

gas static press [psi]

)
core gas inlet temperature [ F]

superficial velocity of the gas [m/sec]

height of the core [m]

gas volume fraction in core

a constant used in pressure drop formula for fixed bed
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Dp = fuel particle diameter (cm)

THICK = total coating thickness (cm)

THICK1 = thickness of the first layer (carbon coating)
THICK2 = thickness of the second layer (SiC)

THICK3 = thickness of the third layer (ZRC)
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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:

hmn’ n=1,2,. . .6 The actual enthalpy of the steam extraction to

the n heater
th &2

1t

h and Vong® n=1,2,..,6 = enthalpy and specific volume of the condensed

mnf

extraction steam (saturated liquid) in the nth

heater,

h , n=1,2,...6

nne enthalpy of the compressed liquid (feed or condensed

water) at the n,, heater outlet,

th

Pon and tmn’ n=1,2,...6 Z the pressure and corresponding saturation temper-

ature of the n. exXxtraction steam,

fraction of the steam extracted from different

i

m n=1,2,...6

stages of steam turbine for LR heater.

Once the condition of the steam at the turbine outlet (p1 and tl), and
condensor (p*...), and also pressures of the steam gxtractions (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 extractionms.

From the simple heat balance for different heaters the fractlonal 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 df the heater is ignored. Furthermore,
one of the heaters, namely heater #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:
_ hmlc - hm2c
"% h, ch )
ml mlf
_ (Bpe ~hgy) —mylhye — By (2)
My 7 h_ -h
m2 m2f
o (A -my =) (hyge = by ) - g Fmp)hoe — Bge) (3)
3 hm3 - hm4c
Qg mmy mm) (- hs) (4)
Ty = h_, - h
m4 m4 f
e T T i P T A Y e T
5 h,.~-h .
m5 m5f
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o A-my-my mmy-my =) (e~ Byy) -y A (e - Bpgp)
6 hm6 - hmﬁf) + (hm6c h hBl)
(6)
where th £ actual enthalpy of the feed pump outlet

=
1!

Bl 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 summiﬁg the partial turbine works at
different stages of steam extractions as,

wq=h - B, 7)

wt2 = - ml)(hml - hmZ) (@
w3 = (I -my —mp)(hy, - hq) (9)
w_, = (1 - m, - om, - m3)(hm3 hm4) (10)
W5 = (L -myp —my = mg = m) (b, - b ) (11)
W = (1 - m, - my, - My -m - mS)(th - hmﬁ) (12)
W, = a - ml - m2 - m3 -m, - m5 - m6)(hm6 - ) (13)
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where h

1 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 . +w, +w (14)

= + + +
We =00 w w w t5 t6 T Y7

t tl t2 t3 th

The required work for the condensate pump is obtained as,

*
- a ) ~£oa (15)
Op1 T M T M Ty TRy T W, T O T Mgl o8Py
pl
h A *
where pl = P,3 ~ P
*
p = absolute pressure in condensor
*
Ve = specific volume of the saturated water in condensor
npl = efficiency of the condensate pump.

The required work for feed water pump is given as,

Y .
m3f
w = Ap (16)
p2 nb2 2

where A P, = p1 - pm3

efficiency of the feed pump,

npz

and the drip pump required work is written as,

v
m6f
p3

= (1] -m, - m

1 2~

wp3
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The total pumping requirements is obtained by summing up the Egs.

(15), (16), and (17) as,
w =W + w + w (18)

The net work done by the steam cycle is simply obtained by subtracting

Eq. (18) from Eq. (14),

w =w =W (19)

The amount of heat needed to generate superheated steam at the desired

conditions, i.e. Py and tl, is obtained as,

Q =h -h (20)

Thus, the efficiency of the steam cycle alone is obtained as

wHEtSteam
T]Steam = 'Q—l'n—— x 100 (21)

steam

and the quality of steam turbine exit to the condensor is,

* *
h - hf
X=l————;——— (22)

hfg

*

where hfg = total latent heat of steam at the condensor pressure,
* .
hf = 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

B |2t
= - = 23
“e Cp ntg Tmax 1 [r } Y (23)
gas P
where
Cp = specific heat of gas
ntg = efficiency of the gas turbine
Tmax Z maximum temperature of the gas (absolute)
g = _l + pressure loss ratio of the cycle
rp Z  compressor pressure ratio
Y = specific heat ratio.

The gas turbine outlet is obtained as

T = T - 822 (24)

By setting Tg 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. -nh
mn = 1 b , (25)
Cp(Tt - Tb)

out
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The gas temperature leaving the steam temperature could be obtained
straight forwardly as
h. - h,
T =T = _b  mlc (26)

min b~ C m
P B

The compressor work requirement is obtained as,

C i
w = T . {r. Y-1 27
c n min 1\ p
gas cg
where ncg = efficiency of the compressor
and the gas temperature leaving the compressor is written as,
mc
T =T + 838 (28)
c min C
out P
The amount of heat required to increase the gas temperature from Tc
out
to Tmax is simply,
Qin = Cp(Tmax - Tc ) (29)
gas out
The efficiency of the gas cycle above is obtained by
w - w
toas Cgas
n o= gQ £2S ¢ 100 (30)
gas in
gas

Thus, the net work done by the binary cycle is:
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W = mlw -, ) T (31)
ne binary 8 gas gas steam
and finally the overall thermal efficiency of the binary cycle is
obtained as
o
netbinar
= nary 32
"binary ~m_ Q, (32)
g 'in
gas
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h,

hm,

7"57/ / ib’?l’

fml ? éh’lL hml
‘L X‘
/OMJ ) fml |
]
7m0, T mry My ‘ h
r h\q
|
Ty, g ”13’ ;
/d L ms - i hw;
Pme, Eme A h
M
70’) t" bomyomo Mg emy - gy oM »

Fig. (E-1): T-S Diagram of the Steam Cycle
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TEMPERATURE (ABSOLUTE)

[ LAk

(e

Pucw Fowr

Trn

/rb
TM 1

' FRACTIONAL HEAT EXCHANGED IN STEAM GENERATOR (%)

{b)

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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