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A cbnceptua] design has been developed for a tokamak Experimental Power
Reactor to operate at net electrical power conditions with a plant capacity
factor of §0% for 10 yr. The EPR operates in a pulsed mode at a frequency
of dilmin, with a ~75% duty cycle, is capable of producing ~72 Mie and

- requires 42 Mle. The EPR vacuum chamber is 6.25 m in major radius and
2.4 min minor radius, is constructed of 2 cm thick stainless steel, and
has 2 cm thick detachable, beryllium-coated coolant panels mounted on the
interior. A 0.28 stainless steel blanket and a shield ranging from 0.6 to

1.0 m surround the vacuum vessel.

Sixteen niobium-titanium superconducting

toroidal field coils provide a field of 10 T at the coil and 4.47 T at the
plasma. Superconducting ohmic heating and equilibrium field coils provide

135 V-5 to drive the plasma current.

Plasma heating is accomplished by 12

neutral beam injectors which provide 60 MW,

INTRODUCTION

An integrated conceptual design has been
developed for a tokamak Experimental Power
Reactor (EPR).(] The design of the EPR was
based upon technology that is consistent
with a mid-to-late 1980s operation date.
This paper summarizes the conceptual design,
including the performance evaluation and
cost estimate,

The design-basis performance objectives
of the EPR are (1) to operate for 10 yr with
a plant capacity factor of 50% [the plant
capacity factor is defined as the product of
the duty cycle (75%) and the plant availa-
bility (67%)]; and (2) to operate under con-
ditions such that net electrical power pro-

*
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duction is feasible. ,
The principal geometric parameters of

the EPR are given in Table 1. A vertical

section view is shown in Fig. 1.

PLASMA PHYSICS AND PERFORMANCE ANALYSIS

Steady-state plasma performance parameters
were obtained from a consistent solution of
the MHD equilibrium equations and the plasma
particle and power balance eguations. MHD
equilibria were obtained for different pres-
sure profiles and degrees of diamagnetism/
paramagnetism. These equilibria determine
aliowable values of plasma current, the
safety factor, q, and the plasma-to-magnetic
pressure ratios, ep and By- Characteristics
of MHD equilibria corresponding to a peak
fieid at the TF coils of ‘10 T and that satis-
fy the constraint q > 1 are shown in Fig. 2
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TABLE 1. EPR Geometrical Parameters

Radius {m)
Major, Rg
Plasma, a
First wall, r,

Aspect Ratio, A = .98
Plasma Volume (m3) 544
Toroidal Vacuum Chamber Volume {(m3) 711

N NN
« 5w
W PN
ot

R/a

First-Wall Area(m?) 592
-Blanket Thickness {m) 0.28
Shield Thickness (m) 0.58-0.97

Toroidal Field Coils
No. 16
Horizontal bore. Rbo ) 7.78
Vertical bore, Z f - 12.6

for different values of the pressure profile
exponent, a.* The solid curves are loci of
equilibria varying {from left to right) from
highly diamagnetic to highly paramagnetic
plasmas. Current reversal occurs for solu-
tions to the left of the dashed line. The
maximum value of B.s hence the maximum power
density, occurs for equilibria slightly less
diamagnetic than those for which current
reversal occurs. Thus, the dashed 1ine
represents a locus of "optimal” solutions
—~— the value of s along this locus is con-
fined to a rather narrow range of 1.8 > B
> 1.6. The safety factor evaluated at the
plasma surface, q(a), increases with the
degree of peaking in the pressure profile
{i.e. with increasing «). The reference
design point was chosen by selecting the
pressure profile whose optimum solution has
a{a) = 3.0, a value below which confinement
has experimentally been found to deteriorate.
Steady-state plasma.parameters correspond-
ing to the reference design MHD solution of
Fig. 2, and a similar solution for BTFC
B T, are given in Table 2. A wide range of
performance parameters is possible, corres-
ponding to the range of MHD equilibria
depicted in Fig. 2, and to the range of

"p(r) v poll - (r/a)2T".
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_confinement that may be obtained.

operating temperatures and values of energy
Extensive
analyses- were performed to insure that the
parameters shown in Table 2 are representa-
tive of the range of plasma conditions that
may be obtained in EPR., With supplemenfa]
beam heating, the power output is not jeop-
ardized by the possibility of subignition
energy confinement.

TRANSIENT PERFORMANCE

Requirements on the plasma driving and
heating systems'and the power performance
characteristics are determined from burn
cycle dynamics simulations of the plasma,
the ohmic-heating (OH) and equilibrium-field
(EF) coil systems, and the neutral-beam in-
Jjection system. The basic burn cycle is
depicted schematically in Fig. 3, where the
times correspond to the reference burn cycle,
The p]asma conditions of the reference case
at B = 10 T (see Table 2) are approxi-
mated dur1ng the burn (flat-top) phase, and
the dynamics ca1cu1ations are constrained
by the 1imit B < 8 = 1,71,

A variety of startup procedures were simu-
lated in order to determine a compromise
among several conflicting economical and
technological limitations. The critical
parameters which, to some extent, can be
traded off against each other are (1) energy
transfer from the homopolar OH supply (Uyy)s
{2) peak power required from the EF supply
(Prr)s (3) total energy drawn from the
energy storage unit for beam heating (Ugg);
and (4) maximum rate of change of the field
in the OH coil (By,). Initiation of beam
heating midway through the OH current rever-
sal, thereby reducing resistive losses dur-
ing startup, was found to be beneficial.

The time of the OH current reversal, Aty
is an important factor in determining the
requirements of the plasma driving and heat-
On the
= 2 s was cho-
As a result of

ing systems, as indicated in Fig. 4.
basis of these results, AtOH
sen for the reference case.
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TABLE 2. Steady-State Plasma Parameters — Reference Design

Poloidal beta, Bp 1.7
Total beta, B4 0,048
Safety factor
Magnetic axis, g{0) 1.00
Plasma surface, g{a) 3.05
Plasma radius, a{m} 2.1
Aspect ratio, A 72.98
Average temperature, T (keV) 10
Effective ion charge, Zeff 1.3
Confinement for ignition, ntg (s/m3) - 2.4 x 1020
Peak field at TF coils, B'iig 1y 10.0 ‘ 8.0
Field at centerline Bto (T 4,47 3.58
Plasma current, Ip {MA) 7.58 6.06
Average D-T ion density, EDT (m=3) 9.4 x 101° 6.0 x 10}?
Power output, P, (MW} ) 638 261
Neutron wall load, P (MW/m?) 0.86 0.35
Ratio of nty required for ignition to 1.0 4.0
TIM value of ntgs Copy
Equilibrium Field Current
IEF \
Ohmic Heating Current
OH 0|-|7 / \
Beam Power
v, J
I
Plagma Down 1 Basic Burn Cycle
Time i
1, Ramp Up 1. Ramp Pown____ . .
e —-
}
Chamber E\mcuationl‘l:oH teversal 1' i—i Shutdoun Phase b
and Preparations | i
for Hext Pulse l{%%]:t?_n‘g i Beam Heating = Burn Phasge _‘__|l - i_]:m{ Revergal |
| | !
1 i i i | |
0 1 z 6 48 53 57
Time, 8

FIGURE 3. Burn Cycle Scenario
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extensive studies of this type, which are
presented in a separate paper, the maxi-
mum requirements shown in Table 3 were iden-
tified,

The net energy flow for a burn cycle is
shown schematically in Fig. 5. A total of
16.34 GJ of energy is incident on the first
wall; of this, 15,96 GJ is produced by
fusion and 0.38 GJ results from beam and
ohmic heating of the plasma. An additional
0.45 GJ of thermal energy is recovered from
the beam injector system, so that 16,79 GJ
of thermal energy is available for conver-
sion to electricity. With a conversion
efficiency g = 30%, this would result in
5.04 GJ of electrical energy. Deducting the
2.95 GJ of electrical energy reguired to run
the plant — 1,51 GJ to run the auxiliary
systems and 1.44 GJ to make up deficits in
the energy storage system caused by energy
losses in the injection (0.98 GJ) and OH/EF
(0.46 GJ) systems — results in 2.09 GJ net
electrical energy. Averaging this over a
70 s operating cycle (a 55 s burn plus a-
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15 s repienishment period) results in a. net
electrical power of 29.9 MW. The EPR may
well operate without a thermal conversion -
system, in which case 2.95 GJ per cycle, or:
a continuous power of 42.1 MW, is required.
from the electric power grid.

Burn cycles shorter than 55 s can be
achieved either by injection of a high-Z gés
to radiatively-cool the plasma or by termina-
tion of refueling. Longer burn cycles can .be
achieved by using supplemental beam héating
to maintain thermonucIear temperatures the
required beam: power 1ncreas1ng with time to
offset the accumulation of helium andrwalle
sputtered beryllium, It is assumed that the
plasma density can be maintained by a .combi-
nation of recyling from the wall and refuel-
ing, but Timited operation without refue]ing
appears feasible. The power performance with
only recyling and refueling (reference case)
and with supplemental beam heating, is shown
in Fig. 6 as a function of the burn cycle
length, The required supplemental beam
power increases with time to a maximum of
35 MW for a 95 s burn pulse. An increase of
as much as 30% in net electrical power, refa-
tive to the reference case, can be achieved
by using suppTemental beam heating to extend
the burn,

PLASMA INITIATION

The time development of the plasma at the
initiation of the discharge has been studied.
A small plasma (a = 0.35 m) will be created
at the center of the chamber (R = 6,25 m) by
a toroidal electric field. Certain features
of the initiation are illustrated in Fig. 7.
The driving voltage, Viogp, produced by the
changing flux in a special startup coil
rises in about 2 ms to 500 V¥, and holds for
~6 ms. In the first 1.2 ms, the electron
avalanche converts essentially all the neu-
tral gas in the chamber to plasma. As soon
as the electron density is sufficiently

large, the plasma current starts to rise

and Ohmic heating occurs. When the plasma
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TABLE 3. Plasma Driving and Heating System
Maximum Requirements

" Ohmic_Heating Coil System
Volt-seconds to plasma 85

0.98 GJ 2.31 GJ_JNB Injection
¢ ? € System

Peak field, BOH (T)'. 5.0
Maximum field rise, B, (1/s) 6.7
Maximum voltage, V.. (kv) 51
Maximum current, I, (kA) 80
Maximum power required, P, (MW) 1900
Maximum energy transferred, U, (M3) 1200
Minimum current reversal time, At., (s} 2
Equi]ibridm Field Coil System
Volt-seconds to plasma 50
Maximum voltage, Vo, {kv) 21
Maximum currvent, I (kA) 80
Maximum power required, PEF {MW).:- 420
Maximum energy transferred, U, (M3) 1500
Neutral Beam Injection System
Deuteron energy (keV) 180
Power to plasma, Py {MW) 60
Energy to plasma, P, (MJ) 300
1000

Energy from energy storage, UBE (M3)

0.29 GJt

2.26 GJ
{— m
OH/EF Energy O?IEF Cgi]s %
Storage & pPlasma Current
0.46 Gde"“ Transfer 235 GJ 2.25 & Inductive

System Energy

0.37 GJt

Waste Heat

Plasma
{15.96 GJt

Fusion

Refrig. 093 Gd,
Pump 0.33 GJe
Other 0.26 GJ,

FIGURE 5. Net Energy Flow in Reference Burn Cycle
{with Thermal Energy Conversion)
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moments in éach TF coil, even if the TF coil

is in pure-tension shape. These would pro-
duce catastrophic damage to the TF coiT
system. _ -

The radiation shield is designed to pro-
tect the TF coils from nuclear heating and
radiation damage. The nuclear heat load is
1.5 kW, which is negligible in comparison

- with other heat dissipation in the TF coils.

The copper stabilizer is designed to toler-
ate a radiation-induced resistivity of

1.5 x 108 g-cm. The shield is designed so
that this value occurs after 2.5 Md-yr/m?
integréted first-wa11 neutron load, which
corresbonds'to 10 yr of operation at the
nominal wall load of 0.5 MW/m2 and a 50%
capacity factor.
to the epoxy insulator is well below the
range 10%-1010 rads at which its properties
degrade.

Polpidal Field Coils

The poloidal field coils present probiems

different from those of the TF coils, but
equally challenging. The poloidal field
coils consist of the initiation-trimming
(IT) coils, the ohmic heating (OH) coils,
and the equilibrium field (EF) coils. The
OH coils and the EF coils are superconduct-
ing and are located outside the TF coils,
as shown in Fig. 1. The smaller IT coil
system is made of water-cooled copper and
1s located near the first wall. The IT

coils initiate plasma discharge by deliver-

ing 4 ¥-s in 10 ms. The field from the IT
coils can also be used to trim the plasma
position,

Although the OH coils serve as the trans-
former primary for producing the plasma cur-

rent and the EF coils provide equilibrium
for the plasma, both coil systems have

nearly identical problems, e.g. large stored

energy, high operational current, rapid

charging and discharging, and ring coil con-
For this reason, the conceptual

figuration.
design of the eight pairs of EF coils and

The dose of 3.5 x 108 rads
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and six pairs of OH coils were carried ou
together, .

The design requirements summarized in
Table 3 for the OH and EF coil systems we
specified as a result of a detailed trade
off study. Burn cycie dynamic simulation
of the p1asma, the coupled OH and EF syst
and the plasma heating systems were per-
formed. Free-boundary plasma MHD equili-
brium calculations were utilized in the
design of an equilibrium field that would
produce the circular plasma.

Characteristics of the OH and EF coils
are given in Table 5. The OH coils and Ef
coils both have a maximum operational cur
rent of 80 kA supplied by two parallel 40
cables with fully transposed strands. Th
OH coils have 837 turns in each parallel
path; the EF cofls have 464. The chargin
voltage for the OH coils is 48 kV and the
turn-to-turn voltage is about 60 V. The
charging voltage for the EF coils is 21 k
and the turn-to-turn voltage is about 50
In the helium gas environment, the minimw
turn-to-turn separation must be about 0.3

Multilayer coils would require large g
between layers and present an awkward prol
for coil design, especially for the long !
solenoids. Therefore, each coil will be
wound with a single-layer conductor 15 cm
wide,

The EF coils and OH coils will be coole
by helium pool boiling at 4,2°K, 1 atm pre
sure, Pool boiling is simple, inexpensive
reliable, and easy to control. Above all,
rather small heat transfer flux is adequat
to remove the conductor ac losses if the
helium bubbles can be properly vented to
avoid bubble accumulation within the wind-
ing. Under this circumstance, the heat
transfer flux ceases to be an important fa
tor in determining the coil stability; in-
stead the coil stability depends on the cc
ductor current density, the amount of liqu
helium surrounding the conductor, and the
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TABLE 5, " OHC/EFC Magnet Characteristics

Subeftonductor/stabi]izer

Coil design

Conductor design

Stability

Cooling

Operating temperature (°K)
Average current density (A/cm2?)

Magnetic field (T)
in flux core.
at plasma center

Ampere-turns (MAT)

Total conductor length (MA meters)
Maximum dB/dt in conductor {T/s)
Stored energy in OH/EF/plasma field (MJ)
Maximum operational current (kA)
No. of turns |

Self-inductance {H)

Mutual coupling

Power supply voltage (kV)
Volt-seconds to plasma (V-s)
Coupling coefficient to plasma ring

extent of coil disturbances.

The equilibrium field must penetrate the
blanket and shield to act on the plasma, but
the blanket and shield are about a meter
thick and consist mostly of metal such as
stainless steel, Eddy currents in this
material would distort the equilibrium field
and delay its penetration if the blanket and
shield were not sufficiently segmented. For
a blanket and shield design of 16 segments,
each made of 43 blocks, field distortion or
time delay will be reduced to an insignifi-
cant level,

Structural Support

Two structural support concepts, a torque
*
shell and a torgue frame, were developed.

*

This work was performed by McDonnell-
Douglas Astronautics Company-East in colla-
boration with ANL an js presented in detail
in a separate paper.

OHC EFC

Nb-Ti/Cu
Single layer
Fully transposed cable

Cryostatic

Pool boiling

4.2
2640 2946
qv

~0.46

67 +18.6
847 996
6.7 al

2262
80 80
837 464
0.48 0.52

KOHEF = 0,015
48 2]
85 50
KOHP = -0,2422 Kppp = -0.2566

The torgue shell design uses shear webs
located between the TF coil cryostats to
provide continuous support for the coil and
to cancel the induced torques. This design
provides the lightest weight design but
requires removal of the shear web panels to
permit access to the blanket and shield.

The torque frame concept uses a frame at the
top and bottom of the reactor to transfer
the TF coil Toads to the reactor building
wall and floor, respectively. Both concepts
provide blanket and shield access through an
a3 x 8 m opening between TF coils. Very
little access, if any, will be available
from above and below the TF coil because of
required structure. Openings for vacuum
ducts and instrumentation, however, can be
provided through this structure. The floor
area around the reactor will not be
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restricted by structural members with either
concept, thereby providing for ease of locat-
ing components such as neutral beam injectors
and for freedom of movement for maintenance
equipment. The outer and upper poloidal
coils can be removed using their supporting
structure as a 1ifting fixture, and the com-
bined weight is compatible with planned

crane capacity. The lower poloidal coils

are captivated by the various support

columns and require an in-place repair/
replacement facility, which was conceptnq11y
included in the design; Use of 7075-Tb °
aluminum alloy joined by bolting re$u1ts;in

a substantially Tighter and lower cost
structural support design than can be
achieved using welded stainless steel. The
torque shell concept has been tentatively
chosen as the reference option.

PLASMA HEATING

Supplemental heating, in addition to ohmic
heating, is required to heat the EPR plasma
to ignition temperatures. A power input to
the plasma of 60 MW is needed for about 5 s
during startup, and somewhat less power may

be required for periods up to a minute to
maintain the_burn in the face of unfévorab_
plasma conditions. Curfent experience dic
tates that neutral beam heating be the
reference option for this supplement. Rac
frequency -heating is considered as the pri
mary backup option,

Neutral Beam Injection

Three neutral beam injection systems he
been designed. These are summarized in
Table 6. The reference design is based on
modest extrapo]ations beyond presently
achieved results with D" sources. The sec
design is based upon improved D+réources.
The third design, which would require con-
siderable advances in source technology, i
based upon direct-extraction D~ sources, w
neutralization by a gas target {3a) or by
Tithium plasma (3b). A1l designs employ
energy recovery, and the first two designs
inject only the D" > DY component into the
plasma,

In the reference design, 12 injectors,
arranged to tangentially inject into the
plasma in a symmetrical clockwise and coun

TABLE 6. Neutral Beam Injection System Characteristics

{Reference)

Desiagn 1 Design 2 Design 3a Design 3t
Atomic ion ot ot p” D"
Target for p* + DO D, gas D, gas D, gas Li plasma
Beam composition (0%, D5, D3, D7) (0.75,0.18,0.07/-)  {0.95,0.03,0.02/-) (-/0.95 (-70.95)
Neutral beam power (MW} 60 60 60 60
Neutral beam energy (keV} 180 .180 180 180
Neutral beam current (Equiv. A) 333 333 333 333
No. of injectors 12 12 6 6
No. of ion sources/injector 2 2 2 P
Type of grid multiaperture multiaperture multiaperture multiaper
Ton beam current density (A/cm?) 0.135 0.175 0.135 0.13%
Ion beam power (MW) . 441 338 _ 113 81
Gas load/injector (Torr-z) 110 57 LY 1
Direct conversion efficiency 0.85 0.85 0.85 (.85
Thermal conversion efficiency 0.30 0.30 0.30 0.30
Electrical power efficiency 0.29 0.43 0.66 0.77
Overall power efficiency 0.34 0.45 0.66 0.77
Net power input (MW) _ 207 145 9N 78
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pattern, provide 60 MW of 180 keV deuteron
beams to the plasma. Each injector has two
jon sources. The beam line for each ion
source includes an accelerator to increase
the energy of the ot ions, a magnet separa-
tor and energy grid to remove molecular ions
and directly convert their energy into elec-
tricity, a neutralizer to form the neutrals,
and a thermal energy recovery system. The
pair of beams in each injector travel ~4 m
along a beam duct and pass through a 0.75 m
diameter port in the toroidal vacuum chamber
wall. An electrical power éfficiency (neg-
lecting thermal energy recovery) of 0.29 and
an overall power efficiencyj(including ther-
mal energy recovery) of (.34 are achieved
with the reference design. These power
efficiencies decrease rapidly with beam
energy, because of a decrease in the neu-
tralization efficiency in D, gas.

Substantial improvements in power effi-
ciency and corresponding reductions in power
requirements and gas loads can be realized
if D+ ion sources are developed with a very
high atomic ion component, as indicated by

Design 2 in Table 6. Even more dramatic
improvements could be realized if direct-

extraction D”. sources are developed.

Radio-Frequency Heating

Radio-frequency {rf) wave heating is an
attractive alternative to neufraﬂ beam heat-
ing, from the technological point of view,
since efficient power sources exist for
several heating modes and the neutron pene-
tration prob]éms intrinsic to the neutral
beam injectors can be ameliorated. However,
wéve heating experiments have not encountered
the same degree of success as neutral beam
ekperiments in heating plasmas.

Two rf heating designs were developed,
one based upon heating in the Tower hybrid
resonance (LHRH) and the other in the ion
cyclotron resonance (ICRH). The EPR refer-
ence design has four rf heating stations
supplying 20 MW to the plasma, for added
heating capability and experimentation. If
rf heating becomes the primary option, the
EPR design can accommodate 16 rf stations
by replacing the neutral beam injectors
with rf systems. The characteristics

TABLE 7. RF Heating Parameters

ICRH LHRH
Pump frequency (MHz)
8§T7T 54 1120
0T 68.6 1190
Output power (MW)
4 ports 25 25
10 ports 60 60
Transmission efficiency from 64 48
source to port (%)
Pulse duration, heating (s)
25 MW 12.9 12.9
60 MW 5.4 5.4
Duty Cycle (%)
25 MW 17.2 17.2
60 MW 7.2 7.2
Launcher 1/4 turn loops "Gritl" wavequide

Transmission scheme
High power source

Coaxial cables
Tetrode amplifier

B across x 2 high
Waveguides
Kiystron




34

of ICRH and LHRH systems which could provide
25 and 60 MW of heating power to the plasma
are shown in Table 7. :
ENERGY STORAGE AND TRANSFER -SYSTEM

The energy storage and transfer (EST) sys-
tem for the EPR consists of a central energy
storage inductor (ESI), rectifiers to trans-
fer energy between the ESI and the OH, EF,
and neutral beam systems and a rectifier to
transfer energy from the substation into the
ESI. A separate inertial energy storage
unit, consisting of radially stacked homo-
polar generators, is jncorporated in the OH
system, so that the inductive energy in the
OH system is essentially transferred between
the OH coils and inertial storage inductor,
with the central ESI providing makeup for
losses. Inductive energy is transferred be-
tween the OH/EF coils and the plasma current,
with some dissipative loss in the plasma.
The neutral beam energy is deposited in the
plasma or dissipated in the injection sys-
tem. Electrical energy is recovered
directly and recirculated in the neutral
1f rf plasma heating

beam injection system,
is used instead of neutral beam injection
heating, the required energy is transferred
from the ESI by a rectifier. The EST system
is depicted schematically in Fig. 8 and sum-
marized in Table 8. ‘

The OH coil current is reversed at the
start and end of the burn cycle, The OH
coil energy storage unit is designed to
transfer and store the bulk of the OH coil
stored energy during the reversal periods by
using radially stacked drum-type homopolar
generators. Additional energy required to
provide 5 V-s for resistive plasma losses
js transferred into and out of the OH coil
during the burn cycle using an SCR-type in-
ductor-converter bridge as the major trans-
fer mechanism between the OH coil and a cen-
tral superconducting energy storage induc-
tor. The central ESI makes up the 0.46 GJ
of energy which is dissipated in the OH-
plasma system each burn cycle.

OH System

. Homepolar
OH Rectifier _(Gencratur

Inverter

Energy
Storage
Inductor

Converter

Auxilliaries

Make-up Rectifier

Power Grid
Substatien

FIGURE 8.

Circuit Diagram

The design of the homopolar generator
based on radially stacked epoxy fibergla:
insulating cylinders and Type 17-4 stain®
steel cylinders. The insulator cylinders
are rigidly. supported and aligned with re
pect to the central axis, The conducting
cylinders rotate independently on a type
air bearing designed into the insulating
cylinders. The innermost and outermost
cylinders are made of insulating material
so that high voltages can be achieved by
electrically connecting many generators i
series. A radially directed, azimuthally
uniform magnetic field of about 5T is pr
duced by niobiumetitdnium superconducting
coils. Brushes are located along the ed
of the cylinders and connected so that ci
rent flows back and forth in the axial d°
tion. Adjacent cylinders counter rotate.
The arrangement is called the counter Cy«

nic-generator (CCCG).
The eneray transfer system for the EF

coils must be actively controlled becaus
the power demand varies with plasma curr.
and temperature. The design of the powe
supply is based on stbring and transferr




TABLE 8, Energy Transfer and Storage Systems — Maximum Ratings :

Ohmic Heating Systems

Drum homopolar generators

No. of generators in series
No. of drums/generator
Total energy transfer (MJ)
Peak power (MY)
Peak voltage (kV)
Peak current {kA)

- Equivalent capacitance (F)

Rectifier system
Type
Energy transfer (MJ)
Peak power (MW).
Peak current ikA)
Peak voltage (kV)

Equilibrium Field System

Type

Energy transfer (MJ)

Peak power (MW)

Peak current (kA)

Peak voltage (kV)

Peak switching frequency (Hz)

Neutral Beam System(2+0) (60 Mw)

Type

Energy transfer (GJ)
Voltage (kV)

Power (MW)

RF System (60 Mu) (D)

Type
Yoltage (kV)
ICR
LHR
Power (MW)
ICR
LHR

Central Energy Storage Inductor

Type
Energy stored (GJ)
Energy transfer {GJ)
Peak current {kA)

" Peak power (MW)

Average power from 60 Hz line (MW)

Inductor-converter bridge
600 _
66
80
0.8

Inductor-converter bridge
1500

416 o

80

21

1330

SCR, DC/AC/DC at 10 kHz
i

180
207

5-phase inductor-converter bridge

18
64.5

94
125

Superconductive ring dipole inductor
3.2

2.4

80

620

21

(a) Assumes electrical energy recovery in power supply.
(b} Neutral beam and rf are alternative options.




the'enérgy between the EF coils and the
superconducting energy storage inductor
using an inductor-converter {I-C) capacitor
bridge. The design of the EF coil power sup-
ply uses typical SCR units currently availa-
ble on the market. A three-phase bridge is
used with 35 mF, 10 kV capacitors in each
phase.

The design of the neutral beam injector
energy transfer'system is composed of two
major components; a saturated time-delay
transformer (STDT), which uses the satura-
tion effects of magnetic cores to act as a
current surge limiter, and a high-frequency
polyphase-controlled rectifier using SCR
switches to enable rapid de-energization of
the beam in periods of less than 100 wus.

The beam heating pulse is designed to last
for 5 s. Energy is added to the central ESI
throughout the fusion reactor cycle. The in-
jector power supply extracts energy directly
from the ESI during the beam heating phase,
sop that the power grid never sees a power
bump. An I-C drives a high-frequency poly-
phase inverter. A 10 kHZ volitage is
developed in a summing transformer, filtered
and subsequently rectified. The output Tead
is connected to the injector through an STDT,
A coil on the STDT is connected to a con-
trolled time delay circuit that will trigger
a crowbar and interrupting switches in the
event the primary neutral beam injector pro-
tection systems fail.

The power supplies for the ion cyclotron
region and the lower hybrid region rf heat-
ing systems are designed using the I-C con-
cept used for the EF coil. Five-phase I-C
bridge networks are designed to transfer
energy from the ESI to the rf conversion
units. Five-phase networks are used to avoid
objectionably large voltage fluctuations on
the frequency conversion tubes,

In order to operate the poleidal coil,
neutral beam, and rf systems, it will be
necessary to store energy on site so that
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large power pulses required to initiate and
terminate the tokamak discharge do not per-
turb the electrical power network.
conductive energy storage inductor was

designed to handle these energy pulses. Tt
energy storage ring uses 21.4 MW at a con-

A super

stant input rate and provides a peak net wi
drawal of 2.4 GJ at the end of beam heatine
The maximum current is 80 kA at a max imum
short time-averaged Qo]tage of 15 kV. The
ring has a major radius of 5.7 m and a minc
radius of 0.8 m. The coil will use 0,58 m°
of niobium-titanium and is constructed of
pancakes separated by micarta or fiberglass
epoxy boards. Alternate pancakes are wound
clockwise and counterclockwise to faciiitat
layer-to-layer connections. Conductor tran
position is achieved by winding top .and bo:
tom halves with 40 kA cable and operating
coil halves in parallel. There are a tota
of 12 layers of coil.
VACUUM SYSTEMS

The EPR toroidal vacuum system must:
(1) reduce the residual gas pressure in the
toroidal chamber from a2 x 1073 to ~1 x 10

Torr in ~15 s after the burn pulse; and

(2) achieve a base pressure of less than
10-8 Torr at the beginning of an operation
period, These criteria can be satisfied b
thirty-two 25,000 £/s cryosorption pumps,
each connected through a 1.1 m diameter
duct to a 0.95 m diaméter port in the vacu
chamber wall. To minimize the tritium in-
ventory, the cryosorption pumps will be re
generated, using zirconium-aluminum getter
pumps, every four hours to remove the tri-
tium and deuterium that has accumulated on
the Tliquid helium-cooled panels. An addi-
tional 32 cryosorption pumps are provided
to allow for continued operation during th
regeneration period.

Pumping requirements for the neutral
beam injectors are very demanding. Twelve
injectors will each have gas loads of 110

Torr-%/s during operation. The required




]

e

i gk k4

~ each injector,

pumping speed of 5 x 10°2/s will be pro-
vided by 100 m? of cryosorption panel in
To avoid shutdown during
regeneration, an additional 100 m? of the
panel area must be provided and the design
must allow for isolation of that portion of
the cryosorption panel to be regenerated.

The principal paramgters of the toroidal
and neutral beam Vacuﬁm systems are shown in
Table 9.

The high impedance characteristics of
the waveguide used for lower hybrid rf heat-
ing will necessitate a separate pumping sys-
tem to insure adequate vacuum along the
length of the waveguide. Each waveguide
must have either a mercury diffusion or fur-
bomolecular pump with an effective pumping
speed of 10,000 2/s to maintain the required

1 x 10-% Torr vacuum at the waveguide window.

FIRST WALL

The first-wall system consists of a
vacuum wall and detachable coclant panels,
The free-standing vacuum vessel is con=
structed from 16 cylindrical segments of 2
cm thick stainless steel plate and is rein-
forced with an external ring and spar frame-
work. Two circumferential support rings and
ten longitudinal spars are on each segment,

TABLE 9.
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The 16 segments are joined by formed rings
that are welded to the ends of each segment,

A chemically bonded Cr,03 coating is applied
to the joining surfaces in two of these rings
to form a current breaker in the vacuum wall,
Detachable 2 cm stainless steel coolant panels
are roll-bonded to the inside of the vacuum
wall. The surface of the coclant panel fac-
ing the plasma is coated with 100-200 microns
of beryllium to control impurity contémina-
tion of the plasma by stainless steel. The
substantial porosity (10-15%) and fine micro-
structure obtainable with the p]asma-spra§ '
coating process facilitates gas re-emission,
particularly helium, and minimizes blister-
ing.erosion.
to the coolant panels by manifolds located

Pressurized water is supplied

in the connecting rings that join the first-
wall segments. The toroidal vacuum wall is
supported by a three-point per segment,
roller/slide pad-type support from the blan-
ket to the lower rings and spars. The three-
point support minimizes the size of the rein-
forcing ring and the roller/slide support
minimizes thermal stresses by allowing for
expansion of the vessel.

Extensive thermal-hydraulic, mechanical,
materials performance, and radiation damage

Vacuum System Parameters

Toroidal Neutral Beam
Volume 754 m3 250 m3/injector
Surface area 771 m? 254 m2/injector
Gas load 2588 Torr-4 110 Torr-2/s per injector

Cryosorption pumping

Effective pumping speed

Secondary pumps

Al/Ir getter pumps

No. 1300 CFM blower stations 16

No. 1400 /s turbomolecular 16
pumps

32 - 25000 /s
pumps

4,25 x 105 &/s

32 - 10000 &/s

100 m? panel/injector

5 x 10% 2/s per injector

12 - 25000 ¢/s
Use same pumps
Use same pumps




TABLE 10.

:meina1 Operating Conditions

_First-Wall_Operating Parameters

~ _Capacity factor (%) 50
Operating cycle (s)
Startup 5
Burn . 35
‘Shutdown 5
Exhaust and replenishment 15
Average power loading during burn (MW/mz)
Neutron 0.5
Radiation, conduction, convection 0.13
Operating Parameters -
Stainless steel vacuum wall
Maximum temperature (°C) <500

Minimum yield stress at 500°C (k51) 17

Maximum annual fiuence (n/m2) 6 x 1025
Atomic displacement {dpa/yr) . 2.8
Helium generation (appm/yr)} 54
Hydrogen generation (appm/yr) 133
Stainless steel coolant panel
Maximum temperature (°C) 380
Minimum yield stress at 500°C (ksi) 17
Maximum annual fluence {(n/m2) 6 x 1025
Atomic displacement (dpa/yr) 2.8
Helium generation (appm/yr) 54
Hydrogen generation (appm/yr) 133
Maximum heat deposition (W/cm3) 5.8
Maximum AT across panel surface (°C) 20
Maximum AT through panel face (°C)
With Argon shutdown 100
Without Argon shutdown 75
Maximum thermal strain range (%)
Operating cycle 0.14
Burn cycle 0.09
Beryllium coating
Maximum surface temperature (°C) 407
Helium gereration (appm/y) 780
Hydrogen generation (appm/y) 13
Maximum erosion rate (um/y 30
Water coolant
Maximum pressure {(psi) 2000
Velocity (m/s) 1.6
Inlet temperature — first panel (°C) 40
Exit temperature - eighth panel (°C) 310
Pumping power {MW) <1

analyses have been performed to evaluate the
first-wall performance and to determine the
design Timits. Results are summarized in
Tables 10 and 11,

The stainless steel vacuum wall should
maintain its structural integrity for the
10=yr design life under the nominal operat-
ing conditions, viz., integrated wall load-
ing of 2.5 MW-yr/m?, maximum annual neutron

fluence of 6 x 102> n/m? (2.8 dpa/yr, 54
appm/yr helium, and 133 appm/yr hydrogen)
and maximum wall temperature of <500°C. Fo
these conditions the predicted radiation
swelling of <4% is tolerable. The limiting
criterion is loss of ductility caused by di
placement damage and helium generation. Fg¢
temperatures below 500°C, the residual uni-
form elongation, which is estimated to be




ek A T 1 g i i b o i s S RMBHTRR BSiR B  sbe i

TABLE 11. First-Wall Design Limits (@)

Vacuum Wall

Design life (yr) - 10
Integrated neutron wall loading 2.5
(MW-yr/m2)
Yield strength — 10 yr (ksi) .75
Uniform elongation — 10 yr (%) >1
Radiation swelling — 10 yr (%) <4
Limiting criterion Ductility
Coolant Panel

Design 1ife (yr) 5
Total burn cycles — § yr 106
Fatigue 1ifetime (yr) 5
Radiation lifetime (yr) 8

Limiting criterion

Low-Z Coating

J Design life {yr)
Limiting criterion

Thermal fatigue

3-5
D-T sputtering

(a) Based on a neutron wall load of 0.5 MW/m2 and a

plant capacity factor of 50%.

>1% at the end of the 10-yr life, is con-
sidered to be acceptable. The lifetime of
the low-Z coating is limited by erosion
caused primarily by D-T physical sputtering.
A design life to 5 yr for a 100-200 um thick
beryllium coating appears feasible. Only
Timited data exists with which to estimate
the Tifetime of the ceramic current breaker;
however, bulk radiation effects will likely
be the limiting criteria.

In addition to the extensive radiation
damage, the coolant panel will be subjected
to severe thermal cycling produced by heat
deposition on the surface during the plasma
burn, The strain range for the burn cycle
depends on the difference between the maxi-
mum and minimum values of AT during the

.cycle, and the strain range for the plant

warmup/cooldown operating cycle is a func-
tion of the average AT during the burn cycle.
Assuming that the duration of the operating
cycle is long enough that stress relief
occurs, the strain range for the coolant
panels with sliding supports is 0.085% for

the burn cycle and 0.14% for the warmup/cool-
down operating cycle, These values corres-

pond to fatigue desian Tifetimes for the
coolant panels of 5 x 10% burn cycles and
1 x 10° operating cycles. Thus, thermal
fatigue will 1imit the Vife of the coolant
panel to 5 yr, which corresponds to ~10%
burn cycles, for the current design
parameters.

Although the current first-wall system
design is based to a large extent on availa-
ble materials and existing technology, it
appears that adequate mechanical integrity
of the system can be maintained for suitable
reactor lifetimes under the postulated EPR
conditions. Details of the first-wall and
the blanket/shield design are presented in
a separate paper.(s)

BLANKET/SHIELD

The blanket/shield system consists of the
blanket, the inner bulk shield, the outer
bulk shield, the neutral beam penetration
shield, the vacuum duct penetration shield,
and the biological shield. In order to in-
sure penetration of the equilibrium field
into the plasma region without intolerable
distortion or phase delay, the blanket and
bulk shield are constructed of 683 electri-




cally insulated blocks. .
The blanket is-made up of 0.28m th1ck
stainless steel blocks. Each of the 16 seg-'
ments of the vacuum chamber is covered by 17
blanket blocks. The blocks are cooled with
pressurized water flowing in a network of

1 cm diameter drilled channels, with each
block having an independent cooling system.

The bulk shield surrounding each of the
sixteen segments of the vacuum wall and
blanket consists of 1 inner shield block and
25 outer shield blocks, The inner shield
block is 0.58 m thick and: consists of alter-
nating layers of B,C and stainless steel dis-
posed so as to maximize the attenuation of
neutrons and gamma rays. At the top, bottom,
and outside of the torus, the bulk shield is
0.97 m thick and consists (going radially
outward) of 0.03 m of stainless steel, 0.15
m of graphite with 1% natural boron, 0.05 m
of stainless steel, 0.65 m of lead mortar,
and 0.09 m of aluminum. The bulk shield is
cooled with H,0 at atmospheric pressure.

Neutral beam lines, vacuum ducts, and
other penetrations of the outer blanket and
bulk shield represent large (~0.6-1.0 m?
cross section) streaming paths for neutrons
and require special shielding. A special,
0.75 m thick, annular shield surrounds the
neutral beam tube after it exits from the
bulk shield and extends beyond the TF coiis,
so that there is no unshielded 1ine-of-sight
path from the wall of the beam tube to the
TF coils. The inner 0.65 m of this special
shield is 50% $5/50% B,C, followed by 0.05 m
of lead and 0.05 m of aluminum.

A pneumatically operated shield plug is
closed in the vacuum duct during plasma burn
(see Fig, 1). This shield plug consists of
two blocks. The inner block is 0.32 m thick,
and is fabricated of stainless steel and
cooled in the same manner as a blanket block.
The outer block is 0.58 m thick, with a mate-
rial disposition {SS/B4C) similar to that of
the inner shield.
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The blanket, shield, and vacuum vessel
assembly weighs over 2700 metric tons. Th
weight is supported from beneath the react
on 16 individual frames. The frames can
vertically approximately 2 m to facilitate
replacement of the blanket and shield bloc
The load is transferred through 32 columns
from the reactor foundation to the 16 fran
which in turn support the reactor shieldir
blocks. The blanket block layer rests on
inner portions of the shield blocks on ins
Tated roller pads to accommodate the high

, temperature'of the blanket and the accompa
_ ing thermal expansion. The 350 metric ton

vacuum vessel rests on the inner side of t

blanket.
Extensive analyses have been performed

 evaluate the performance of the blanket/st

system. These analyses are based on a nor
neutron wall load of 0.5 MW/m?2 and a plant
capacity factor of 50%. The neutronics
effects vary significantly around the wal’
the poloidal direction, and a conservative
analysis is used., Results are summarized
Table 12. ‘

The 4 cm first wall and the 28 ¢m blant
region receive 390% of the neutron and gar
energy. The nuclear heating varies from .
W/cm? on the inside to 0.3 W/cm? on the ot
side of the blanket. The radiation damage
leve] in the blanket adjacent to the first
wall is 1.7 dpa/yr and drops by a factor
2 every ~7 cm going through the blanket.
Operating temperatures in the toad bearinc
portions of the blanket are, like the firs
wall temperatures, restricted to <500°C,
may be allowed to rise above this level §
nonstructural components. After 10 yr at
wall loading of 0.5 MW/m? and a 50% capaci
factor, the swelling in the blanket adjace
to the first wall is expected to remain b
low 2%, the uniform elongation will drop
~3%, and the yield strength will increase
75 ksi. As the neutron radiation is att
vated through the blanket, the swelling w
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TABLE 12. Summary of Blanket Design Parameters

" Design basis operating life (yr)

Nominal power during burn {MW)

Design basis neutron wall loading (MW/m?)
Plant capacity factor (%)

Blanket structure
Thickness (m)
Type metal/volume fraction
Type coolant/volume fraction
Penetration volume fraction
Inner blanket
Quter blanket .
Maximum temperatures (°C)
In support structures
In bulk materials

Nuclear parameters
Maximum heat deposition (W/cm?)
Maximum fluence at 2.5 Mw-{r/mz {n/m2)
Maximum dpa at 2.5 MW-yr/m? (dpa)
Maximum helium production at 2.5 MW-hr/m? {appm)}
Maximum hydrogen production at 2.5 MW-yr/m* (appm)

Mechanical parameters
Design stress in support structure (ksi)
Minimum material yield stress {(ksi)
Ductility at 2.5 MW-yr/m2 (% uniform elongation)
Swelling at 2.5 MW-yr/m? (% of initial volume)
Maximum torque from pulsed fields (ft-1b)

Coolant parameters
Type
Maximum pressure (psig)
Pressure drop (psig
Maximum velocity (m/s)
Pumping power (MW)
Coolant inlet temperature (°C)
Maximum coolant exit temperature (°C)

Residual activity from first-wall/blanket/shield
after 2 yr operation in Ci/MWt
Immediately after shutdown
1 yr after removal
10 yr after removal
100 yr after removal

10
400
0.5
50

0.28
316-55/0.9
H,0/<0.05

~0,02
0,05

500
850

3.5

5 x 1026
17

230

600

<10

70

>3

z2
725,000

H,0
2000
<15
2.4
<1

be reduced to zero after a few cm, and the
tensile properties will approach those of
unirradiated material (~22% uniform elonga-
tion and 20 ksi yield strength). The
effect of creep and fatigue will be less
than in the first wall since the blanket is
not exposed to the surface radiation from
the plasma and will not undergo the large
thermal cycling of the first wall. Helium
production rates will still be high in the
first few cm, but the temperature 1imit of
500°C should insure against helium embittie-
ment which is observed at temperatures above

550°C.

Regions in the outer bulk shield, 20 cm
thick, surrounding the neutral beam penetra-
tions will be constructed and cooled similar
to the blanket. The remainder of the bulk
shield will receive 7% of the radiation
energy. The major effect of radiation on
boron carbide is the buildup of helium from
(n,a) reactions which can induce swelling and
cracking if it is present in high concentra-
tions. Neutron jrradiation can aiso substan-

tially reduce the thermal and electrical -con- -

ductivity. The degree to which radiation




affects the bulk properties depends to a
" large extent on the amount of porosity pres-
ent in the unirradiated material. The first
layer of boron carbide in the inner shield
will be the most seriously affected by the
neutron irradiation. The first few cm of
boron carbide will produce ~3500 appm of
helium during a 10 yr lifetime, but helium
production will fall off rapidly past this
point. This amount of helium is not expected:
to induce significént swelling or-cracking if
a sufficient porosity exisﬁs to accbmmodate
the gas. Helium escaping from the boron
carbide must be vented to prevent buildup
of gas pressure within the shield. For the
conditions expected in the EPR, the graphite
in the outer bulk shield will densify rather
than swell. It is expected that the volume
change of graphite due to irradiation can be
minimized by a suitable choice of material
~and should not present a problem. Helium
production in the first few cm of the grap-
hite/1% boron will reach ~770 appm after a
10 yr lifetime. As with boron carbide,
porosity and venting considerations must be
factored into the shield design to accommo-
date the helium. The materials lying past
the first layer of boron carbide in the inner
shield and the graphite in the outer shield
receive a relatively small neutron fluence,
and the bulk properties should not be adver-
sely affected. The lead mortar and aluminum
in the outer shield will operate at tempera-
ture below 100°C, which is well below the
~150°C at which the lead mortar will begin
to break down.
ACCESS AND MAINTENANCE

During operation, the biological dose in
regions external to the TF coils is about
106 mrem/hr, which is too high to permit
access to the inside of the reactor building
for any reasonable length of time. Outside
the 1.5 m thick concrete building wall, the

dose is about 1 mrem/hr. The biological dose
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in the vacuum chamber inside the first wall is

6 x 10° mrem/hr.at shutdown and after 1
of cooldown the dose is 1 x 10% mrem/hr.
After one day of qoo11n§,'the-dose is 60
mrem/hr at a position above the reactor
the location of the TF coils and 2 mrem/
outside the TF coils. The latter result
does not include the effect of penetrati
streaming or activation of the neutral b
injector. These calculations indicate t!
the dose rate is too high to permit unsh
personne];acéess to the reactor during-o
tion. At best,. 1imited access would be
allowed within a few days of shutdown. |
sonnel exposure can be reduced by two orc
of magnitude By.10 cm of lead shielding.
The general approach to maintenance ft
the EPR is by use of remote handling app:
A11 large components will be repai:
This includes

tus.
in place, where possible.
vacuum vessel and the lower EF and OH co
Smaller components Tike the blanket and
shield blocks will be repaired in the ho
cells. Special in-vessel remotely opera
equipment will be designed to repair, ref
and inspect any portions of the vacuum ve
sel or first-wall panels that have been
damaged. Support facilities for remote
operations include a remotely-operated o
head crane/manipulator with a shielded pe
sonnel cab, floor-mounted snorkel-type w
for servicing the vertical portions of ¢
reactor and basement-positioned apparatu:
for maintaining the lower components of 1
reactor. A full-scale, quarter-section r
up of the reactor is vital to all remote
operations.
TRITIUM

The EPR tritium handling system must
separate tritium and deuterium from the -
fuel and must be capable of building atm
phere cleanup in the event of a large tr
jum release, The key tritium facility
operating parameters are given in Table
and a detailed discussion of the design

is presented in a separate paper.(s)
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TABLE 13. Summary of Tritium-Handling Facility Parameters

General

Power during burn (MW)

Burn cycle duty cycle (%)

Plant availability factor (%)
Tritium burnup (g/day)
Throughput/burnup ratio
Tritium delivery rate (g/hr)
Fuel cycle turnaround time (hr)
Plant inventory (kg)

Annual tritium consumption at 50% capacity factor (kg)

Tritium Inventory Disposition
Cryosorption pumps {g)
Getter beds {g) :
Distillation columns (g)
Fuel cycle hardware (gg
Storage (g)
Anticipated mean inventory (g)

Fuel Cycle

Nature of fuel processing and recycle systems

Type of mainstream enrichment
No. of columns
No. of equilibrators

{a) Maximum value at any single time.

The principal assumptions applied in deter-
mining these parameters are: (1) that the
throughput/burnup ratio will be approxi-
mately 50; (2) that the fuel cycle turn-
around time {fuel holdup} time will be 4 hr
or less; and (3) that the initial tritium
inventory of <1.5 kG will be supplemented as
needed (from an outside production facility)
to match the burnup encountered during opera-
tijon. The fuel cycle turnaround time is
determined mainly by the regeneration cycle
on the cryosorption pumping system for the
toroidal plasma chamber, The present plan
is to carry out this regeneration cycle on
a 4 hr basis.

Calculations have been made to estimate
the rate of tritium permeation from the plasma

BTFC
max
8T 107
200 500
75 75
67 67
e 26 64
50 50
60 152
4
0.6 1.5
6.4 16
240(:; soo%g)
24073 BOO(a;
1(a) 25(a)
~500(2) ~1300()
600 1500

Nonmetallic element removal
Debris removal

Isotopic enrichment

Fuel storage

Fuel delivery

Cryogenic distillation
6

1

chamber into the first-wall cooling water
circuit. These calculations show that the
tritium level in the first-wall cooling water
(~10% &) increases. to a maximum of ~1 Ci/%.
The handling practices associated with this
pressurized cooling water would essentially
be the same as those currently applied in

the pressurized D,0 primary circuits of

heavy water reactors that commonly run up to
10 Ci/e.

Potential off-site tritium exposure calcu-
lations have been made, Two events leading
to off-site exposure due to the release of
tritium have been considered. The first
event considers 2% (4 x 105 €Ci) of a total
inventory of 2 kg of tritium released at

- ground level as water vapor in an accident,
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The dose commitment for an individual at the
site boundary is 23.5 rem (whole body) at
500 m and 7.4 rem (whole body) at 100 m as
compared to the 10 CFR 100 guideline for
total body dose in an accident of 25 rem.
The second event is the continuous daily
release of 100 Ci of tritium for which the
concentration at 500 m is ~5 x 1072 Ci/m3
and at 1000 m is ~2 x 10-9 Ci/m3. ERDA
Manual 0524 gives the uncontrolled concen-
trations guide as 2 x 10~7 Ci/m3.
FACILITY DESCRIPTION

The reactor complex consists of 11 major
facilities covering an area of 65,000 m2.
The focal point is the reactor containment
buitding (Fig. 2), a structure 73.2 m in
diameter = 50 m high made of reinforced con-
crete, 1.5 m thick, to meet both structural
and biological requirements. A thin steel
membrane, 1 cm thick, lines the inside walls
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of the building, forming a barrier in the
event of & tritium release. The seal is.
carried through all penetrations and acce
ways. A reactor pedestal is provided
slightly offset from the center of the
building for convenience in positioning t
300 ton overhead polar crane used in asse
bly and maintenance of the reactor. The
bui]diﬁg is equipped for remote maintenan
of the reactor. '

COSTS AND SCHEDULES .

The estimated total direct capital co
for the EPR is $579 M. Adding 25% for en
neering and 25% fortcontingency brings th
grand total to $868 M. A cost breakdown
given in Table 14.

A detailed design and construction sc
dule has been developed. Eight years are
required from the initiation of prelimina

design to initial operation, and six year
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FIGURE 9. Reactor Containment Building




TABLE 14. Plant Capital Investment
Direct Cost Estimate
$M (a}
Structures and site facilities 67.3
Reactor 248.6
Reactor plant facilities 245.0
Auxiliaries _18.0
TOTAL §78.9
Engineering (25%) 144.7
Contingency (25%) 144.7
GRAND TOTAL  868.3

{a) FY 1976 dollars.

are required from the initiation of detailed
Title II engineering design to initial opera-
This schedule is based on two-

tion of EPR.
shift/five-days-a-week operation,

45
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