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ABSTRACT

The results of an extensive set of parametric studies are presented which pro-
vide analytical data of the effects of various tokamak parameters on the per-
formance and cost of the DTHR (Demonstration Tokamak Hybrid Reactor). The
studies were centered on a point design which is described in detail. Varia--
tions in the device size, neutron wall loading, and plasma aspect ratio are
presented, and the effects on direct hardware costs, fissile fuel production
(breeding), fusion power production, electrical power consumptjon, and thermal
power production are shown graphically. The studies considered both ignition
and beam-driven operations of DTHR and yielded results based on two empirical
scaling laws presently used in reactor studies. Sensitivity studies were also
made- for variations in the following key parameters the pLasma e]ongat1on,
the minor radius, the TF coil peak field, the neutra] beam 1nJect1on power,
and the Z_c. of the plasma. '

In general, the results indicate direct capital costs .(of device and facility
hardwake) in the range from 600 M$ to 800 M$, required neutral beam injection
energies equal to or greater than 160 keV, and TF coil bore dimensions Qf

6 mx 8.5 mand larger. For the assumptions used in the study (for example,
the product of duty cycle and plant availability equal to 0.2 and a blanket
coverage of the outer half of the torus of 0.36), all device sizes presented
are capab]e'of producing 100 kg or more of fissile fuel; a major radius, Ro’
of 4.9 m is the minimum size for which an annual production of 200 kg of fis-
sile material is predicted, and Ro = 5.2 m is the minimum size for which igni-
tion is achieved. As Ro is increased, economy-of-scale cost improvements for
fissile production are observed in spite of increases in hardware costs and
neutral beam energy requirements.
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1.0 INTRODUCTION

A study has been performed to determine the effects of tokamak parameters such
as plasma size, neutron wall loading, neutral beam energy and power, and peak
field associated with the magnetic coil assembly on the performance and cost

of the DTHR (Demonstration Tokamak Hybrid Reactor)(]); Westinghouse has been
developing a point design(z) selected in September 1978'for DTHR under a Dok
contract. The DTHR point design was based on a very.limited parametric survey;
the objective of the study réported here was to explore the DTHR parameter

space and provide the basis for future optimization of the concept. The results
presented here are in the nature of a status report and are not intended to be
definitive. The technique of first developing a point design with appropriate
_engineering definition to use as a basis for computerﬂmode1 deve]opmént was
applied during the initial development of COAST and -has been used for subsequent
upgrades of the code. DTHR has been scoped on the basis that the following
principle goals will be achieved during its operation: 1) the demonstration of
the production of a significant (> 100 kg) quantity of fissile fuel in a near-
,term fusion-fission reactor; 2) the demonstration‘of reactor technology required
for future commercial applications; 3) the demonstration of long-pulse, high-
duty-cycle plasma operation; 4) the demonstration of remote handling techniques
for future plants; and 5) to serve as an engineering and materials test facility.
Although DTHR does not have as goals the production of electrical power or
tritium, test modules could be located in designated areas to demonsirate the
potential of these functions.

In conducting the performance and cost evaluation of DTHR, the computer code
COAST was extensively used. This code provides a generalized description of a
D-T burning tokamak and models in a self-consistent manner approximately 50
- subsystems. The sizing, costing, and performance of devices ranging from TFTR
to a commercial reactor, including a hybrid reactor, can be quantitatively eval-
uated using COAST. A description of the present version of COAST is given in
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Appendix A. Earlier descriptions and applications of COAST are given in
References 3 through 6.

* A number of scientific and.engineering ground rules were established in order
to perform the trade study. These ground rules allow the hybrid tokamak device,
i.e., DTHR, to be defined and set limits on the parameter space considered in
the study. Even though 100 kg/yr of fissile fuel production was assumed as
providing the required demonstration of fissile breeding, the value of 200 kg/
yr was considered as a nominal perfbrmance rating for DTHR. Section 2.0 is a
presentation of the various ground rules assumed.

In Section 3.0, the device size, as parameterized by the major radius of the
plasma and TF coil assembly, is varied, and the effects on fusion power, elec-
trical power and‘energy consumed, high-grade heat production and fissile fuel
production are described. Since DTHR was not designed to utilize electric
power obtained from the conversion of thermal energy, the operation of the
device will result in the consumption of externally supplied electrical power.
In Section 4.0, the variation of neutron wall loading is considered. The
effects of varying the aspect ratio (A) are discussed in Section 5.0. The
impact on plasma and reactor performance and the capital cost of the above
variations are shown graphically in each of the three sections. The sensi-
tivities of the calculated results to a number of the important ground rules
are discussed in Section 6.0. A summary of the results and conclusions are
presented in Section 7.0. References are listed in Section 8.0. There is a
description of the COAST code in Appendix A, and as a point of normalization
the results of applying the COAST code to TFTR are presented in Appendix B.
Comparisons are made between the COAST results, and the TFTR costs given in
the Final Conceptual Design Report. In general, good agreement has been
found.
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2.0 SCIENTIFIC AND ENGINEERING GROUND RULES

The assumptions and ground rules used in conducting the DTHR Scoping Studies

(2) completed

related to performance and cost are varied about a point design
in September 1978. That design has a plasma characterized by a major radius

Ro = 5.2 m, a minor radius a = 1.2 m (therefore A = RO/a = 4,333), an elonga-
tion 6 = 1.6, and an average plasma temperature T =17.3 keV. The plasma"
density, the magnetic field-on-axis, and the total plasma beta were established
such that the neutron wall loading is 2.0 Mw/mz,'the maximum field at the TF
coil inner leg is < 12 T, the neutral beam energy required is < 200 keV, and
the poloidal beta is 5.A. In calculating the above parameters (using COAST);
effects due to an assumed parabolic profi1e'in both plasma temperature and
plasma density and due to the plasma being operated in a beam-driven mode were
taken into account. The DTHR point design(z) was based on 150 MW of heutra]
beam (NB) power to drive the plasma, but for the studies described in this
report a reduced power level has been generally found to be required. The
reasons for thé assumption on neutral beam power are discussed later in this

section.

A 1ist of plasma parameters is given in Table 2-1 for DTHR. The tWo time con-
s%ants shown in Table 2-1 are based on: 1) empiri¢a1 scaling (Temp « ﬁ; azsz_
q /2 where s = (1 + §)/2 is the shape factor, and q = 2.5 is the stability
factor); and 2) the energy balance equation (Eq.10) for an equilibrium
condition in which a-heating plus NB-heating maintain the plasma temperature
against losses due to conduction, transport, and radiation.

The engineering features of the DTHR device are summarized in Table 2-2. A1l
magnetic field coil assemblies have S/C Nb3Sn conductors with the TF coils
having a COMPACT-D(7) shape, and all PF coils located outside the TF coil
assembly. The plasma support systems include a compact bundle divertof(z’a),
(2) with no direct recovery systems,

positive-ion based neutral beam injectors
(2) witn

pellet injection for refueling, and a fusile fuel handling system
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TABLE 2-1

PLASMA PARAMETERS FOR THE REFERENCE DTHR DESIGN

USED IN TRADE STUDIES

PARAMETER (UNITS) VALUE
MAJOR RADIUS, R (m) 5.2
MINOR RADIUS, a (m) 1.2
ASPECT RATIO, A (-) 4,333
PLASMA ELONGATION, & (-) 1.6
PLASMA BETA, 8 (%) 6.24
FIELD ON AXIS, B, (T) 5.45
PLASMA CURRENT, Ip (MA) 5.1
PLASMA FLUX SWING, V_ (Vs) 65
NEUTRAL WALL LOADING Jy (MW m” 2y 2.0 .
TOTAL FUSION POWER, Pe (MW) 900
AVERAGE ELECTRON DENSITY,‘ﬁe (m™3) 1 x 10%0
AVERAGE PLASMA TEMPERATURE, T (keV) 17.3
EMPIRICAL CONFINEMENT TIME, Temp (s) 1.27
ENERGY BALANCE TIME CONSTANT, < (s) 0.93

- EFFECTIVE CHARGE, Z ¢ (-) 1.2
STABILITY FACTOR, q (-) 2.5
NEUTRAL BEAM POWER, P, (MW) 52
NEUTRAL BEAM ENERGY, E, (keV) 180




TABLE 2-2 |
THE MAIN ENGINEERING FEATURES OF THE REFERENCE DTHR

ALL MAGNETIC FIELD COILS (TF, EF, OH) HAVE S/C. Nb Sn CONDUCTORS
(WITH COPPER STABILIZERS)

TF COILS HAVE COMPACT-D SHAPES, BOLTED-LAMINATED STRUCTURAL DESIGN,
FORCED-FLOW LIQUID-HELIUM COOLANT, CENTRAL BUCKING CYLINDER, AND
INDIVIDUAL DEWARS ON OUTER LEGS

ALL PF COILS (EF AND OH) ARE OUTSIDE THE TF COILS

THE PLASMA EXHAUST SYSTEM INCLUDES A BUNDLE DIVERTOR WITH A COMPACT
MAGNETIC COIL SET WITHIN THE TF COIL BORE AND A COLLECTOR/BURIAL
CHAMBER OUTSIDE THE TF COIL BORE WITH SETS OF Zr/Al GETTER COLLECTOR
PANELS AND CRYOSORPTION PANELS ENCLOSED.

THE NEUTRAL BEAM INJECTION SYSTEM FOR PLASMA START-UP AND BEAM-DRIVEN
OPERATIONS HAS POSITIVE-ION SOURCES, GAS-CHANNEL NEUTRALIZERS,
COMPACT SPACE-CHARGE CONTROLLED CHARGED-ION COLLECTORS, AND LARGE-
AREA CRYOPANEL GAS COLLECTORS

DEVICE SHIELDING WHICH LIMITS THE RADIATION HEATING AND DOSE TO FIELD
COILS, IS COMPOSED OF 65 v/o STAINLESS STEEL AND 35 v/o WATER LOADED
WITH NATURAL BORON (1 BORON ATOM PER 68 MOLECULES OF WATER)

THE FERTILE BLANKET COVERING SECTIONS OF THE OUTER HALF OF THE
TOROIDAL VACUUM VESSEL CONSISTS OF 13/10/31/45 VOLUME PERCENTS OF
STAINLESS STEEL STRUCTURE, ZIRCALOY CLAD, BOILING WATER COOLANT,
AND THORIUM OXIDE FUEL, RESPECTIVELY. THE BLANKET IS ARRANGED IN
A VERTICAL ROD GEOMETRY WITH 0.35 m THICK MODULES. THE BLANKET
DESIGN INCORPORATES MANY FEATURES OF LIGHT WATER FISSION REACTOR
TECHNOLOGY AND IS CAPABLE OF PRODUCING SIGNIFICANT QUANTITIES OF -
FISSILE 233y FUEL,
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continuous load processing capabilities for a once-through operating procedure.
Fissile fuel is produced in a zircaloy clad thorium oxide fueled b]anket(z’g)
with stainless steel structure cooled by two-phase (boiling) water in a cross-
flow configuration. The plasma and engineering ground rules for the design of
DTHR are shown in Table 2-3. A trimetric of the DTHR device is shown in

Figure 2-1.

The trade studies were conducted on the DTHR design as described above and for
the ground rules listed in Table 2-3 using the COAST code (see Appendix A).
The models in COAST allow the results given in the following sections to be
consistent with the overall design as well as with each system, e.g., neutral
beams, TF coils, b]anket,Adivertor, etc., design.

The ground rules shown in Table 2-3 represent the numerical data used as input
into COAST. These input parameters were held fixed in.all the code calcula-
tions presented in the various figures appearing in this report. In some
cases, the ground rule data values were érbitrari1y selected in order to begin
the study, and in other cases the values were based on engineering calculations
(e.g.,.neutronic calculations for the blanket performance data) as well as
engfneering judgment and experience. |

For purposes of component design, an effective square-wave duty cycle associated
with the plasma burn was 0.77, which is consistent with the plasma conditions
given in Table 2-3. The product of duty cycle and the overall plant availabil-
ity is 0.2. The value of 0.2 was also assumed for the neutronic model calcula-
tions(g), but for those calculations the duty cycle was assumed to be 0.5 and
the overall plant availability was 0.4.

The blanket parameters are based on neutronic model ta]tu]ations(g) for the Tho,
(zircaloy clad) fuel elements which ake cooled by boiling water. The F and M
factors used (see Table 2-3) were selected as representative values. The mag-
nitudes of these factors change slightly during exposure of the blanket and are
-a function of the scheme for shuffling and replacing individual elements. How-
ever, with the low duty cycle and plant availability of the DTHR, the fissile
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TABLE 2-3

NUMERICAL ASSUMPTIONS AND GROUND RULES FOR THE
DTHR DESIGN AND TRADE STUDIES

PLASMA CONDITIONS
STABILITY FACTOR, q 2.5
EFFECTIVE CHARGE, Z

eff * 1.2

MAXIMUM TF RIPPLE AT PLASMA EDGE 1%
OHMIC HEATING PERIOD ' 2 s
NEUTRAL BEAM HEATING PERIODS

FOR PLASMA START-UP | 5 s

FOR STEADY STATE BURN (IF BEAM DRIVEN) - 63 s
PLASMA TERMINATION PERIOD 2 s
TIME BETWEEN INITIATION OF SUCCESSIVE PULSES 85's

DEVICE OPERATION |

OPERATING DAYS PER WEEK _ 5
OPERATING HOURS PER DAY ST
PLANT AVAILABILITY TIMES DUTY CYCLE 0.2
NUMBER OF ANNUAL FULL-POWER PULSES © 96,200

TOTAL NUMBER OF FULL-POWER PULSES 1 x 108

COMPONENT DIMENSIONS AND SPACE ALLOCATIONS
SPACE FOR VACUUM VESSEL WALLS
SPACE FOR LIMITER/LINERS
SPACE FOR TF COIL DEWARS
SPACE FOR DEWARS ON PF AND DIVERTOR COILS
" SPACE FOR HYBRID BLANKET
SPACE FOR OUTER SHIELD
 SPACE FOR ACCESS AND ASSEMBLY
SPACE BETWEEN NB ARMS AND REACTOR CELL WALLS
BUNDLE DIVERTER SHIELDING THICKNESSES
NB ARM LENGTH

N O N O O —2 O O O O
O
(3]
3
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TABLE 2-3 (CONTINUED)

NUMERICAL ASSUMPTIONS AND GROUND RULES FOR THE
DTHR DESIGN AND TRADE STUDIES

NB SOURCE DIMENSIONS - HORIZONTAL
- VERTICAL

NB ARM NEUTRALIZER LENGTH

NB DUCT SHIELDING THICKNESS

NB DUCT SCRAPE-OFF THICKNESS

HYBRID BLANKET DATA

NET NUMBER OF 233
FUSION NEUTRON, F

BLANKET ENERGY MULTIPLICATION FACTOR, M

| FRACTION OF FUSION NEUTRONS INTERCEPTING OUTER
VACUUM VESSEL WALL '

FRACTION OF OUTER VACUUM VESSEL WALL COVERED BY
"HYBRID BLANKET MODULES

FINAL COOLANT TEMPERATURE

U ATOMS PRODUCED PER INCIDENT

S/C TF COIL DATA

CURRENT DENSITY IN CONDUCTOR SLOT (CONDUCTOR MATERIAL,
INSULATION, AND COOLANT AREA)

TOTAL CURRENT PER TURN
LIQUID HELIUM TEMPERATURE

TF RIPPLE AT COIL INNER LEG

STRAIN LIMIT FOR ‘STRUCTURAL MEMBER
SAFETY FACTOR IN STRUCTURAL DESIGN
LIMIT ON TIME-AVERAGED NUCLEAR HEATING
LIMIT ON TOTAL DOSE TO COIL INSULATION

2-6

0.1 m
0.8 m
2.0m
0.33 m
0.1 m

0.6
2.0

0.67

0.36

.500 K

3.75 kA/cm
15 kA

4.2 K

4%

408 MPa

2
20 kW
1 x 109 rads



TABLE 2-3 (CONTINUED)

NUMERICAL ASSUMPTIONS AND GROUND RULES FOR THE
DTHR DESIGN AND TRADE STUDIES

NEUTRAL BEAM ARM DATA

CURRENT PER SOURCE 110 A

ATOMIC FRACTION OF BEAM A | | 0.9

INJECTION ANGLE 16°

OVERALL TRANSMISSION EFF 89%

NB POWER SUPPLY EFF . 80%

PRESSURE IN NEUTRALIZER 3.5x1073 torr
DRIFT TUBE DISTANCE TO PLASMA 6.5m
CRYOPANEL AREA PER ION SOURCE | 30 n?
GAS-TO-ION EFF OF SOURCE 40%
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and power production rates ‘in this blanket module remain fairly constant with
exposure over a three year period at the values shown in Table 2-3. At the
end of this three year exposure in the DTHR, the fissile 233U enrichment has
built up to a value of about 0.35%. While tritium breeding was not required
in the DTHR, there is sufficient neutron leakage from the blanket to provide a
tritium breeding ratio of approximately 0.7 if 1ithium bearing modules are
placed in the inner region of the torus and also in back of the fertile blanket.
Also, although electrical power production was not a goal of the DTHR, the
blanket module has been designed(g) to operate at fairly high coolant tempera-
tures and pressures. This would provide the potential for demonstrating elec-
tricity generation using conventional thermal-to-electrical power conversion
systems in a possible upgrade of the DTHR.

The neutral beam injector parameters are based on a positive ion system utili-
zing sources with long narrow emitting areas which allow for charge particle
collection using a space-charge controlled defocusing arrangement of electrodes
held at high voltages. In the COAST calculation, various efficiencies for
transmissioh, power sdpp]ies, finite neutralizer "thickness," reionization
losses, and molecular components in the beam are taken into account. These
calculations are particularly important in estimating the electrical power and
energy consumption for DTHR operation. For the beam-driven operation of DTHR,

. the electrical system associated with the NB {njectors employs a load smoothing
circuit which is used to'compensate for the change in load to the DTHR electri-
cal systems during the off-time of the neutral beam injectors.

There are a number of assumptions used in the sizing and performance calcula-
tions for the DTHR plasma core which should be kept in mind. First, all con-
finement times (particle and energy) are assumed to be equal, i.e., T =1, =

e
T, = TEs and calculated as described below. The density of deuterium ions

e;uals the density of tritium ions. The deuterium population of ions is made
up of two components: 1) the "warm" bulk particles; and 2) the “"hot" beam
injected particles. A1l the ions associated with the "hot" alphas and the
"hot" injected deuterium ions are assumed to remain in the plasma until slow-
ing down processes reduce their velocities to those associated with the bulk

plasma. The corresponding slowing down times are calculated and used to cal-
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culate the equilibrium population of "hot" jons. A1l temperatures are cal-
culated as the same value for each bulk ion species. " Finally, both temperature
and density are assumed to be parabolic in profile for calculation of particle
pressure, plasma beta, and the plasma-plasma fusion reaction rate.

Throughout the DTHR trade studies, the plasma elongation, the maximum field at
the TF coil and thé energy associated with NB injection have been of particular
interest. Calculations were made for a range of magnitudes for these parameters,
but in general, upper limits on DTHR were assumed and the criteria for a given
size and performance was based on the magnitudes of these parameters relative

to the 1imiting values as given in Table 2-4.

Before discussing the numerical results, a few of the important calculational.
steps are shown below ‘to indicate the procedures used in obtaining the results
in this study. Limitations in operating and design parameters represent a
critical consideration in conducting the study. The maximum field at the
inner leg of the TF coil, BM’ is one limitation, and is calculated as follows:

B, R

By = S x (14 | (1)

where Bt is the field on axﬁs. Ro is the major radius, RM is the radius to the
high field side of the TF coil inner leg, and r is the ripple (peak-to-average)
at the inner leg. For a given Ro and aspect.ratio A, the value of RM depends

on the radiation shield thickness (assuming no blanket on the inboard side of
the plasma), and on the space requirements for the vacuum vessel, TF coil dewar,
and access/assembly clearances.

The plasma particle densities and temperatures and the alpha and beam heating
contributions to the total particle pressure impact the value of Bt’ i.e.,

2 —
B 872wy (2)



TABLE 2-4

PRINCIPLE LIMITS ASSOCIATED WITH
THE PLASMA, TF COILS, AND NB INJECTION

1.6

o
|A

< 12T

Ep < 200 keV
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where j is over the bulk plasma particles (electrons and bulk ions consisting

of deuterium, tritium, helium, and impurities) and k is over the "hot" alphas

and "hot" beam ions as they slow down and become part of the bulk plasma. The
value of B was determined by assuming that the poloidal beta Bp < A. Thus,

2

Bf_A%'q- A (3)

where the equality condition was used throughout the study.

. So as to keep the parameter space and the number of variables within reasonable
limits, the plasma temperature was arbitrarily fixed throughout most of the

study at Tp = Te = T} = 17.3 keV (and any other assumption on Tp is indicated).
This assumption leads to the result that the annual production of fissile
material and the neutron wall loading, Jw, are functions only of the ion den-
sities and the injected power of the driving neutral beams (for a given geo-

metry and blanket design)

J, = W x -—238 (4)
U B (A N |
a
W= marew o+ Ml EE Q | '
n - DT n 17.6 Vp B (5)

where a is the minor radius, & the plasma elongation, 4 the scrape-off thick-
ness, and wn the neutron power density (14.1 MeV per event). The expression
for wn has two terms where the first is the volume-integrated average contri-
bution from the plasma bulk, and the second is due to the beam-plasma inter-
action. The beam power PB to drive the plasma is (for this study) assumed to
be the same as that required for plasma start-up. The start-up power is pro-
por;iona] to the mgjog r?dius Ro and the p]asma temperature, Tp, if empirical
s° q /2) is used, i.e.,

scaling (rE «n,a

« RT (6)
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where PB = 52 MW is assumed for Ro = 5.2 m. The neutral beam energy is pro-
portional to the plasma "target thickness," and

Eg = Nga Zg (7)

An important calculational step in obtaining the trade study results is related
to the confinement time calculations associated with particle and energy losses.
As indicated in recent experimental resu]ts(]o) the magnitude of the average
particle confinement time is approximately equal to the energy confinement time
for a plasma operated with a divertor. It was assumed that all confinement '

" times are set equal to each other, and the resu1ts(]0) indicated'add credence

"to this assumption. The numerical value of the confinement time, t, is difficult
to predict and can be calculated using a variety of scaling laws. In previous
studies(1]) conducted by Westinghouse, thelfo]]owing,empirical formula was

used: ’

o= 3.2x 10720 x W x (as)? q'/2 (8)
where 1. is in s, ﬁ;’in m'3. and a in m. A more recent formula is given by

the Hugell-Sheffield scaling relationship,

1 L 1a=13 = 0.6 1.6 , 0.9 .
o= 1x 1007070 (axs) B_t (9)

where B,r is in T. In a very recent ana1ysis(]2) of experimental data it was

concluded that it is generally not possible to determine confinement time
scaling, since it 1s masked by replacement time scaling, and that substantially
different scalings can give comparably good fits. For the DTHR trade studies,
the problem of deciding which confinement calculation to use was resolved by
assuming a value which allows the following energy balance equation to be
satisfied:

Ee + Ei'

= W o+ wNB - wL . (10)

TE



where Ee is the kinetic energy density of the plasma electron, Ei is the
kinetic energy density of all the bulk plasma ions, wa is the alpha power
density, i.e., :

(1)

(see Equation 5 for'wn) wNB is the NB power density-(PB/Vp), and W, are the
radiation losses due to bremsstrahlung, synchrotron, line and recombination
‘radiation. Over the range of parameters considered in the DTHR study the
value of e calculated was always less than that assuming ne(as)2 q]/2 scaling
and in good agreement with that predicted by Hugell-Sheffield scaling. A
large number of ca1cu15tions were made for the ignition operation of DTHR,
i.e., wNB = 0, and represent a substantial portion of the results presented in’
Section 3.0. These calculations using COAST were carried out in order to
evaluate the sizing and performance of DTHR with respect to the beam-driven
operation of a tokamak value. The base system is a beam-driven device(z) and,
at this time, the operating mode (ignited or beam-driven) has not been
completely analyzed or a final NB system selected.

The results of the DTHR studies'presented in the remainder of this report in-
clude cost data. When cost data is presented it is the direct capital cost,
i.e., the value is that associated with the cost of equipment, hardware,
buildings, structures, and land as estimated. The unit costs that have been
employed were developed in 1977 for the COAST code. " However, in these studies
the magnitude of the costs are not important, it is the relative costs that are
important for establishing trends. Spare parts, shipping and handling, instal-
lation, contingencies, construction costs, taxes, insurance, G&A, interest, and
escalation are not included. Thus, the costs are direct capital costs, as
defined in "Fusion Reactor Design Studies - Standard Accounts for Cost Esti-
mates," Batelle Report PNL-2648 (1978), without spare parts, insta]]ation,.and
construction contingencies. Roughly, the total capital costs would be between a
factor of 2.0 and 2.5 higher than those listed in the remainder of this report.



3.0 PERFORMANCE AND COST AS A FUNCTION OF DEVICE SIZE

In evaluating the performance and cost of DTHR as a function of the device .
size, three sets of assumptions were made and three series of data generated.
Using COAST in which T' = 17.3 keV and A = 4,333, the value of n was adjusted
in each calculation unt11 Jy = 2.0 M m (neutron wall 1oad1ng), and T Was
calculated consistent with Equation (10). With this set of assumptions the
first series of curves were generafed and are shown in Figures 3-1, 3-2, and
3-3. The data ranges from Ro = 4,33 m, where both By and BOH (maximum OH field
at OH windings) exceed 12 T, to Ro = 6,93 m. Throughout this range the energy-
balanced e is less than the value obtained using Equation (8). Thus, confine-
ment does not need to be as good as what "empirical” scaling (Eq. 8) would
predict. The data shown in the curves present results related to direct hard-
ware costs, annual fissile fuel production, peak fusion power (17.6 MeV per
event), electrical power consumed during pulsing, electrical energy required
for a year of opération, and total heat developed within the blanket. For
these curVes. the plasma is beam-driven. The results are discussed in more
detail later on in this section.

The ;econd series of data was generated using COAST in which all the assumptions
used in the first data series were again assumed except that the beams were
"turned off" during the steady state portion of the pulse. This is equivalent
to assuming ignition conditions exist. To maintain the wall loading at 2 MW

m'2 the plasma density was adjusted slightly to compenéate for the beam-plasma
generated neutrons not seen for an ignited plasma. The results are shown in
Figures 3-4, 3-5, and 3-6 for the same type of data as in the first set. Again,
e is less than that required by Equation (8). Results for radii less than

5.2 m are -not shown because the T required for energy balance is greater than
that predicted by Equation (8). Under the assumption that this empirical for-
mula is as optimistic as one can realistically accept, the.plasmas at Ro <5.2m
. for the ground rules used in the trade study will not ignite. Tokamak plasmas
with radii less than Ro =5.2mand a = 1.2 m and with time constants given by
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Equation (8) can be sized for ignition conditions, but within the engineering
constraints and ground rules used for DTHR the possibility is limited. The
main limitation is the By, < 12 T condition assumed for the engineering of the
Nb3Sn S/C TF coils. It is important to note that no optimization has- thus far
been performed in the DTHR design, and it is anticipated that such a procedure
would result in a reduction in the minimum size device producing an ignition
plasma. '

In the third series of data generated;fit was assumed that empirical scaling,
as calculated in Equation (8), can be realized for DTHR with an ignited plasma.
In addition, the plasma density and the plasma temperature were varied in such
a manner that BM ~ 12 T and Eb g 20g keV (see Equations 1, 2, and 7). The wall
loading Jy was not fixed at 2 MW m “ for this series of calculations. With the
above assumptions, DTHR is sized and operated in the 1imits imposed by an
ignited plasma for empirically scaled time constants, 12 T TF coils, and 200
keV positive-ion neutral beams, as a function of R0 and the results are shown
in Figures 3-7, 3-8, and 3-9.,

As indicated in the introduction, one of the principle goals set for DTHR is
the successful demonstration of fissile fuel production in a near-term fusion-
fission reactor. Assuming that producing X 100 kg/yr of fissile fuel with a
final concentration of 233U of g 0.2% is a successful demonstration, all the
device sizes stated would achieve this goal. A near-term reactor is one in
which it is assumed that beam-driven plasma is produced in a device using TF
coils operated at or near 12 T and neutral beam injectors with positive-ion
sources and no direct energy recovery and with beam energies { 200 keV. At
‘R, % 4.5m, the fields exceed 13 T, but the value of Ey is well below 200 keV.
At R0 N7 m, EB begins exceeding the 200 keV limit, while the required fields
are low compared to 12 T. The TF bore dimensions over the range of device
sizes is shown in Figure 3-10 and the NB powers and particle energies are shown
in Figure 3-11, -

The annual production of fissile fuel (233U) and the cost of equipment, hard-

ware, facilities, and buildings are shown in Figure 3-1. (Spare Parts, ship-
ping and handling, installation, EDIA, contingencies, construction costs, and
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escalation are not included. For a DoE funded project the total PACE costs

are approximately twice the values discussed and shown in this study.) The ‘
costs range from ~ 0.6 B$ to ~ 0.8 B$ while the fuel production (233U) range
from 200 kg/yr to 400 kg/yr. Thus, the results indicate an economy-of-scale.
Also shown in Figure 3-1 is the maximum field at the TF coil. This data allows
one to select the minimum size for a particular 1imit assumed in the engineering
design. For DTHR, the present assumption is 12 T which 1imits the radius to
>24.9m. At R = 4.9 m, the device cost is 610 M$ and 200 kg of 233y are
produced per year,

In Figure 3-2, the magnitudes of the fusion power (17.6 MeV/event) during the
pulse and the duty-cycle averaged electrical power consumed are shown for the
full range of device sizes. The electrical power consumed in operating the

NB injectors makes up roughly 80% of the consumed power at the small radii and
90% at the large radii. The remainder is used in operating the pumps associated
with the water, nitrogen, and helium cooling systems. The calculated fusion
power shown in Figure 3-2 takes profile effects into account. The fusion power
density for the average temperatures and densities considered in the DTHR study
is approximately 40% lower for a uniform profile than for a parabolic profile.

The total electrical energy consumption per year and the duty-cycle averaged
high grade heat (at ~ 500 K) generated within the blanket modules are shown as
a function of Ro in Figure 3-3. The electrical energy takes the 26% full power
plant availability into account, whereas the heat generation curve is for the
operating cycle, only, during which the duty-cycle is 77%. The heat generation
power lies in the range from 250 MW to 650 MW. If a thermal-to-electrical con-
version plant were considered for DTHR, electrical generation of between 75 MW
and 200 MW could be expected. If the blanket coverage fraction were to be
increased to more completely cover the outer half of the vacuum vessel, the
electrical power generation could be within ~ 70% of that associated with the
power consumption in operating DTHR in the beam driven mode.

The results shown in Figures 3-1, 3-2, 3-3, 3-10, and 3-11 on the sizing, cost-
ing and performance of DTHR are based on a beam-driven system. The power level
of the beams injected into the plasmas were arbitrarily set equal to that level



calculated for start-up during which time the plasma is heated from 2-3 keV
(ohmically heated‘prior to NB heating) to the final steady state temperature
of 17 keV (average). The Q-value (plasma power divided by NB power) is in the
range from 14 to 22 indicating that the plasmas are only weakly driven. Since
the energy confinement times are well below the values required using Equation
(8), it is anticipated that these weakly driven plasmas can be obtained in a
near-term device. If a more strongly driven plasma is actually required,
either a reduced plasma performance level would result for the available injec-
tion system, or DTHR could be "up graded" to accommodate more beams. The in-
crease in injector arms would not represent any major changes in the tokamak
device, which is presently des1gned( ) for more beam arms than ca]cu]ated in
this trade study. (See Section 7.0 for more discussion on this point.)

For. purposes of illustration, consider the Ro = 5,2 mcase. If 150 MW of NB
power (instead of 52 MW) were required, the cost would increase by roughly 16%
and the electrical power and energy consumption would increase by a factor .of
3. The performance (fissile fuel production and high grade heat production)
would remain the same.

On the other hand, if DTHR for R_ > 5.2 m is well within the conditions for
ignition assuming values of T as calculated using Equation (10), the perfor-
mance with respect to the required electrical power and energy consumption is
greatly improved. The cost and fissile fuel production, as shown in Figure 3-4,
is essentially unchanged from those resuits shown in Figure 3-1. This is the
case since the same facility is required for both types of operation. The
neutral beams are used only for start-up, but the same number of injectors are
required. There are slight differences in the pumping systems for the thermal
loads, but the effects are not felt in the plant costs. A dramatic difference
is seen when comparing Figure 3-5 with Figure 3-2. For the same fusion power
level (set by the requirement of 2 MW m'2 neutron wall loading and obtained by
minor adjustments in the plasma particle densities), the electrical power con-
sumption is in the range from 75 to 100 MW as compared to 500 to 800 MW for
the beam-driven case. Of course, the beam-driven case could be improved with
the addition of direct recovery systems, but the power requirement would still



e

be in the range of from 400 to 700 Mwe. This change in operating requirements
is also reflected in Figure 3-6 in which the electric energy consumed per year
is shown. As indicated earlier in this section, the potential electrical pro-
duction capabilities for DTHR are in the range from 75 to 200 Mwe, and for an
ignition option, DTHR has the promise of being self-sufficient in the balance
between electrical production and consumption.

In a third and final .series of calculations as a function of Ro’ data was gen-
erated for the case in which 12 T Nb3Sn S/C TF coils, 200 keV positive-ion pro-
duced neutral beams, and an ignited plasma with e given by Equation (8) were
assumed, These assumptions represent a limiting set of DTHR designs as a func-
tion of Ry and for the'plasma and device engineering ground rules used for

DTHR represents a potentially achievable performance level. As shown in Figure
3-7, the neutron wall loading is between 2.0 and 2.5 MW m'z. Higher values
have been reported(]3), but the assumptions have allowed for very high fields
at the TF'coi1(]3), high beta operation(]4), ripple injection of neutral beam
power(]s), etc. These assumptions indicate a more advanced technology than
considered as near-term for the DTHR trade study. " The present set of ground
rules. have not been studied in detail for pdrposes of optimizing the design in
terms of wall loading, and it is antipipated that improvements are possible,

but it is difficult to predict the final value.

Figure 3-7 shows fissile fuel production as high 500 kg/yr which, with appro-
priate upgrades in wall coverage and plant availability could result in an
annual product greater than 2000 kg/yr. The higher costs seen in Figure 3-7
reflect a design in which both the NB's and the TF coils are designed for the
assumed highest performance level. The production of fusion power and high-
grade heat are shown in Figures 3-8 and 3-9. Also shown are the electrical
consumption in terms of average power and total annual energy. The results
show a big return in power produced per unit of power input and indicate the
potential of the demonstration of self-sufficiency which is important in work-
ing toward an economically viable commercial reactor plant.
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4.0 PERFORMANCE AND COST AS A FUNCTION OF NEUTRON WALL LOADING

The magnitude of the neutron wall loading Jw generated by the DTHR device
impacts the design parameters associated with the TF coils, the neutral beam
injectors, and the heat removal system for the blanket. The changes in these
design parameters, in turn, effects the required electrical power and energy
to operate DTHR, as well as the operating paréméters of the plasma. Thus, the
wall loading, Jw, is a key variable and estab]ishe§ the connection between the
sizing and rating of device components, the reactor performance, and the plasma
characteristics. In this section, results for Ro = 5.2 m and for Ro =6.93m
are presented and discussed. The DTHR device is assumed to be beam-driven
(first case in Section 3.0) and the wall loading is varied through the adjust-
ment of the plasma density during burn. The results for.Ro = 5.2 m are shown
in Figures 4-1,'4-2{ and 4-3, and for R0 = 6.93 m in Figures 4-4, 4-5, and
4-6.

Using the deviée cost, the maximum field at the TF coil, and the NB energy

to characterize the sizing and rating results, data for the Ry = 5.2 m case is
shown in Figure 4-1. The fissile fuel production per year is also shown so
that the data allows one to determine the device characteristics which produces
a given rate of fuel production. As shown in the figure, the 200 keV limit on
Eb and the 12 T 1imit on the TF occur at the same wall loading. The value of
Jw isngz.SManz, and the cost is 680 M$ for a fissile fuel production rate of
-~ 300 kg/yr. Any higher value of Jw would require limits in Eb and BM to be
readjusted upward in magnitude. If the goal of DTHR were to produce 200 kg/yr
only, the DTHR, with J, = 1.75 M4 m™2, E_ £ 175 keV, and B, % 11 T would be
sufficient. Thus, a relatively conservative design for DTHR is possible and
allows for the demonstration of fissile fuel production at a meaningful level.
Figures 4-2 and 4-3 show the electrical consumption, plasma power levels, and
 heat production rates as a function of JN at R0 = 5.2 m. For the 200 keV,

12 T 1imit, the fusion power during burn is 1100 MW and the heat generation
capacity of the blanket is ~ 475 th. The electric power required is 600 Mwe
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for an annual requirement of ~ 1.5 x 109 kWhr. For the more conservative design

(200 kg/yr), P ~ 800 MW, heatggeneration ~ 300 th; electrical power ~ 400 MW s
kWhr. The cost for the 200 kg/yr system is

~ 600 M$ which is only 12% less than the system requ1red to operate at the

- 1imiting assumptions for Eb and BM

and electrical energy ~ 1 x 10

In Figure'4-4, the results at R0 = 6.93 m are shown. For the larger sized DTHR,
the cost and fissile fuel production show a considerable increase over those for
the Ro‘= 5.2 m case. In terms of cost per unit of f;ssi]e production, there is
clearly an economy-of-scale, e.g., at qw =2.5Mdm ", a direct capital cost
of $2.36 per kg/yr for..Ro = 5.2 mand $1.75 per kg/yr for Ro = 6.93 m. In
addition, the requirement on the maximum TF is reduced to the range from 9 T
to 11 T throughout the wall loadings considered. Based on these two observa-
tions, it looks very pfomising to examine the larger sized DTHR devices. The
larger devices have a serious technology deficiency in that the energy require-
ments for the neutral beams, as set by the effective "target thickness" of the
plasma, is very high.(200 keV % Eb < 250 keV). For positive ion sources this
energy range is very unattractive. For negative ion sources the energies are
reasonable, but the technology is new and the source requirements in ion cur-
rents are very high (IB ~ 300 A at the plasma, and Is % 1000 A at the sources).
If a scheme using a form of "programmed start-up" or ripple injection can be de-
veloped, the energy requirement could be reduced. The COAST calculations for
the DTHR trade studies used Z g = 1.2. If, in fact, Z e % 1, ‘the energy re-
quirements could be reduced by a factor of 1/1.2 & 0.8 which would reduce the
250 keV requirement to roughly 200 keV permitting the R0 = 6.93 m DTHR to have -
a wall loading of ~ 3 MW m'2. With respect to the magnitude of the wall load-
ing it should be pointed out that the DTHR design and ground rules have not
been optimized and until an optimization is performed the results will indicate
important trends, but the magnitudes of the parameters discussed here will be
different following an optimization of DTHR.

In Figure 4-5, the values of the peak fusion power for Ro = 6.93 m 1ie in the
range from 1 to 3 GW and the electrical power consumption is centered about

1 GW. The high grade heat generation in the DTHR (R0 = 6.93 m) blanket exceeds
1 GW at the higher wall loadings and the total annual electrical energy required



is as high as 4 x 109 kW hr. Assuming the above calculations are reasonable,
a blanket with a high coverage fraction (~ 0.85) operated at a high duty cycle
x plant availability (~ 0.6), the 6.93 m device could be operated (with appro-
priate upgrades) to produce ~ 3000 kg/_yr of fissile fuel and ~ 700 MW of
electrical power for J, = 2.5 MH . ‘ '



5.0 PERFORMANCE AND COST AS A FUNCTION OF ASPECT RATIO
FOR VARIOUS DEVICE SIZES

The selection of the aspect ratio A (= RO/a) associated with the plasma impacts
the operating conditions (densities, temperatures, fusion power levels) of the
plasma as well as the performance of the reactor (thermal power generation and
fissile fuel production). The plasma operating conditions are particularly
affected under the assumption used throughout the DTHR study that the total beta
is inversely proportional to A, i.e., Equation (3). Such a dependence has

been found to hold. for theoretical studies of tokamak plasma stability and
equilibrium. In the present studies, g has been calculated assuming the pol-
oidal beta is equal to A which results in using the equality condition for
Equation (3).

The impact of the value of A on the reactor sizing is felt in two important
ways. First, there is a lower 1imit on A imposed by the machine bore space
requirements for the ohmic heating (OH) coil. Secondly, for a given set of
plasma conditions on temperature and density (and the profi1es for each), the
plasma beta establishes the fig]d on axis Bt’ which, in turn, establishes the
required maximum field BM at the inner leg of the TF coil. . In addition, these
two effects are coupled in that the value of BM establishes the radial build

of the TF coil. Since the space requirements at the center of the tokamak must
be satisfied for both the OH and TF coils, there is a trade-off between the two
coil sets in the alocation of space in the machine bore.

To study the effects of variations in the aspect ratio a series of COAST cal-
culations were made for plasma minor radii a = 1.0, 1.1, and 1.2 m and 4.333
<A <5.0. The resulting major radii are in the range from 4.33 m to 6.0 m.

To 1imit the amount of data generated to a reasonable level, the calculations
were based on the beam-driven option (case 1 of Section 3.0) for which § = 1.6,
BM =12 T, and T; = 17.3 keV. To accomplish these conditions the plasma den-
sity was allowed to vary and as a result the wall loading, JN’ also varied and

the neutral beam energy requirements (Eb « ﬁe a Zeff) differed over the
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parameter space established for these calculations. The results are shown in
Figures 5-1 through 5-7.

The cost data shown in Figure 5-1 reflects the increase in Ro'as A increases
for a given a as well as the difference in a for a given value of Ro, For
example, the cost for a = 1.2 m, A = 4.333 (R0 = 5.2 m) is 670 M$ as compared
to 640 M$ for a device with a = 1.1, A = 4,727 (R0 = 5,2 m). -The costs reflect
increases in dimensions which result in increases in material volumes and
masses as well as the effects of bore space requirements on the OH coil sizing
and power supply rating. Since the device size is a variable in these calcu-
lations, the wall coverage (number of m2 of surface of blanket) as well as the
blanket volume is a variable. The resulting fissile fuel production per year
is shown in Figure 5-2. The production rate is also a function of the wall
loading which is a varible as shown in Figure 5-7.

As shown in Figure 5-2, the fissile production rate is centered about 150 kg/
yr at a = 1.0 m, 225 kg/yr at a = 1.1 m, and 350 kg/yr at a = 1.2 m. 1In
addition, an economy-of-scale is observed when considering the cost per unit

of production as a.is increased. The neutral beam energy requirements for the
a =1.0m device size is- 145 + 10 keV over the range of A shown, and for a =
1.2 m, is 209 + 13 keV. Thus, the favorable economy-of-scale at.a = 1.2 does
not look attractive for the NB injector system requirements. These results for
: NB'requirements are based on Zeff = 1.2 and Eb « ﬁe a Zeff' If Zeff could be
reduced to % 1, Eb ~ 174 keV at a = 1.2 m.

One further point should be made in examining the data in Figures 5-1 and 5-2.
The cost for the larger devices at a = 1.2 is approaching 750 M$ and more, and
after adding indirect costs, contingencies, etc., the total cost will be ~ 1.5
B$ or more. Even though an economy-of-scale in cost of fuel production is
exhibited in the data, the total capital costs are likely to be more important
in the determination of device size for a near-term demonstration device.

The production of high-grade heat in the blanket and of fusion power (17.6 MeV/
event) in the plasma are shown in Figures 5-3 and 5-4. These results are
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important.in sizing the heat dissipation systems as well as in evaluating the
‘potentiai electrical power production capabilities of DTHR. The high-grade
heat level is lTow (~ 200 MW) for the smaller devices, but approaches. 700 MW

for the largest devices. The fusion power is greater than 1 GW for all values
of a = 1.2 mand can be as high as 600 MW for a = 1.0 m. Since the blanket wall
coverage is only a small fraction (v 0.36) of the outer half of the toroidal
vacuum vessel, the power generation capacity in the blanket is relatively low.
With a coverage fraction of ~ 0.8 (space for a divertor and neutral beam injec-
tion must be made available) the blanket could produce three times the thermal
power.

The electrical requirements for operating DTHR are shown in Figures 5-5 and

5-6. The power levels are modest at a = 1.0 m, but become large for the a =

1.2 m devices. The main users of power (80-90%) are the neutral beam injectors
which operate the plasma drivers during the burn and which are very inefficient
in converting electrical power to beam power. The conversion efficiencies
defined by the ratio of input power to the plasma. by the high energy component
of the beam to the net input power to_the neutral beam system are shown in
Figure 5-8. Also shown are the efficiencies under the assumption that a direct
energy recovery system is available for DTHR (not assumed for the COAST cal-
cuiations presented in this report). |

As a final calculation in the study of the effects of the aspect ratio on DTHR,
a set of data was generated for which the following parameters were fixed:
a=Tl.2m 6=1.6 7 %1x1070n, £ =179 keV, and B, = 11.4 m. These,
parameters are assoc1ated with the DTHR p01nt de51gn(2). The variation of

cost, fissile fuel production, and wall. 1o§d1ng.as a function of A (or Ro) is
shown in Figure 5-9, The range of A is roughly 3.8 to 5.3, For the

assumption used to generate the date, it can be seen that the wall loading
varies by only 10% about 2 MW m'z. The fuel production capabilities roughly
doubles over this range in aspect ratio, while the direct capital cost increases
by only a third, but does approach 800 M$§. The results displayed in Figure 5-9,
as well as the remaining data in this section, indicate and quantify important
trends associated with sizing trade-offs for DTHR. Such data will provide an
important basis for later sensitivity studies as DTHR becomes better defined

and optimized. '
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6.0 SENSITIVITY STUDIES

The DTHR trade study results discussed and shown graphically in Sections 3.0,
4.0,‘and 5.0 were based on a point design for which a number of arbitrary
assumptions were made in order to begin the design of DTHR. An optimization.
of plasma and engineering ground rules was not conducted as an important or
main part of the study. The selection process for the parameters on which the
optimization is based as well as the parameters to be optimized requires care-
ful consideration. The results in this report provide a quantifiable base in
terms of magnitudes and trends for such considerations. The next step follow-
ing the trade studies is the identification and selection of parameters for
the optimization‘process. Toward this end, additional COAST calculations were
made in which a number of parameters were varied so as to quantify'their
affect on the cost and bperation of DTHR. The parameters were limited and
include those which are clearly important in the determination of the DTHR .
characteristics. Since the plasma core, the TF coils, and the neutral beam
systems are the key éomponents in a demonstration reactor, the following para-
meters were studied as part of a preliminary sensitivity tonsideration: the
plasma elongation, &; the plasma minor radius, a; the maximum TF required, BM§ ,
B The results of the calculations
are shown in Figures 6-1 through 6-5 and are for the beam-driven case only.

and the steady state beam power required, P

Cost, fuel production, and wall loading Jw as a function of the plasma minor
radius a is shown in Figure 6-1. The data could have been included in the
previous section which shows results as a function of aspect ratio. The data .
. in Figure 6-1 is presented differently in that Ro is fixed (as well as BM and
Eb) as compared to fixing the minor radius a in Section 5.0. The results
(Figure 6-1) show the wall loading decreasing with increasing minor radius,
and a relatively constant ratio of cost divided by fuel production rate. For
these .calculations, both n_ and T; were varied such that the beam energy and

e

the maximum field BM were fixed. As a consequence, the density ﬁe at the

larger values of a was lower than at the smaller a values. The temperature
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T; was adjusted to preserve the value of BM’ but the adjustment was not enough
at large a to keep Jw from decreasing with increasing a.

In Figure 6-2, cost, fuel production, and wall 1oadihg were calculated for var-
- iations in the plasma elongation 6. For these COAST calculations, Eb = 185 keV,
and B, = 9.9 T, ﬁe = 8 x 1019 m'3, and T; was adjusted to maintain By,. The
results show a strong dependence of wall loading and fuel production on the
elongation. The higher the elongation the better, in terms of fuel produc-
tion. Elongations as high as 2.0 are desirable from the reactor aspects of
-DTHR, but attaining stable plasmas with 6 > 1.6 is considered to be difficult,
as well as providing the system of equilibrium field (EF) coils. The currents
and power requirements for the EF coils increase in both complexity and magni-
‘tude as & increases. The results indicate that the increase in wall loading
and fuel production warrants designing DTHR for the highest feasible elonga-

tion.

Cost and performance data as a function of BM (maximum TF at the inner leg) is
shown in Figures 6-3 and 6-4. The value of BM requireq is a function of %ge 3
plasma beta and kinetic pressure. By fixing the plasma density at 8 x 107" m ~,
using the rule g = 52/(Aq2), and varying T;. COAST was employed to generate the
data. Fixing ﬁe allows Eb to be fixed at 185 keV. Because Té is a variable,
the neutral beam power is also a variable such that Py « RoTé. The results
show a relatively constant value for the ratio of cost to fuel production.

The cost is found to increase by approximately 33% for.an increase in BM of
approximately 33%. The corresponding increases in Jw and the high-grade heat
are also 33%, while the annual electrical energy comsumption increases by
roughly 50% over the range of BM. This 50% increase ié-associated with the

increase in neutral beam power requirements as T and BM increase.

In the last set of calculations, the steady state neutral beam power was varied
over a wide range (from PB = 0 corresponding to ignition to PB = 300 MW corres-
-ponding to Q = PF/PB = 3.6). The resulting costs, fissile fuel production, and
neutron wall loading are shown in Figure 6-5. For these calculations, a plasma
core with a fixed geometry (Ro =52m,a=1.2m, 6 =1.6), density, and

6-7



temperature was assumed. The energy balance within the plasma was assumed to
satisfy Equation (11), Section 2.0, and the value of Tp Was that which provided
thermal equilibrium for a plasma with parabolic profiles in both temperature
and density. For the start-up NB system, 52 MW of 180 keV beams are required
to heat the plasma to a burn temperature of 17.3 keV (averaged over plasma
volume). Thus, the start-up beams are available for beam-driven operation up
to a driving power'of 52 MW, and the cost remains essentially unchanged from

0 to 52 MW in Figure 6-5. For‘higher_d%iving powers, additional arms and power
supplied (as well as additional heat dissipation) must be included in the
design, and the cost curve reflects the associated changes in these beam
systems.

Both the wall loading and the fissile fuel production are relatively constant
over the range of the talculations. Both quantities are tied to the plasma
fusion power PF (17.6 MeV/event) which has a magnitude of 906 MW for the
ignition case and increases to only 1066 MW for a driving power of 300 MW. At
ignition, all the fusion power is generated by plasma-plasma interactions. By
taking charge neutrality into account and by including impurity ions, hot and
cold alpha particles, the deuterium/tritium population is 94.5% of the electron
density for the ignition case. For the case in which the plasma is driven with
300 MW of beams, the bulk deuterium/tritium ions are reduced to 88.3% of the
-electron density due to the addition during burn of the hot beam particles.

As a result, the plasma-plasma fusion power is reduced from 906 MW to 738 MW.
The beam-plasma interactions add 328 MW of power so that the total fusion power
is 1066 MWH. Thus, the addition of beam power during the burn reduces the bulk
fusion power with only a relatively small increase in the total fusion power.
The beam-plasma Q is ~ 1.1 (PF/PB)’ but due to the reduction in the plasma-
plasma fusion, the beam-plasma Q should be more appropriately calculated as

Q = (1066 - 906) MW/300 MW = 0.53.

The COAST calculations on which the above discussion is based assume a value

of T required for balance (in plasma energy content) without using any scaling
laws. A comparison with the scaling laws introduced in Section 2.0 (Equation
(8)'and (9)) allows some insight into the assumptions required in the sizing
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of the DTHR neutral beam system. Of the tWo scaling Taws considered in Section

2.0, the first (1. « ﬁe az) is more optimistic and predicts longer confinement

E
times for the DTHR plasmas than that calculated using the second (rE « ﬁe0‘6

a]'6). For the plasma conditions assumed in the calculations presented in
£ 1.27 s and Equation (9) predicts L

for ignition is 1.27 s in exact agreement with the

Figure 6-5, Equation (8) predicts t
0.95 s. The required e
results using Equation (8); the required T for the 52 MW beam-driven case is
0.93 s in good agreement with the results from Equation (9). One interpreta-
tion of these results is that DTHR should be an ignition device if the better
confinement conditions are realistic or a beam-driven device if 7o < 0.93 s.
The magnitude of the injected power would be based on a realistic evaluation
of rE.' Clearly, in terms of cost per unit of fuel production, the ignited and
the 52 MW beam-driven cases are the most favorable. If e is less favorable,
DTHR, with 52 MW of neutral beam power, would require additional beams to
achieve the levels of performance indicated in Figure 6-5. Depending on the
actual v, DTHR with Py = 52'Mw could be operated at a lower plasma tempera-
ture and with a reduced level of fissile fuel production on an annual basis.

For all the ca]cu]ations‘presented in this section (as well as in all other
sections), the Zeff‘of the plasma was set at a value of 1.2. With long pulse,
high duty operation, in which a bundle divertor is providing a plasma exhaust
system during burn, Zeff 7 1 may actually be realized in DTHR (even though the
design would be for Zeff ~ 1.2). Assuming 200 keV neutral beams at a power
level of 150 MW, COAST calculations using Zeff = 1, predict that the Ro = 5.2
m, a =1.2m, § = 1.6 DTHR design would be capable of developing a neutron wall
loading of 2.7 MW m'2 and the fissile fuel product rate would increase from 250
kg/yr to 310 kg/yr. This particular calculation was based on Tg = 13 keV and
‘ng = 1.38 x 160 m'3, and the resulting fusion power is ~ 1220 MW. From these
and other results discussed above, it is clear that an optimization of the

- present DTHR design would yield important information, as well as an improved
design basis. : '
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7.0 SUMMARY AND CONCLUSIONS

In this réport. the results from parametric trade studies have been presented
in order to quantitatively evaluate the costs and performance of a near-term
demonstration fusion-fission hybrid reactor (DTHR) over a wide range of tokamak
plasma sizes. The results are especially important in providing trends in

both cost and performance as a function of the main parameters associated with
the DTHR device. Based on a device consisting of S/C forced flow cooled Nb3Sn
magnetic field coils, a zircaloy-clad ThO2 boiling water-cooled blanket, neu-
tral beam injectors operated in both the start-up for ignition and beam-driven
modes, an elongated plasma with a moderately high beta, and a bundle divertor
plasma exhaust system, results show the potential for achieving the successful
demonstration of fissile fuel production in the 1980's from a tokamak hybrid.
The results and discussions presented in Section 2.0 through 6.0 are summarized
below. The results are not for an optimized design, but represent numerical -

- data which can be used in further design iterations leading to a fully optim-
ized DTHR in terms of device performance. In Section 2.0, the scientific and
engineering ground rules used in the calculational results are discussed. The
plasmas for each of the various DTHR sizes are based on assuming the poloidal
beta is equal to the aspect ratio for an elongation of 1.6. The resulting
total betas are approximately 6% over the ranges studiéd. The plasma is
assumed to have parabolic profiles in both temperature and density, and both
beam=driven and ignition operation are considered. The tfission blanket covers
only a fraction of the outer half of the vacuum vessel and its parameters are
obtained by the ground rules shown in Table 2-3, which characterizes the device
- for a single point in time realizing the blanket behavior changes with time.
The selection of blanket parameters yields results that represent average per-
. formance over the lifetime of the blanket or performance under equilibrium
conditions. The neutral beam power and particle energy is a function of the
plasma size and an upper Timit of 200 keV is assumed for a realistic design of °
the positive-ion based system. If it is assumed that ripple injection or pro-
grammed start-up are demonstrated to work so that moderate energy (~ 150 keV)
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neutral beams may be employed independent of plasma density, plasma radius,
and Zeff’ the constraints on the neutral beam energy can be removed. The
effect on the conclusions of this study can easily be ascertained. TF coil
design is based on a compact D-shaped geometry as well as a 12 T 1limit on the
maximum field at the coil.

In Section 3.0, an extensive set of calculational data is presented for DTHR
devices for which A = 4.333, 8 = 6.2%, and 4.33 5_R° (m) < 6,93, and the neu-
tron wall loading J,, > 2.0 MW m™. Three sets of code calculations are dis-
cussed: 1) plasma operated at T = 17 keV in the beam-driven mode for which
Jy = 2 MW m2 and By agd E, vary with R ; 2) an ignited plasma at T = 17 keV
for which Jw =2 Mim and BM and Eb vary with Ro; and 3) an ignited plasma
for which Jw >2 MW m'?, BM ~12 T, Eb < 200 keV, and T varies with Ro' In
the first two series of calculations, Tp Was assumed to be that time constant
required for energy balance (Eq. 10, Section 2.0), and in the last series, Tg
was assumed to be the empirical time constant given by Eq. (8). The third"
set of calculations is considered as a limiting case in which the parameters
are set at their upper limits (but. not necessarily the optimized limit).

With a few- exceptions, the results of varying Ro over the range of ~ 4 m to

7 m for DTHR show device (and facility) costs in the range from 600 M$ to

800 M$,_Eb > 160 keV,-PB > 40 MW, and TF coil bore dimensions of approximately
6mx 8.5 m and larger. For R0 > 4.9 m, the fissile fuel (233U) production is
greater than 200 kg/yr which is considered important for the successful demon-
stration of fissile fuel production in a fusion-fission device. For the assump—
tions (ground rules) used in the study, an R, =-4.9 m device is the minimum
beam-driven size for which 200 kg/yr of fuel is produced and for which Bm <

12 T. At Ry, =14.9m, Ey ¥ 50 MW, and approximately 300 MW of high-grade heat
is removed from the blanket. The direct capital cost of the device is ~ 610
M$ and the average electrical power consumption during pulsing is 400 MWa. .In
general, the Eb = 200 keV 1imit is important at the larger values of R,, while
the BM,= 12 T 1imit becomes important as Ro decreases in magnitude. A1l of
the results take the 1ow plant availability (0.2) and wall coverage fraction
(0.36) into account. The electrical power consumption is based on the oper-
ation of the NB injectors which consume up to 90% of the power and the
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heat dissipation systems which consume most of the remainder of the electrical
power. ‘ |

The results in Section 3.0 for the ignited plasma in which Jw =2 MW m-2
indicate the reduction in operating power required when the NB injectors can

be turned off during the burn. The consumption under ignition conditions is

in the range' of 100 Mwe or less and with the.appropriate thermal-to-electrical
conversion equipment is low enough to allow for the possibility of energy self-
sufficiency in DTHR operation. For all radii such that R0 > 5.2 m ignition

conditions are consistent with 1. « ﬁe a2 (Eq. 8), so that ignition operation

of DTHR is potentially possib]e.E For the ignition case in which BM =127,
EB A 200 keV, DTHR operations at extremely attractive levels of perforT;nce
have been obtained for all values of Ro‘ Wall Tloadings up to 2.5 MW m ~ a
calculated, but require Ry 2 6.5 m. Fissile fuel production rates at R =
6.93 m exceed 500 kg/yr, but the cost is at the 1 B$ level. These larger
sizes are of interest only for future commercial reactors where performancé
would be further enhanced by higher plant availability and blanket wall

coverage.

re

In Section 4.0, two DTHR devjces, one'at Ro = 5.2 m, and the other at RO =

6.93 m, are examined as a function of neutron wall loading Jw for the beam-
driven option. For the R0 = 5.2 m case, the limiting values of Eb = 200 kevV
and BM = 12 T occur at the same value of Jw. The value is 2.5 MW m'2 resulting
in the production of 300 kg/yr of fuel and a direct capital cost of 680 M$. If
the DTHR design is fixed such that 200 kg/yr of fissile fuel is produced, the
wall loading, NB energy, and maximum field at the TF coil could be reduced to
the following values: 1.75 MW mfz, 175 keV, and 11 T, respectively. The direct
capi%a] cost for the R0 = 6.93 m device is considerably increased over that for
Rp = 5.2 m, i.e., ~ 650 M§ at 5.2 m compared to ~ 900 M$ at 6.93 m, but the
data exhibits an economy-of-scale in terms of cost per unit of fuel production

~ which provides some motivation for considering the larger-sized devices for
commercial applications. The main weakness at the larger DTHR sizes is the
very high requirement on E_ (200 < E, (keV)- < 250).
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In Section 5.0, the cost and performance of DTHR as a function of the aspect
ratio is discussed for three radii, a = 1.0, 1.1, and 1.2 m. The calculations
were performed maintaining BM =12 T, T =17 keV. The results indicate that
at a = 1.0 m, the fissile fuel production rate is below the desired 200 kg/yr
level, while it is roughly at the desired level for a = 1.1 m, and exceeds
200 kg/yr for a = 1.2 m. Unfortunately, only the smaller aspect ratios at

= 1.2 m are associated with NB energies below 200 keV. The results displayed
in Section 5.0 indicate and quantify trends associated with the sizing of DTHR,
and thus form an important basis for later sensitivity studies for the optimi-
zation of DTHR.

- In Section 6.0, a number of preliminary sensitivity studies on the DTHR design
are discussed. Considered in the calculations were the plasma elongation, &,
the minor radius, a, the TF coil peik field, and the neutral beam power inject-
ed into the p1asMa. “The results indicate that for fixed values of Ro’ 8, Eb’
and BM the smaller values of minor radius result in larger wal] loadings, lower
costs, and comparable costs per unit of fuel production with the large radii
devices. The wall loading, cost, and fissile fuel production are strongly de-
pehdent on the elongation &§. The data clearly indicates the advantages in
ﬁigher wall loadings, and the need to design DTHR for the highest feasible
elongation. For the data presented as a function of the maximum field BM’ the
fuel production, waill 1oad1ng, and high-grade heat produced in the blanket

were found to increase in proportion to the increases in BM‘ The annual elec-
trical energy consumption increases faster than BM due to the increases in
neutral beam power requirements at the higher values of T associated with
larger values of BM' In the last set of preliminary sensitivity calculations
with R0 =52m,,a=1.2m, § = 1.6, the neutral beam power PB during the burn
was varied from 0 to 300 MW. The range of the calculation represents plasma
conditions from a strongly beam-driven option for which Q ~ 3.0 through ignition.
The device cost increases by 50% over this range of PB, while the fissile fuel
production increase only 18%. For the densities, temperatures, and plasma
volumes considered for DTHR, the bulk plasma-plasma fusions represent the
major contribution to the fusion power production. Even at PB = 300 MW, the
p]asma-plasma Q is 2.5 while the beam-plasma Q is only 1,1. Thus, the results
indicate the attractiveness of operating DTHR in either an ignited or a near-
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ignited mode. Of course, the energy confinement time will dictate the opera-
tion mode, and if Tp = ﬁe a2 is realized for DTHR plasma conditions, ignition

is possible.

Throughout the discussion of the DTHR trade study results, it was indicated

that the results were based on a plasma Zeff = 1.2. In the final discussion

of Section 6.0, calculations for which Zeff ~ 1.0 were presented. To summar;ze,
the 5.2'm, 1.2 m DTHR design would be capable of a wall loading of 2.7 MW m

and a fuel production rate of 310 kg/yr at Zeff~m 1.0. This calculation clear-
ly indicates the need for a DTHR design in which impurities can be prevented
from entering the bulk plasma. In addition, the calculations indicate the -
need to examine the complete set of assumptions and ground rules for DTHR in
order to provide a more optimized design, as well as to provide more input

into the plasma and engineering requirements allowing for the highest degree

of performance in DTHR.
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APPENDIX A

COAST CODE UPGRADE DESCRIPTION
SCOPE AND PURPOSE OF THE COAST CODE

The FORTRAN code for the COsting And Sizing of Tokamaks (COAST) was written by
Westinghouse Fusion Power Systems Department to conduct detailed analyses on
the engineering features of a tokamak fusion device and facility, and to esti-
mate the costs associated with such a facility. A generalized description of
D-T burning tokamaks is coded. This provides for the self-consistent modeling
of approximately 50 subsystems. The models allow for the sizing and costing
of a wide range of device sizes and features including TFTR, TNS (The Next
Step), Fusion/Fission Hybrids, demonstration reactors, commercial reactors,
beam-driven devices, and ignition devices. The code has been used to establish
the features of various reference designs including NS and the Demonstration
Tokamak Hybrid Reactor (DTHR), and to conduct trade studies for the effects of
device options and sizing on the device pérformance and cost. The models for
the various subsystems are generalized where possible, and include considerable
engineering detail. The extent of the detail is related to the impact each
system has on the sizing of the device and its relative contribution to the
cost of the device. The more detailed systems are the toroidal field coils,
poloidal field coils, neutral beams, blankets, divertof, fuel handling, and
heat dissipation and power conversion systems. The version of COAST presently
in operation is the fourth, and has evolved out of engineering studies of
tokamak systems conducted over the last two years by the Westinghouse Fusion
Power Systems Department. ‘

THE COAST CODE LOGIC

The logic system for COAST includes both a main program which consists of sec-
tions dedicated to specific subsystems and linked in a sequential manner as
well as of subroutines each of which relates to a single subsystem. In each
COAST section or subroutine, all the data which specifies a subsystem is gen-
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erated including both the data relevant to a self-consistent description of
that system and the data required fo allow the system to be sized consistently
with each of the other tokamak systems components. The sequence of calcula-
tions coded in COAST are organized as if one were "building" the tokamak and
facility around the plasma core with the components nearest the core modeled
first. As each subsystem is specified, data is generated which allows the
next subsystem to be described consistently with previous calculations in a
given computer run. The COAST logic and components are shown in the detailed
flow diagram in Figure A-1. ' ’

PLASMA ENGINEERING IN COAST

The models for calculating plasma parameters during the steady state operation
of the pulse have been developed to provide the data necessary to size the
systems required for such operations. These systems include magnetic field
coils, neutral beams, nuclear shie]ding; fuel supply, exhaust systems, and
heat dissipation. The following is a 11st of features which have been incor- "’
porated into the plasma model: '

e Calculates both energy‘and particle balance conditions for either
an ignited plasma or a beam-driven plasma;

o Computes the effects on the bulk plasma particle density and the
plasma beta of alpha-particle production;

e Incorporates the results from slowing-down theory in obtaining
fast particle populations of alpha-particles and hot ions
created by neutral beam injection;

e Calculates fusion reaction rates from both plasma- plasma and
. beam-plasma 1nteract1ons,

o Includes impurity effects and eﬁergy losses due to radiation;

o Assumes the plasma is composed of seven particle groups: 1)
bulk electrons; 2) bulk deuterium ions; 3) bulk tritium ions;
4) impurity ions; 5) bulk alpha- part1c1es 6) fast alpha-
particles; and 7) fast deuterons from neutral beams (if in
beam-driven mode); :

e Establishes both the toroidal beta and the poloidal beta as a
function of particle pressure due to all particle groups,
plasma stability, and plasma aspect ratio;
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o Estimates fusion reaction rates, beta values, and n_t. values

assuming profile effects; ek

¢ Scales the product ﬁeTE in a generalized manner as a function
of plasma density, radius, stability factor, field-on-axis,
aspect ratio, and/or plasma temperature.

The above features-are incorporated self-consistently in COAST, and the results
are obtained through iteration. From the results, one obtains magnetic field
requirements, particle fueling rates, plasma power and wall loading levels,
magnitude of the plasma current, and neutral beam power and energy requirements.

To complete the modeling of the plasma, calculations allowing a description of
the plasma initiation and start-up are also carried out in COAST. The model
provides an estimate of the time profiles for the plasma current, inductance,
resistance, and voltage, and predicts the volt seconds associated with the
plasma resistive losses. From these results, the current and Qo]tage require-
ments for the various poloidal field cof]s can be calculated so that the
ratings on power supplies can be obtained.

TOKAMAK ENGINEERING IN COAST

The engineering models for the tokamak and facility are incorporated into the
coding in the logic system indicated in‘Figure A-1. Each block in that diagram
represents a subsystem (or set of subsystems) which is coded as a COAST section
or subroutine. A very brief description of several of the blocks follows.

The TF coil bore space and shield sizing models provide the basis for estab-
h's'hing the space requirements within the TF coil bore. The vacuum vessel,
radiation shielding, equilibrium field (EF) coil, access and maintenance, and
TF coil dewar (if superconducting), as well as the plasma and limiter/liner/
scrape-off space requirements are calculated. For the shield sizing, both
nuclear heating 1imits and fluence limitation to conductor insulation are
taken into account. '

The neutral beam model is coded as a subroutine and ihvo]ves detailed calcula-
tions for sizing the beam arms, estimating the operating parameters, and eval-
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uating the power supplies for either direct energy recovery or for operating
without a recovery system. Charged particle source geometry, gas-channel
neutralizer sizing, ion collector plates, and vacuum pumping are taken into
account in the model. Electrical, heat, and vacuum pumping loads are estimated
for the engineering parameters supplied via the input data. The models provide
a detailed description of the neutral beam systems, as well as privide acces§
requirements to size TF coils, heat dissipation and power consumption require-
ments, and size requirements for the reactor cell model. |

The blanket sizing model is in the form of a subroutine and allows for the
engineering of a blanket assembly covering the outer half of the vacuum vessel,
as well as a power conversion system to produce electricity from the blanket
thermal power. The assembly is modeled as consisting of up to six zones where
each zone is made up of six volume fractions of any desired-materfal. Produc-
tion of power, tritium, and fissile fuel are modeled. The power production
systems include heat exchangers, generators, coo]ing; and energy storage.

The section indicated by Field at Inner Leg is a branch point in COAST which
represents a calculation critical to both the plasma engineering and the
tokamak engineering. The maximum B field at the inner leg of the TF coil is
constrained by the mechanical/thermal design of the coil as well as by the
requirements for a given field on the plasma axis. This sectidn evaluates
these constraints and calculates the field taking any ripple in the TF into
consideration. As a result of the calculation, the coding allows the calcula-
tion to continue, to adjust the plasma field conditions, or to terminate due
to a violation of engineering ground rules set by the input.

The TF coil sizing section of the code is the central 1ink in the "building”

of the tokamak system. Al1 the above models (except for the fuel systems)
communicate at this point, and all the subsequent calculations are impacted by
the results from the TF coil sizing. The TF coil bore space dimensions are
calculated on the basis of constraints established by: 1) the component and
plasma space requirements within the TF bore; 2) the plasma ripple requirements
at the outer plasma surface; 3) the access requirements for neutral beam injec-
tion; and 4) access requirements for the divertor (if sized). The engineering

A-5



models allow for the sizing of coils for four different technologies:

Copper (room temperature or 1iquid-nitrogen cooled)
Superconducting NbTi

Superconducting Nb3Sn

Cu/NbTi hybrid

In the sizing of the ‘assemblies, the models allow coil shapes which are either
constant-tension D, circular, or compact D. The mechanical design of the coils
is accomplished through generalized descriptions which account for strain
limits, cooling requirements, construction (bolted or welded), and allowable
current density in the conductors. The coil assembly sizing results impact
the design of the poloidal field (PF) coils, the heat dissipation systems, the
power supply ratings, the reactor coil size, and is the major element in the
resulting tokamak geometry. The TF coil centering forces are assumed to be
handled by wedging unless a bucking cylinder is specified. The bucking cylin-
der sections sizes this structure to handle a part or all the centering forces
for D-shaped coi]s.and to be stable both compression and buckling modes of
failure.

The final set of model equations for the tokamak engineering are for the reactor
cell and buildings. In this model, the reactor cell sizing is obtaihed by.
taking into account the tbkamak dimensions as well as the neutral beam arm
sizing. The reactor cell is a cylindrical dome-top structure of concrete with

a basement for the containment of the tokamak support systems. The remaining
buildings are not explicitly sized, but the costing input data should include

estimates for the complete facility including all buildings.

COST ESTIMATES FROM COAST

The COAST code was designed as a tool for tokamak engineering studies (detail
design studies and engineering trade studies) and for the costing of any
resﬁ]ting design. The modeling system incorporated in the cost estimates
sections of COAST has been carefully constructed to allow for the wide variety
of resulting designs, as well as to allow costing data to be applied in a form
which is essentially device independent. To accomplish this feature, a system



of costing equations was developed which required two types of data: 1) cost-
ing data on the materials and components; and 2) sizing results on the amount
of material required or on a component rating.

The costing data is supplied as input data in COAST. The data consists of the
following: '

Unit cost coefficients
Economy-of-scale parameters
Indirect costing parameters
Escalation

Operating cost

The unit cost coefficients are in the form of cost per unit size or rating, and
in the case of studies by the Westinghouse Fusion Power Systems Depértment. are
the results of a bottoms-up estimate of the materials and manufacturing. costs.
In estimating the costs of several systems, it was found necessary to establish
an economy-of-scale, and the scaling parameters (exponents and reference
ratings) are supplied as input allowing data changes without requiring coding
changes. Indirect costs are handled as percentages of the direct capital costs,
and includes shipping and hendling, 1hsta11ation, EDIA and contingency. Esca-
lation is handled component-by-component, and is a single rate provided as in-
put, for all components. Operating costs include utility and tritium costs.
Electrical production and tritium production are calculated, and for a selling
price (input data) are subtracted from operating expense. If costs are negative
in value, the facility is a producer and not a consumer as would be the case of
a commercial plant. -

In the second type of data required for the costing equations, i.e., sizing
results, the tokamak engineering models provide all the essential data. The
models take into account the type of data required so that such data is avail-
able at that point in the COAST cé]cu]ation when the costing begins. For
example, masses of magnetic coil assemblies (conductor as well as structural),
volumes of radiation shielding, stainless steel, power supply ratings, thermal
loads are sizing results required in the cost estimation. The sizing results
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are strongly device dependent whereas the costing data are, in general, device
independent and are obtained as input data from a separate costing procedure.

APPLICATIONS OF COAST-TO DESIGN STUDIES

COAST was developed as a tool for app]icétion to the TNS trade studies conduct-
ed by the ORNL/Westinghouse study teamﬁf5Version 3 of the code was used in the
:fina1 stages of the study. For the TNS work, four ignition tokamak point
-hdes1gns were developed,.and an extensive series of parametric trade studies
wwere performed .to cons1stent1y evaluate the relative costs and performance
parameters’ of various des1gns over a wide range of plasma sizes. From this
study, it was concluded that the superconducting option was more attractive
than copper, and of the superconducting technologies, the Nb3Sn is more attrac-
tive than both the NbTi and the hybrid Cu/NbTi options.

During the final stages of coding, COAST 3 was applied to the sizing and cost-
ing of the conceptual design of TFTR. The code produced the main features of
that device and estimated that capital costs to within 5% of the costs deter-
mined during the conceptual design study. In addition, the GA/ANL TNS reactor
syétem was examined. The GA/ANL reactor involved a doublet plasma which the
COAST code could not model in detail, but the code calculations were consistent
'with both the sizing and costing results reported by that study team.

COAST 4 development began following the désignation by DoE of the study of
fusion/fission hybrids by the Westinghouse team. A1l the features of COAST 3
were maintained or upgraded during COAST 4 development, such that all the TNS
options and TFTR could be modeled. In fact, the new version of COAST sizes
TFTR with more accuracy since upgraded models were added to account for beam-
driven operation, as well as ignition operation. As COAST 4 was being complet-
ed, the code was applied to the results of the design study of a fusion-driven
tokamak hybrid reactor for fissile fuel production conducted for EPRI by
Westinghouse. This study was carried out by a team of Westinghouse engineers,
who, for the most part, were different from the team who provided the cost
models employed in COAST 4. Thus, the EPRI study provided an excellent check
of the models incorporated. The code results were very compatible with the
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EPRI design in that the main features and operating parameters of the hybrid
device were similar and the capital cost estimates were in good agreement.
Considerable effort was applied to the study of any differences arising between
the code results and the study design. In every case, the basic models were
found to be correct, and provide accurate predictions of sizing and costing
results. Any differences were found to be more closely associated with engi-
neering assumptions and ground rules.
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APPENDIX B
COAST RESULTS FOR TFTR

In developing the COAST code to size and cost TNS (The Next Step) devices
several iterations and upgrades of the models for various components were
required. After the final code iteration (COAST 3) a series of test and ver-
ification runs were conducted in which the goal was to size and cost the con-
ceptual design for TFTR. The COAST 3 models were based on an ignition tokamak,
so that the results for TFTR required careful examination before one could
utilize them. For the most part, the final set of runs allowed for a size énd‘
cost parameterization of TFTR which was reasonably accurate. The total cost
for TFTR hardware was found to agree to within 5% of that estimated during the
conceptual design study (after taking escalation into account when comparing
the 1975 estimates with the 1977 COAST costing data). |

After the COAST code was again upgraded to model beam-driven plasmas as well

as to model various systems (e.g., PF coils and NB injectors) in more detail
and with more alternative design considerations, the code (COAST 4) was applied
to TFTR. Those results are discussed below. In general, the sizing results
are in good agreement with the conceptual design parameters and the total hard-
ware costs are within 1% of the earlier estimate. The Final Conceptual Design
(16) (FCDR) data was used in the following discussion and tables when
comparisons with COAST 4 data are indicated. '

Report

The assumptions (COAST INPUT) concerning the plasma which were made in sizing
and costing TFTR are summarized in Table B-1. The engineering data for the
vacuum vessel, radiation shielding, TF coils, PF coils, neutral beam injectors,
water-coo]ing systems, and the reactor cell were obtained’from the FCDR (TFTR-
TR-001, October 1975). The code calculated the plasma performance parameters
which are listed in Table B-2. These results are in excellent agreement with
the expected plasma behavior as indicated in the FCDR. The confinement time

of 0.23 s is required for energy balance assuming this value for both particle
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TABLE B-1

ASSUMPTIONS FOR TFTR PLASMA
(Used as Input for COAST-4)

PARAMETER (UNIT)

MAJOR RADIUS (m)

MINOR RADIUS (m)

AVERAGE DENSITY, fi_ (m™>)
AVERAGE TEMPERATURE, T (keV)
'FIELD-ON-AXIS (T)

STABILITY FACTOR (q)

Zeff |
NEUTRAL BEAM ENERGY (keV)

NEUTRAL BEAM POWER (MW)

VALUE
2.48
0.85

0.5 x 10
6.7

5.2

3.0

2.0

125

20

20



TABLE B-2

CALCULATED RESULTS FOR THE TFTR PLASMA
(Based on COAST-4)

PARAMETER (UNIT) VALUE
CONFINEMENT TIME (s) 0.23
TOTAL BETA (%) | 1.4
POLOIDAL BETA (-) 1.1
PLASMA CURRENT (MA) 2.52
PLASMA INDUCTANCT (WwH) 4.53
RESISTIVE VOLT-SECONDS | 1.9
Q-VALUE - : 0.94
NEUTRON WALL LOADING (MW m™2) - 0.17
FUSION POWER (MW) ‘ 18.8
ny/n, RATIO | 0.129}
fio/fi, RATIO 0.721
ny/Ng RATIO ' 10.105
R, /fy RATIO 0.002
fi /R, RATIO 10.002
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and energy transport losses. The value expected using empirical scaling
(ne-rE w ne2 a2 q]/z) is 0.20 s which is in good agreement with the required
value. , ‘

The sizing results for the COAST 4 calculations parameterizing the TF coil
systems are shown in Table B-3. Also shown is the percent difference between
those values listed and the values obtained during the conceptual design study. .
A11 values are generally within 10% difference for a wide variety of parameters.
The TF coil assembly, cooling system, power supplies, and operating parameters
were involved in the code calculations. A set of parameters for the PF coil
systems are shown in Table B-4. Again, differences are generally less than
10%. The greatest percentage differences are associated with the OH coil
assembly, -and are related to the simplifying assumptions made in sizing that
coil. In particular, the OH coil is assumed to consist only of a central
solenoidal column and the large radii coils spaced around the TF coils are not
modelled. - Even with such an assumption the results are in good agreement with
the FCDR.

For the neutral beam injectors on TFTR, operating parameters calculated by
COAST and listed in FCDR are shown in Table B-5. Electrical and power loads,
gas loads and pressures, and the cryopanel regeneration period are shown.
Excellent agreement exists between the tﬁo sets of data. From the results
listed in Table B-5, as well as Tables B-3 and B-4, it is concluded that the
TFTR-COAST 4 sizing results are in agreement with the TFTR Conceptual Design
Study and represents a confirming reference point on the ability of the code
calculations to size tokamak reactors.

In addition, the code was applied to providing a cost estimate of the TFTR
hardware and facility. The results are compared to the estimate given in the
FCDR (+ 10% escalation) and are shown in Table B-6. The total cost estimates
were essentially identical in magnitude with percent differences as large as
25% showing up in a comparison of the various system costs. For the TOKAMAK
system the main difference was a result of estimates of the TF coil, assembly
(12.3 M$ from COAST-4 and 7.1 M$ from the FCDR). Since the sizing calculations
estimating the mass of the TF coil assembly was lower by ~ 15% from that given



' TABLE B-3 |
CALCULATED PARAMETERS FOR TF SYSTEMS

PARAMETER (UNIT)

MAXIMUM FIELD AT CONDUCTOR (T)
STORED ENERGY (MJ)

ENERGY PER PULSE (MJ)

ENERGY RATING OF FLYWHEEL (MJ)
© COIL RESISTANCE (ue/T?)

COIL INDUCTANCE (uH/T?)

12

R AT FULL CURRENT (MW)
- V-A DC POWER RATING (MVA)
TOTAL TF CONDUCTOR VOLUME~(m3)

AVERAGE COOLING LOAD (MW)

i'kPosﬂ:'ive difference indicates an overestimate
by COAST-4 of the value produced in the FCDR.
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COAST-4
VALUE
9.59
1340
3080
9700
0.082
0.642
384
423
25.8
10.1

PERCENT*

DIFFERENCE

+ 0.5
- 2.

- 16.7
"+ 7.5
0.0
.- 2.6
+1.2
3.9

- 10.3

+14.8



TABLE B-4 |
CALCULATED PARAMETERS FOR PF SYSTEMS

PARAMETER (UNIT) VALUE o{?ggggﬂéz

EF COIL INDUCT (wH/T?) 2.0 0

EF COIL RESIST (ne/T?) 2.2 - 8.8
OH COIL INDUCT (wH/T?) 0.59 - 1.5
OH COIL RESIST (uq/T?) 0.36 - 45.9
OH COIL CURRENT (MA-T) 8.32 -1.0
EF-PLASMA MUTUAL (uH/T) 0.95 0
OH-PLASMA MUTUAL (yH/T) 0.59 - 12.7
EF VOLT SECONDS (V's) 4.3 v 7.2
OH VOLT SECONDS (Vs) 9.8 - 6.0
ENERGY DELIVERED TO EF (MJ) 54 - 8.8
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TABLE B-5

CALCULATED NB INJECTOR PARAMETERS FOR A SINGLE INJECTOR ARM
(4 INJECTORS REQUIRED FOR TFTR)

PARAMETER (UNIT)

NB POWER TO PLASMA (M)

ACCEL POWER TO SOURCES (M)

ION POWER FROM SOURCES (MH)

GAS THROUGHPUT TO SOURCES (TORR-2/s)
PRESSURE IN NEUTRALIZER(TORR)
PRESSURE IN DUMP REGION (TORR)
PRESSURE IN DRIFT REGION (TORR)
CRYOPANEL REGENERATION PERIOD (DAY)
FRACTIONAL-ENERGY BEAM TO PLASMA (Mw)

COAST 4

5.0
28.0
21.0
100
5x 10
3x 10

3
5

1 x 1078
60
2.8

TFTR FCDR

5.0
29.3
20.0

75 - 100

3 x 1073

5 x 1072

5 x 10°°

66

- 3.0-3.8



TABLE B-6
COSTS IN M$ OF TFTR HARDWARE FROM COAST-4 AND THE FCDR

SYSTEM . COAST-4  TFTR FCDR
TOKAMAK - 23.39 18.84
ELECTRICAL AND CONTROL . 33.70 43.34
TOKAMAK "SUPPORT - 13.09 11.51
BUILDINGS 31.21 30.53
NEUTRAL BEAMS 25.82 - 22.05

TOTAL 127.21 126.27.
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in the FCDR, the difference in cost represents a difference in the per unit
costing rates for materials. For the ELECTRICAL AND CONTROL system a differ-
ence of 9.1 M$§ showed up in the estimates for the magnetic field coil power
supplies (rectifjers, capacitors, switches, etc.). This difference came about
for two reasons. First, recent advances in the manufacturing and production
of power supplies have allowed for a reduction in per unit costs since the
FCDR. Secondly, the circuitry and circuit elements costed out in COAST-4 are
different from those used in the FCDR. The costing of the PF coil power sup-
plies for TNS and DTHR have been under recent study by the Fusion Power Systems
Department, and the results obtained for the TFTR design may require further
study to firmly fix the estimate for the ELECTRICAL AND CONTROL system.

The estimates for the TOKAMAK SUPPORT systems are within 12%, and the estimates
for the BUILDINGS are roughly 2% different. The NEUTRAL BEAMS system costs
differ by ~ 16% where the COAST-4 estimate includes a 2.5 M$ cost for the NB
cooling system which is not included as part of the costs for the FCDR. _An
addition difference of roughly 2 M$ shows up in the estimate of power supply
costs where the COAST-4 results are higher.

Accumulating all the various.system cost estimates to form a total TFTR hard-
ware cost results in a total cost of 127 M$. The differences between the
COAST-4 calculations and the FCDR data (127 M$) are extremely small. As an
estimate of the uncertainty associated with that value, the following proced-
ure was applied. If one accumulates the maximum cost (taking both the COAST-
4 and the FCDR data) for each system, a total hardware cost of 137 M$ results.
Similarly, if the minimum cost for each system is accumulated, a value of 117
M$ results. Thus, an estimate of 127 + 10 M$ represents TFTR costs and indi-
cates a 10 M$ uncertainty in that value.
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