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87545 USA
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If the costing assumptions upon which the positive assessment of con-
ventional 1large superconducting fusion reactors are based proves overly
optimistic, approaches that promise considerably 1increased system power

density and

reduced mass utilization will be required.

These more compact

reactor embodiments generally must operate with reduced shield thickness and

resistive magnets. Because of the unique magnetic topology associated with
the Reversed-Field Pinch (PFP), the compact reactor embodiment for this
approach 1is particularly attractive from the view point of low-field

resistive coils operating with Ohmic losses that can be made small
The RFP, therefore, is used as one example of a high-
power—density (HPD) approach to magnetic

to the fusion power.
system model 1is described

design point that wili be

power densities

more favorable than
(MFE) .
l. Introduction
This study deals with wunconven-
tionall) approaches to achieve high-
power-density (HPD) magnetic fusion

energy (MFE). A conventional magnetic

fusion system would operate with a

relatively 1low enginecring power den-
sity (0.3-0.5 MWt/m3), would use large
superconducting coils, and, in order
to maintain a total power output below
~ 4000 MWt for

large

characteristically
(500-10007),

would operate with a DT fusion necutron

plasma volumes

first-wall loading in the range

Work performed under the auspices of
the US Department of Energy.

**Technology International,
Ames, lowa 50010

ln(f .y

relative

fusion energy. A comprehensive

and applied to select a unique, cost-optimized
used for
design of the Compact RFP Reactov (CRFPR).
serves as an example of a HPD fusion reactor that would operate with

a subsequent conceptual engineering
This cost-optimized CRFPR design

system

<nd mass utilizations that are comparable to fission power
plants, these measures of system performence being an
the conventional approaches to magnetic fusion energy

order of magnitude

1.0-3.0 MW/m2,
sity, Ppy/V., 1s defined as the

Engineering power den-
ratio
of total (useful) tuermal power, Pry»

to the total volume, V enclosed by

CD

snd 1including the coils., For first-
wall/blanket/shield/coil (FW/B/S/C) or
"fusion-power-core” systems typically
being considered for DT-fueled fusion
reactors,

in the range 0.3-0.,5 HWt/m3

engineering power densitien
translate
5-10
that of

into a "mass utilization”™ of
tonne/MWt , where the mass is
the FW/B/S/C. The STARFIRE tokamak?),
the Tandem Mirror Reactor (TMR)3), the
Flmo (EBTR)"),
superconducting versions of the Re-

versed-Field Pinch Reactor (RFPR)5'°).

Bumpy Torus Reactor

and the range of reactor



configurations being projected for

the stellarator/torsatron/heliotron
(S/T/H) confinement systems’) repre-
scnt the conventional fusion reactors,

In order to approach engineering

power densities and mass wutilizations
similar to those for light-water
fission reactors (~ 5-10 MWt/m3,
0.3-0.4 tonne/MWt, based on pressure-
vessel mass or volume) wvhile

maintaining a ~ 4000-MWt upper linmit

on total power generation, the non-
productive volume assoclated with
radiation shielding for superconduct-

ing colls must be eliminated.

Resistive coils are required, these

coils being separated from the plasma
by at most a thin (~ 0.4-0.5 m), heat-
recovering/tritium-breeding blanket.

An increase in plasma power density,

neutron first-wall

blanket

loading, and

power density, however,

accompanies any attempt to maintain a

given total power output at an

enhanced engineering power density.

An economic tradeoff between the
benefits of HPDL

liabilities of

operation and the
increased

higher coil

potential
recir-ulating power,
cagen, and reduced

life,

stresees in some
FW/B however,

fully

chronological
exists and remains to be
resolved.

As discussed in the following
g’ oct’ m, a number of compact toroidal

systems, uming resistive coilr in con-

junction with either thin blankets or
a first-wall coll position, are being
considered for HPD MFE applications.

The RFP represents one suzh approach,

its HPD reactor embodiment being
termed the Compact RFP Reactor
(CRFPR). The key results from a

CRFF'%) are
describing the

recent study of the

reported here., After

background and rationale in Sec. 2.,

the methodology used tn evaluate this

HPD approach is given in Sec. 3. The

details of the parametric systems

model and associated physins/engineer-
ing/costing models used to examine key

system tradecffs 1s found in ref. 8,

as are detalile' oparametric results.

Key results ave given 1in Sec. 4.

along with a reactor design point

suggested for detail conceptual engi-

neering design. General conclusions,

problems, and recommendations for

future work are found in Sec. 5.

2. Background and ratinnale

Over the past de-ade and to

vary.ng levels of detail and design

realism, numcrous conceptual desipn

atudies of a wide range of magnetic

fusion reactors have hecn reporlvdq).

The asiessment of the camplex
interrclationsrhip  between physicn,
technology, and power-plant oper-

ability iz generally posed in termn of

somr measure of economic awnd

environmental acceptability with



respect to existing or projected

energy alternatives, The degree ‘o
which a given fusion approach is
deemed “acceptable” 1is judged on the

basis of an economic assessment, using

as a either cost-of -
electricity (COE, mills/kWeh) or
(UDC, $/kWe), with

straints on net electric power

measure
unit

direct cost con-

(i.e.,

measures of network compatibility and

maximized economies-of-scale) beirg

simultaneously 1imposed. Because of

differences in optimism assumed for

pro jected physics, anticipated

technology development, and costing,
highly

cautiously pessimis-

predictions ranging from
favorable?) to
tic9) can emerge. More general
concerns of this natutre have also been
expressed recentlylo).

If the present state of toroidal
could be

summarized by a simplified

fusion reactor projections
adequately

pavameter list, & synupsis similar o

that given on Table T might result.
In accordance with the discussion
given in Sec. 1., the Modular
Stellarator Reactor (MSR)l:),

STARF1RE !2), EBTR"), and RFPR®’'®) are

conventional mystems. Where appropri-

ate, comparable parameters for a
pressurized-water (fission) reactor
(PWR) 120 13y are alpo 1included on

Table 1. Rerults for the fully cost-

optimized CRF¢R®) are also shown. The

cort of each fusicn concept given on

Table I has been estimated by applying

a common and 3elf-consistent

costing

methodology to a uniform

generally
cost data basell),
The future

MFE, as

competitiveness of
measured by 7ZO0E, depends to
some extent on the cost escalation of
slternatives2°'*8), Table 1 indicates

that the conventional systems are

economically competitive with fossil

basis
COE 1in

and fission alternatives on the
of "then-current” values of

spite of relatively 1low engineering

high
addition to the

power densities and mass
utilizations. In
errcalating costs of fossil and fissile
energy sources and the negligible fuel
cost projected for fuxion, MFE holds a
because a

competitive position,

relatively optimistic cost data base
has been adopted. Added optimisn 1is
injected by the assumption of

relatively short conatruction times

(~ 5-6 years), as wcll as the use of
inierest
(InC)  and

(EDC). If

low annual rates of during
escalation

this

constriaction
during construction

optimism proves unwarranted, the MFE

option may require more cefficient wuse
of velume and mass of the fusion power
core pvr unjt power output in order to

maintain the competitive position

reflected in Table 1.

By eliminating time-related

componenta of the naystem cost, the

aneation of unit costs related to



FW/B/S/C
addressed by plotting the basic unit
(i.e.,

indirect

systems 1is most clearly
before the

1DC,

direct cost
appiication of
and EDC) as a

utilization,

costs,
function of mass
M/Ppy (tonne/MWt), where
M {s the FW/B/S/C or fusion-power-core
mass. This corvelation 1is shown in
fig.

on Table 1.

1 for the fusion ccncepts given

Included on fig. 1 is the
(LWR), the

Light-Water-Reactor mass

utilization being computed on the
basis of the pressure vessel mass and
the UDC also excluding time-related
NUWMAK

the Tandem-Mirror Reactor

costs., Points for the

t okamak 13),
(TMR) 16), and the

reactor embodiment

for the Ohmically-Heated Toroidal
Experiment (OHTE)!7) are also in-
cluded. The spread in OlITE parameters

results when the mass of an
heavy LiPt blanke:
the OHTE/A pertains to thke
and the ONTE/B

unusually
18 not included;
results
reported {n ref. 17,
adjusts this design point o require
operation with a reduced recirculating
power that is similar to that of the
CRFPRY). It 1s emphasized that the
mass utilization refers only to the
fusion power core, and the incremental
M/Ppy + 0

added

cost above the intercept

represents an cost that 1w

unique to MFE because of a lessn

efficient use of mass and volume

within the furion power core. The

resulting incremental COE  needed ro

pay the nrice of this incremental UDC

and higher mass ut’lization, of
course, must not exceed the javings in
fuel

MFE.

cost generally anticipated for

It 1is also that

the kind

emphasized

meaningful correlations of

shown in fig. 1 occur only for design

points that are each fairly well

optimized within obvious constraints
of acceptable recirrulating power
(i-e-| 0-10—0-15)'

total power®), and use of a relatively

fractions below

uniform cost data base. Furthermore,

no implication is made that

correlations of the kind given in

fig. 1 are universally predictive or

represent the full picture, although

such correlations are valuable in

pointing out optimal design

directions.
these

A 1linear fit to fairly

independent results given on fig. |
indicares &n FW/B/S/C

~ 24 $/kg; the

average unit

cost of effect of
doubling this unit cost is also shown.
Adding the typical 237 increase
related to i{ndirect costs, an well as
the time-related cost of 1DC and EDC
for a given construciion period, glves
increases {n UbC by 4 factor of 1.73

and 2.44, reapectively, for 5 and 10-y

construction timeslY),
{f the

IDC, and EBC 18

Furthermare,

application of indirect cost,

biascd more heavily

agningmt AYNt ems with higher mans



utilization, fusion powar systems
would rapidly be forced to higher-
performance designs (M/Ppy <1 tonne/

MWt), lest the cost of the fusion

power core dominace the total plant

cost, In achieving a higher perfor-

mance fusion system, operating and
maintenance costs must not increase to
a point where the COE is driven beyond
the range indicated on
Table I. with

inevitably higher first-wall loadings

already

Hence, operation

and more frequent FW/B changeout must

continue to preserve, if not enhance,

the economically attractive plant

factor and overall system reliability

for the smaller, more compact, but

higher performance systems.

On the basis of the foregoing

arguments, a number of HPD fusion

approaches are being considered for

use an ignition, engineering-terting,
or compact-reactor devices!®). These
devices can generally be classified as
resistive colls to
tokamak 1 9722)

confinement. All HPD

toroids using

provide higher-density

or RrpfBrl17)

Jevicer examinad tn date rely on

significant Otude heating to achieve

ignition, with the high-field tokamaks

also requiring compressional and/or

radio-frequency heating to varying

degrens, Power reactor embodimentnr

have been sugpested for the tokamak
(nggntron)g'lg), the OHTH|7), and the

CRFPRY). Both the Riggpatran and the

OHTE reactors would require relatively
(i.e-. r( 300-400 K).

colls positioned at or

cool actively=-

driven copper

near the first wall; the overall

system performance in terms of plant

thermal efficiency, the ability to

breed tritium, and cost (i.e,, OHTE/A
in fig. 1), is therefore reduced for
configurations that require first-wall
colils.

The RKFP, on the

other hand,

represents an ideal limit®), in that

plasma confinement is provided
primarily by poloidal magnetic fields
generated by toroidal plasma currents,
and the total plasma beta value is

high (> 0.1~0.2).

thin passive copper shell

expected to be
Although a
first

may be required at the wall,

this first-wall shell would operate at

or near the blanket temperature
(> 500-600 K), thereby enhancing the
prospects for high overall thermal
efficiency. Since evidence for or

against the need for active control of

RFP field reversal is not yet

avallable, the present study is based

on the direct extension of the

experimentally observed?d) "dynamo

effect” to the reactor regime. On

long time scales active feedback may
wall
shell.

first wall may also

be required to replace
stabilization provided by the
Thz copper-alloy
be desirable thermo-

solely from a

hydraulic viewpoint in order to trans-



mit the higher heat fluxes expected of
any compact , HPD system24726),
Lastly, the RFP promises high plasma
power density without requiring high

fields at the exo-blanket coils.

3. Approach and methodology

The CRFPR
ref, 8
design

study reported in

surveys potential reector

points using a methodology
those

The COE

develoned to predict systems

with the lowest cost. BETrves
as an object function to be optimized.
indirect

Engineering aud other costs

are computed as a fixed fraction of

direct costs along with the time-
related costs of IDC and EDC. These
time-related costs depend principally
on constrnction time, which is
expected to be a function of plant
capacity??) and cosplexity. The total

cost 1is used to compute a COE that 1is
a function of the total plant ontput,
the economy of scale being built into
the cost data bise2'4»8),

The computational algorithm spe-
cifies cnsembles of reactor desiqns
lyirg on trajectories of constant en-
gireering power densities, PTH/vc' and
powers, Pg. This

algcrithm is depicted in fig. 2. The

net-electric

specified values of PTH/Vn and Pg are

subsequently subjected to parametric

variation., A parametric evaluation is

performed for a range of plasma radii,

r in search of the minfmum-cost

p!

system having the specified values of
PTH/VC and Pp for the burn physics and
fixed indi-

cated. For

engineering parameters
a stationary plasma burn

and a given RFP magnetic-field con-

figuration and plasma profiles®), the

plasma power output is determined for

a specific energy confinement time,

Tg, oOr corresponding density, as

required by the plasma energy balance

and related ignition condition. A

specific transport scaling law for tg

is generally imposed, although from

the viewpoint of determining a

minimum-cost system a physics scaling

law per se is not needed8).

Referring to fig. 2, the first-

wall neutron loading, I plasma

w?

current, I¢. and total thermal power

per unit major radius, Pry/Ry, can be
computed for a given blanket neutron
energy multiplication, My having

defined the plasma parameters for a

given r_ . The constraints of fixed Pp

P
and Ppy/V. are ther imposed. Using
the specified Pg» the total thermal

poweiv, Pqy, i1s estimated from PTH -

Pg/ny(1-€), where the recirculating

power fraction, €, equals the inverse

of the engineering Q-value, Q, and

the thermal-conversion efficiency is

Since Qg depends in large part

nTH"
on the level of Ohmic losses in colls
and plasma, which in turn depend on
unapecified yystem dimensions, Qp must

firut be estimated and the converging



it:ration indicated on fig. 2
rolloved. The radius, RT' is

then estimated, since guesses for both

ma jor
PTH and available.
Finally, the
rg=r,+ Ab+ A (which
addition of a fixed blanket thickness,

Ab, and colil

PTH/RT ave

system (minor) radius,

includes the

thicknesses, A, to the
first-wall radius, r, = rp/x) is de-
Pry/ [27%Ry
(PTH/VC)]' using the previously spe-
cified
PTH/VC.

The system minor radius |is
defined

termined from rg -

engineering power density,
then
for the particular first-wall
radius of 1interest. Specifying Ab
establishes a

A = 5¢

unioue total thickness
+ &g, which 1is
partitioned between the toroidal-field
coil (TFC)

poloidal-field

of colls,

thickness, 6¢, and
colil (PFC) thickness,
8y, by enforclng coil
Ohmic losses in both coil

equal current
densities.
sets can then be calculated, and a

complete reactor energy balance 1is

performed®). An updated value for € =
l/QEn

Ohmic losses in both plasma and colls,

which includes makeup power for

is then used to ohtaln a more accurate
estimate for PTH' The iteration shown

on fig. 2 continues as the reactor

dimensions are adjusted to achieve the
specified values of Pp and Pry/V,. for
the asgumed physics and engineering

pATamcters. When a dimensionally

sclf-consistent reactor system emrrges

for a given Pp and Pqy/V., a complete
economic analysis is performed at the
specific value of rp.

As the process describe above 1is
repeated for a

while

range of r values,

P
maintaining fixed values of Pg
and PTH/vc' a cost uinimum and a Qg
results when resistive

Small

maximum 1in rp

coils are used. valvees of r

P
leads to poor coupling of the magnetic

field between the plasma and PFCs,

resulting Iin large coil currents for a

given plasma current. Large values of

on the other hand, require thin

l‘p,

coils (i.e., specifying PTH/Vc fixes

rgy, and increasing Tp for a fixed Ab

requires that A = 6¢ + &g decrease),

and bigh current densities, and

increased Ohmic heating in the coils

result; the value of Qg diminishes and

the COE 1increases for a fixed PE'

Hence, for either small or large r

P

the recirculating power fraction 1is

increased, and a minimum COE 1is found

at a unique plaswa radius. If super-

conducting 1instead of resistive colils

are used®), the coll current density

is also fixed, which also specifies a
unique value for r

In either case,

COE 15

p-
a value of rp for

determined for the specified values of

minimum

Py and Ppy/V., as well as other fixed
physics and engineering quantities®).

The cost-optimiced values of LI
from the above-described

that result

procedure are determined for a range



of Pz and PTH/VC values. A grid

composed of lines of constant Pg and
PTH/Vc is generated in a space dufined
by wminimum COL versus r_, an example
Shifts

and distortions of this mesh are then

P

of which is shown in fig. 3.

examined as heretofore fixed parame-

ters (e.g., beta, plasma profiles,
transport, DT versus DD fuel, first-

wall lifetime, blanket thickness,

normal versus superconducting coils,

etc.) are varied. Every point on this

grid represents a cost-minimized

system, although further minimization

is possible as fixed constraints are

relaxed. The base-case design point

indicated on fig. 3 was adopted to

illustrate sensitivity to a wide range
of physics and engineering parame-
ters8).

distillation of

An even finer

these cost-optimized results occurse)

when the coefficient in the transport

scaling law assumed to arrive at

fig. 3, 7t = Cf(n,rp,T). is varied to
determine the value of Tg = TE(OPT) at

a given rp for which the COE s

further minimized. That such an
optimum confinement time cxists at
each rp is clear; 1if Tg 18 too large,

the system power “ensity i{s too low,
fncreasing ~osts, while reduced T and
ultimaiely

I .eldr

increased power density

lead to excessive magnetic

and/or first-wall loadings, which in

turn are reflected by higher asystem

costs. Rather than establishing the
Tg(OPT)  versus LI relationship
directly by 1iteration in both plasma

density and radius, a specific (i.e.,
Alcator, C = TE/nrg) transport scaling

is imposed. Varying the coefficient C

produces 1loci of such COE minima,
which are used to construct the curve
COE(MIN) | versus Tr_. This

g (OPT) P
latter relationship is independent of
the assumed physics scaling. The
desired curve COE(MIN)| versus
iy g (OPT) ===
rp itre
resultant minimum-cost point 1s termed
the "fully

This

gives a cost minimum; the

cost-optimized” design

point. procedure 1s discussed
quantitatively in ref. 8.

Reference B8 describes in detail
each of four essential elements (mag-

netics, plasma, engineering, and
costing) that comprise the RF? systems
model.
files® 28+29) are used to

RFP profiles.

Analytic Bessel-function pro-
rpproximate
Each

stable reactor

design 1s constrained to operate on
the Tayloz??) minimum-encrgy diagram.
The steady -state burn model requires a
2
J&(ar)

results for

presrure profile, although
Jg(ar)

are determined.

both flat and

temperature profiles

Time-dependeat, multi-species simula-

tion codes are used to verify the

minimum-COFE design points emerging

from the parametric systems codes®).
The engineering model

fixea 7%

energy-balance

specifies a recircntating



power for auxiliary plant power needs;
the algorithm described in fig. 2 1is
TFC and PFC

Ohmic

used to size the
which the

sets,

from losses and

associated recirculating power

fraction are computed. The economic

guidelines given in ref. 14 are used

to assure uniformity and enhancement

of intercomparisons. All paramet: ic

results given in ref. 8 are presen:ied

in a form similar to fig. 3, altbough

only the final results are reported

here.

4, Summary results

As previously noted, at each

plasma radius an optimal plasma con-

finement time, rg(OPT), is found that

yields a minimum COE. The trajectory

of Tg(OPT) versus LI

syctem economics and {s independent of

depends on the
the assumed plasma transport scaling.

The resultant trajectory of reactor

designs operating at Tg(OPT) exhibits
itself a wunique COE minimum for both
the DT- and DD-fueled systems, as 1s
fhown in fig. 4 for both DT and
These curves are
flat

temperature profiles at the

catalyzed-LD fuels.

valid for both and Jo(ur)

indicated
average plasma tempurstures, with the
J:(ur) Bessel-function-model pressure

profiles being assumed for each case.

The key physics and engineering
parameters for the fully cost-
opiimized DT/CRFPR and DD/CFFPR

designs 1indicated on fig. 4 are
summarized in Table 1I. Both
temperature profiles lead to

essentially the same reactor designs

with the respective differences 1in

plasma parameter being shown
parenthetically on Table II.

Although the constraints of the
present paper does not allow the full
reporting of all important sensitivity
studies, the dependence of COE on Bg

is particularly noteworthy. This

dependence 1s shown in fig. 5 for the
fig. 3 and
used in ref. 8 as a point of departure
for all

addition to

base-case des.gn shown 1in
sensitivity studies. In
il)ustrating the g
sensitivity, the fully cost-optimized
designs for both the DT and catalyzed-
DD designs (Table II) are

also shown

on fig. 5. Because of the ability of
the RFP to maintain high confining
magnetic fields at the plasma without

excessively PFCs and
TFCs,

vhile

stressing the
low-beta operation 1s possible

maintaining the plasma power
density (~B§Bg) at the leveli required

for low-cost, HPD operation.

5. Conclusions

In terms of both engineering
volume (Vc = 223 m3) and total mass of
(1243 tonne),

core 1is

the fusion
the DT/CRFPR

power core

fusion power
comparable to only a few of the

toroidal-field

many

coils being proposed



for certain ronvent ional fusion

approaches the same total
(Table 1).
dersity (15 MWt/m3) and

mass utilization (0.37 tonne/MWt)

generating

power Consequently, the
system power
are
more than an order of magnitude better
than for the more conventional
approaches, including earilier (super-
conducting) RFPR designs®»6),
The fundamental conclusions for
the DT/CRFPR design(s) are:
® Optimal

Pry/Ve = 15 MWt/m3 or (fusion-

system power deasity of

power-rore) mass utilization of
M/PTH ~ 0.4 tonne/MWt can be
achieved.

optimal energy con-
flat

® Economically
finement time for both and
Jo(ar)

scales as Tg(OPT) = 0.28rp1’2.

temperature profiles

® Poloidal betas 35 2 0.1 are
certainly adequate, and even B4
as low as ~ 0.05 still promise
acceptable economics.

® Power recirculated to ncrmal

coils is less than

for Be - 0-1;

even no incentive

could be 1identified to 1impose
advanced technologles and
operatinnal uncertainties assoc-

iated with superconducting coils.
e Unique, CRFPRs are
identiiied for Rp/rg = 2.5-3.0,
r * 0.6-0.8 m, and 1 ~ .25 8,

p
syst~-ms

minimum-cost

that would require at

~ 20%

scaling.

most of Alcator transport

Similarly, the fundamental conclusions

generated for

a.e:

the DD/CRFPR designs

(82B") of
densitcy 1is

An intrinsic factor
~ 20

expected for DD fuel than for DT

less power

fuel. The change from DT- to
DD-fuel opei .lon at similar
power densitlies requires: nrt

increased by 20, n incrcased by
3-4, I¢ increased by 2.0, T
increased by ~ 2,
increased by 5.0-7.0,
The

somewhat

and e

optimal power density 1is

reduced and the mass
utilization is somewhat increased
from the DT/CRFPR (PTH/Vc = 10
MWt/m3, M/PTH = 0.7 tonne/MWt).
Economically optimal energy con-
finement t'‘mes are identified and
are given by

g ¥ 2.3 rp“2 [T =« constant]

2 1.5 l‘pllz [T « Jo(u_r)]

Poloidal betas of ~ 0.2 are
adequate, which give a system
that 1is approximately equivalent

to DT-fuel operation with By =
0.04

Power recirculated to normal
coils 1s below 20%Z of total
electric power; the {ncentlive to
embrace superconducting techno-

logles remains

0.2.

weak unless By <



® Minimum-cost DD/CRFPRs have di-
DT/CRFPRs,

Uith TE = 1-2_1-8 8, the

mensions similar to
magni-
tude of which is predicted by ~
30-70% of Alcator
total
which

radiation

scaling. The

energy confinement time,

includes (Bremsstrahlung)
losses, 1s expected to

be less than 50% of these values.
® TFor the same system power density
DT/CRFPR, the DD/CRFPR

must deal with first-wall heat

as the

fluxes that are increased by a

factor of ~ 2.8.
Perhaps the most promising composite
result of this study is the resilien~y
of the RFP

approach to maintalning

conservatively promising cost pro-
jections within realistic physics and
technology constraints as parameters
related to key uncertaint!es/unknowns
are varied®).

This study has generated and/or
quantified a number of key engineering
issues that serve to define the future
course of HPD MFE studies 1in

CRFPR

general
and of the appruach in

particular. The more {mportant of
these 1ssues are summarized below.
® High-heat flux walls (~4-5 MW/m2)
and HPD [~100 Mw/m3(peak)]
breeding blankets for bT

operation.

® Plasma/wall interactione, ef-

fectiveness of dense-gas—blankets

for first-wall protection,

refueling; need for magnetic

divertor; vacuum r:xhaust.

® Establish a f..ger baslis for

steady-state operation and/or

better quantify engineering

impact of long-pulsed operation

using realistic startup scenario.

® Becter resolution of magnet
design from viewpoint of
equilibrium, startup, burn
sustenance, and quench with
emphasis on coil energy 1losses
and genera. aspects of coll
support and maintainability.

® Radiation effects to room-

tenperature  copper coil and
(inorganic) elecrrical insulators
that are protected only by a thin
(ab = 0.4-0.5 m) heat-recover-
ing/tritium-breeding blanket.

Obviously, 1f HPD MFE is to be

proposed as one means to solve

potential economic and operational
problems, the task of heat recovery at
high power density must be addressed.
Preliminary and des!gn

flux

computations
related to the
problemze)

surface heat

find no serious thevmo-

mecharical problem with the use of a
hign-strength copper alloy first wall
that 1is cooled by high-pressure water

and operated for ¢ 108 pulses (i.e.,



one year T, = 15-20 MW/m2 operation

for a ~ 30-s burn period), excluding
unresolved radiation effects. The
peak blanket power density (~ 100

MW/m3) is comparable to the centerline

power density 1in a LWR fission core,
altbough the compatibility of solid
tritium breeders with this power
density is in question, this

uncertainty depending primarily on

poorly recolved high-temperature

thernophysical properties of the
ceramic critium breeders. The use of
the catalyzed-LD fuel eycle will con-
siderably reduce this latter problem,
the blanket being reduced essentiaily
to an all-metal pressure vescel that
is water cooled; the surface heat flux
would be

substantially increased,

however. A spectrum of volumetric
power dJdensities and surface heat
fluxes, showing both conventional and

HPD fusion, {s illustrated on fig. 6

in order to give some pcrspective to
The LiPb-cooled

OHTE!7)

this central problem.

blanket proposed for .o

appears particularly artractive for

the HPD MFF systems, especially for

the RFP geometry, where Mib-pum, /dnrg

losses can be considerably r:duced.
Although the potent fal for

gteady—-itate RFP oprration has been

suggesteddd) and wauld eliminate
low=cycle fatigue prablems that  may
limit  FW/B  11fc26), the RFP can
operate efficiently in a  long-pulsed

operating mode; typically ~ 0.5 s of

full-power operation 1s required to
regenerate all magnetic-field energy
transferred to the DT/CRFPR, and long-
of > 30-s duration will

Justify this

pulsed burns

more than ignoring

setup/startup energy requirement. The

added physics, engireering, and cost

constraints assoclated with a steady-

state current drive and impurity con-

trol, however, must eventually be

weighted In the context of the systems
model deccribed herein and against the
costs or long-pulsed operation.

Radiation effects to first-wall

and magnet copper .lloy and the impact

on long-term operation of the CRFPR

remain as a key technological issue to

be studied beyond the scoping lcvel

presented in ref. 6. The fabrication

of the coil set according to a design

that fully reflects 1its magnetics

\current drive, equilibrium, ete.)

functions, {ts electrical insulation

needs, and its mechanical support in a

maintainable configuration presceats
another arca of future study and
development . Thes: and  other engi-
neering  techmolopy areas remadn  as

toplcs for future conceptual engincer-

ing derign activities.

In summary, increases 1in plasma
power dennity, neutron first-wall
loading, and bhlanket pawver duusity

that accompany any attempt to maintain

A plven t'aal power outpat at  an



enhanced engineering power density,

represent both potential benefits and
liabilicies. The present assessment
of the economic tradeoff between tne
benefits of HPD operation (1.e.,
reduced system mass, size, and cost)
and the potential liabilities of
increased recirculating power and

reduced first-wall/blanket chronologi=-

cal 1ife 1is promising. 1In addition,

compact systems may demonstrate a more

rapid FW/B replacement approach that

could enhance overall plant

availability, inspite of t he

requirement of more frequent

changeouts. Evea more difficult to

quantify but of {mmense {uportance are

the potentially shorter construction

t i mes and less total Capital

investmens: asvociated with HPD

syst'ms. It {is this potential for
total (block) system maintenance,
appreciably lowcred total capt {al

flexibility for moderate to high

cost,

total net power, and considerably

reduced construction and maintenance
1ime that gives the strongest {mpetus
for further study of the HPD MFE
approaches.
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DESIGN DATE:

PARAMETER DEVICE:
Plasna radius (a)
Major radius (=)
*lasma volume (m3)
Average density (1020/m3)
Temperature (k:V)
Lawsoa parameter (1029 g/m?)
Average beta
Plasma power density (MW/m3)
Magnetic field (T)
Yeutron current (MwW/m2°
Theraal power (MWt)
Net power (MWe)
System power density (MWt/a3d)
Mass utilization (tonne/Mwt)
Theraal conversion efficlency
Recirculating power fraction
Net plant efficlency
€oE (aills/kWeh)
“nit Ilreet cost (S/kﬁe)(a)

Construction time (vears)

TABLE I

SUMMARY OF KEY PARAMETERS FOR A RANGE OF
TOROIDAL DT FUSION REACIOR CONCEPTS

1381 1980 1980 1978
MSR STARFIRE EBTR RFPR
2.11 2.38 1.0 1.2
23.24 7.0 35.0 12.7
2G50 781 691 564
1.50 0.81 0.95 2.00
8.0 22 29 15-20
3.7 3.9 1.7 2.0
0.04 0.067 0.17 0.30
2.35 4.50 4.13 4,50
6.0 5.8 5.0/2.25 3.0
1.3 1.6 1.4 2.7
4800 4033 4078 3000
1530 1200 1214 750
0.26 0.30 0.24 0.50
9 3.94 10.85 3.7
0.35 0.35 0.35 0.30
0.08 N0.167 0.15 0.17
V.32 0.30 0.30 0.25
94(1991) 67(1985) 72(19¢5) 66(1988)
1547 1438 1737 1104
10 6 5 10

1980
PWR

90

1000
19.8
0.72

0.32

40(1983)
ann

3-10

1981-82
CRFPR

0.7])
4.3
42.7
3.4
20
0.79
0.20
72.4
3.3
19.5
3350
1000
15
0.37
0.35
0.14
0.30
41(1986)
863
5

(a)Based on tntal direct cost before application of indirect cost ’~ 237), interest during constiuction
(12C), and escalatinn during construction (EDC).



TABLE I1

PARAMETER SUMMARY FOR INTERIM 1000-MWe CRFPR DESIGNS

First-wall radius, r, (m)

Major radius, Ry (m)

Minor system radius, rg (m)
Toroidal-coil mass (tonne)
Poloidal-coil mass (tonne)
First-wall/blanket mass (tonne)
Mass utilization, M/Ppy (tonne/MWt)

Plasna temperature, T(keV)
Plasma density, n(1020/m3)
Lnergy confinement time, 1g(s)

Alcator coefficient, TE/nr'z,(lo_21 s m)

Toroidal plasma current, I, (MA)
Poloidal field at plasma, By (T)
Poloidal coil fieid, Bge (T)

Initial toroidal-coil field, B¢0 (T)
Pololdnl-coll encrgy, Wyp (GJ)
Toroidal coil encrgy, W“¢ (GJ)
Mapnetic energy recovery time, 1 (8)
Total thermal power, Pg, (MWt)
Fngineering puwer density, Pp./V. (MW/m?)
Reefrculating power fraction, ¢ = 1/Qg
Ohmic Q=value, Qp = Ppy/(Pouy + Pry)
Neutron wall loading, 1, (Mw/m?)

Unit total cost, UTC ($/kWe)

Cort of electricity, COE (mills/kWeh)

(R)r(r)= CONST (T(r)= J,Car)).

FULLY COST-OPTIMIZED  DEGRADED
pr¢a) pp‘a) pp(b)
0.75 0.60 0.62
4.3 4.4 14.9
1.6 2.1 2.32
159 403 2430
729 1960 7860
356 304 1060
0.37 0.70 3.0
20.0¢10.0)  35.0(20.0)  20.0
3.4(6.7)  13.0(20.9) 11.0
0.23 1.8(1.18) 2.2
1.37(0.76)  4.3(1.75) 6.0
18.5 36.8 27 .4
5.2 13.0 9.4
2.6 b.b 2.9
3.3 8.3 6.0
1.11 6.2 12.0
0.54 3.0 6.4
0.49 2.4 4.8
3350 3820 3820
15.0 10.0 2.4
0.147 0.25 0.25
37.1 1.8 15.8
19.5 10.6 3.0
1490 1810 2605
4n.7 47.2 67.2

(b)Puwvr dennlity of DD/CRFPR degraded until the first-wall surface heat flux
cequal to the fully cost-optimized DT/CRFPR (4.87 MW/m?),

is



FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fiz. 4.

Fig. 5.

Fig. 6.

Dependence of unit direct cost (UDC) on fusion-power-core mass
utilization for a range at fusion reactor designs. The effect of
doubling the unit cost of the fusion power core from the nominal 24
$/kg 1s clso shown. The UDC includes nnly total direct cost prior to
the application of indirect cost, IDC, and EDC.

Calculational algorithm used to determine minimum-cost CRFPR design

points.

Dependence of COE on by PTH/Vc- and Pg for all cost-optimi-~d cases
prior to cptimization with respect to transport. The indicated base

case 1s used in ref. B for sensitivity studies.

Dependence of cost-optimized confinement time, TE(OPT), on plusma
radlus for both DT and catalyzed-DD fuel cycles. Stowr also 1{s the
COE dependence for each case, which for bhoth fuels is independent of

tempcerature profile, as is the T1(OPT) curve for DT operation,

Dependence of the minimum COE values on the value of Bg. The DT base
cane 1s 1ndicated on Fig. 3, and the fully cost-optimized casces arc

given {n Table II.

Spectrum ¢ f power densitices and heat fluxes showing position of both
conventional and HPD MFE  approaches, relative to fission power and

other commercial and physical procerses.
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Figure 4
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