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0AK RIDGE THS PROGRAM:

M. Roberts

The Qak Ridge THS activities have been directed at characterizing the
design space between TFTR and EPR with a fundamental emphasis on higher beta
plasma systems than previously projected, i.e., # ~ §5-10% as compared to 1-3%.
Based an the results of the FY 1977 System Studies, our activities this .year
are directed toward preconceptual design with particular emphasis placed wn
reducing the technological requirements through innovations in plasma

engineering.

simpler, more maintainable designs.

INTRODUCTION

TNS, The Next Step after the Tokamak Fusion
Test Reactor (TFTR), is intended to be a reactor
core experiment forcing fusion technology. In
order to place our TNS program in perspective,
it is useful to consider the evolution of our
advanced cystems studies. Prior advanced systems
studies started with point designs (ORMAK F/BX I
and II).(l) explored the design issues of the
tokamak Experimental Power Reactor (EPR),(Z) and
culminated in an evaluated EPR reference
design.t3) With this basis, the TNS activities
were directed at characterizing the design
space between TFTR and EPR with a fundamental
emphasis on higher beta plasma systems than
previously projected, i.e., g ~ 5-10% as com-
pared to 1-3%. The orientation toward smaller
sized, higher beta'systems rather than larger
systems are both mechanically and economically
impractical. This judgment was quantified in
our Fusion Power Demonstration Study.(4) The
characterization of this TFTR-EPR design space
has proceeded by plasma engineering investigations

OAK RIDGE NATIQHAL LAGORATORY
OAK RIDGE, TENNESSEE 37830

txamples of the new innovations include microwave assisted start
up to reduce power requirements and a reduced TF ripple constraint by more
refined ripple Yoss calculations, to increase engineering feasibility through

. system size.

_ nology development programs, high risk physics,

" for the requirements.
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of the dynamicé.of the higher beta plasmas and
the requirements on technoloyy aof heating and
fueling, 5 by developing consistent, feasible
engineering models of systems of different size
and magnetic field strength, 6 and by program
planning studies of the steps required to
implement the designs.

k)

In the first area, plasma engineering, early
indications were that very stringent require-
ments would be placed on physics achievements
{8 ~ 10-15%), on beam technology (~500 keV), on

- fueling technology {(~10,000 m/s pellet velocities

to reach the plasma center), and on a large
Rather than pursue these difficult
requirements with even more difficult tech-

or high cost solutions, we re-éxamined the basis
We found that as more o

" realistic models of the higher beta plasma are

used, specifically going from 0-D to 1-D models

© with spatial profiles, the lower the requirements

on achievable beta, neutral beam energy, and
fueling technology became. Under the constraint

*Research sponsored by fhe Offiée of ?usfon Enefgy; U.S. Debartment of Enéfgy, under
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of a fixed, no-divertor TF coil shape, an
innovative design concept for a compact poloidal
divertor was developed ihat may have significant
jmract on the options available to plasma
em_;ine_wers.(8

In the second area, system modeling, the
principal questions were, What is the cost
variation with size? and, How does cost depend
upon the TF coil technology used? Based unon
fairly comprehensive engineering models as
opposed to optimized point designs, curves of
relative cost vs, the principal geometric and
operating characteristics have been produced.
With the costing and sizing model,.(9 the cost
sensitivity to any of the assumptions can be
With
respect to the second guestion - impact of TF
coil type — the result was that the principal
diTferences between the use of superconducting
and copper coils were those of objectives and
ricks, and not cost alone. These differences
and the relative costs for the Cu, Nb3Sn, NbTi,
and a concentric hybrid arrangement of NbTi/Cu ~
options were roughly 2s shaown in Table 1.

TRELE 1.
of Four Systems with Different TF Coil Options

investigated and modifications made.

Approximate, Relative, Total Plant Costs

Approximate Most Suitable
Coil Type Relative Cost Objective
Cu 1 Ignition Alone
Nb3Sn 1.3 Reactor
Prototype
NbTi 1.5 Reactor
Prototype for
8> b%
NbTi/Cu
(hybrid) 1.5 Reactor

Prototype not
Dependent upon
Nb3Sn

With respect to the differences between a
NETi and a Nb3Sn system, a closer examination
of similar physical devices indicated that the

Balance of Plant is the dominant factor, and that -

the choice of coil technologies is of great

concern but as yet has little quantified economic
fipact,

[n the third area, program planning, various
elements of a preliminary program plan were
initiated that identified the central progran-

matic questions. In particular, an assessment

0) 44 design Spec,j_ﬁ.c(n)

of both the generic
R&D needs for THS was made and recommendations
for more emphasis on existing programs and for
new initiatives were made and documented.
Planning schedules for integration of the TNS
project with the supporting R&D work and the
subsequent reactor devices wern developed as
wel].(]Z) From this came the tindings that
plasma physics and decision making are probably
the true critical paths, and that a route to
achievement of improved engineering reliability .
must be laid out and implemented for a successful
program,

Rased upon the findlngs in these areas,
it is judged that continued activities in the
Oak Ridge TNS program should be directed toward
preconceptual design with particular emphasis
pltaced on reducing the technological réquirements
through innovations in plasma engineering, such
as microwave assisted start up and refinements
in the calculations, such as the TF coil ripple
constraint, on making cost reductions, and on
achieving increased engineering feasibility
through simpler, more maintainable designs.
repraesents a shift in emphasis from systems
modeling to preconceptual design with improved
integration of the plasma engineering and

This

" program planning activities.

. PLASMA ENGINEERING

The purpose of the plasma engineering studies
within this program has been to establish credible
ranges of physics parameters for an ignition test
reactor as the next step (TNS) beyond TFTR. Our
reactor concept is based on medium toroidal
flelds( 3) (B = 4-7 Tesla), high plasma
dens1t1es(]4) (n = 0.6-2.5 x 10%%n 3), and high
tokamak betas (8 = 5-10%).




Use of mediun field strengths is compatihle
with the introduction of a large amount of neutral
beamn power which in turn is important to high
density. With large neutral beam paver, the

plasma is expectad to heat up in a time scale
much, shorter than the plasma skin time, resulting
in a Flux Conserving Tokamak (FCT).(18) cal-
culatians: in D-shaped FCT(]B) have produced
equilibria at # above 207 with the safety factor
up to 5. Although MHD instabilities may limit

B to lower values, & values substantially above

a few percent are expected to permit the use of
medium field and/or to reduce the reactor size,

To insure consistency of our physics param=-
eters, we have studied several important subjects
in plasma engineering for synthesis with the
design engineering and planning considerations,
as sumnarized in the succeeding paragraphs.

The empirical energy confinement scaling
derived from studies in ATC, ORMAK, and Alcator
has been used in a Q-0 study v to choase a
reference reactor with parameters shawn 1in

“Table 2.

The effect of density profile on the effec-
tive global (DTIH) is studied with a 1-D multi-
fluid transport code incorporating particle and
energy balances. It is found that (DTIM)

(DTIM110) is satisfied for reasonable density

profiles, supporting the use of (D /10) in the
0-D scaling studies. The 1-D study (see Table 2)
also indicates that burn conditions can exist
over a wide range of density and fusion power
levels, in contra:i with a single gperating
point in the Q-D model.

The evolution of equilibria by injection to
ignition and burn is studied with the flux-
surface averages of the particle and energy
balance equations together with the axisymmetric
FCT equilibria. It is found that the centrally
Tocalized w-particle heating density can exceed
the injection heating density at relatively
low values of B & 2.5%, This fact, when com-
bined with the constraint to use current
positive jon source beam heating technology,
has led to the following 1line of reasoning.
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Because of the centralized «-particle
heating, the need for full neutral beam penetra-
tion beyond g ~ 2.5% is eliminated. An injection
procedure“9 is found that starts with low
density to facilitate penetration (Fig. 1). The
density is then increased with the accompanying,
acceptable decrease in penetratian. It is
found that beam energy from 150 keV to 200 keV
may be sufficient for perpendicular injection
at Zeff % 1.5, This is in sharp contrast to
the 300-500 keV requirements developed from the
initial 0-D model calculations.

MHD balooning mades are expected to place
limits on B. Recent calculations have shown
a stable 8 near 5% for a D-shaped FCT equilibrium
while improvements beyond these values seem
possible. Current estimates for § are between
5% and 10% with shaping and profile madifications.
This B range overlaps that calculated for steady
‘state D-T burns. -

A poloidal field system(21) in an FCT that

_maintains plasma D-shape despite large and rapid
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changes in g has been obtained. In TNS, coils
more than 3 m away from the plasma edge can be
properly located to produce D-shaped equilibria,
However, the power supply required by these coils
is around 10 times that required by coils 0.6 m
avay, requiring a systems analysis for overall
balance.

Based on all these considerations above, self-
consistent parameters are established and given
in Table 2. Upcaoming tokamak experiments will
refine stability limits of @ and plasma confine-

ment scaling laws. Since BT = 4.3 T is near the

margin of reliability can be achieved by using
By . 6 T. This field strength is within reach
of present day coil technologies and develop-

ment programs,
DESIEN ENGINEERING

A series of parametric trade studies was
performed(zz) to evaluate consistently the
relative costs and performance parameters of
D-T burning tokamaks over a range of plasma
sizes and torvidal field (TF) coil technologies.
Four different types of TF coil technologies
have been investigated: water-cooled copper
coils (called TNS-1), superconducting NbTi
(TNS-3), and Nb3Sn (TNS-4) coils, and a “hybrid"
% coil arrangement (TNS 5) consisting of a normal

conducting Cu coil nested within a supercon-
ducting NbTi coil,

s
i
h
|
'

To limit the set of &
% distinctly different options satisfying the TNS
oby=ctives to a reasonable size, it was concluded
that \lasma size (a measure of cost and flexi-
bility) and TF coil technology (representing the
widest rang. of key technology aptions) were the
most important characteristics to investigate in
the initial trade <tudies.

In performing thes. trade studies for TNS
tokamaks in a consistent wav to develop data suit-
able for a comparison of respective costs, com-

i
!
i
!

plexity, risk, and availability, certain engineer-
ing groundrules were established, whici, included
constant-tension D-shaped coils; water-cooled
copper poloidal field (PF) coils located within
the TF coil bore; and auxiliary plasma heating by 4

* neutral beams.

The device sizes considered in these trade
studies covered a range in the plasma radius from
~0.75 m to 2.0 m, spanning the range from TFTR
size plasmas to those chosen for recent Experi-
mental Power Reactor (EPR) design studies. The
device major radius was varied from ~8-9 m down

to some lower 1imit (4.4 m for a =

I mtor6m
for a =

2 m) which was consistent with the ground-
rules and still allowed a viable engineering

design. The plasma beta value was chosen as the

Tower end of the medium field strength, a large main parameter on which to judge the performance




or “confidence of success" af each ignition device,
and was allowed to vary in the range from ~2. to
15..

to specify the physics parameters for an ignition

Two different plasima scalings were used

device, empirical scaling and trapped particle
mode scaling.

The major tool used in performing these trade
studies was a computer code designated const, (9)
written ta permit COsting And Sizing of D-T
burning Takamak systems through detailed treat-
ment of all major components of the total plant,

In these studies, we determined that for each
coil technolagy and plasma beta at tgnition, there
is some minimum cost device at a specifiE a, Ro’

and B (Fig. 2). The reasens for the slight
!
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cost difference between NbTi and Nb3Sn devices
are shown in Table 3 for a typical machine
with a = 1.2 m, Ro = 5.0 m, and Bmax =980T,
Note that the TF coil conductor cost is

larger than the Nb3Sn, as expected; however,
theaTE‘cpjl §tfycture cost is larger for

the NbTi because its radial build is larger due
The
main cost item difference is in the liquid He

to its lower current density Timitation,

refrigeration casts, which are about twice as
high for the lbTi due to its lower thermal
operating margin. The most important finding

of this particular cost comparison, however, is
that the Balance of Plant overwhelmingly dominates
the total cost and makes the technological
differences between NbTi and NpBSn insignificant

from a cost point of view.

TABLE 3. Eomparinon of Custs for Sindlar Wbl e
hb}s'i Veviees Indiiates Gueraaiicang #ote of
Halance of Plant

BT

Tten :'M""?KSH

320 277

-7

Tutal Cost (M8}

TF Coil Cost

- Conductar”

« Structure b Desar
Refrigeration Cost 50

“Halante of Plant 211 2

%rased an $100/ky for Hhan and $60/kq for W,

Representative parameters and costs for
TNS point designs(za) that achieve ignition at an
average beta of 5% are given in Table 4. The
maximum field at the TF coil far each design is
about 10-11 T; this wauld require the NbTi super-
conductor to be designed to operate below 4 K and
would permit a Nb3Sn design at a modest maximum

four

field value. A NbTi superconducting design which
would operate with a maximum field at the TF coil
of 8 T would require a larger and more costly
size at a g of 5% or would require operation at
an average beta of ~7.5% in devices of the size
in Table 4.

For a chosen plasma beta operating value,
there seems to be two main conclusions possible
for the best choice for a tokamak TNS, depending
If the main
goal of TNS is to demonstrate ignition with a
minimum of technclogy development in the shortest
_time, then water-cooled Cu coils at moderate
field strengths (10-11 T) and with moderate

physics demand, i.e. assuming 8 ~5%, seem the

upon the perceived objective of TNS.
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T Lot Uendacter Cu N
Plasr 3 ™innr Badtan, a () 1.u 1.2
Flaw o Majur haftas, ® 00} A0 PN
Plasma Elongation, § (-) 1.6 1.6
Aspect Ratia, A {~) 4.0 3.7
Field at TF Ceil, Bm (M) 1.3 9.9
Field on Axis, ﬁl {1} 5.8 5.3
Toraidal Ceta, 2y (:} 5.0 5.0
Plasna Current, 1 (MA} 3 4.1 2 3.9 . - 20
Mean £lectron Density, ﬁc {m ) 1.6 - 10° 1.3 - 10" 1.3 < 10° 1.6 « 10°
Mean lon Temperature, Ti {hev) 13.0 13.0 13.0 13.0
Energy Confingment Tive, T {s) 1.5 1,8 . 1.8 . 1.5
B 1g (a73s5) a0 a0 20 g 0™
Total Volt-Secands 41.0 55.2 s1.6 43.5
Plasma Valune, ¥ (1) 126.3 5 299.2 227.6 42,1
Neutron Wall Load (3t/e’) 1.50 1.0 1.78 1.50
Tota} Fusion Power {(Md) 553 795 €98 628
Fusion Fower Density (M4/n’) 1.7 2.6 2.6 3.7 &
Neutra)l Beam Power (%) 40.0 57.0 50.0 45.0
Steady State Buen Time {s) 16.0 16.0 16.0 16.0
Tine fetween Pulses (s) 303.0 300.0 300.0 300.0
TF Coil Vertical Bore (m) 6.1 1.4 7.6 . 9.5 o
TF Coil Horizontal Bore (m) 3.8 5.1 4.9 5.7 - =
'us o chergy/Energy Consuned 0.32 0.85 1.57 0.51
oo tumber of TF Coils 20 20 20 20 T -
Cost, Building & Equipment (M3} 283.7 434.4 383.3 - 436.0
Relative Cost 1.0 1.50 1.3% 1.51
Bngal Utility Cost (5) a.1 3.0 2.0 3.4

best choice. If, on the other hand, the goal of lined entry in Table 4 indicates that the purely

NS is, in addition to ignition, demonstration superconducting TF coil cases have the more

of the science and technology required for favorable energy balances; with the particular
reactors, i.e. sustained burn dvnamics, beam performance parameters chosen to give minimum
rower handling, and systems integroted super- cost size, the Nb3Sn case does show more than
conducting coils which would extrapolate to a breakeven.

power reactor, then the Nb3Sn TF coil devices : Although the quantitative basis for the

seem the best choice, at a cost about 30% higher selection of NbBSn does come from the costing
than for the Cu device. The lower field NbTi analysis, the selection process is not a straight-
devices generally result in larger and more forward one of minimizing calculable costs.

expensive devices, as do the more complex hybrid Running as a thread through these discussions is
{bTi/Cu aptions, and hence are not as aitractive the matter of risk. Physics performance risk is
as the Cu or Nb3Sn. The choice of Nb3Sn would minimized by providing flexibility and extended
imply an associated technological risk, although ranges of technological parameters, such as a
the benefits of its higher field capability and magnetic field. The use of Nb3$n coils in the
larger thermal margin make it very desirable for range of 8-11 T with a corresponding range of
fusion power reactor applications. The under- demand on B ~10-5% provides a margin of reserve
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Bevelapment, af a practical mean, of synthe-
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focus af the THS planning activity,  Ta developlbng
a dralt 1% program plan, vie came Lo Lhyee
conc s dons:
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3.0 conceptual design must be started now,
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A central profect management i necessary Lo
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schedules Tinking the project with RED support,
with which to develop the necessary information
supporting the veference design cholce,
HUndevlying the discunaion of adequacy aml
timelinews, are tuo cructal factors.  One is Lhe
requibvement, to Lie the project schedule pro-
Jeetions and project decisions to the instiiutional
cotmi bnente achiovementy, and lovel of effort in
Lhe support RED progream,  The other o the funda-
mental dmportance to the design philosophy of
bastng all desdgn onoa Flew eritevion of reliabie

arnenbly and maintenance inoa D=1 enviromment,,




The assenbly and maintenance program is based upan
four parts: TFIR experience, wodels and wockups,
an intermediate superconducting tokawmak experiment,
and good design practice coupled with utility
experience.
Future Directions

On the basis of our studies thus far, the
divectian of future work is clear even tﬁough the
The first order of business is to
re-examine the key requirements that have led to
high cast-high technalogy design solutians. The
socond step is then to initiate a conceptual
design leading to the construction project.
Praceeding with the first step involves recon-
sideration of the startup valtage and poloidal
field system pover requirements, as well as
further examination of the various divertor
options, startup options and design trade-offs
for reliable assembly and maintenance.’ As an
example in the former category, the PES, based upon

pace is nat,

LWAR INTERFACE.
CONNON [EWAR TF COiL —\

AND CENTRAL SUMPORT -, \\
~
-

CENTRAL F CoiL Sureany

POLOIDAL FIELD CONS- \ \
N
~ S
AN ~oN
INDIVIDUBL UEWAR TF CORL-~. AN \ N
SURBORT STRUCTUSE ey
a

INTER - COIL \
SHIELD DUCT FGR PUMPING . \ .
AND Uy AN HIECTION e ~
NE N y g
urRaL = >
BEAM INJECTON y 2 g
% v I ~ \

‘ \“\u 4 4 g ‘. s
] BE ] e 1
— - e b pLASMA: -t
) 4] ! W, ) ‘\b,,.. [ r
- R '
) ) S iHeo
. - '
Q== = A =~ P
T N\ Sl oy \
RN / N l
IR it - (S
; \\ : +
IFAN] /S0 R
‘ / \\ R i

o + : ] .
bt e . e
SUALE (N WETEAY

an iron core magnetic circuit rather than an air
core circuit, may well have considerably reduced
In the latter

catequry, placement of the coils of the PFS out-

power supply requirements,

side the TF coils con significantly reduce the
maintenance difficu]ties. In both cases, hrdever,
a systems analysis is required to halance the
conflicting demands of mechanical, electrical,

and plasma engineering.

In addition to pursuing these potential
reductions in the design requirements, we will
also be continuing the development of the base-
line degign and the program planning charts in
selected systems as a systems focus for the study.
Fig. 3 illustrates the baseline desiygn configu-
ration selected for the FY78 study.
parameters are displayed in Table 6.

The TNS program continues to be an ORRL/
industry cffort focused an initiating precon-
ceptual design for The Next Step in the tokamak
program after TFTR. N

The basciine
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TNS Baseline Configuration -
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Integration of engineering reality ‘s bring-
ing us closer to a realizable reactor:’

°Imposition of technology/economics constraints
has resulted in creative improvements in plasma
engineering models.

oQuantitative systems engineering is emphasizing
the importarce of maintaining an awareness of
the overall program context.

°Program planning is identifying critical
programmatic questions.

OBased on this year's work, our current work
tasks are confronting major *Go/Difficult Go"
decision issues, and

OIndustrial participation is being used to
strengthen the early design process.
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