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ABSTRACT

A tokamak systams oode capadie of modaling 2«perimental tost
reactors has been dev2ioped and is deseorioced ia this doounant. The
code, named TETRA (for Tokamak Engineering Test R{eactor Analysis),
consists of 2a series of modules, f2ach Jesoriding a tokamak system o
component, controlled by an optimizer/driver. This code Jeveiopment was
a national effort iIn that “he modules were contribdit=d by members of the
fusion comunity and integrated into a code by the Fusion Engincering
Design Center. The code has Ybeen checkea out on the Cray computers at
the National Magnetic Fusion Energy Computing Center and hags
satisfactorily simulated the Tokamak Ignition/Burn Experinentatl
Reactor II (TIBER [I) design. A feature of this code i3 the ability tn
perform optimization studins through the use of a nunmarical s3nftware
package, which (iterates prescribed var{ianles to satisfy a set of
preseribed equations or constraints. This code will he used to perform
sensitivity studies for the proposed International Thermonucl2ar
Experimental Reactor (ITER).

%xi



1. INTRODUCTION

1.1 BACKGROUND OF THE DEVELOPMENT OF THE ETR/ITER SYSTEMS CODE

A national effort to develop an Experimental Test Reactor/Inter-

national Thermonuclear Experimental Reactor (ETR/ITER) systems code was
initiated this past year and led to the first version of the TETRA code,
which is described in this document. This effort was motivated by the
following reasons:

1.

2.

There has been a strong need to improve the projected cost
effectiveness of near-term ETRs; assessments for the Engineering
Test l'-‘aclllty.1 the Fusion Engineering Devlce.2 and the Tokamak
Fusion Core Experlment3 indicated cost 1levels beyond the
projected resources available in the U.S. magnetic Cfusion
program in the near future.

The systems analysis efforts that guided the evolution of the
% nighlighted the challenge
and the potential benefits of comprehensive systems tradeoffs

Compact Ignition Tokamak (CIT) design

among the physics and engineering design assumptions. The
emphasis on high performance and minimum cost in CIT accentuated
the role of an efficient and comprehensive systems analy3155
during the early phases of the CIT design effort.

The Tokamak Ignition/Burn Experimental Reactor (TIBER) design

concepts ,6

which emphasized aggressive physics and engineering
assumptions, represent design regimes significantly different
from the design concepts of the International Tokamak Reactor
(INTOR),7 the Next European Torus (NE:'I‘),8 Fusion Engineering
Reactor (FER).9 and OTR'O and project significant savings in
cost., A strong need presented {tself to compare these designs
on an equitable basis ¢ performance, cost, uncertainties, and

rlsks.“

The possibility of an international design effort for ITER,
beginning during FY 1988 and lasting no more than three years,
points to the need of a comprehensive systems code to assist {n

an early development of the ITER concept..'2




The systcms code development effort obtained valuable and major
contributions from Lawrence Livermore National Laboratory (LLNL),
Argonne National Laboratory (ANL), Los Alamos National Laboratory
(LANL), Idaho National Engineering Laboratory (INEL), TRW, the Canadian
Fusion Fuels Test Program (CFFTP), and the Fusion Engineering Design
Center (FEDC); tho effort was managed at the FEDC.

1.2 ROLE AND NATURE OF SYSTENS ANALYSIS OF ETR/IVER

The basic step of systems analysis is the calculation of changes to
a design (the parameters characterizing the design) when a single change
1is introduced. This single change can be in a parameter (e.g., the gap
between the shield and the toroidal field coll case), a feature (e.g.,
single-null vs double-null divertor), or a constraint (e.g., the av&aa
neutron wall load). Relative to this single change, other featlree;
constraints, objectives, and some parameters are held invariant as long
as they are consistent with the principles of design. The impact of a
single change on the des;gn is therefore well defined when the
invarfants are clarified. A properly devised ;iatm code should
.adequately model the design principles of the plasma and the components
and allow efficient execution of this basic step of syst.m analysis,

By the method of constrained optimization, the ETR/ITER systems
code TETRA (Tokamak Engineering Test Reactor Analysis) allows one to
choose the collection of parameters, features, constraints, and
objectives that are held invariant when a single change is introduced
into the design. The code automatically "homes-in,” by repeated
calculations of nearby designs, on a design that minimizes or maximizes
a chosen figure of merit. The TETRA code identifies this design
sfficiently by its numerical approach. Once such a design 1is
fdentiffed, any systems code can verify it by the "benchmark” process.

It {s worth noting that the use of' a single figure of merit in
systems analysis {s not necessariiy the sole consideratfion {n arriving
at a design., Systems analysis deals with a systcms view of designs in
the parameter space. That {8, many parameters are viewed simultaneously
In the 2avaluation of designs as useful yardsticks of comparison.




.. Examples of figures of merit include plasma major radius, direct cost,
/;lejltron wall load, fusion power, ignition margin, fluence, and their
- - ratilos (such as the fusion power divided by nuclear island mass). A
: goocl desig: should nearly ootimize a number of‘ figures Vol’ merit while »
:at sfying a set of performance objeciives.;assumtng a set of design
eatures, and while being constrained by a set of design limits. This
1ign should be able to operate over a sizable region in the parameter
$pace above the minimum performance objectives and telow the allowable
’t.'s (Fig. 1.1). Once we havs chosen the desired figures of merit,
sance objectlves.' performance wmargins, design constrajnts, and-
margins, design -efforts can. begin to identify acceptable
r29§.f Systems analysis thal uses a powerful tool such as TETRA can
:;1} ‘provide much of the information needed In identifying these

esigns.
R (-
L eqnptraints. and margins we chons2 and in the’ baiis with which they are

addition, much uncertainty remains In the performance,

caleulated. We are also often uncertain abosut the impact of the
’ w_lcer;t.alnttes and about the identificition of design issues with
eritical needs o, aralysis and data base, )

To assist in conducting this procecss of design assessments, systems
analysis can be applied to calcuilate the dependence of designs on
changes 'in any of the design assumptions with significant
uncertainties, Critical issues are identifi{ed when tle dependences are

~ strong over the accepted range of uncertainty. The tpradeoffs among
pef;rormance. cost, features, and limits (risks) canp be rapidly assessed
by using the sgystams code to orovide valuadle and timely {nput to
choices of des. . vu: 2pts, fssues, and innovations.

It is ther <lear that syst=ms analysis aims to help elucidate
the dependence of ITER/ETR designs i1 the multidimensional design
parameier space and to quantify the sensitivity of tnis dependence to
changes in any of the design objectives, features, and constraints, A
broad understanding of the propertiies of this dependence {s needed in
makjng eonceptual design decliszinns, The TETRA code i3 produced with up-
to-dat.e models and methods for this purpose,
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1.3 ORGANIZATION OF THE REPORT

v This volume is organized in the following manner. The architecture
of the code is first discussed in summary form in Sect.. 2. Then, an in-
depth discusSion of the ™optimize- drl_ ver® is-presented in Sect. 3 along
- : with $nstructions for code retrieval and execution. Summary discussions
of each module in the systems code, written by the respective authors of
the aodules, appear in Sect. 4. The modules are grouped into f:mctional
at‘éas. namely plasaa performance anud requirements, mechanical systems,

S  ,; electrical systems, magnet systems, nuclear systems, and wiscellaneous

. syStems. The names of the authors of the modules appear in the
§ b,tfoductory sections preceding the write-ups for each functional group

ol' modules. Finally, Sect. 5 presents output from an execution of the
_ systems code, which in this case is the simulation or benchmark of the
 TISER II design.

. The systems analysis work presented in this document was part of
the effort on the ETR/TIBER study for FY 1987. The reader is referred
“to the companion document, TIBER 1I/ETR Final Design Report, UCID-21150
(to be published), which presents the design work on the TIBER II
project.
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2. CODE ARCHITECTURE

The Experimental Test Reactor (ETR) tokamak systems code consists
of a series of modules, each describing a system cor component of a
-tokamak reactor, controlled by a driver or optimizer routine. The
modules are shown in Fig. 2.1. In the hierarchy of module execution,
\ the modules downstream depend on the upstream modules to supply input
» (i.e., the energy storage module requires input from the magnet modules
| and the plasma heating modules).
! The overall ETR systems code schematic is shown in Fig. 2.2. The
| code is controlled by an optimizer or nonlinear equation solver. All of
‘ the modules from Fig. 2.1, which describes the tokamak reactor, serve as
| a function generator and are represented as a single block (Tokamak




ORNL-‘DwG 87.2069 FED

PARTICLE BLANKET TOROIDAL
PLASMA H TORUS CONTROL 8 SHIELD FIELD COIL M| cOND, (TFC)n

FLUX DIVERTOR MAGNET MHD POLOIDAL BUCKING
LINKAGE MAGNETICS COVD(OHC) FIELD COIL [N CYLINDER
SUPPORT TF POWER PF POWER FUELING NB ; H

STRUCTURE CONVERSION CONVERSION HEATING [ HEATING

|

TRITIUM FACILITIES VAUL1 TORUS oy ENERGY ECH
SYSTEMS SHIELDING VaCUUM STORAGE HEATING

HEAT INSTRUME
L{ TRANSPORT HEC POWER EQUlPMENT 8 CONTROH COST

Fig. 2.1. Tokamak reactor svatems {low diagnm.




O1-4L—DWG 87-2958 FED

EQUATION

SOLVER OPTIMIZER

CONVERGED
?
OUTPUT
ReACTOR
SYSTEMS END

Fig. 2.2. Experimental test reactor tokamak z=ystems code schematie,




Reactor Systems) in Fig. 2.2. This block returns to the driver computed
values of physics and engineering quantities, which are wused in
evaluating specified constraints. It constraints are not satisfied
within tolerance, the driver changes specified variables for iteration
and recalls thke Tokamak Reactor Systems modules until eonvergénce
criteria are satisfied. When using the optimizer option, the variables
" are iterated within prescribed bounds until the constraints are
‘satisfied énd a maximum or sinimum of a selected flgin'e‘ of merit (such
@ cost or wajor’ raaius) is achieved. (Section 3 contains an in-depth
 discussion of code formulation and usage.)
" The comstraints that link the tokamak reactor modules inclule the
following:

1. beta limits, ]

2. plasma density limits,

3. fgnition margin,

§, neutron wall loading,

5. magnetic flux capability of the poloidal rield coil set,
6. coil stresses,

7. superconducting coil current limits,

8. snield requiremenrts for superconducting cotls,

9. shielding requirements for biological considerations,
10. plasma power balance, and

11. Q (the ratio of fusion power to current drive power).

3. OPTIMIZATION DRIVER AND USER INSTRUCTIONS
3.1 INTRODUCTION

The TETRA code {3 organized in a standard "equation solver™ format
and consists of a numerical software package that {terates prescribed
variables to satisfy a set of prescribed equations (or constraints). In
this case, the engincering and physics modules serve as the "function
evaluator” of the equation solver, which provides information used in
the solution of the equations. This section describes how the variables
and equations are set up and explains how to use the code to examine
problems.
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The. two equation-solving packages included in TETRA are VMCON and
HYBRID. VMCON s an “optimizer™ package, or more specifically, a
. generalized nonlinear prograsming subroutine. This option requires (1)
fterating more variables than constraints being considered, (2)
Incorporating upper ard lower bounds on all variables being fterated,
and (3) specifying a prescribed figure of merit to be minimized or
'-a'xvlnized.‘ As an example, this option is useful for finding the
einimum-cost machine that satisfies some physics and engineering
éoﬁs,trainté, and it has the freedm of not speclg,y,ing plassa and coil
sizes, field strengths, etc. HYSRID is a nonlinear equation solver with
m'f'"'opusti;at;on».- HYBRID iterates the same number of variables as

. sotstraints being satisfied and does not include any bounds on the

variables. ?_Thls option is useful for performing benchmark comparisons
whén the sizes, fields, plasma parameters, etc. are required to remain
rixed (at the values of the. comparison case) and one wishes to see how
the calculated stress compares to the allowable stress, the beta
eonparés to the beta limit, etc. Details of how to execute these types
of runs are gliven {n later sections., First, a description of the
mechanics of using VMCON or HYSRID is given and the constraints that may
be incorporated are summarized.

3.2 OPTIMIZER

To use the optimizer (VMCON), set the {input switch IOPTIMZ to a
value > 0. Initial decisions to be made in setting up the input involve
what constraints should be ftacorporated for the task being considered
and what quantities should be varied to satisfy these constraints (the
constraints are described in Sect. 3.4), The number of constraints to
be consfdered (s speciffed by the variable NEQNS, and the numbers of the
constraints being used (3ee Table 3.1) should be entered in the first
NEQNS elements of the {nput array ICC., For example, if 20 ceonstraints
are belng used and one of them s the 6et.a limit constrafnt, NEQNS
should be 20 and one of the first 20 elemen“ts of the array ICC should be
"87 (the order of the constraint numbers in array ICC doesn't matter).
The number of quantitfes to be {terated is NVAR, which should he greater




Table 3.1. Duscription of camdidate ICC array clemmmts®

Constraint

Corresponding ICC

Description of the constraint varjables
i Poloidal beta equation 2
2 Hot ion beam density equmation 10
3 Beta calculation 1
L} Globel power balance equation (ti/te = fixed) N, 12, 15
5 Ion pover balance N, 13, 15
6 Electron power balance 8 12, 5
7 'Deus:t; limit equation 15, 17
< rl "Beta limit equation 12, 15, 16
9 Radial build 9, 18, 19, 30, 8, 31
10 S¥olt-second equation 5, 20, 29, 18, 19
" "Bucking cylinder buckling stress 32,
12 "Bucking cylinder besring stress 23, 3
13 #Neutron wall load equation 28, 12, S
" SInner shield equation (old rirst wall sodel} 28, 22.
15 #Outer shield equation (old first wall model) 35, 13
16 SOmmic heating (OH) coil stress 21, 20, &5
7 *Toroidal field (TF) coil stress 36, 21, 30, 6, 3
18 Field at TF coil (= required field at TF coil) 1, 9,2, 30
19 *Insulator dose N2, 22
20 SShut-down dose rate a3, 13
2 #TF coil port size equation s, %0
2 %0H coil superconductor current 33, 20, X7, %68
23 #TF7 coil superconductor current 26, 21, M, 7, 3
2N SSheffield figuw2 of serit 39,8,9 1
25 SPeak TF coil nuclear heating 8y, 22
26 Maximum TF cof] field 37, %, 9, 21
27 "8ig Q value (injectss powsr/fusion power) 38, 12, 15, 1, 9
28 *TF oconductor stability margin M, n,7 3
29 *0H coil conductor stability margin N9, A7, 86, A5

%Ihe constraints are numbsred, and the number should be included in array ICC for the
oonstraint to be considered. Some (non-exhaustive) variadble numhers (see Tadle 3.2 for
the quantities corresponding to these numbers) that directly affect the associated
oonstraint and can be used to satisfy them are also given, Constraints earked by an
asterisk %) are set up as inequality constraints as described in the text.
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than NEQNS when using the optimizer. The variable numbers (see Table
3.2) of the quantities to be iterated should be included in the first
WVAR elements of array IXC. For example, if 25 -quantities are to be
iterated and one of them is electron temperatwre, then one of the first
25 elements of IXC should be "i12."

Ar additional feature of the optimizer s to use bounds on the
quahtities ﬁeing varied. These bounds are input through arrays BOUNDU
and BOUNDL for the upper and lower bounds, respectively. The upper
{lover] bound for variable I should be entered iIn BOUNDU(1)
[BOWDL(1)]. For example, if the upper bound on electron temperatwe 's
100.0, set BOUNDU(12) = 100.0.

 Some of the constraints are formulated as “inequality® constraints
" and are indicated by an asterisk (*) in Table 3.1. These constraints
- are arranged as

' calculated quantity = "f-value® x allowable value.

Examples of "calculated quantities®™ are plasma beta and coil stress, and
the corresponding “allowable values™ are beta limit and stress limit,
respectively. (Note: Sometimes the allowable value is cosputed, as
with the case of the beta limit, and sometimes it is input, as with the
case of stress limits.) The "f-values" can be used as variables, and by
appropriately bounding them, the constraints become inequalities.
Generally, it is desirable for the calculated quantity to be less than
the allowable value, In which case the "f-value” should have an upper
bound of 1. For example, i{f constraint 8 (beta limit) is being used,
and variable 16 (fbeta) is used with an upper bound of 1.0, then a
solutfon that satisfies the beta limit must be found. The two possible
exceptions are the wall-load and Sheffield figwre-of-merit constraints
(as discussed below), where it may be desirable for the calculated
quantity (wall-load) to be greater than the allowable or reference value
(wall-load limit), in which case the f-value should have a lower bound
of 1.0, The f-values corresponding to the constraints are listed in
Table 3.2 along with their varjable numbers., It {s possible to use
these constraints as equality constraints by keeping the f-value f{ixed
(not including it {n the array IXC).
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Teble 3.2. Quastities that cam be woed as varishles for iteration®

Variable
Bo. Symbol Description
1 (73 Toroidal field (TF) on axis (T)
2 betap Poloidal beta
3 thwendut TF coil conduit case thickness
N dign Plasma ignition margin
5 ®  fifport f-value for Eq. (21)
6 thkcas TF coil external case average thicimess (m)
7 wer He fraction on inside of TF coil winding pack
8 aspect Plasma aspect ratio :
9 resajor Plassa major radius
10 rnbean Hot beam fon density/electron density
n tratio Ion temperature/electron temperature
12 te Average electron temperatwre (vol. averaged) (keV)
513 dsho Outer shield thickness (m)
w beta Plasma beta ;
15 dene Average electron density (s 3) : :
16 ¥ fbeta f-value for beta limit, Eq. (8)
M ®  fdene f-value for density limit, Eq. (7)
18 soltx Thickness of ohmic heating (OH) ¢sfi (inciuding case) (m)
19 boresol Radius of OH coil inmmer bore (m) ‘
20 coheof Overall current density in OH coil at end of flattop (A)
1 rjcontf Conductor current density in TF coil (A)
2 dshi Inner shield thicikness (m)
23 % focdr f-value for bucking cylinder stress, Eq. (12)
2% *  fwalld r-value for neutron wall load, Eq. (13)
25 % fys f-value for volt-second, Bq. (10)
26 * fepttf f-value for TF coil cwrrent, Eq. (23)
r4) *  fohsts f-value for OH coil stress, Eq. (16) |
28 % fdshi f-value for inner shield thickness, Eq. (18)
29 rohbop Overall current density in OH coil at beginning of pulse (A) |
30 trthki TF coil thickness (including case) (m)
3 beylth Bucking eylinder thiciness (m)
32 ®  fbekl f-value for bucking cylinder, Eq. (11)
‘33 & foptoh f-valus for OH coil current, Eq. (22)
3% * fqval f-value for Q, Eq. (27) |
35 & fdsho f-value for outer shield thickness, Eq. (15) |
36 " ftlfets f-value for TF cofl stress, Eq. (17) |
37 * fomax f-value for maximum TF coil field, Eq. (26) |
38 fefac H-factor in Kaye-Goldston confinement scaling
39 & frigwr f-factor in figure of merit, Eq. (2¥) |
O dago Gap between outboard TF coil leg and shield (m)
) ] foutf Copper fraction of TF coil winding pack conductor
N2 ¢ ffwulrad f-value for radistion dose limit, Eq. (19) |
k] ® ffwlsdd f-valus for shut-down dose 1imit, £9. (20)
n * ffwlht f-value for TF coil nuclear heating, Eq. (25)
N twodtoh OH 001l conduit case thickness (m) |
6 vfohe He fraction on inaide of OH coil winding pack |
. fouoh Copper fraction of OH cofil winding pack conductor
a8 s feptf f-value for TF coil conductor stability, Eq. (28)
§9 * fepoh f-value for OH coil conductor stability, Eq. (29)

'Inoludlng the assoojated variable No. in the array 1XC allows these quantities to be
fterated to satisfy the constraints being oconsidered in Table 3.1. Variables marked with
an asterisk (¥) are used as “"f-valuea™ in Inequslity oonstraints, as described in the

text.
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An important consideration when using VMCON is the choice of a
figure of merit (or objective function) to be minimized or maximized.
In TETRA, this is detarmined by the input switch MINMAX (see
Table 3.3). When the absolute value of MINMAX is positive, the figure
of merit is minimized; when it is zero or negative, the figure of merit
is maximized. That is, if MINMAX = 1, the minimum major radius solution
is found. For the case when MINMAX = O (ignition margin), the maximum
ignition margin i{s always found. It is possible to incorporate
different figures of merit in subroutine FUNCTI.

3.3 NON-OPTIMIZER EQUATION SOLVER

To use the equation solver HYBRID (non-optimizer), set IOPTIM: ¢ O
and specify the number of constraints to be considered with NEQNS. With
this mode ¢f operation, the number of variables used is automatically
set equal to NEQNS. Also, when not optimizing, the bounds on the
varjiables are not included, which precludes the use of inequality
constraints as described above. As previously noted, the non-optimizing
equation solver is useful for benchmarking. The constraints that are
formulated as inequalities for VMCON can still he used by letting the
appropriate f-value be a variable, even though it 1s not bounded. This
provides information about how calculated values compare with limiting
values, without having to change characteristics of the device being
benchmarked to find a solution,

3.8 CONSTRAINT DESCRIPTION

This section contains a brief description of the constraints
presently included in TETRA. These are also listed in Table 3.1, along
with some variables that directly affect each constraint (and that can
be used to find a solution when using that constraint). 1ln general,
other variables may also affect the constraints through the complicated
interactions of the different systems. More complete descriptions of
the methods used in calculating the terms used in the constraints are
given in the summaries of the appropriate sections.
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Table 3.3. Figure-of-mserit choices determined by
the input paraseter MINMAX

MINMAX Figure of merit Description
0 dign Plasma ignition margin
1 rmajor Plasma major radius
2 totdest Total direct cost
3 wallmw Neutron wall load
L te Plasma electron temperature

3.4.1 General Constraints

Several constraints that should always be used when analyzing
tokamaks are the poloidal beta equation [Eq. (1) in Table 3.1], the
plasma beta equation [Eq. (3)], the radial build equation [Eq. (9)], the
relationship between the field at the toroidal field (TF) coil and the
field-on-axis [Eq. (18)], and a plasma power balance relation--either
the global balance [Eq. (4)] or the separate ion and electron balance
equations [Egqs. (5) and (6)].

3.8.2 Plassa Constraints

The plasma beta and density can be limited to FBETA and FDENE times
their respective 1limits with Eqs. (7) and (8) of Table 3.1. These
inequality constraints are set up as described above. The neutron walil
load 18 set equal to FWALLD times the input allowable wall load (WALALW)
in constraint 13. The Sheffield figure of merit [i.e., plasma current
(MA) x ASPECTSBAR] fs set equal to FFICMR times the fnput allowable
figure of merit (FGMRIN) in constraint 24, (Note: Setting SBAR = 0,
where SBAR is a user input exponent, permits using this constraint as a
minimum plasma current condition.) The injected current drive power is
set equal to FQVAL times the fusion power in constraint 27; thus,
bounding FQVAL < 0.2 results {n a solution with the big "Q" > 5. Also,
the volt-second requirement is set equal to FVS times the volt-second
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capability of the poloidal field system in constraint 10. When using
neutral beam current dJdrive, the hot ion beam density constraint (2)
should be used along with variable RNBEAM (variable 10). Otherwise, the
hot beam density RNBEAM should be .et equal to 0, Also, when using
neutral beam injection, outer leg TF coil port size constraint 21 should
be used; this sets the ainimum allowable port s3ize equal to FTFPORT
times the actual port size.

3.8.3 Stress Constraints

The in-plane stress in the TF coll conduit is set equal ts FTFSTS
times the allowable stress in constraint 17, and the peak ohmic heating
(OH) coil conduit {in-plane stress is set equal to FOHSTS times the
allowable in constraint 16. If a bucking cylindr» is used, constraint
11 is used to set the buckling stress equal to FBCBKL times the critiecal
buckling pressure, and constrajnt 12 is used to set the bearing stress
equal to FBCBR times the input yield strength of the bucking cylinder
material (YBUCK).

3.8.% Superconductor Constraints

The current per turn in the TF coil i3 set equal to FCPTTF times
the allowable current per turn in constraint 23, The allowable current
is based on four consideratlons: (1) magnetic field, temperature, and
strain effects; (2) heat transfer effects; (3) protection effects; and
(4) quench pressure effects. Similarly, the OH co{l current per turn is
set equal to FCPTOH times {ts allowable in constraint 22, The minimum
allowable TF (OH) coil conduit stability parameter {s set equal to FEPTF
(FEPOH) times the actual TF (OH) coll stability parameter in constraint
28 (29). It is possihle to limit the maximum field at the TF coil
explicitly with constraint 26, which sets the peak fleld at the coll
equal to> FBMAX times the input allowable (BMAXO).

3.8.5 Shielding Constraints

When using the new first-wall, blanket, and shield module
(controlled by input switch [TIBER = 1), the following constraints
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should be used. The TF coil nuclear heating rate is set equal to FFWLHT
times the input allow:idle (HTFMAX) in constraint 25, the insulator
radiation dose rate is set equal to FFLWRAD times the input allowable
(DCSEMAX) in constraint 19, and the shutdown dose rate is set equal to
FFWLSDD times the iaput allowable (SDDRMAX) in constraint 20. If the
old first-wall, shield modules are used (ITIBER = O--use with cauticn),
then constrajnt 14 (15) should be used to set the minimum inner (outer)
shield thickness equal to FDSHI (FDSHO) times the inner (outer) shield
thickness, where the minimum thicknesses are based on the TF coil
heating, insulator dose rate, and shut-down dose rate requirements. If
the shield thicknesses are held fixed, it is not necessary to use any of

these constraints.

3.4.6 Code Execution

First, obtain a copy of the systems code and required input data
files from filem. The code and data flles are stored in a global read
directory call .TETRA. The Fortran listing of the code is designated
tetral, and a copy of the executable {s called xtetral. The reference
input data files are called itetral and etrd. The file itetral contains
user Input consistent with the Tokamak Ignition/Burn Experimental
Reactor (TIBER (I} configuration. Definitions of the user input
parameters are gziven in the Fortran listing of the code immediately
following the subroutine "Input.” Tne file etrd i3 an "expert™ input
data file necessary for code execution and should not be changed by the
user, This data file contains detailed neutronic data used by the
first-wall, hHlanket, and shteld modules to determine the nuclear
components' size and will oanly be changed by the module author. To
extract the necessary codes and data from filem, enter the following

filem command:
read 1057 .tetra xtetral ftetral etrd
T execute the code, enter
xtetral in = jtetral out = otetral / t v

An output file called otetral will he generated, and {t {3 the TIRFR Il

benchmark., To run other points, make Lhe deslred change:s to the [nput
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d4ta file itetral and execute the code. The input and output file names
nay be changed from the reference names at the discretion of the user.

Succeeding versions of the code will be stored in filem under the
TETRA Jdirectory and will be called tetra2, tetra3, etc., with reference
input files {tetr2, {tetra3, etc.

The TIBER I[ denchmark case is included in Sect. 5 of the report.

3.5 REFERENCES FOR SECTION 3

1. R. L. Crane, K. E, Hillstrom, and M. Minkoff, Solution of the
Generalized Nonlinear Programming Problem with Subroutine VMCON, ANL-80-
64, Argonne National Laboratory, 1980.

2. J. J. More, B, S. Garbow, and K. E. Hillstrom, User Guides for

MINPACK-1, ANL-80-T4, Argonne National Laboratory, 1980.

k. MODULES

A brief deseription of each module of the experimental test reactor
(ETR) tokamak systems code i3 presented. The summaries, in general,
dcseribe what [s accomplished within the module, list major assumptions,
and inform the reader where more detailed {nformatlon on the subject can
be »bhtajned, The summaries are grouped into the foliowing functional

ra2as3:

t. plasma performance and requirements,
2. mechanical systems

3. electrical systems,

4. magnet systems,

5. nuclear syatems,

h. miscellaneous sy:stems, and

7. cost,

4.1 PLASMA PERFORMANCE AND REQUIREMENTS

This section containsg summaries for the fnllowing modules. [ead

authors and their affiliations are {ndicatead,
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Module Lead Author Organization

Physics J. D. Galambos Fusion Engineering
Design Center (FEDC)/
Nak Aidge National
Laboratory {ORNL)

Current drive M. E. Fenstermacher TRW, Inc./Lawrence
Livermore latinnal
Laboratory (LLNL)

Polofidal magnetics D. .J. Stricxler FEDC/ORNL

Flux linkage/indauctance J. D. Galambos FEDC/ORNL

Divertor magnetics R. L. Miller Los Alamos HNational
interface Labo~atory (LANL)

(Note: The divertor magnetics interface module is not Incorporated in
this first version of the systems code, TETRA1, The modila will bhe
fncluded in an upgraded version of TETRA. The summary description of
the module will remain in this document.)

8.1.1 Physics Module

The physics module uses global, profile-averaged, steady-state
plasma physics similar to that used in the MUMAK code1 and described in
ref, 2. Input to this module is lengthy and is described more conm-
pletely in the code listing. Primary input includes the plasma size and
shape, toroidal field (TF) on axis, edge safety factor, plasma density
and temperature (and profiles), and Z-effective. We note that the
electron and fon temperatures (n this cocde (TFE and TI; are volume-
averaged temperatures as opposed to the density-wafighted volume-averaged
temperatures used In refs. 1 and 2, Key output includes the plasma
current, plasma composition, power balance terms, volt-second require-
ments, limits on density and beta, and some other guantities used in
other modules. The calculations are siummarized here, and more detaflled

descriptions of the methods ¢an usually be found in the references,

4.1.1.1 Plasma current

- — - P

The plasma current 3caling can hHe chosen from several options, In

all cases, the edge s3afery factor, plasma major and minor radius, and
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plasma shape are {input. For limiter plasmas, cne can choose froe
ICURR = 1 (scaling derived for a spherical torus3), ICURR = 3 [Compact
Ignition Tokamak (CIT) physics panel recommendation], ICURR = 3 [fit to
magnetohydrodynamic  (MHD) equilibria®], or 1ICURR =5 (the GAT

s&lmgs). Al)l these scalings use the safety factor (q) as the "g-psi®

at the outermost closed flux surface. For divertors, ICURR = 2, the
scaling described in ref. 6 can be used; it uses q as the mean safcty
factor at the separatrix (see ref. 6). The cylindrical safety factor
{QSTAR) is also calculated using the method described in ref. 1.

§.1.1.2 Plasaa composition

The plasma ion composition consists of fuel, alpha ash, impurity

- species, and hot neutral beam fons. The fractional makeup is determined

by Inputting the thermal alpha ash density fraction [relative to the
electron density (RALPNE)], the neutral beam fast ion density fraction
(RNBEAM), the charge of the impurity species (ZIMP), and the effective
charge of the plasma (ZEFF). Then, the fuel ion density (DENI),
impurity 1ifon density (DNZ), and other mass and charge-averaged
quantities are calculated. The plasma density limit can be chosen from
e<it,her the Murakami (IDENL = 1) or Greenwald (IDENL = 2) limit., The
beta limit is the Troyon limit if IBETAIN = 2 [see rer: 2, Egq. (27)],
with the coefficient (DNBETA) being an input parameter. If IBETAIN = 1,
a simplified scaling suggested by the CIT physics panel is used,

h.1.1.3 Fusion power

The fusion power is found by integrating over the plasma volume as
described in ref. 1. Profile effects can be explicitly accounted for in
the fusinn power because the fintegration {s performed for each
fteration, The fusion cross sections are taken from ref. 7 for
TI < 20 keV and from ref. 8 for TI > 20 keV, The fraction of the alpha
power going to the electrons {s taken from Eq. (3.12) in ref. 1. A
sfmplified fit to the fast alpha beta fraction, which does not account
for profile effects, is presently used.9 The average neutron wall load
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(WALLMW) is found by dividing the neutron power by the first-wall
surface area (FWSUR).

8.1.1.4 Other power balance terss

The Bremsstrahlung radiation power calculation is an analytic
integration over the plasma volume (including profile effects) and is
equivalent to that described in ref. 1. No synchrotron radiation power
is presently accounted for. The ohmic power term uses the average .
plasma temperature to calculate plasma resistivity and includes a
neoclassical correction to the resistivity.m The ohmic heating (OH)
ter- is negligible for all steady-state cases for which the code is
- ﬁ;'esently constructed. The equilibration power between the bulk ions
and electrons uses the same formulation as ref. 1, except that the
volume-averaged temperatures are used in the expression, and the
equation is analytically volume averaged to account for profile effects.

- Transport power losses for fons and electrons are modeled as
1.5 (N x T)/t, where N is the density, T is the density-weighted average
temperature, and 1 is an energy confinement time. For ions, the
confinement is neoclassical, as formulated in ref. 2, | The losses can be
enhanced by increasing the input factor FIFAC. Also the fon confinement
time can be forced to be equal to the electron confinement by setting
TAUPRE = 2 Electron confinement can be chosen from a variety of
scalings. Por ISC = 1, Neo-Alcator scaung" is used; for ISC = 2,
Mirnov scaling is used [Eq. (A.3) in ref. 1]; for ISC = 3, Kaye-Goldston
L-mode scaling is used [Eq. (A.1) in ref. 1, with Hfac = 1]; for
ISC = 4§, ASDEX H-mode i= used [Eq. (A.11) in ref, 1); and for ISC = 5,
IAEA-ASDEX H-mode is used (ref. 11). The Kaye-Goldston confinement time
is multiplied by the input factor FEFAC., Also, for the Kaye-Goldston
confinement time, if IINVQD s set not equal to 0, the confinement time
is combined with neoclassical scaling via inverae quadrature,

4.1.1.5 Volt-second requiresents

Plasma volt-second requirements are calculated in subroutine
VSBT. The requirements are broken into three parts: Inductive, startup
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losses, and flattop-burn losses. The inductive requirement has internal
and external components as described in ref. 12, except that the
normalized plasma internal inductance (RLI) is now an input. The
external inductance comes from ref. 13. The startup resistive volt-
second requirement s taken to be a fraction (GAMMA) of the internal
inductive voit-second requirement. The default value for GAMMA is 0.5,
which was determined through comparisons with WHIST calculations. For
the volt-second requirements during burn (VSB = CSAWNTH = loop
voltage x burn time), the loop voltage is calculated using the plasma
resistance, which is based on average plassa parameters and a
neoclassical correction factor. Tre coefficient CSAWTH is Input and can
be used to enhance the burn requirement to mimic the effects of sawteeth
activity. Comparison with 1.5-D WHIST calculations showed that CSAWTH
should be 3 for CIT regime studies (refs. 12 and 14).

8.1.1.6 Auxiliary calculations

Some auxiliary calculations done by the physics module are for
particle loss rates from the plasma. The convective particle loss rate
is found using a particle conriﬁement time (TAUP) = 5 times th:
effectivc energy confinement time (where the effecti.e energy
confinement time {s the average for the ions and electrons). Also, an
input recyecling ratio (RECYCLE) is included in the particle 1loss
rate where the particle loss rate = (1.0 - RECYCLE) = ion density
x volume/TAUP. The fractional burnup is defined as the fusion burn rate
over the convective particle 10383 rate. A maximum fractional burnup of
0.5 is set, and when this 1is exceeded, TAUP is lowered so that the
specified maximum fractional burnup {s met. The plasma volume (VOL) is
found with the crescent-shaped model used in ref, 1. The average
polojdal field (BP) is found using Ampere’s law and using the poloidal
path length around the plasma perimeter as described in ref. 1.

4.1.1.7 Constraint forsulation

No {iterations exist for solving equations {internal to» the physics
module., However, several physics constraints should be fncluded {n the



|
|

23

set of equations satisfied by the equation solver or optimizer. An
important one is the power balance relationship. The power balance can
be solved as a global power balance equation [Eq. (8)] in which case the
ion-to~electron temperature ratio (TRATIO) is specified on input. This
equation requires the sum of the power source terms (fusion, current
drive, and ohmic) to be DIGN times the loss terms (radiation and
transport), where DIGN {s the ignition margin. Separate power balance
equations for the ions [Eq. (5)] and electrons [Eq. (6)] can be used, in
which case TRATIO should be made a variable (see Sect. 3 for the method
of including quantities to be‘ jterated on). Other physics variables
that can be iterated to satisfy the power balance equation(s) are
electron temperature, electron density, ignition margin, the H-factor in
Kaye-Goldston scaling, major radius, aspect ratio. and TF on axis.

The plasma beta (BcTA) is held equal to the plasma pressure over
the magnetic pressure iIn Eq. (3). The plasma pressure includes the
thermal component (from electrons, fuel ions, alpha ash, and impurity
fons) and energetic cowponents from the fast alphas (BETAFT) and from
the fast neutral beams ions (BETANB).

Another physics constraint is that the poloidal beta (BETAP) equals
the torotdal beta (BETA) times (BT/BP) squared, where BT {s the TF on
axis and BP is the average poloidal field. This equation is necessary
because several of the plasma current scalings depend on BETAP. When
using this constraint, BETAP ahould be included as a variable for
fteration.

Several inequality-type physica equations can be employed. The
plasma beta (BETA) is held to FBETA times the beta limit (BETALIM) in
Eq. (8), and the density (DENE) is held to FDENE times the density limit
(DNELIMT) in Eq. (7). FBETA and FDENE can be bounded however desired.
Also, the neutron wall load (WALLMW) is held to FWALLD timesc the input
value WALALW. Restricting FWALLD to < 1 results in a maximum wall load
condition, and restricting FWALLD to > 1 results in a minimum vall load
condition.

4,1.2 RNon-Inductfive Current Drive Models

The models used in the TETRA c¢ode to calculate amps-per-watt
conversion efficienctes for various non-inductive current drive schemes
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are descrided in Sects. 4.1.2.1 through #.1.2.7. These models are found
in subrcutine CURDRIV of the TETRA code. This subroutine is modular so
that any of these models can be modified without affecting the others.
° Hodels of current drive schemes that are not presently Included can be
added easily.

As in all modules of the TETRA code, a balance has been struck here
between the need for accwracy in the computations and the requirement
that the wmodels be simple enough for use {in a systems code
environment. References will be made in the following sections to areas
where more work is required to ‘develop systems-code-compatible
adaptations of more detailed calculations, which can be installed in the
TETRA code next year.

§.1.2.1 BNeutral beam injection current drive

The conversion efficiency for current drive by neutral beam injection
(NBI), b’ is calculated in a subroutine ETANﬁ, which i3 callad by
CURDRIV, The modeling equations in ETANB are descrided in detail in
refs. 1 and 15 through 19. The equation for the efficiency is

r T, J(x,y) l-‘nb {1 - exp (-rnb)]

n LAt S et datddat ol -aiadddadh it dad - —— (A/W) ’ (uo1)
nb Ro ne% In A

where fd is a coefficient that calibrates this scaling formula to
Fokker-Plaack results (rd = 2,65 is used at present), Te is the electron
temperature (keV), J(x,y) i3 a runct,lon15 of the bheam 2nergy

(x% = Eveam’Feritical) and the plasma effective charge [y = f(Zgep)],

F, 17,18

(Fnb = 0,75 is used at present), t

b Is a degradation factor to aceount for electron apin-up effects

nb is the effective optical depth for
the beam fons'> [i.e., the shine through fraction i3 fg = exp(-t,5)1, R,
s the plasma major radius (m), ngyq 13 the electron density (1020 m'3).
and In A is the Coulomb logarithm. For typical Tokama< Ignition/Burn
Experimental  Reactor II  (TIBER II) parameters (T, « 18-20 keV,
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The required neutral beam power for current drive, P, is
calculated as Pnb = Inb"‘nb where I, is the current to be driven by the
beams. At this writing, the models in the code assume that all of the

‘neutral beax power is eventually transferred to the background plasma

jons as the beams jons slow down. Models for calculating the
partitioning of the beam power between background electrons and ions,
which are described in refs. 1 and 19, will be adapted for use in the
TETRE code next year. This partitioning iIs Important for the power
halance calculation (see Sect. X.1.1) when solutions are computed (or

-the electron and ion power balances separately.

§.1.2.2 L~er hybrid current drive

The scaling formula used in the TETRA code for calculating lower
hybrid (LH) current drive efficliencies is a fit by l.oganzo to
efficiencies calculated by Karney and Fisehm. For parallel indices of
refraction, N“, of the LH waves In the range 1.5 § N" s 2.0, the

efficiency is approximated well by

1 4 (ucz)

where T,, Ng 5o and Ro have been defined previously. An option aiso
exists in the code for using a scaling recommended for the INTOR

studies,22

INTOR

1n = 0.3/(n

n )} (Asd) . (4.3)

e20 Ro
Fquation (4.2) tends to overestimate the efficiency at high To (525 keV)
becaus2 {t does not jneclude the effect of relativistic mass increase of
the ceurrent-carrying electrons in the tail of the distribution as Te
increases, Equatfon (4.,3) reprecsents prasent. experimental results but
rends to glve lower efficiencies than detailed theoretical saleulations
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for TIBER-like parameters. Neither formula takes iato account tr~apped
electron effects, which reduce the efficiency, nor do they take into
account any LH wave power which may be launched in a direction opposite
to the current. D:tailed models for some of these effects (givean in
ref. 1) will soon be adapted for use in the TETRA oode.» Finally, the
required LH power is calculated Crom Plh - llh'"lh' where Ilh is the
lower hybrid driven current. The code models assume that all of this
pover eventually couples from the fast current-carrying electrons to the
bulk plasma electrons.

N.1.2.3 Electron cyclotron resonance current drive

The efficiency of current drive by electron cyclotron resonance
(ECR) waves is caloulated in the TETRA code from the formulz

Meor 0.21 TeI(RonezolnA) (Aa/w) . (&.5)

Tnis scaiing reproduces the result by Karney and Fischz‘ for a narrow
spectrum of cyclotron waves, fundamental Ffrequency, in the non-
relativistic tiait, for a background plasma with Ze" = 1 when the
resonance parallel velocity of the current-carrying electrons (s
approximately 2.5 times the thermal velocity of the bulk electrons.
Linear theory (see refs. 1, 23, 28) indicates that, for TIBER-like
parameters ('l'e = 20 keV, R, = 3.9m, uieluge = 0.5), the optical depth
for ECR waves at the fundamental is in the range 100 § t S 500 so that
the resonance parallel valocity is in the range 2 § i s 3. For the
systems code, we have chosen an intermediate value. Equation (4,4) does
not [nclude degradation of the efficiency due to electron trapsing
effects, relativistic detuning of the resonance, or the phenomenon of
“igher harmonic overlap25 when ECR waves with high Ny (for efficient
current drive) are Injected into a plasma with high Te (>10 keV).
Models for some of these effects (see ref. 1) will be adapted for use in
the TETRA ende in the next year. Simple models for the harmoniec overlap
effect have yet to he developerd, It should be stressed at this point
that Eq. (4.4) s10uld be used with cautinn fn systems studias of
configurations for which the electron temperature excgeds 10 keV
(narmonic overlap effect) and/or the aspect ratls of the tokamak {3 less
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than 8.0 (electron trapping efCect). Finally, the ECR power |is
ecr/Necr Where i,.. is the current to be driven
by ECR waves. The model assumes that all of this power eventually
couples to the bulk 2lectrons.

calculated froa Pecr = I

3.1.2.8 Lover hytrid fast-wave current drive

The models for LH fast-wave current drive in the TETRA code have
been formulated by Ehst.26 The conversion efficiency formula is

0.77
ey = zc(o.o3u + 0.1965t) 're / (no "ezo) (An) , (8.5)
where
Zc - 0.08 [32’(5 ¥ zerr) + 2+ Zr] (".6)
and
Zp = ..--.‘.3(.6..:.2.'2{{2. . 3.76 . (a.7)
G+ Zope) 322, Zerr

where Ze" is the bulk plasma effective charge and Bt is the total
beta. This parameterization was derived from a series of radio
frequency (rf) cwrent drive and MHD equilibria calculations. Linear
Landau damping was assumed, and the effects of transit time magnetic
pamping were not included. 1In addition, the parasitic damping of the
fast wavas by high-energy fusion alphas was not considered {n obtaining
Eq. (4.5).

§.1.2.5 Bootstrap surrent

Neoclassical bootstrap current effects are modeled in the TETRA
code with a scaling formula that {ncludes the dependence on polnidal
beta, aspect ratio, and plasma effective charge, The bootstrap current
{s calculated as

s 0.43/2° ) , (4.8)

1 = Ip (0.4) By tn e (1 + 0.94/2 .. ors

“bs

where Ip {s the total torolidal rurrent, B {s the thermal ¢omponent

P,sth
of the polnidal neta, ¢ » a/R_is the inverse aspect ratio, and 7,., is
o 0

the plaama effectiva charge. The total caurrent fhat must be driven by
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‘the current drive systes(s) is [ = Ip- Inge Equation (3.8) was

developed from a series of Fokker-Planck and power Dbalance
calculations?? for TIBER-like conditions.

8.1.2.6 Combinations of current drive sy=tems

For some configwrations, it may be advantageous to use two or more
current drive systeas to drive the total current. For systems analysis,
this requires that the partitioning of the required current for each
system be calculated. At present, the only’option implemented in the
TETRA code i3 a combination of NBI and LH cwrent drive with
I = f1,. The value f = 1,13 corresponds roughly to the results of
more detailed calculations for TIBER-like conditions (see ref. 1).
Simplified calculations of this partitioning have been adapted from the
detailed calculations in ref. 1 and are Iin the process of being added to
the TETRA code.

§.1.2.7 Summary

At present, simplified models of current drive by NBI, LH slow and
fast waves, and ECR are avallable in the TETRA code. LH slow waves and

-NBI current drive may be combined in a rudimentary way. Simplified

models of more detailed calculations for each cwrrent drive method are
under development and will be included in the systems code as soon as
they are available.

Limitations on the parameter ranges over which the models are valid
vary from one current drive method to another. The NBI model is valid
except in cases with very high plasma density (ng, 2 4 x 102 m™3) or 10w
bean energy (Ep.., S 200 keV) for which a more detailed penetration
calculation is required to ensure that the beams reach the core of the
plasma. The LH model is valid if the bulk electron temperature in the
region of LH wave propagation satisfies T, S 15 keV, At higher
temperatures, the model overestimates the current drive efficiency. The
ECR model is valid only for low-temperature ('l'e < 10 keV) plasmas in
devices with large aspect ratio (Ro/a > §)., Electron trapping effects
and the phenomenon of higher harmonic overlap must be included in the
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model to remove these limitations. Finally, the LH fast-wave model is
valid only for the outer radial regions of the plasma, where alpha
particle damping of the waves will not be important. Work continues to
develop algorithms that extend the ranges of validity for each of these
models.

3.1.3 Poloidal Magnetics

The poloidal magnetics subroutine computes coil currents at the
beginning of pulse (BOP) and end of flattop (EOF) for the coil
configuration determined in the poloidal field (PF) coil subroutine
PFCOIL. Input includes data defining a reference PF system and the PF
system of a design point. The output array contains the PF coil
currents, where those currents designated as variables are scaled from
the reference point to the design point. The data defining the
reference point consist of the geometry (major and minor radius), plasma
pressure and profile parameters (poloidal beta, internal inductance),
and PF system (number of coils, coil coordinates, and coil currents)
associated with a free-boundary MHD equilibrium solution at EOF. The
input 4ata describing the design point are similar, with the addition of
arrays giving the coordinates and currents of coils designated as fixed
current and arrays describing the coordinates and group numbers of cofils
designated as variable current, where coils in the same group carry the
same current.

The scaling procedure {s based on the Shafranov formula (ref. 28)
for the external vertical field of a large-aspect-ratio plasma, and it
scales the reference equilibrium vertical field along the plasma
midplane to that of the design point. Coil currents at the design point
are obtained by approximating this scaled ve: tical field with the field
¢f the PF coil currents associated with the design point. More
specifically, the scaling procedure may be summarized as follows:

1. compute the reference external field along the midplane of the
reference point;

2. scale this external field to the adjusted design point by the
ratio of the Shafranov vertical field at the design point to
that of the reference point; and
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3. determine the coil currents approximating the scaled external
field by solving a least-squares problem.

As an example, for 5-25% changes in plasma parameters between a systems
~ code rinal design point and the reference point, an equilibrium based on
the scaled coil currents varied by <1% in major and minor radius with
the major and minor radius of the final design point given by the
systems- code. :

N.1.8  Inductance/Flux Linkage Module

The inductance/flux linkage routines calculate the mutual and self-
inductances of the PF coils, OH coil, and plassa. These inductances are
used in the stored energy, pulsed power requirement, and volt-second
calculat‘ons. Inputs to the routines are the coil locations and sizes,
number Jf turns per coil, and the coil currents.

The primary calculation is for the mutual inductance matrix’
SXLG(1,)), which is the mutual inductance AY(H) between coils { and J
times the number of turns in coil { and in <':ou J. When { = j, this is
a self-inductance. This i{s performed by subroutine INDUCT and uses the
same method as in the original tokamak systems code (ref. 29), which is
borrowed from ref. 30, This procedure approximates the coils as a
system of rectangular cross-sectioned, coaxial solenoids. The inner and
outer radii of each coil [RA(1) and RB(i) fn m] and the upper and lower
height [ZH(i) and ZL(1) in m] are fnput, as is the number of turns per
coil [TURNS(i)]. All inputs are evaluated in the PF coil subroutine.

The volt-second capability of the PF coil system (i.e., the flux
linkage between the coils and the plasma) is evaluated in subroutine
VSEC. The volt-seconds linked to the plasma from each PF coll are equal
to cpt(1i,EOR) - cpt(i,BOP) x sxlg(plasma,i), where cpt(i,EOR) is the
current (A) per turn of cofl i at the end of flattop and cpt(i,BOP) is
the corresponding quantity at the BOP, The CPT arrays are calculated in
the PF coil subroutine, The sum of contributions from all coils to the
PF system volt-second capability is stored as VSSTT. Setting VSEF = 0
in the input file results {n inclusion of only the OH coil volt-second
contribution in VSSTT,



8.1.5 Divertor Magnetics Module

The divertor magnetics module, DIVMAG, interfaces between the
PF cofl module and the (magnetic divertor) particle control system
module. A double-null (top and bottom) PF divertor configuration is
assumed for the TIBER I reference design and modeled with the ORNL
magnetics code NEQ (refs. 31 and 32) using as input the reference
configuration designated X69B (ref. 33). In addition to modifications
to NEQ made by R. Bulmer, a number of LANL modifications, derived from
" the ATR/ST study (ref. 34), have been incorporated into NEQ. These
latter modifications model the divertor magnetics, including
calculations of flux surfaces outside the plasma boundary, connection
lengths along flux surfaces between the watershed (i.e., plasma
equatorial plane, z = 0.0 m) and the nominal divertor "plate" (at
various locations), flux-tube expension factors, angle of incidence of
the flux tube at the plate, and strike-point coordinates (Rs' zs) at the
plate. This divertor-magnetics information is used by the particle
control system module,

The reference TIBER II configuratinn assumes a plasma with major
radfius R = 3,0 m, minor radius a = 0.83 m, elongation «x = 2.4, and
triangularity § = 0.406; the magnetic null coordinates for this
configuration are R, =2.352m and z, = $2.365 m. The reference
scrapeoff thicknesses are 85401 * 0.06 m for the inboard
and Asco = (0,12 m for the outboard. The nominal plasma surface areas
= 61,5 m2 and A, = 108.8 m® for the inboard and outbhoard,
p = 170.3m,  The
reference TIBER II divertor-magnetics configuration as calculated by KEQ

are Apl p

respectively, for a total plasma surface area A

is illustrated in Fig. 4.1, The open flux surfaces (dashed lines,
inboard and outhoard) are shown extending to the "plute" located at
R=2,0m and z = $£2,75 m, and representative {internal closed flux
surfaces (solfd lines) are also shown. PF coil positions are indicated
by the squares with areas proportional to the coil currents,

Figure 4.2 {llustrates the upper divertor flux plumes of the same

configuration; a magnified scale {3 used to enhance the detafls. The
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Fig. 4.1, Reference TIBER IT poloidal Cf{eld divertor magnetics
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1ines) and open external [lux surfaces (dashed 1lines) leading to an
{dealized divertor T"plate” at R =2,.0m and z = $2.75 m (dotted
l1ines). Polnidal field cnils are shown as squares. Plasma major radfius
Ry = 3.0 m, minor radfus a = 0.83 m, vertical ealongatlon x = 2.4, and
triangularity 4 = 0,406,
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{s shown,



calculated flux surfaces are launched from the watershed (z = 0.0 m),
spiced at intervals of AR = 0.01 m from the inboard and outboard nlasma

surfaces (R R, & a), and they cover a maximum Ai = 0,08 m and
Ao = 0,16 m on the {1board and outboard sides, respectively. The
=0,06 m and A =
sci SCO
0.12 m) are denoted by dotted lines in Fig. 4.2. By redefining the

reference TIBER II scrapeoff thicknesses (A

idealized "plate” locations, a computational grid is obtained onto which
the reference divertor plate geometry (R,zZ) can be mapped.
Interpolation and secaling relationships for the several divertor
magnetics parameters are under development. Typically, the divertor
plate is positioned so as to ameliorate the local heat-flux peaking or
Sputtering as well as for theraohydraulic and maiatenance
considerations. This plate may be located by using DIVMAG results, but
a reference TIBER I[ divertor plate design is being produced as part of
the TIBER II design effort; however, a plate geometry consistent with
the K69B magneties configuration is not yet available (ref. 35). The
grid for VIVMAG resalts is summarized in Tabdle 4.1. '
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Table N.1. DIVMAG scaling database from NEQ results®

Plasma Coordinates
edge Connection Expansion Incidence (Rs. zs)
(m) length, L (m) factor angle (rad) (m)

Outboard,

+AO

0.0 9%.75 14,99 0.610 2.588, 2,750
0.02 24.76 8.15 0.430 2.890, 2.750
0.04 19.08 5.96 0.433 3.087, 2.750
0.06 16.46 4 84 0.445 3.232, 2.750
0.08 14,87 h,14 0.466 3.351, 2.750
0.10 13.77 3.66 0.47 3.452, 2.750
0.12° 12.95 3.30 0.490 3.5481, 2,750
0.14 12.31 3.03 0.496 3.620, 2.750
0.16 11.79 2.81 0.505 3.693, 2.750

Inboard,

0.0 86.19 12.80 0.046 2.000, 2.39
0.02 20.77 8,42 0.585 2.000, 2.151
0.04 13.48 5.22 1.034 2,000, 1,938
0.06° 10.06 3.37 1.238 2.000, 1,719
0.08 7.01 2.27 1.408 2.000, 1.468

3Rerer to Fig. 4.2 for the geometry of the K698 magnetics
configuration.
bReference TIBER II scrapeoff thickness, Asc'
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8.2 MECHANICAL SYSTEMS

This section contajins summaries for the following modules. Lead
authors and affiliations are indicated. '

Module Lead Author Organization
Torus configuration J. D. Galambos FEDC/ORNL
Torus vacuum system J. R. Haines FEDC/McDonnell
Douglas
Fueling systems S. K. Ho LLNL
Torus support structure L. J. Perkins LLNL
Bucking cylinder J. D. Galambos FEDC/ORNL

2.2, Torus Configuration Module

The torus subroutine calculates the shield, blanket, and first-wall
volumes and areas. The shields are modeled using rectangular cross
sections and are situated between the TF coil and the plasma, The
models are taken from ref., 1 (i.,e., ITORUS = option 2 in the old tokamak
systems code), except that the option to include a2 lead shield external
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to the TF coil is no 1longer Iincluded. Reference 1 contains a more
gdetailed description of the modeling algorithms.

Input includes radial build dimensions on midplane and plasma
elongacion. The vertical legs of the shield and blanket are of constant
thicknesses and are set equal to the midplane values, The top and
bottom thicknesses are set equal to the outboard leg thickness. The
volumes of the shield and blanket are calculated by rotating the
rectangular cross-sectioned shape through 2x degrees in the toroidal
direction (toroidal symmetry is assumed). The weight of the shield is
calculated using steel, unless ioptsh = 1, in which case the inner leg
is composed of tungsten. The first-wall surface area calculation uses
an elliptical poloidal rross section of minor radius = (plasma minor
radius + scrapeoff length) and major radius = (plasma height + scrapeoff
length), where an average scrapeoff length is used. This poloidal path
length is multiplied by 2(w) x the plasma major radius. This surface
area is used in calculating the average neutron wall loading.

Several additional areas and volumes are calculated for use in the
0ld shielding routines, which are also included. It is possible to use
the o0ld shielding routines by setting ITIBER not equal to 1. These
routines (POWFLX and FWALL) are described in detajil in ref. 1, but they
do not provide all the information that the new first-wall, blanket, and
shield module provides.

§.,2.2 Torus Vacuus Module

The torus vacuum module of the systems code attempts to define
vacuum pumping requirements, determine component sizes, and estimate the
subsystem cost. The major components that are modeled are shown
schematically 1in Fig. 4.3. These components include large vacuum
pumping ducts leading from the torus to the high-vacuum pumps, nuclear
shielding for the ducts, large torus {solation valves, high-vacuum
pumps, and roughing/backing pumps.

Vacuum pumping requirements are determined for (1) initf{al
pumpdown, (2) pumpdown between burns, (3) helfum ash removal, and (4)
removal of deuterium-tritium (D-T) that (s exhausted through the
divertor chamber, The {nft{al pumpdown assessment assumes that the
outgassing from internal surfaces limits the base pressure. Values for
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plasma chamber outgassing rate per unit area and major and minor radii
of the plasma chamber are needed for this evaluation. The area for
outgassing is estimated to be a factor of 5 greater than the first-wall
area to account for other exposed surfaces.

Plasma density, pressure rejuired in the torus before initiating a
burn, anc¢ dwell time between consecutive burns are used to deteraine the
pumping requirements for pumpdown between burns. The pressure in the
chamber {mmediately following a burn is estimated to be equal to the
pressure of neutral D-T molecules at a temperature of 300 K and a
density equal to the plasma density.

Helium ash must be removed at a rate equal to its Cormation by
fusion of deuterimm and tritium. The neutral gas pressure at the
divertor chamter exit is used as input to determine the required net
helium pumping speed. The net pumping speed required for removal of D-T
at the fueling rate by pellets, gas puffing, NBI, etc., minus the burn-
up rate is also determined based on the pressure at the divertor chamber
exit.

By considering each of these four requirements, the maximum pumping
speed (Snet) that must be provided by the vacuum system {s determined.
Yacuum pumping ducts are assumed to be placed between each pair of
TF colls. Results of a study performed with this code show that a
minimum system cost occurs when the duct conductance (C) is given by

C=1.5 (3net) . (4.9)
Because the net pumping speed is

Snet = 1/(1/C + 1/Sp) , (4,10)
where Sp {s the speed of the high~vacuum pumps, the value of Sp must be

Sp = 3 (Snet} . (4.11)

The ducts are assumed to consist of three segments with two 90°
hends. The duct area required to obtain the value of C specified above
is determined. If this area 13 less than the area between adjacent
TF colls, the code proceeds, However, if the space batween TF colls s
fnadequate, the requirement for the conductance (C) specified by
Fq. (4,9) {3 relaxed. The conductance {3 reduced incrementally until
aither the duct area is able to fit between TF cnils or the conductance



becomes close to Snet, which [mplies that infinite pumping speed is
provided. If this latter condition occurs, the code provides two
options. The flrst is to print a warning statement in the output and
proceed through the remainder of the systems code. The second option
causes the entire code to iterate with a larger device until the duct is
able to rit.

N.2.3 Fueling Systemss

The purpose of the fueling module is to calculate the fueling
requirements and the design paraseters of the fueling system. After
implementing results from the physics module and the user's choice of
the fueling scheme and desired deposition point, the module provides a
set of fueling parameters that satisfies the requirement for sustaining
a constant fuel In the plasma for a steady-state operation.

Two different approaches to plasma fueling are employed in this
module, namely, the pellet injection and compact toroid (CT) plasma
injection schemes. For the pellet fueling scheme, there are several
alternatives, including the operational and conceptual methods described
below. A neutral shielding ablation modelz'3 is used to describe the
pellet ablation in the plasma., The effect of fusion alphas {s neglected

because, as suggested by a recent work.u

the alphas contribute to a very
small extent (<5%) in the ablation process. The CT {njection scheme is
based on a recent study by Perkins, Ho, and Hammer.s Their promising
results have caused this novel technique to be considered as the
baseline fueling scheme for the TIHER ETR.5+7

Input and output varlables for the fueling module are as follows:

Input Source Description

ro Physics Plasma major radius (m)

ra Physics Plasma minor radius (m)

rkappa Physics Plasma elongation

alpn Physics Density profile exponent

alpt Physlcs Temperature prorile expogent
deneD Pnysics Peak electron density (m-)

ted Physics Peak electron temperature (keV)
fconv Physai2s Convective loss current (A)

fburn Physics Fusion burn current (A)

fbeam Physins Neutral heam fnjection current (A)
ftritbm {iser Fraction of the neutral beam that

Input {s trit{um
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fractn User Ratio of number of particles in pellet to
Input total number of particles in plasma
ftypical range: 0.1 to 0.5]
dpreq User Required fuel penetration depth (m)
Input [typical range: ra/3 to ra/2)
itype User Type of injector chosen:
Input

1. Compact toroid plasma gun
2. Pneumatic gun

3. Centrifugal Injector

&, Raflgun

5. Electron beam rocket

6. Theta-pinch accelerator
7. Laser-vapor-jet injector

0. Injector selected by the module

nout2 User Unit specifier for output
Input
iprat User Switch for output (0 = no, 1 = yes)
Input
Output Description
rpo Pellet/CT radius (m)
pmass Pellet/CT mass (kg)
faixd2 Fraction of D, in the pellet/CT mixture
fmixt2 Fraction of T2 in the pellet/CT mixture
reprate Required repetition rate (1/s)
vpinj Required pellet/CT injection speed to
achieve the desired penetration depth
(m/s)
dlaunch Required launch length (m)
gasld Gas load Inside the torus (kg/s)
nport No. of injector ports A
power Estimated required power for the system
(W)
cost Estimated cost of the fueling system ($)

The required fueling current 1[s calculated from the convective
loss, fusioan burn, and NBI currents ohtained from the physics module,
Then, the mass content and the fuel mix composition of the pellet or
{njected CT can be determined, as can the required repetition rate to
maintain the fuel particle balance. The fuelfng content of a single
injection is controlled by the user Input parameter "fractn" such that
the total number of particles in a pellet {s fractn times that in the
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plasma. This value must be small to avoid a large density perturbation
and pulsing of the fusion power generated; fractn is usually taken to be
0.1. Note that the pellet and CT injected in the two alternative
approaches will have the same particle contents but very different
size. Typical sizes for the pellet and CT are several millimeters and
tenths of centimeters, respectively.

The most restrictive requirement for fueling in reactor-grade
plasmas is the necessity to ~chieve very high injection velocity to
accomplish the desired penetration. For pellet fuyeling, we use the
ablation scaling law from the neutral. shielding mode12’3 and integrate
over the radial profiles to calculate the required injection velocity.
For the CT injection “ieling, the required injection velocity Iis
projected from the results of ref. 5.

The user may select 3 fuel injection scheme or let the module
select an appropriate one. The stheme chosen must be able to meet the
injection velocity requirement. Also, a scheme with lower cost, less
power consumption, and fewer technological restrictions is preferred,
In the input description, we have ranked the various schemes in order of
decreasing preference. The CT injection scheme is ranked first because
of 1{its 1likelihood for achieving the Injection velocity needed to
penetrate well into the plasma,

In addition to the fuel injection physics, the module also provides
supplementary information on other technological aspects of the fueling
system. We assume that the iInjector has only one port. The calculation
of the gas 1oad inside the torus resulting from the fueling injection {s

based on an estimation by G. Gorker.8

The launch length for pellet
injection {is computed from the criterion that the maximum allowable
pressure exerted on the pellet must be 1le3s than 3 MPa to avoid

fr'act.ure.9

Because no sufficient data exist for the power efficliency
for the various schemes, a 15% efficiency is assumed for all schemes;
308 additional power is added for the auxiliary systems. A very rough
estimate of the cost of the fuelling systems (3 also included for

reference.
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r.2.8 Torus Structure and Support

This module calculates the mass and cost of the torus support
structure, consisting of the outer PF coil support fence, the center
post, the Intercoil support between the TF coils to react the
overturning moments, the cold island support, and the warm mass (shield
and divertor) support structure.

It was originally intended that this module would be comprised of
scaling laws obtained from parameterizing the formalism employed for the
TIBER II structural analysis. Unfortunately, as of the date of this
publication, the latter analysis was still not completed and, because of
the complexity of this subject, general scaling laws cannot be
ascertained at this time. Accordingly, this module is composed of
rather simple scaling equations that scale support masses in terms of
zeroth-order quant!‘“ies such as component masses, major dimensions,
PF currents (via plasma currents), etc.; these equations are normalized
to the baseline TIBER II design (ref. 7). Costs are now obtained by
applying multiplicative $/kg coefficients to the computed structural
masses.

The inputs to this module are shown in Table 4.2, The
corresponding computed variables for output wuse are shown in
Table 4.3. Table 4.4 shows a typical output listing from the module
based on the torus parameters for the 3-m major radius, 10-MA, TIBER II
ETR (ref. T).

The following major calculations are performed by this module. All
quantities are in base SI units. The definitions of variables used
below are given in Tables 4.2 and 4.3:

1. Mass of outer PF coil fence
FNCMASS = (5.94 x 10711) x AT x AL x RO x AKAPPA x A

2. Mass of center post (this is NOT a bucking post but rather a center
mandrel for location of the OH coil stack--the centering load is
assumed to be taken by the OH stack alone as in the TIBER design)
POSTMASS = 4,56 x TRANHT x (0.1 x TRANBORE - 0,0025) = RHOSTEEL,
where RHOSTEEL = steel density (set at 8.03 x 103 kg/m3)
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Table 4.,2. Input variables for the torus structure and support module
Variable Source Description
ai Physics Plasma current (maximum design value; (A)
ro Physics Major radius (m)
a Physics Minor radius (m)
akappa Physics Elongation
b0 Physics Axial B-frield (T)
shldmass Shield Total mass of shield (kg)
dvtraass Impurity Total mass of divertor and associated
control structure (kz)
pfmass PF magnets Total mass of PF coils plus cases (kg)
tfmass TF magnets Total mass of TF coils plus cases (kg)
tranht Magnets Height of central PF stack (a)
tranbore Magnets Inner bore radius of central PF stack (m)
strucost User input Structure unit cost--materials and
rabrication ($/kg)
(if stricost = 0, default = 28 $/kg
is used)
nout Main Logical unit number for output print file
iprint Main Instruction to print results: 0/1 = no/yes

-
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Table 4.3. Output variables for the torus structure and support module

Variable

Mass Cost

Component (kg) ($)
PF coil support fence fncmass fnecost
Center post postmass postcost
Intercoil support a’ntmass aintcost
Cold island support plus struts cislmass cislcost
Total cold support structure coldmass coldcost
Warm support structure warmmass warmecost
Total torus support structure sprtmass sprtcost

Table 4.3, Sample output file for the structural support
" for the 10-MA, 3-m TIBER ETR

Variable
Mass Cost?
Component (kg) €))

Outer PF cofl fence fnemass = 7.499 x 10" fnecost = 2,100 x 106
Center post postmass = 1,347 x IO" postcost = 3.773 x 100
Intercoil support aintmass = 2.498 x 10° aintcost = 6.995 x 10°
Cold fsland support cislmass = 9.040 » 10" cfslcost = 2.531 x 108

plus struts
Total cold support coldmass = 4,287 = 105 coldcost = 1,200 x 106

structure
Warm support structure warmmass = 1,651 «x 10°  warmcost = 4,623 x 108
Total torus support sprtmass = 5,938 x 10° sprtcost = 1,663 x 107

structure (warm

and cold)

3structure unit cost = $28/kg.
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3. Mass of intercoil support between TF coils to react overturning
moments
AINTMASS = (5.17 x 10™7) x AT x BO x RO x A x AKAPPA

B, Mass of cold island support [i.e., support structure for cold torus
components (TF, PF coils, center post, PF fence, intercoil
support )]

CISLMASS = (5.15 x 1072) x (PFMASS + TFMASS + FNCMASS + AINTMASS)

5. Mass of shield support structure
SHSPMASS = 0.1 x SHLDMASS

6. Mass of warm support struts
STRTMASS = 0.00185 » (SHLDMASS + SHSPMASS + DVTRMASS)

7. Total mass of cold support structwre
COLDMASS = FNCMASS + POSTMASS + AINTMASS + CISLMASS

8. Total mass of warm support structure
WARMMASS = SHSPMASS + STRTMASS

9. Total mass of torus support structure
SPRTMASS = COLDMASS + WARMMASS

IO. Costs of individual support structures are given by mass x unit
cost. Current default unit costs are shown in Table 4.2.

§.2.5 Bucking Cylinder

The bucking cylinder subroutine provides an option for including a
bucking cylinder between the OH coil and TF coil to take the TF coil
centering load. If the bucking cylinder thickness (BCYLTH) is 0, the
subroutine returns without performing any calculations. Input to this
module includes the bucking cylinder thickness, the OH solenoid outer
radius where the outer radius = BORESOL + SOLTX where BORESOL {is the
radius of the solenoid and SOLTX is the thickness of the solenoid, the
gap between the OH solencid and the TF coil (GAPBOH), the height of the
strajght section of the inboard TF coil leg (HR1), centering force per
TF coil (CFORCE), number of TF coﬁls (TFNO), and the Young's modulus of
the bucking cylinder (EBUCK, in Pa). Output includes the bearing
pressure, buckling pressure, crﬂtlcal buckling pressure, and bucking

cylinder wejight, |
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The equations used for the bearing and buckling stresses are taken
from ref. 1. The buckling pressure {3 the total centering force
averaged over the outer surrt‘aee area of the bucking cylinder. The
critical buckling stress is calculated using formulas for an open (no
end caps) cylinder. The routine provides an option for modeling solid
bucking cylinders, but the option is presently commented out. The
bearing pressure [s the maximum hoop stress at the inner surface.

The two stresses calculated here are used in two global constraint
equations (see Sect. 3). The bearing stress is used in Eq. (12) of
Table 3.1 and is compared to an input for the allowable bearing stress
{YSBUCK) (in Pa). Bounding FBCBR (variable 23) to be <1 ensures that
the bearing stress is less than the allowable stress. The buckling
pressure is compared to the critical duckling pressure in Eq. (11) of
Table 3.1. Bounding FBCBKL (variable 32) to be $S1 ensures that the
buckling pressure i{s less than the critical uckling pressure.
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N.3 ELECTRICAL SYSTEMS

Tnis section contains summaries for the following modules. Lead

authors and affiliations are indicated.

Module Lead Author Organization
ECH system C. E. Wagner TRW, Inc./LLNL
LH system - --
NBI system L. J. Perkins LLNL
Alternating current (ac) D. R. Hicks FEDC/ORNL
power system
Instrumentation and D. R. Hicks FEDC/ORNL

controls (I&C)

4.3.1 Electron Cyclotron Heating Systes

Summary is yet to be provided. The reader is referred to the
Fortran listing of this module (see Sect. 3), which is fairly well
commented.

8.3.2 Lower Hybrid Systes

The LH heating system is simply accounted for In TETRA! based on an
input. value for efficiency (injected power/wall plug power) and an input
valiye for unit onst ($/W).

5.3.3 Neutral Beam Module

For a given neutral bHeam energy and current (supplied by the
physics/current-drive modules), this modile computes all salient
characteristics and features of the NBI system, The module ({3
configured for negative-ion beams only and {s based on a volume-type
negative inon source coupled to a eonventinnal neutral gas neutralfzer,
The allowahle heam energy {3 In the range »f 205-1000 keV, Negative fon

acenlrarators based on rf quad-uple for energies up tn 2.§ MeV, and




neutralizers based on laser photo-detachment may be included as options
in future upgrades of tnis module should these concepts mature In the
FY 1988 ITER studies.

Calerulations performed by this module include number of beamlines,
source configuration, beamline geometry and dimensions, 1losses in
accelerator/neutralizer/drift sections, 3as flows to reactor torus, beam
losses due to skimming by collimation at beam Cfocus, shielding
requirements at entrance duct, resulting misimum separation of TF coils
because of duct penetrations, power supply requirements, and cost.

Full details of the philnsophy underlying NBI systems design, on
which this module i3 based, are given in ref. 1.

The inputs to and sutputs €rom this module are shown in Tables 1.5
and 4.6. The number fn square brackets Ffollowing certain Input
variables in Table 4.5, denotes the default vaiue supplied by the module
if that particular variable is set to zero in the input. In Table 4.7,
we show a typical output listing produced by the module for an input
request of 87.5 A of injected neutral beam current at an energy of
500 keV.

The follawing major calculations are performed by the module, Full
details of the equatinns and formalism employed can be found In refs, 2

and 3. The results of all calculations are in base SI units.

1. Cheeck input Tor consistency and range validity.

2. Apply default input valuaes where applieable.

3. Compute beam divergence as 1/SQRT of beam energy (ref. 2).

4, <Compute fractinnal beam loss (FA) caused by stripping loss In
the accelerator (ref., 2).

5. Compute »ptimum neutralizar length and fractional neutralizer
losses (FN) (ref. 2).

h. Compute fractional beam loss (FL) i{n the final drift section of
the beamline after the neutralizer (ref. 2).

7. Compute number of beamlines required. '

8. Compute fractional collimator skimming losses (FS) caused hy the
entranne duct collimator based on a 2/e collimation {n the
vertical direction and EFOLDA {(i/p varfable) i{n the horizontal
direction. [See ref, 3 for details of two-Jimenzional (2-D)

skimming of fGaussfan beams.)
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Table 4.5. Input variables for the neutral beam module?

Variable Source Description
ebean Physics/current Injected neutral beam energy (keVv)
drive
ajbeam Physics/current Injected neutral beam current (A)
drive
ajsource User input Average source current-density (A/m2)
[60)
ppsource User fnput Source neutral gas pressure (Pa) [1.33]
ppneut User input KReutralizer inéet pressure (Pa)
[1.9335 x 107<)
pptorus Vacuum Torus vacuum pressure (Pa)
ab User input Aspect ratio of source [80]
pmax User input Maximusm lnjgcted power per beamline (W)
, [25.0 x 10”]
| nsource User input Number of source arrays per beamline [2]
| tshield Shield/user Minimum shield thickness between neutral
| beam duct and TF cofl case (on one side)
| (m) [0.25]
| r0 Physics Plasma major radius (m)
’ rtfouter Magnetics Mean radfus of outer TF coil leg (m)
i ttfouter Magnetics Radial thickaess of outer TF coil ieg +
case (m)
efolda User Input Collimator wi.ith in narrow direction at
| minimum point. between TF coils (beam
e-rolds) [1]
iduct User input 0 = compute minimum dimensjons of torus

entrance duct between TF cnils and
radial distance from plasma axis

1 = dimensions wduct x hduct and zduct
supplied
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Table 4.5. (Continued)

Varjiable Source Description

wduct Geometry/ Minimum width of entrance duct to torus
computed (m) [*]

hduct Geometry/ Minimum height of entrance duct to torus
computed (m) [¢]

zduct Geometry/ Tangent.ial distance of duct from plasma
computed axis (m) [*]

(*--i{ iduct = 0, this module calculates
the duct dimensions wduct x hduet and
distance zduct to plasma axis; in this
case, wduct, hduct, and zduct will
initially come in as zero. 1If iduct = 1,

the module computes beam dimensions
and losses consistent with the supplied values
of wduct x hduet and zduct)

ucost User input Unit cost for NBI system in terms of $/W
wall-plug power, normalized to a 500-keV
system ($/W) [1.698--equivalent to approx-
imately $4/W (injected) for TIBER

parameters ]
nout Main Logical unit number for output print file
fprint Main Instruction to print results: 0/1 = no/yes

- ——

3[ ] = default value if input is set tc zero.
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TF legs to tangential intercept at plasma axis

Table 4.6. Output variables for the neutral beam module
Variable Description
nlines Total number of beamlines
effecy Total beamline efficiency--

injected power/wall-plug power

pwpop Total wall-plug power required (W)
cost Total cost of beamlines and power supplies ($)
qtorus Room-temperature gas flow from beamlines into torus

vacuum (D,/s)

zsrcplsm Source--plasma distance (m)
: zfocus Distance: source to minimun focus between outer
E TF coils legs (m)
i zext Length of beamline external to vacuum vessel (m)
wduct Width of duct at minimum focus between outer TF coils
(m) {%}
hduct Height of duct (vertical direction) at minimum focus
(m) {®}

(%*--if iduct = O in the input, this module calculates
wduct, hduct, and zduct; {f iduct = 1, these
three varjiables are supplied externally and the
module computes beam parameters consistent with

| these fixed dimensions)

| wtf Minimum permissible separation of outer TF coil
! ‘ legs--case to case (m)

; zduct Distance from minimum focus point between outer
|

|

(m) (*}
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Table %.7. Sample output file for an input request

of 87.8 A of neutral beams at 500 keV

Varjable Description

pinj = §3.90 MW Total injected power requirement

ebean = 500.0 keV Beam energy requirement

aibeam = 87.80 A Total injected current requirement

nlines = 2 ' No. of beamlines

effcy = 0.3372 Overall efficiency--injected
power/wall-plug power

pup = 130.2 MW Total wall-plug power

ucost = 1.698 $/W Neutral beam unit cost--$/W of wall-plug
power

cost” = 2.210 = 108 $ Total cost of beamlines and power
supplies

nsource = 2 No. of source arrays/beamline

ajsource = 60.00 A/me Average source current density

a = 0.1184 m Source array width

b =9.472 n Source array height

asource = 3.386 m° Total area of all sources

psource = 0,0100 torr Source pressure

pacel = 1.0 x 107 torr Accelerator pressure

pneut « 1.855 x 10~ torr Neutralizer inlet pressure

pnout = 1,855 x 107 torr Neutralizer outlet pressure

plast = 1,455 » 107 torr Final line pressure

ptorus = 1,0 = 10'6 torr Torus vacuum pressure

qtorus = 9.874 «x 10'? mo1/s Room temperature gas load to torus from
all beamlines

ep = 0.9500 Power supply efficiency

ea = 0,8499 Accelerator (current) efficiency (power
efficiency = accelerator efficiency/2
+ 0,5)

en = 0.5800 Neutralizer efficiency

el = 0,9845 Final line efficiency

es = 0.6721 Collimator skimmer efficiency

effecyl = 0,3262 Beamline current efficiency

plossp = 6.509 MW Total loss in power supplies
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Table X.7. (Continued)

Variable Deseoription

plossa = B.68M1 MW Accelerator 10ss per beamline

plossn = 2X,02 MW Neutralizer 1oss per beamline

plossl = O,5147 MW Final line loss per beamline

plosss = 10,71 MW Collimation skimmer loss per beamline

zsrcacel = 3.200 = Source/accelerator length

zneut = 30.00 m Neutralizer length

ziast = 5,000 m Final line length

zsrcplsm = 45. 71 m Total line length from source to plasma

2focus = 31.10m Distance from source to minimum focus

zext = 38,20 m _ Length of beamline external to vacuum

"~ vessel

efolda = 0.690 Collimator width in narrow direction
(beam e-folds)

wduct = 0,012 m Width of duct at minimum focus between
outer TF coil legs

hduct = 0.882 m Height of duct at minimum focus

wtf = 1,264 m Minimsum permissible separation of outer
TF coil legs

zduct = 3.610m Distance from minimus focus to tangential
intercept at plasma axis

9. Compute total beamline current efficiency as EFFCYI = (1 - FL)
*(1 - FA)*(1 - FS)*(1 - FN).

10. Compute resulting source(s) current and dimensjions.

11. Compute beamline length from source to focus at entrance duct
between coils.

12. Compute duct dimensions from beamline geometry and collimation
requirements.

13. Compute beam geometry from duct focus to plasma axis.

18, Compute minimum width between outer TF coil legs (case to case)
from duct dimensions, beam/plasma geometry, and shielding
requirements,

15. Compute gas load to torus from pressure difference between last

section of beamline and torus, and impedance of entrance duct.




16. Compute power supply requirements based on unregulated supplies
(for high efficiency and lower costs--series tube requirements
in a regulated supply would result in appreciable voltage drop,
lower efficiency, and higher cost. '

17. Compute 1incremental power losses In each section of the
beamline.

18. Compute total cost in terms of $/W of WALLPLUG (not injected)
power--bulk of costs are in the power supplies.

19. Print results..

N.3.8 AC Power System Module

N.3.8.1 Module description

The ac power module (ACPOW) is a TETRA code subroutine that will
calculate design and cost data for the plant electrical power system.
This systes includes the following major system configurations:

1. essential facility power system shown on Fig. 4.4,
2. non-essential facility power system shown on Fig. 4.4, and

3. coil power supply system options shown on Fig. 4.5 (default
option) and Fig. 4.6.

Figures &.% through 4.6 illustrate the overall electrical power
system included {n this code module. The code will read pertinent input
data from other code modules and calculate design and installed material
cost data for the electrical power system. This system {ncludes the
following major {items: switchyard equipment and protection, high-~
voltage transmission line interfacing equipment and components, cables,
buses, structures, cfrcufit breakers, switches, transformers, diesel
generators, uninterruptible power supplies (including Dbatteries,
chargers, inverters, and associated equipment and components),
protgctlve relaying, power factor correction equipment, lighting and
grom:'ldlng, and all necessary low-voltage power distribution equipment
and 'components. Lightning arresters and auxiliary cooling will be
inclﬁded in the cost of the transformers. 1Isolation switches and the
loca“l instrumentation and controls will be included (n the cost of the
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Fig., 4.5. Coil power supply system one-line dlagram (direct utility
line connection option).
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circuit breakers. Where jtems are not specifically identified, they are

included in overall cost multipliers.

8.3.5.2 Optioms

The user may select the desired utility 1line voltages and
characteristic power feedgr cable length. The user may also select the
type of energy supply system. The two energy supply options are (1)
power supplied directly from the utility line as in Fig. 4.5 and (2)
power supplied directly from a motor-generator/flywheel (MGF) system as
in Fig. 4.6. Option 1, with direct utility line power and power factor
correction capacitors, is the default option.

§.3.4.3 Input/output data

All varjables except the following are defined in the output data
and are listed in Table 4.8, a sample output from this module:

1. pecika, continuous current rating of the pulsed power system,
13.8-kV circuit breakers, kA;

2. fcika, continuous current rating of the facility power
system, 13.8-kV circuit breakers, KkA;

3. chvecam, cost of gigh-voltage cables and bussing for the pulsed power
system, $ x 10°;

4, cfvcam, cost of high-vgltage cables and bussing for the facility
power system, $ x 10°;

5. chvebm, cost of high-voltage circuit breakers of the pulsed power
aystem, $ x 10°;

6. civebm, cost of _high-voltage circuit breakers of the facility power
system $ x 10°;

7. cmveom, cost of 13.8-ky circuit breakers of the pulsed
power system, $ x 10°;

8. cfmveb, cost of 33.8-kv circuit breakers of the facility power
system, $ x 10°;

9. cmvcam, cost of 13.8-kV cables of the pulsed power system, $ x 106;

10. cfmvea, gost of 13.8-kV cables of the facility power system,
$ x 10°;

11. clthm, characteristic length of the 13.8-kV cables, m;

12. tlvpmw, estimate of the total low-voltage (480-V) power, MW;

13. iprint, output dataprint designator:

0 = no print,
1 = complete output data table;

14, hvlkv, pulsed power utility line voltage, kV;

15, fvlkv, facility power line voltage, kV; and

16, basemw, facility base load (loads that are not dependent on floor
area), MW,



61

Table 4.8. ACPOW subroutine output?

Variable Description Value
basemw Facility base power load, MW 5.00
# efloor Effective total floor space, m 90000.00
pkwpm2 Power needed per floor area, kH/m2 0.15
fesht Total power to facility loads, MW 39.17
# fmgdmw Power to motor-generator/flywheel units, MW 166.10
# acpfmva PF pulsed power at # pwrfac = (G.60, MW )
# bpsaw Power to burn power supplies, MW 2.58
# bdvmw Power to divertor coil supplies, MW 0
# wtfmw Power to TF coil power supplies, MW 2.90
# pheatmw Power to plasma heating supplies, MW 182,90
# crymw Power to cryogenic compressor motors, MW 17.78
# vacmw Power to vacuum pump motors, MW 0.5C
# htpmw Power to heat transport system pump motors, MW 10.00
# t2pmw Power to tritium processing, MW 12.21
¥ pacpmw Total pulsed power system load, MW u13.47
& hvlkv Pulsed power utility line voltage, kV 230.00
n3pht Number of three-phase transformers 3.00
tmva Maximum MVA of each transformer 150.00
pnbkrs No. of 13.8-kV circuit breakers 24.00
bkrmva Short-circuit MVA of circuit breakers 1500.00
& fvlkv Facility power line voltage, kV 115,00
ftava Maximum MVA of facility transformer ko.00
fnbkrs No. of 13.8-kV circuit breakers 6.00
fbkmva Short-circuit MVA of circuit breakers 500.00
AC Power Summary
#pacpmw Total pulsed power system load, MW 413,47
# hvlkv Pulsed power utility line voltage, kV 230.00
fesht Total facility power load, MW 39.17
#fvlkv Facility power line voltage, kV 115.00
AC Power Cost Summary
cpacpm Cost of the pulsed power system, $ «x 106 20.72
efacpm Cost of facility ac power system, $ x 106 2.51
c2dgm Cost of two diesel generators (480 V, 2.00
2500 kW each), $ x 10°
clinbpm Cost of four no-break power supplies, $ x 106 0.40
¢lvdsm Cost of low-voltage power distribution, $ x 10 k,R7
¥ctacpm Instz2lled material cost of power system, § x 106 36.39

2 ¥ . inputs from other system code modules; % = user-selected
inputs; and * = outputs to other system code modules.
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8.3.5 Instrumentation and Control Module

8.3.5.1 Module description

The instrumentation and control module (IANDC) is a TETRA code
subroutine that provides costs for process I&C, archival computing, and
diagnostic instrumentation.

Earlier code versions included calculations for process I&C
costs. However, for simplicity, the present version allows the user to
select this quantity (tcopsc) because tcopsc is small compared with
dlagnostic instrumentation costs. The default value for tcopsc is
included., Likewise, the archival computer cost (tcarch) is selectable
with a default value included.

5.3.5.2 Options

Predictions of the extent of diagnostic instrumentation required
for any large project are very subjective. Therefore, the diagnostics
in IANDC have selectable options that permit the determination of
diagnostic costs over a wide range of possibilities. The three user
Selections for diagnostic range are high, medium, and low, and the user
selects idjag = 1, 2, or 3, respectively. The default selection is
fdiag = 2. The three user selections for the operation phase are
hydrogen, deuterium, and tritium, and the user selects iph = 1, 2, or 3,
respectively. The default is iph = 3. Table 4.9 is a listing of the
output for this subroutine.

4.3.5.3 Input/output data

All {inputs are user selected with default settings available.
There are no inputs from other system code modules. Outputs from the
IANDC module to other modules are identified in the output listing in
Table 4.9.

4.3.6 References for Section 4.3

1. C. D. Henning et al., TIBER Final Cesign Report, Lawrence

Livermore National Laboratory (to be published).
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Table 8.9. IANDC subroutine sample cost estimate output
using defaults of tritium phase and medium diagnostics

Diagnostics cost ($ = 109
k  group nohp® nodp® notp® tamcpdm? hpdgem® dpdgem”  tpdgem®  Total
Plasma diagnostics
1 edensity 2 2 2 1.80 3.60 3.60 3.80 11.00
2 e.tewp 2 2 2 1.60 3.20 3.20 3.40 9.80
3 fon temp 3 2 2 1.80 5.40 3.60 .00 13.00
¥ fmpurity 3 2 2 0.85 2.55 1.70 2.00 6.25
5 pwr loss 2 2 2 0.50 1.00 1.00 1.10 3.10
6 magnetic 3 2 2 0.35 1.05 0.70 0.80 2.55
7 p.instabd 3 2 1 0.85 2.55 1.70 1.05 5.30
8 fprodpar® 1 3 2 0.95 0.95 2.85 2.10 5.90
9 environ 3 3 2 0.85 2.55 2.55 1.80 6.90
10 aiscel 6 8 10 0.50 3,00 4,00 5.10 12.10
Subtotalisd 25.85 24,90 25.15 75.90
Archiving computer hardware
SubtotalJ ¥ 10.00
Process I&C
Subtotald! 21.45
Totald ® 107.35

nohp = No. of diagnostic types in group k for H, phase.
bnodp = No. of diagnostic types in group k added for deuterium phase.
cnotp = No. of diagnostic types In group k added for tritium phase.
dtncpdn = average cost of diagnostic type in group k.

®hpagem
f dpagem
‘tpdgcm = cost of diagnostics in group k added for tritium phase.
hfprodpar = fusion product particle diagnostics group.

itcopdg = total cost of plasma diagnostics. Medium-range diagnostics were used
to compute total cost of diagnostics. The varfous defaults for the tritium phase
are low diagnostics, tcscdg = $67 million; medium diagnostics, tcscdg = $107
million; and high diagnostiics, tcscdg = $170 million.

JOutputs to other systems code modules.

cost of diagnostics in group k added for H2 phase.

cost of diagnostics i{n group k added for deuterium phase.

ktcarch = total cost of archiving and processing.
1tcopsc o total cost of process I&C.
mtacdg = total cost of diagnostics and I&C.
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2. J. E. Fink, A Formulary for Negative Ion Neutral 3eam Design,

Lawrence Livermore National Laboratory (to be published).

3. L. C. Pittenger, "Power Density Calculations for Beams from
Diffuse Astigmatic, Rectangular Sources,"™ Lawrence Livermore National
Laboratory, Engineering Note ENC 77-1, 1977.

4.8 MAGNET SYSTEMS

This section contains summaries for the following modules. Lead

authors and affiliations are indicated.

Module Lead Author Organization
TF magnet system J. D. Galambos FEDC/ORNL
PF magnet system J. D. Galambos FEDC/ORNL
Magnet conductor J. A. Kerns LLNL
TF power conversion system G. E. Gorker FEDC/Grumman
PF power conversion system G. E. Gorker FEDC/Grumman
Energy storage system G. E. Gorker FEDC/Grumman

B.A.1 TF Coil Magnet Module

The TF coil subroutine (TFCOIL) provides some basic information
about the TF conil size, shape, and stress. The subroutine {s a modified
version of its counterpart from the original tokamak systems code.'
Input to the routine includes guesses on geometry (major radius, cofl
location, coil thickness, coil component sizes) and current density,.
Calculated quantfties {include TF coil cross-sectional area required to
produce the field on axis, various current density definitions, outer
leg position, coil shape, c¢oil stored energy, coil stress, and coil
wefghts.

The first calculation {3 for the area available for the TF coil
between the shield and the OH coil (ARTFI). Another quantity calculated
ls the area required to produce the field on axis with the present guess
on current density (TATFI) and {is based on Ampere's law, These
quantities are required to be equal through an external ~nnstraint.
Alsn, the current denaities over the winding pac« (inecluding steel
case), over the entire TF coil (including the external case), and over

the conducting mater{al are calculated,
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Next, the outer coil leg radial location is determined based on a
minimum of that required for a specified port size between the coils
{case-to-case), PORTSZ, and that required for a specified ripple on axis
(peak-to-average), RIPPLE.2 This value, the outer leg radial location,
is used in calculating the TF coil shape. The TF coil top-half inner
surface shape is approximately represented by four arcs going through
five points, and the bottom half is assumed to be symmetric. The first
point is found from the radial buildup on the inboard midplane. The
next point found is at the highest vertical location, which is equal to
the sum of the plasma height, the inboard build thickness between the
TF coil and scrapeoff, and the input gap (VGAPTF). The previously
determined outer leg radius s used to place the outer leg midplane
point, and additional points are put between the first and second points
above and between the second and third points to smooth out the TF coil
shape. These points are used to find the TF coil length and weights and
are used in the TF coil stored energy calculation, which integrates B%dA
throughout the coil interior to find the inductance (where B is the
magnetic field in the coil and dA is the differential area).

Finally, the inplane stresses in the c¢oil winding packs are
calculated. The centering force is first calculated3 and is used to
find the compressive stress component on the inner ulnding.3 All of the
centering force on the winding is assumed to be taken in the steel case
surrounding the winding pack. Then, the tensile component is found by
spreading the vertical separating force over the cross-sectional area of
the winding pack cases and the cxternal case of the whole TF coil. This
total stress is taken to be the Tresca sum of these two components. The
strain induced in the winding by the electromagnetic force (EMF) {s

calculated using the tensile stress component.

4.8.2 PF Coil Module

The PF coil subroutine (PFCOIL) calculates information for the
OH coil and the other PF coils. Input includes the number of PF colls,
current in the OH coll, plasma parameters, size and location of the
OH cofl, and the OH coll superconductor winding pack parameters,
Calculated quantities [(nclude the PF coil locations and currents, number
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of turns/coil, sizes and weights of the coils, and stress in the OH coil
conductor.

First, the subroutine prepares for the call to the PF coil scaling
module (i.e., poloidal magnetics module), which calculates the PF coil
locations and currents (at the BOP and at the EOF,. This task requires
modeling the OH o¢nfl as a set of discrete colils and gathering
information on a reference MHD run. Once the MHD scaling is done, the
sizes and weights of the PF coils are found using the calculated
currents and input overall current densities. The coil current
waveforms over the pulse are calculated using the BOP and EOF values
provided by the MHD scaling. The coils are assumed to be ramped from
zero to BOP values during the TRAMP. They swing 90% of the way from the
BOP to EQOF values during the ohmic swing perfod (TOHS) and swing the
last 10% during the heating (THEAT) and burn (TBURN) times. The coils
are then ramped to zero current during TQNCH. All current waveforms are
assumed to be linear in the code. The waveform assumptions may be
changed {in subroutine WAVEFORM. Additional time periods at the
beginning (TTFRAMP) and at the end (TTFQNCH) are available but are not
currently being used. The sizes and weights of the PF coils are found
by using assumed (input) current densities. Also, the number of turns
is found by using an assumed (input) current per turn,

The OH coil size i3 input to the module (and may be externally
iterated), as are the superconductor winding pack parameters. Various
current density definitions in the OH coil are calculated along with the
weight of the OH coil. The current density in the OH coil i3 controlled
by an external constraint. The number of turns {s found by using the
input for the winding pack size and the OH coil size. The peak field in
the OH cofl {3 calculated by using information from ref. 4; no field
effects from other coils or the plasma are included in this calerulation,

Finally, the {in-plane stress [n the OH c¢oll winding pack |is
calculated. The peak hoop stress (which usually occurs at the inner OH
coll radius) {3 used. The stress is calculated by using the product of
field, current, and radius (B¥I*R) az the separating force and by using
the area of the 3teel winding pack casing to carry the load. No effects
of load sharing between the windlings, external case, TF coll, etc,, are

considered, Also, a radial stress component {3 included in the total




Tresca stress (Tresca stress = sum of the hoop and radial components).
The radial component modeling {s taken from CIT work5 and is much

smaller than the hoop component.

4.8.3 Magnet Conductor Module

The superconducting (SC) magnet package determines the allowable
current density in the coils and stability margin for a given
configuration, Input for the conductor configuration includes the
conduit cross-sectional area, conductor fraction (f-cond), copper
fraction (f-cu), steel case thickness of the conduit, peak field in the
coil (B), helium temperature (T-b), EMF-ir:duced strain in the conductor,
and inductance/turn of the coil. Using this information, the package
calculates the stability margin (e-p) and allowable current density in
the winding pack, or equivalently the allowable operating current
(I-op). The requirements that the operating coil current be less than
the allowabie current and that the actual stability margin be greater
than the allowable stability margin are included in the global
constraints of the systems code. Some quantities that are included {n
the global variables are the copper fraction, conductor fraction, and
steel case thickness. These constraints and variables can presently be
applied to the TF coils and to the OH solenoid.

High-field and high-current-density operation of the 3super-
conducting magnet systems of an ETR provides clear benefrits for reduced
size and lower costs. Cable-in-conduit conductors (CICCs) capable of
providing the required performance are under development. This type of
conductor leuds {tself naturally to the wuse of Nb3Sn, to the
incorporation of distributed structure, and to simplification of the
cryogenic system, In addition, CICC designs are generally similar,
exhibiting relatively minor variations in dimensions or composition of
constituents among adaptations for a varlety of applications.

In an SC magnet system, the fleld that can be praovided and the
operating current density possible at that ffield are inextricably tied
to details of the system design. Obviously, the coil size or level of
field produced has an {mpact on stress levels {n structural components,
as well as on the stored energy that must be safely extracted in the

event of a quench., The cholce of a generic conductor design llke the
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CICC ameljorates the problem of evaluating the effects of such details
of coil design for a broad range of systems.

Whether the performance required of a particular SC magnet system
fabricated with CICCs is achievable can be determined by examining the
pack by the
x and otner design details. Because of the nature of

constraints placed on the winding pack current density J
maximum field B,
CICCs, these constraints are quite general and quantifiable in terms of
key CICC parameters. Although none of these parameters is completely
Independent of the others, a natural division occurs between those that
describe what is inside the sheath (the SC composite cable and the void
space for helium flow) and the rest (sheath, additional reinforcement,
and Iinsulation). Thus, it is often more natural to examine the
constraints in terms of limits on the cable space current density J and
then to recast these as limits on Jpack after a somewhat independent
determination is made of the required quantities of steel and

insulation.

4.4,3.1 cConstraints on J

Constraints on the cable-space current density J presently included

in the systems code are described in the following subsections.

Minimum acceptable stability margin

The stability margin provided by a CICC depends on the effective
heat capacity of the coolant at any point aiong {ts length and the
temperature margin between the normal operating temperature and the
current-sharing temperature of the superconductor. After evaluating
credible events that might cause a sudden deposition of energy into the
SC cable strands of the CICC, we have chosen to require a stability
margin of 300 kJem™3 of the conductor.

Such an evaluation is straightforward in principle, but it {s
complicated in the detail., We simplified the process by requiring that
heat transfer from the conductor strands be sufficient to permit all of
the interstitial helium {n the vicinity of a disturbance to be used in
absorbing the energy of the disturbance plus the Joule heat production

during the recovery process. Empirical evidence indicates that this
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requirement will be met if J is constrained as indicated in the next

subsection. 6

When that constraint {is satisfied, the same empirical
evidence indicates that the stability margin provided will be given

approximately by

€ " 7+ (3% nigejs(r rF_ 35 (4.12)

P pCu w Cu cond

where the stability parameter n is given by
b—-—\
n - 1 - fcond [ Tc(B:C) - Tb
rcond Tc(B.c)
J

oy . {4.13)

roond“ fc“)Jco(B.c) ]

We approximate the effective heat capacity SHe of the coolant over the

temperature range Tb to Tcs by

cs
{ PpieCp ot
b
She = T . (4.14)
cs b

Fortunately, this expression exhibits surprisingly simple and slow
var ‘ation with p and T over the usual range of interest.

Inspection of the relation for n shows that it {is simply a
dimensionless parameter constructed from the product of (Tcs - Tb)/'rc
and the ratio of helium to conductor volumes inside the sheath by
assuming that critical current {s a linear function of temperature in
the range of interest. Note thac 'l'c and J,g in n are dependent on the
intrinsic strain ¢ of the SC fllaments. In the systems code, estimates
are made of the {nitial strain caused by cooldown as well as of the
change in this strain because of mechanical loads Iimposed on the CICC
during operation as described in ref. 6, The effects of strain on
eritical current are accounted for according to the prescription of
Ekin.7 Note that critical performance capabilities of the super-
conductor are completely represented in this prescription by Tcm(B).

Jeom(B), and ¢. For state-of-the-art Nb3Sn superconductors, we use the

following equations, which adequately represent a large database in the
ranges of B and T important to this operation:



Tm(B) = 18(1 ~ 0.0368) (K) and (4.15)

11(1 - 0.0368)2

B‘ /2

J_(B) = (A xmm?d) . (5.16)

cOm

Adequate heat transfer to the coolant

As mentioned earlier, the validity of the estimates of stability
margin depends on heat transfer being sufficient to ensure that all
helium in the vicinity of the perturbation absorbs heat uniforamly.
Empirical evidence indicates that, even with initially stagnant helium,
the heat transfer to the helium in a CICC is adequate {f J {s
constrained according to

r. e 2 1 (Be) - 1,12 02713
Cu cond [ b H
J S e . (uo‘7)
1 - rcond 172 1/15 q
ch tH w

In principle, evaluation of this expression requires some knowledge
of the leongth and duration of the perturbation, but one can see that its

value is relatively insensitive to "H and 1 We routinely take 10 m

H.
and 1 ms, respectively, as appropriate values unless specific situations

suggest different ones,

Maxisum temperature in the event of a quench

We restrict the maximum hot spot temperature in the event of a
quench to 150 K, This limitation guarantees that strains caused by
differential thermal expansion cannot be greater fn absolute magnitude
than about 0.1%, which {3 considered safe for btoth the Nb3Sn
superconductor and the steel sheath, The limitation on J bcoause of

‘l'_ax is related to CIC and other magnet system parameters according to

v.I
D op - : 2 ,2
J s [ Es (1 t'cond)t.condt.(:uj:1 Y r.Cur.condl:z (4.18)

2 1/2
+ r'cu)rcurcondl3] '



11

where
T u C
I = I max He,init v, He aT (3.19)
! T pCu
b
T p. C
A (4.20)
Tb Cu
max ucoreccore
13- I aT . (4.21)
Tb Peu

Maximm pressure in the event of a quench

The maximum allowable pressure pg., internal to a CICC in the event
of a quench depends on the sheath geometry and allowable stresses for
the constituent material. 1In the systems code, we presently assume a
square conduit with wall thickness chosen to satisfy stress allowables
under the imposition of the operating electromagnetic loads. Membrane
stress in the sheath resulting from an internal pressure is estimated
according to a prescription in ref. 3. The limitation of J because of

Pmax and various CICC parameters is t.hen6
0.694 1/2_1/4 _ 3/4 1/4
Js 6'59pmax rCu rcv:md(1 rcond) dw (4. 22)
L3/ll 1/2 ° ‘
pCu

4.4.3.2 Choices of key perameters

Certain key parameters are not free but are determined by features
of the machine design or manufacturability of key components. As
mentioned earlier, thicknesses of the sheath and any other steel
reinforcement of the CICC are chosen with regard to the mechanical load
that must be borne. To determine insulation thickness, one assesses
turn-to-turn voltage during ramping or dumping as well as other factors
affecting minimum reasonable separation., The diameter of wires {n the
CICC should be near the 0.5-1.0 mm range. The copper fraction in the
wires should be less than about 0,4, Resistivity of the copper matrix
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in the CICC strands is affected by the radiation dose and, therefore, by
the shield thickness. In the constraints on J that deal with the
ability to protect the magnet system, the resistivity used must be the
value expected at the end of a scheduled cycle of operation, after which
the system must be warmed to anneal the copper. In the constraints on J
that impact stability, it is sufficient to require a value ccrresponding
to what can be achieved (by annealing) at the beginning of any planned
cycle of operation. We predict the residual resistivity at the end of a
cycle of operation by

-i(D + D )
rtnd
o = Po,1nit * Ps {1 exp |~~---p;~--- l} . (4.23)

Magnetic field effects are accounted for by

1.07]

pCu(B) = po[l + 0.0339(8/90) (nQem) . (4.2%)

At the beginning of operation after N regular anneal cycles, we estimate
the damage retained by

Drtnd = f rrtnd(Dj)DJ ’ (4.25)
where
-1000D
rrtnd(D) = 0.1 + O,1e . (4,26)

In these formulae, we use ps = 3,0 nﬂ-m-dpa-1.

4.8.3.3 Nomenclature

= Magnetic field at the conductor (T).

= Empirically determined constant relating recovery time {n
a CICC to a perturbation energy density and the wire
diameter (m® x W),

Ceore = Specific heat of noncopper fraction of the composite
superconductor. for MF-ND3Sn, this amounts to an average
of the apecific hneats of CuSn-bronze and Nb33n
(J « kg~! « K71y,

1

u = Specific heat of copper (J x kg~ ' «x K").



v,He

73

Mean specific heat «t constant volum= for He, taken as
3100 J = kg x KV

Specific heat at constant pressure for He (J x kg-’ x
k1.

Damage to the copper stabilizer of a conductor during
operation (dpa).

Damage retained after a room-temperature anneal (dpa).
Diameter of a composite SC strand in the CICC (m).

Energy density per unit volume of conductor that can be
absorbed by a CICC without quench (J x m3)-

Stored energy at full field ().

Fraction of conductor inside the conduit of the CICC.
Fraction of stabilizing copper [n the composite SC
strands.

Fraction of damage retained by copper after a room-
temperal ure anneal.

Operating current at full field (A).

1 x m'u).

Integral terms defined in text (AZ x s~
Operating current density inside the conduit of a CICC
(A« m™2).

Zero-temperature ecritical current density over the
noncopper fraction of 3 composite SC strand at field and
strain (A x m"2)

Max{mum J 4 vs strain (A m-z).

2.

Average current density over the winding pack (A x m
Length of CICC receiving a sudden heat impulse (m).
Bulk fluid temperature of the internal helium of a CICC at
operating conditions (K),

Critical temperature of the SC cor, s3ite at a particular
field and current (K).

Maximum T, vs strain (K),

Current-3haring temperature of the superconductor at a
particular field and current (K).

Terminal voltage resulting iy'rom a dump at full field (V),

Stabflity paramcter,
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uHe.init Density of the internal He in a CICC at the initial
operating temperature and pressure (i.e., before a quench)
(kg = m”3).

Moore = Density of the noncopper fraction of the composite
superconductor (taken as 8920 kg «x m3 for MF-Nb,Sn
composites).

Mey = Density of copper (taken as 8940 kg x m3).

pc“(B) = Resistivity of the stabilizing copper at operating field
(2 x m).

ps = Saturation value of stabilizer residual resistivity
because of radiation damage (@ x m).

Po = Fesidicl  resistivity (9 = ma). A subscript  "injit"

nd1c:ces initial, undamaged vaiue,

Ty = Luraticn of a sudden heat impulse to the CICC (s).

h.8.N TF Magnet Power Conversion Module (TFCPWR)

4.8.8.1 Code Description

The TF power conversion code TFCPWR calculates design and cost data
for the equipment that finterfaces with the TF magnets, which may have
resistive (R) water-cooled coils, SC helifum-cooled coils, or a
combination of R and SC coils. The code uses pertinent input parameter
data and computes the desizgn and cost data for the load control centers,
power supplies, coil protection equipment, power cahles and bussing, and
the associated IAC. It also provides an esti{mate of the building floor
space and volume needed for the equipment.

Resistive coils do not require the energy removal proftection system
that is needed for the SC cnils because they do not change state when
the operating environment becomes unfavorable becausze of (aulted
equipment or operator error., The R c¢oils require much more power than
the SC coils, and they must be protected against the loss of coolant.
This protection is generally an interruption of power to the R coils
when loss of the water flow {s detected. The following major categories
of eqiipment are associated with the TF magnets:

1. 1nad control center and power 3upplies required by the R or
SC magnets,
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2. power cables and/or electrical bussing between components in the

R or SC magnet circuits,

3. local I&C for electrical currents and protection of the R or

SC magnet circuits,

4. direct current (dec) circuit breakers and switches to isolate
groups of SC coils for efficient transfer of energy to the dump

resistors, and

5. energy dump resistors to dissipate most of the energy of the
SC magnets during a fast discharge.

Figures 4.7 through 4.9 are general one-line diagrams that show the
fnterconnections among these components for both the SC and R magnets.

The TF coil power conversion system module TFCPWR is based on the
one-line diagram shown in Fig. 4.7. One or two low-voltage power
supplies provide the current for charging and sustaining the TF coils.
Sixteen TF coils are shown in the figure; this corresponds to the
present design of the TIBER/ETR, but any even number of cofils may be
used. The TF coils are assumed to be paired off and connected to
de circuit breakers and dump resistors. A fast coil discharge 1is
initiated by opening the dc circuit breakers (DCBR) and interrupting the
power supplies. The SC coils are discharged through both serjes- and
parallel-connected energy dump resistors. Switches {DCSW) are usec to
initiate a slow discharge of the TF coils. }

Extensive 1local I& 1is needed for quench protectfon of the
TF coils, for programmed current control, and for the cryogen system
operation. Monitoring of the TF coils requires a 1large number of
instrumentation cables and local IAC as shown in Fig. 4.8. Because of
the critical need for this I&C, redundancy is assumed to be necessary.
The local I&C {is therefore a significant cost item,

When R coils are a part of the design, the TFCPWR code assumes that
the one-line diagram of Fig. 4.9 is applicable. Power conversion for
R coils is generally more costly than for SC coils because very large
controlled current power supplies are needed for hundreds of

megawatts. Note that, in the figure, several large power supplies are
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connected in parallel and controlled to provide the desired current.

Large 13.8-kV circuit breakers are needed to provide fault protection.

NN N, 2 TF coil power conversion input data

The input data needed for the TF power conversion module are given
in Tables 4.10 and 4.11, The data in Table 4.10 are stored in a file
that is rarely changed. It contains expert input data that should be
changed only after consulting with a person knowledgeable about power
conversion systems. The first column shows the mnemonic used by the
code to identify the data. The second column relates the use of the
data to the type of cuils or equipment. If the data are related to the
type of TF coil, the 1label SC, R, or SC/R is used to denote SC coils,
R coils, or a combination of both. Other data are related to the
electrical bussing, load center, power supply, dump resistors, or dc
circuit breakers (i.e., BUS, LC, PS, DR, and BKR, respectively).
Because the average user may not be familiar with the data range, lower
and upper bounds are given in column 3.

Input data from the other code modules are given in Table 4,11,
which {s arranged in the same format as Table 4.10. An added entry,
given in parentheses in column 1, identifies the source of the input
data. The use of the parameter {s glvenr in column 2. The first and
last entries of column 2 apply to both types of coils. In a hybrid
system, which has both SC and R coils, all data in-this table are used
in the power conversion computations.

4.N.8.3 TP coil power conversion output data

The two types of power conversion output data are (1) data used by
the other code modules and (2) data printed out for user evaluation.

Table 4,12 lists paraweters needed for other TETRA systems code
modules for computing the cost of equipment, for designing facilities,
and for determining the load on the ac power system., The table has the
same format as Tables 4.10 and 4.11. However, the first column contains
not only the mnemonic for the parameter but also the output module
identification, given in parentheses. The expected range {n values,

given in column 2, is relatively wide; the lower bound applies to
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User input data (for TFCPWR) from the expert data file

Code Code Expected Mnemonic

mnemonic use range description

TFPRT SC/R 0.0 or Print summary output only
1.0 Print all output data

NCPBKR SC 1 No. of TF coils per circuit breaker
2

KCoup SC/R 0.5 Coefficient of coupling between the R
0.9 TF coils and the SC TF coils

TCHRHR R 0.002 Ramp time to charge the R TF coils, h
0.200

TCHSR SC 1.0 Ramp time to charge the SC TF coils, h
5.0

DJMKA BUS 0.1 Design current density for the air- 2
0.2 cooled bussing of the TF coils, kA/cm

RTFPS PS 1.0 Multiplying factor for obtaining the
2.0 power supply rating

ALCPKG BUS 15 Cost of assembled aliminum bussing,
25 $/kg

CPKW1 L 300 Cost coefficbe9t of the TF coil load
700 center, $/kW-°

CPKW2 PS 1500 Cost coerflcle3t7for the TF coil power
3000 supplies, $/kwW °

CPMVA BKR 0.004 Cost coerficient6for the de circuit
0.008 breakers, $ x 10 /MVA

CPMJ DR 30 Cost coefficient for the dump reslstors,
50 $/MJ

CPCHAN 1&C 1000 Cost of one instrumentation channel, $
2000

FSPC1 SC/R 0.10 Floor area coefficlent for the power
0.25% supplies, m2/kw0.67

FspPC2 SC 0.60 Floor area coefficient for the
1.00 de clreult breakers, m2/ku”+67

FSPC3 SC/R 0.50 Floor area coefficient for the ac power

load centers, mzlkwo'67
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Table 4.11, 1Input data (for TFCPWR) from other systems code modules

Code Code Expected Mnemonic

mnemonic® use range description

NTFC SC/R 8 Number of TF coil groups connected by
16 circuit breakers

ETFRMJ R 10 Stored energy per R TF coil or TF coil
1000 group, MJ

ETFSMJ SC 200 Stored energy per SC TF coil or TF coll
2000 group, MJ

ITFRKA R 50 Electrical current through the R
500 TF coils, kA

ITFSKA SC 5 Electrical current through the SC
50 TF coils, kA

RPTFC R 1 x 107  Resistance per TF coil, Q
2 x 1073

VTFSKV SC 1 Maximum voltage across a TF coil during
5 a fast discharge, kV

RMAJOR R/SC 2 Major radfus of the tokamak plasma, m
6

311 inputs except RMAJOR are from the TFCOIL module.
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Table 4.12. Output data (from TFCPWR) to other systems code modules

Code Expected Mnemonic
mnemonic? range description
ETTFMJ 2000 Maximum stored energy in all TF coils, MJ
(COSTETR) 20000
ITFKA 5 Maximum current through the TF coils, kA
(COSTETR) 500
NTFC 8 Total number of TF coils
(COSTETR) 16
VTFSKV 1 Maxium voltage across a TF coil, kV
(COSTETR) 5
TFCKW 1 Available dc power for charging the TF coils,
(COSTETR) 500 MW
TFBUSL 300 Total bus length of the TF coil system, m
(COSTETR) 1500
DRAREA 200 Approximate Srea needed for the energy dump
(BLDGS) 1000 resistors, m
TFCFSP 200 Approximate floor area Beeded for the power
(BLDGS) 1000 conversion equipment, m
TFTBYV 1200 Approximate building space negded for the
(BLDGS) 6000 power conversion equipment, m”
TFACPD 2 Approximate steady-state TF coil ac power
( ACPOW) 600 demand, MW

3rarentheses contain the names of the modules to which the output
data are sent. ‘
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SC TF coil equipment, and the upper bound applies to the R TF coil
equipment.,

A sample of the data printed out for user evaluation is given in
Table 4,13, This table includes parameters passed on to other code
modules, pertinent input data, and considerable design data for the
user. If the user is not interested in all of these data, he can set
the print option flag, TFPRT = O, and only the summary data at the
bottom of the table will be printed. The data in this table apply to
one of the versions of the TIBER II tokamak design. Note that both the
mnemonic label and a description of the data are given in the table,

4.8.8.8 Flow diagram for the power conversion module

The code flow diagram of the TF magnet power conversion module {s
given in Fig. 4.10. At the top of the diagram, following the subroutine
call, the ITFPSWCH flag determines whether the interactive calculations
of the systems code are finished. If they are not finished, ITFPSWCH
= 0, and the subroutine calculations continue, Eventually, when the
systems code calculations are completed, ITFPSWCH = 1, and the final
printout {s executed.

Input data are available on demand from the user's data file and
from the TF magnet design module TFCOIL. The preliminary data
calculations provide the initialization data and the logic data for one
or two passes through the main program. The code statements represented
by the diamond-shaped block labeled "hybrid option" determine whether
one or two passes are needed.

If the TF coils are efther all SC or all R, the left branch of the
hybrid option decision block in Fig. 4.10 applies. The next decision
block determines whether to use the SC coll branch or the R coil
branch. 1If the coils are R, the path to the far left applies. NSPTFC
is initially set equal to 1, Then, if ETTFR > 1, the value of NSPTFC is
reduced to 0, and the code is initialized for R coil calculations, as
shown at the lower right of the diagram. After the power conversjion
calculations are completed with one pass through the program, the
detajled output data wiii be printed If TFPRT = 1, The value of NSPTFC
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Table 4.13. Toroidal field coil superconducting power conversion data

Variable Description Value
#ETTFMJ Stored energy of TF coils, MJ 5104.0
#ITFKA TF coil current, kA 38.89
#NTFC No. of TF coils 16.00
#VTFSKV Maximum voltage across coil, kV 10.00
TCHGHR TF cofl charge time, h 4,000
LTFTH Inductance of all TF coils, H 6.749
RCOILS Resistance of all TF coils, 9 0
LPTFCS Inductance per TF coil, H 0.4218
TFCV TF coil charging voltage, V 85.24
NTFBKR No. of dc circuit breakers 16.00
CTFBKM Cost of de circuit breakers, $ x 108 2.639
NDUMPR No. of dump resistors 61..00
R1DUMP Resistance of one dump resistor, 9 0.2571
R1PPMW Dump resistor peak power, MW 97.22
R1EMJ Energy to a dump resistor, MJ 79.75 -
TTFSEC L/R time constant of TF coils, = 1.640
CTFDRM Cost of dump resistors, $ » 10° 0.8966
TFPSC Power supply voltage, V 89.50
TFPSKA Power supply current, kA 40.83
#TFCKW DC power supply rating, kW 3655.0
TFACKW AC power for charging TF coils, kW 4061.0
RPOWER TF coil resistive power, MW 2,606
XPOWER TF coil inductive power, MW 0.7089
CTFPSM Cost of TF supplies, $ x 10 0.7797
DJIMKA Aluninum bus current density, kA/cm? 0.1250
ALBUSA Aluminum bus section area, em? 311.1
#TFBUSL Total length of TF bussing, m 2046.0
ALBUSWT Aluminum bus weight, t 171.9

RTFBUS Total TF bus resistance, mf 1,7232
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Table 4.13. (Continued)

Variable Description Value
VTFBUS TF coil bus voltage drop, V 67.02
CTFBSM Cost of TF bussing, $ x 10° 4,813
CTFLCM Cost of TF load control center, $ x 10° 0.1559
CTFCIM Cost of control & instrumentation, 1.010
$ x 106
CTFPCM Total cost of TF power conversion, 10.58
$ x 106
#DRAREA Dump resistor area, nl 598.7
#TFCFSP TF power conversion floor space, m? 829.3
TFCBV TF power conversion building volume, n3 4976.0
TF coil power conversion summary
CTFPCT Total TF power conversion cost, $ x 10° 10.58
XPWR W Total TF ac inductive power demand, MW 0.7876
#TFACPD Total steady-state ac power demand, MW 2.896
TFTSP TF power conversion floor space, m2 829.3
TFTBY TF power conversion building volume, m3 4576.0

#=--Global outputs,

is then decremented to -1, and the decision block at the lower right of
the diagram calls for printing out the summary table,

calculations are perforned.

indicated at the lower part of the diagram.

If the coils are
all SC, the program i{s initialized by the operations represented by the
block in the center of the diagram and the SC coil power conversion
The detailed output table i{s then printed
if TFPRT =~ 1, In all cases, the summary table is printed out as
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If the hybrid case exists, both types of colls require power
conversion. Counterpulse power supply data, associated with the hybrid
case only, are then calculated as shown on the right side of Fig.
4,10. Then, the program is initialized for the SC coil power.conversion
pass. After these calculations are complete, the R colls decision block
(RC) directs the path through the NSPTFC counter, and the R coil

calculations are made as described earlier.

A.0.8.5 Fortran 1listing of the TF power conversion code

A Fortran 1listing of the TFCPWR code is stored in filem (see
Sect. 3.4.t). All of the code mnemonics are identified at the beginning
of the TF power conversion module listing, ard they are grouped to
correspcnd with the data given in Tables 4,10 through 4.12. Program
inputs are follow2d by preliminary 1logic and calculations that
correspond to those of the flow diagram. Decision statements are at or
close to statement reference numbers 30, 35, 45, 105, 180, and 190. The
SC coil power conversion ‘nitialization begins at statement 185.

4.8.5 PF Magnet Power Conversion Code Module (PFPOM)

4.8.5.1 Code description

The PF power conversion system subroutine PFPOW calculates design
and cost data for the equipment that interfaces with the PF magnets,
which may have water-co.led R c¢oils, helium-cooled SC coils, or a
combination of R and SC coils. The code reads pertinent input parameter
data and computes the design and cost data for the load conrol centers,
burn power supplies, pulsed power supplies, coil protection equipment,
power cables znd bussing, and the associoted I&U, It also provides an
estimate of the building floor space and volume needed for the
equi pment .

The R coi{ls do not require the energy removal protection system
that is needed for the SC coils because they cannot change their state
when the operating environment becomes unfavorable because of faulted
equipment or operator error, The R coils require much more power than

the SC coils, and they require protection against the loss of coolant,



This protection is generally an interruption of power to the R coils
when 1oss of the water flow is detected. The following major categories

of equipment are associated with the PF magnets:

1. 1load control centers and burn power supplies for the PF magnets,
2. pulsed power supplies for the PF magnets,

3. power cables and/or electrical bussing between components in the
R or SC magnet circuits, .

4, local I&C for PF coil currents and protection of the R or
SC magnets,

5. dc¢ circuit breakers and switches to isolate groups of 5C coils
for efficient transfer of energy to the dump resistors, and

0. energy dump resistors to dissipate most of the energy of the
SC wagnets during a fast discharge.

Figure 4,11 through 4.13 are general one-line diagrams that show the
interconnections among these components. The first figure shows chat a
number of pcwer convertor modules must be connected in parallel to
provide the required PF coil current. a dump resisctor bank is connected
in series with the coil that is normally bypassed with the d¢ circuit
breaker and switch. If the power invertors fail to operate when an
SC coil quench occurs, the two-way switch changes position, bypassing
the power supply. The circuit breaker then opens so that the couil
discharge is through the dump resistor bank, which absorbs most of the
stored energy. The transient voltage suppressor is considered part of
the local I&C that is not otherwise shown in the figure.

Figure 4.12 shows one type of module that may be connected in
parallel with others as shown in the first figure. This module
represents a two-quadrant power unit with a single-quadrant, low-voltage
burn power supply unit in the middle. During the flattop part of the
fusion cycle, the two outer pulsed power bridges are bypassed with the
commutat ing thyristors. Some of the PF coils require current flow in
both directions in different parts of the fusion cycle. Four-quadrant
power supplies, like those shown in Fig. 4.13, are required. The lower
part of the four-quadrant module {s like that shown for the quadrant
power supply 1in the second figure, but the additional antiparallel
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Fig. 4.13. A typical four-quadrant pulsed power supply module inte-
grated with a low-voltage burn supply power unit,
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bridges in the upper part of the figure are needed to carry current in
the reverse direction.

The PFPOW code module uses the total swing in the power supply MVA
to determine the cost of the power supply modules. The total MVA swing
for a four-quadrant power supply is obviously more than for a two-
quadrant supply. The code also provides a separate cost estimate for
the burn power supply even though it will probably be integrated into
the pulse power supply as shown in Figs. 4,12 and 4%.13. Although the
code now uses a power supply for each coil, as shown in Fig. 4.11, only
one power supply with twice the voltage wouid actually be used for two
identical symmetrical coils connected in series, as shown Iin
Fig. 4.14, Alternately, the identical symmetrical coils could be
connected in parallel %to a power supply having the same voltage but

twice the current rating, as shown {n Fig. 4.15,

§.8.5.2 PF coil power conversion input data

The input data needed for the PF power conversion module are given
in Tables 4,14 and 4,15, The input data of Table 4.14 are stored in a
file that is changed infrequently by the user. It contains data that
change as the tokamak design evolves. 1In Table 4.14, the first column
identifies the mnemonic used by the code Tor the data, and the second
column shows how the data are used, Because some users may not be
familiar with the data, lower and upper bounds are given in column 3.
The fourth column describes the data in some detail.

Input data from the other code modules are given in Table 4.15 in a
format similar to Table 4,14, Column 1 defines the variable in the
matrix format used by the code, where (I) and (J) refer to the PF coil
circuit number and (K) refers to a tim2 at the end of a current waveform
segment, One limitation of the code is that the coll current waveforms
must be presented in the form of line segments. The second column
{dentifies the module that provides the input data. The expected ranges
of the variables given in column 3 are generally valid but may exceed
the 1limits by small margins. Ranges for coil éurrent vali'~a are
expressed {n terms of positive currents, but the #urrents should be
considered to be apsolute values because they may be negative as well as
positive, |
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Fig. 4.14, One-line diagram of a poloidal field power conversion
circuit with corresponding symmetrical coils connected in series.
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Table 4.14. Input data (for PFPOW) from the user data file

Code Code Expected Mnemonic
mnemonic use range description
PFCR(J) Compute PF 0.0-0.1 @ Terminal-to-terminal

coil circuit resistance of PF coil J
resistance
TTFRAMP Compute TIM(2) 5-50 s Time *o complete the first

segment of the current
waveforms for the PF coils

TRAMP Compute TIM(3) 5-50 s Time to complete the second
segment of the current
waveforms for the PF colls

TOHS Compute TIM(H) 5-50 s Time to complete the third
segment of the current
waveforms for the PF coils

THEAT Compute TIM(5) 1-20 s Time to complete the fourth
segment of the current
waveforms for the PF coils

TBURN Compute TIM(6) 50-1200 s Time to complete the Fifth
segment of the current
waveforms for the PF coils

TQNCH Compute TIM(7) 5-30 s Time to complete the sixth
segment of the 2urrent
waveforms for the PF coils

TTFQNCH Compute TIM(8) 5-30 s Time to complete the seventh
segment of the current
waveforms for the PF coils

RMAJOR Compute PFBUS!, 1-6 m Plasma major radius




96

Table 4,15, 1Input data (for PFPOW) from other systems code modules

Code Input Expected Mnemonic
mnemonic module range description
CPT(I,K) PFCOIL 0-100 kA Current per turn of coil I at

the end of time period K (A)

CPTD(I) PFCOIL 20-100 kA Maximum current per turn of
coil T (A)
NCIRT PFCOIL 5-18 Total number of PF coils,

including the OH coils and
the plasma. Plasma is

# ncirt. OH colil is

# necirt-1

SXLG(I,J) INDUCT 0-10 H Inductance between coils
I and J. Inductance matrix
includes self-inductances
(I = J)

WAVES(I,K) PFCOIL 0-1 Normalized current in coil I
at the time K

—

4,8.5.3 PF coil power conversion output data

The two types of power conversion output data are (1) data used by
other code modules and (2) data that is printed out for user evaluation,
Table 4,16 lists parameters needed by other systems code modules
for computing the cost of equipment, for designing faci{lities, and for
determining the energy and power load on the energy storage and/or ac
power system. The table has the same format as Table 4,:5, Output data
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Output data (from PFPOW) to other systems code modules

Code Output Expected Mnemonic
mnemonic module range description
PFAKMVA ESTORE 100 to Maximum peak MVA of all PF power
1000 MVA supplies combined
ENSXPFM ESTORE and 1000 to Maximum stored energy in all
COSTETR 5000 MJ PF circuits combined
ENGTPFM ESTORE 4000 to Maximum dissipated energy per
20000 MJ cycle for PF circuits combined
TFINAL = ESTORE 200 to Fusion power pulsed cycle time
TIM(8) 2000 s
ENSRPF(5) ESTORE 500 to Total energy to all PF coil
2500 MJ circuits at the beginning of
the burn phase
ENSRPF(6) ESTORE 4000 to Total energy to all PF coil
20000 MJ circuits at the end of the burn
phase
TBURN ESTORE 200 to Burn phase time interval
2000 s
PFBLDGM2 BLDGS 500 to Required PF coil power conversion
2000 m2 equipment floor area
PFBLDCM3 BLDGS 3000 to Required FF coil power conversion
12000 m3 equipment space
SPSMVA COSTETR 200 to Sum of the required MVA of all
1500 MVA PF coil power supplies
PFCKTS ESTORE and 5 to 20 Number of PF coil power supply
COSTETR circuits « NCIRT - 1
SPFBUSL COST 1000 to Sum of electrical bus length for
4000 m all PF coil circuits
SRCKTPM COST 1 to 5 MW Sum of the maximum resistive
power in all PF circuilts
ACPTMAX COST 10 to 50 kA  Average of the maximum current
per turn of all PF coils
VPFSKV COST 2 vo 10 KV Maximum allowable voltage acrosa

a PF coll
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from the PF power conversion module are passed on to three other code
modules; the energy storage system module (ESTORE), the facility module
(FAC), and the cost computation module (COST), as shown in column 2.

Typical data printed out fcr the benefit of the user are given in
Tables 4,17 and 4.18, At the top of Table 4.17, the power and the MVA
of all of the PF coil circuits are listed at the time segment break-
points of the coil current waveforms. Twc values are given for each
break point. One value corresponds to the slope of the current wave-
form (dI/dt) to the 1left of the breakpoint, and the other value
corresponds to the slope to the right of the breakpoint. The resistive
power depends only on the value of the current, not on the current
derivative. Therefore, the power {s the same on both sides of the
breakpoint. Another table, rot shown here, can be printed out to list
the same data for each of the PF circuits. The data in Table 4.17 apply
to one version of the TIBER II tokamak design.

The lower part of Table 4.17 1lists the electrical data for each
PF coil circuit power supply. Because some power supplies are two
quadrant and some are four quadrant, the voltage and current swing data
are used to determine power supply ratings and their cost estimates.

Table #4.18 shows additional data used to dectermine the cost
estimate for each major category of equipment. The power conversion
system cost estimates and the source data for determining the cost are
grouped together for related equipment. The mnemonic i{s also given with
the description of each parameter. The building floor space and volume
requirements for the PF power conversion equipment are given in the
lower part of the table.

4.8.5.4 Flow diagras for the power conversion module

The PFPOW code flow diagram for the PF coil power conversion module
{s shown on the three pages of Fig. 4.16. At the top of the first page,
the IPRNT flag determines whether the I[terative calculations for the
module are complete or not. If incomplete, IPRNT = 0 and the subroutine
calculations continue, Eventually, when the systems code calculations

are complete, IPRNT = 1, and the final printout is executed,.

'
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Fig. 4.16. Computer software flow diagram for the PFPOW module.



ORNL-DWE 87-2%8 FEO
PARY 2

SETUP TRNING
INCREMENTS

AND INITIALIZE
TOTAL IRDUCTIVE
MVA OF PF COILS

INITIALIZE
ENGX

COMPUTE INDUCTIVE
VOLTS AND MVA OF
PF COILS AT TIME, XTHS

iPFeiPF+1

COMPUTE STORED
ENERGY IN THE PF
COILS AND TOTAL
INDUCTIVE MVA
AT TIME, KTH4

YES
WPF = PF + 1 " <NCIRT - 1

Fig. 4,16, (Continued)



KThad = KTIM + 1

101

ORUL-DWE §7-2798 FEB
PART 3

MVA, ERERGY
OF ALL PF
CIRCUITS
COMBIED

YES

INITIALIZE

AND COMPUTE

KEY POWER SUPPLY
PARAMETERS

Do 27§

WF=PF +1

COMPUTE MAX.

AND MIN. DURRENTS
AND VOLTAGE OF
POWER SUPPLIES

KTiM e KTiM +1

no
COSTET
COMPUTE POWER L ~>

SUPPLY DATA
ENERGY STORACS ESTORE
SYSTEM AND COST
CALCULATIONS sLDGS

COMPUTE COSY
OF PF COIL POWER
CONVERSION ARO | RETURN
REQUIRED BUILDING
AREA/SPACE

#F <NCIRT-1

Fig. 4.16. (Continued)



102

Table U4.17. Poloidal field coil power conversion requirements

Resistive
Time power Total
(s) (MW) MVA
0 0
0 0
30 1.388 29.07
30 1.388 -30.23
50 1.738 121.1
50 1.738 26.50
56 1.933 28.48
56 1.933 3.526
156 2.148 3.847
156 2.148 -249.2
168 0 0
168 0 0
PF coil = Maximum Minimum Maximum Minimum
circuit voltage, voltage, current, current, MVA,
No., VPFMAX VPFMIN CPTMAX CPTMIN PSMVA
PFCKT (kV) (kV) (kA) (kA)
1 0.1754 -0.2785 25 0 11.35
2 0.1754 -0.2785 25 0 11.35
3 0.2718 -0.8478 25 0 27.99
b 0.2718 -0.8478 25 0 27.99
5 0.0071954 -0.0060180 10.35 -25 0.4672
6 0.0071954 -0.0060180 10.35 -25 G.U672
7 0.8015 ~0.5091 5.467 -25 39.93
8 0.8015 ~0.5091 5. 467 ~-25 39.93
9 2.1 -1.241 0 ~25 84,53
10 2.11 1.2 0 -25 84,53
11 0.2390 -0.2745 23.29 -25 24,79
12 0.2390 -0.2745 23.29 -25 24,79
13 -1.489 9.545 -22.57 102.3

1‘696
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Additional data used to estimate cost for PFPOW

VYariable Description Value
PFCKTS No. of PF coil circuits 13.00
SPSMVA Sum of PSMVA of all PF coil circuits 480.4
APSMVA Average PSMVA of all PF coil circuits 36.95
TCPFPPSM  Cost of all pulsed power supplies, $ x 10° 12,01
TCPFCIM Cost of all PF circuit I&C, $ x 106 3.052
ARCKTPM Average R power of the PF circuits, kW 199.9
ACPTMAX Average maximum current/turn of the PF circuits, kA 24,81
SPFBUSL Sum of the bus lengths of the PF circuits, m 2131.0
SRCKTPM Sum of resistive power in PF circuits, kW 2598.0
TCPFBSM  Cost of all PF buss‘ng, $ x 106 2.644
TCPFBPSM  Cost of burn phase pcver supplies, $ x 106 2.5.4
VPFSKV Maximum PF coil voltage, kV 5.000
ENSXPFM Maximum sum of stored energy in PF circuits, MJ 1508.0
TCPFBKM  Cost of all de circuit breakers, $ x 10° 1.899
TCPFDRM Cost of all energy D-resistors, $ x 100 0.2158
TCPFSM Total cost of PF conversion system, $ x 106 22,1
ENGTPFM Maximum resistive energy of all PF circuits over 1589.0
the entire cycle, MJ
BPSFM2 Floor area of the burn power supplies of the 4y, 2
PF coils, m?
PPSFM2 Floor area for the pulsed power supplies of the 576.9
PF coils, m2
BKRFM2 Floor area for thes dec circuit breakers, m2 323.9
PFBLDGMZ  Total building floor area for the PF coil 1345.0
power supplies, m?
PFBLDGM3  Building volume fcr the PF coil power supplies, m3 8070.0
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During the iterative calculations, the PFPOW subroutine uses the
most recent data from the inductance matrix mcfule INDUCT and the
PF coil module PFCOIL. Before entering the major DO 200 loop, the
program initializes module parameters and performs preliminary time-step
calculations. A DO 30 loop, which sets som.. vector parameters equal to
zero, is part of this block.

The PFPOW code module uses many nested DO loops to perform matrix
and vector calculations. Calculations are made on both sides of the
current waveform hreakpoints for each PF coii. The outer DC 200 loop
index is therefore KTIM, the time coordinate of the currant
breakpoints. The inner DO 209 loop sets the pertinent vector and matrix
elements to zero before making calculations at each time coordinate.
The DO 40 loop computes the power and energy losses in each of the
PF circuits at time KTIM. The DO 250 loop, shown on the second page or
Fig. 4.16, cotputes the inductive voltage drop, the inductive MVA, and
the energy storage for each PF coil at time KTIM. The first block at
the top of the third page of Fig. 4.16 computes the maxjiumum MVA and
energy of all PF clrcuits combined at time KTIM. The DO 200 locp is
then incremented, and the process repeats for the next KTIM.

After completing the calculations of the DO 200 looup, the program
initializes for the power supply calculattons for each of the PF coil
circuits. The power supply calculations are then performed by the
DO 300 loop, shown on the third page of Fig. 4.16. Nested ‘nside the
DO 300 loop is a KTIM DO 275 loop that determines the maximum and
minimum vcltages and currents that must be prcvided by the power
supplies. The diffrerences between the maximum and the minimum currents
and voltages are multiplied together outside the DO 275 loop to provide
the maximum swing in the MVA for each circuft. The maximum MVA swing is
used to determine the cost of power supplies. Other data needed for the
energy storage system module ESTORE are also calculated. Finally,
outside the DO 300 loop, ¢nst estimates are computed for the PF power
conversion system and the building floor area and space requirements.
Flow diagram outputs to other systems code modules are shown in the

lower right corner,



105

N.8.5.5 Fortran listing of the PF power conversion code

The Fortran 1listing of the PFPOW code Is part of a separate
document containing the total code listing (see Sect. 3.4.6). This
document is available for reference use. The code mnemonics are
identified at the beginning of the PFPOW 1list and are grouped to
correspond to Tables 4.14 through U4.16. Program inputs are followed by
initialization statements, preliminary logic, and DO ioop calculations
that correspond to those of the flow diagram described earlier. Comment
statements are interspersed between and inside the many DO loops s0 that
one can follow the code and change or add to the program as future needs
develop. The inductance matrix module INDUCT of the systems code now
provides an output for each ccil; therefore, a power supply is required
for each PF coil. In the future, it will be desirable for INDUCT to
combine like symmetrical coils into one circuit so that the power supply
calculations are for one power supply connected in series with two pairs

of coils.

4.5.6 Energy Storage Systeam Code Module (ESTORE)

4.5.6.1 Code description

The energy storage system subroutine ESTORE calculates electrical
design parameters and the cost of an MGF energy storage system for the
pulsed plasma heating and the PF c¢oil 1loads. Costs of the ac circuit
breakers and the power feeders between the energy storage source and the
PF cof{l power supplies are also included in this module. One of the
limitations of this code module 13 that the energy source for c¢ost
estimation is MGF units, the utility line, or a combination of both, A
software swit.ch 1abled ISCENR is set by the user to integers 1, 2, or 3,

corresponding to the following energy source selections:
1 = MGF units provide energy for all the pulsed power loads;

2 = the utility power line provides energy for all the pulsed power

loads; and
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3 = MGF units provide energy for the PF coil loads, and the utility
power line provides energy for the plasma current drive and

burn power supply loads.

The code module uses input data from the PF coil power conversion module
PFPOW and the plasma current drive power module CUDRIV. The input data
are used to determine the cnergy storage svstem reguirements for the
selected energy source(s). Co3ts of the MGF units and their support
equipment are calculated if the ISCENR switch is set to 1 or 3. The
energy Stcrage system module also calculates the pulsed MVA and the
MW loads on the utility power line when the ISCENR switch is set %0 2 or
3. The total MVA and MW loads are used by the ac power module to
calculate the size and cost of the capacitor bank to correct the power
factor to adout 0.95.

Figure 4,17 is a one~line diagram that shows the energy storage
system and {ts {nterfaces with the PF power converslon system, the
auxiliary heating power system, and the ac power system, The auxiliary
heating power system includes power and energy needed for electron
cyclotron heating, ion cyclotron heating, LH current drive, NBI, and the
PF coils during the burn phase. The two double~pole, double-tnrow
electrical switches, with poles A through H, represent the software
switch ISCENR. The insert table in the figure shows the positions of
the switch poles corresponding to ISCENR = 1, 2, and 3. Figure 4,18 is
a block diagram that describes the functions of the input/output (I/0)
interface modules and their relationship to the energy storage system
module ESTORE.

4,8.6.2 Energy storage system module input data

Tables 4,19 and 4.20 define the input data needed by ESTORE. The
data {n Table 4.19 are located in data files or statements that may be
changed by the user only. The data {n Table 4.20 are provided by other
subroutines or modules not directly under user control.

Only the fi{rst entry {n Table 4,19, the software switch ISCENR, is
likely to be changed frequently, and for that reason this entry {s

placed in a more accessible common file. Other fnput data in Table 4,19
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CALL ESTORE

ORRL-OWSE 67-2700 FED

PFPOW CUDRIV PRINT ESTORE
MODUI € OUTPUT
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POWER FROM POWER FROM OTHER PULSED
MGF UNITS THE UTILITY LINE LOADS FROM THE
UTILITY LINE
]
COSTETR «—————— DO FACILITY
AND COST > ACPOW
CALCULATIONS A
SLDGS «————  FOR ESTORE
RETURN

Fig. 4.18. Block diagram of the

interfaces with other code modules.

RETURN

energy storage module and {its
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Table 4.19. User-contrclled input data for ESTORE

Code Default Expected Mnemonic
mnemonic value range description
ISCENR None 1, 2, or 3 User-controlled software energy
storage source selector switch
PSEFF 0.92 0.88 to Average efficiency of the pulsed
0.95 power supplies
EREFF 0.75 0.60 to Average energy recovery efficiency
0.80 from the PF coils
DMEFF 0.80 0.65 to Average efficiency of a variable-
0.85 speed drive motor for an MGF unit
PWRFAC1 0.60 0.50 to Average power factor for the PF coil
0.70 power conversion
PWRFAC2 0.85 0.80 to Average power factor for all power
0.90 supplies except those for the
PF coils
PWRFAC3 0.75 0.70 to Average power factor for a variable-
0.80 speed drive for an MGF unit

are changed very infrequently and thus are placed in data statements
that are part of the subroutine. The default values given in column 2
are the recommended values that will be used by the ESTORE subroutine
unle;s the user makes a change in the pertinent data statement.

Input data from two other code modules are identified in
Table 4.20. Except for column 2, which lists the acronym of the module
providing the input data, this table has the same format as
Table 4.19., Only two modules provide input data: the PF coil power
conversion module PFPOW and the plasma current drive/heating module
CUDRIV. The expected ranges given for the data in column 3 are fairly
wide to allow for wide variations in the design optimization of tokamak
reactors.

4.5.6.3 Energy storage systes module output data

The energy storage module, like most of the other modules or
subroutines, computes (1) output data needed a3 inputs to other modules

and (2) other design/cost data that are printed out for user evaluation,



Table 4.20.

110

Input data (for ESTORE) from other systems code modules

Code Input Expected Mnemonic

mnemonic module range description

PEAKMVA PFPOW 100 to Maximum peak MVA of all PF power
1000 MVA supplies combined

ENSXPFM PFPOW 1000 to Maximum stored energy in all PF coil
5000 MJ eircuits combined

ENGTPPM PFPOW 4000 to Maximum dissipated energy per cycle
20000 MJ for all PF coil circuits combined

TFINAL = PFPOW 200 to Pulsed fusion power cycle time

TIM(8) 2000 s

ENSRPF(5) PFPOW 500 to Total energy to all PF coil circuits
2500 MJ at the beginning of the burn phase

ENSRPF{6) PFPOW 4090 to Total energy to all PF coil circuits
20000 MJ at the end of the burn phase

TBURN PFPOW 200 to Burn phase time interval
2000 s

PFCKTS PFPOW 5 to 20 No. of PF coil power supply circuits

(NCIRT ~ 1)

FHEATMW CUDRIV 50 to Average plasma current drive/
200 MW heating power

PHTGMJ CUDRIV 4000 to Plasma current drive/heating
20000 MJ energy per fusion power cycle

Table 4.21 lists output parameters needed by other code modules for
facilities
determining the pulsed and steady-state power loads on the

computing design/cost of the equipment and and for
ac power
system. The output table format 1s the same as Table 4.20 except for
column 2, which identifies the acronyms of the modules receiving output
data from the ESTORE modules.

used by the ac power module'ACPOH to determine the electrical parameters

The first two entrfes in Table 4,21 are

and cost of a capacitor bank needed to increase the power factor so that
it is between 0.95 and 1.00 during the startup power pulse. Table
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Table 4.21. Output data (from ESTORE) to other systems code modules

Code Output Expected Mnemonic

mnemonic  module range description

ULPMN ACPOW 100 to Maximum pulsed power from the
800 MW utility power lire

ULPMVA” ACPOW 200 to Maximum pulsed MVA from the utility
1200 MVA power line

ESBLDGM2  BLDGS 75 to Building floor space needed for the
300 m2 energy storage system

ESBLDGM3  BLDGS 500 to Building volume needed for the
2000 m3 energy storage system

ACCKAM CCSTETR 40,000 to Total kA-m of 13.8-kV power feeder
200,000 kA-m cable

FMGMVA COSTETR 200 to Maximum MVA of the MGF units
1200 MVA combined

FMGMJ COSTETR 2000 to Energy taken from the MGF units
10,0C0 MJ per pulsed fusion cycle

entries 3 and 4 are {inputs used by the facilities code BLDGS to
determine the size and cost of buildings for the energy storage
system. The remaining entries are used to determine the cost of power
feeder cables, ac circuit breakers, and MGF units.

Typical data, printed out for user evaluation, are given in
Table 4.22. At the top of the table are values of the burn time, cycle
time, and user-controlled inputs. The second block of data in the table
is the total PF coil and plasma current drive/heating power and energy
data that are independent of the software switch ISCENR setting.
Electrical characteristic data for an energy storage system are given in
the third block. This block of data is set equal to zero if the
coftware selector switch is set equal to 2, corresponding to taking all
the pulsed load power from the utility line. The last block of data in
the table consists of utility line electrical power and energy data and
the floor area and building volume data.

4.4,6.8 Flow diagram for the energy storage system module

Figure 4.19 {s a code flow diagram for the energy storage system
module. At the top of the diagram, following the subroutine call, the
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Additional data used to estimate cost for ESTORE?

Variable Description Value
Energy Storage System Parameters

TBURN Burn time, s 109.0

TFINAL Total cycle time, s 168.0

PSEFF Power supply efficiency 0.9200

EREFF Energy recovery efficiency 0.7500

DMEFF MGF drive motor efficiency 0.8000

PWRFAC1 Pulsed power supply power factor 0.6000

PWRFAC2 Plasma heating power supply power factor 0.8500

PWRFAC3 MGF drive motor power factor 0.7500
Power Supply Energy and Load Data

ACPFMVA Peak ac MVA of the PF coil power supply 219.4

ACPHMVA Peak MVA of the plasma heating power supply 220.9

ACPTMVA Total peak MVA = ACPFMVA + ACPHMVA 4y0.3

ACPTMW Total peak power demand, MW 319.4

PHTCMJ Plasma heating energy/cycle, MJ 1.7278 x 10‘I

ENGTPFM Energy to PF coil power supply/cycle, MJ 1589.0

ACPTMJ Total pulsed energy/cycle, MJ 2.0507 x 10‘I

MGF Energy Storage Data

FMGMW Maximum MGF power output, MW 0

FMGMV A Maximum MGF MVA output 0

FMGCMJ MGF energy/cycle, MJ 0

FMGRMJ Energy recove.y/cycle, MJ 0

FMGDMW Average power to MGF motor, MW 0

FMGDMV A Average MVA to MGF motor 0



113

Table 4.22. (Continued)

Yariable Description Value

Power and Energy from the Utility Line

ULFMW Maximum pulsed MW from utility line 319.4
ULPMVA Maximum pulsed MVA from utility line §40.3
ULPMJ Pulsed erergy from utility line, MJ 2.0507 = 10"
FLCCFM2 Floor area needed for the load control 69.59
7 center, m2
FUGFM2 Floor area needed for MGF units, m? 0.0
ESBLDGM2 Building floor area for the energy 69.59

storage system, m2

ESBLDGM3 Building volume space ror the energy 417.6

storage system, m3

Energy Storage System Cost Data

6

COFFCM Cost of ac power feeder cables, $ x 10 0.8980
COACPM Cost of ac power protection circuit breakers 3.226
an¢ current-limiting reactors, $ x 106

COFMGM Cost of MGF energy storage units, $ x 10% 0.0
TCESSM Total cost of energy storage system, $ x 108 b, 124

3For the option where all pulsed power is taken from the utility
grid.

IPRNT flag determines whether the interactive calculations of the
systems code are finished. If not, IPRNT = O, and the subroutine
calculations continue. Eventually, when the systems code calculations
are completed, IPRNT = 1, and the final printout is executed.

During the interactive calculations, the subroutine uses the most
recent data from the PF power conversion module PFPOW and from the
plasma current drive/heating module CUDRIV. The electrical parameters

of the pulsed loads dc not depend on the setting of the ISCENR software
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ORNL-DWG 87-2768 FED

PLASMA CURRENT-

PF COIL POWER
DRIVE/HEATING

CONVERSION
MODULE, CUDRIV,

SYSTEM, PEPOW,
PROVIDES POWER

PRAVIDES PEAK MVA,
AND ENERGY .

MVA, MW AND MJ AND
REQUIREMENTS
FOR ECH. ICH. LHCD TIMING REQGUIREMENTS
AND NBI FOR THE PF COILS

ENERGY STORAGE SYSTEM MODULE, ESTORE,
INCLUDES MGF UNITS, CURRENT LIMITING
REACTORS, AC CIRCUIT BREAKERS, AND

POWER FEEDER CABLES
y Y Y
AC POWER 3YSTEM
ETR SYSTEM FACILITY DESIGN MODULE, ACPOW,
COST MODULE. BUILDING MODULE, USES THE TOTAL
COSTETR, USES 2LDGS, USES EQUIP- MVA AND MW TO
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ALL SYSTEMS AND SPACE REQUIRE- SIZE AND COST OF
CODE MODULES MENTS TO DETERMINE A CAPACITOR BANK
THE SIZE OF BUILDINGS NEEDED TO INCREASE
THE POWER FACTOR
TO ABGUT 0.95

Fig. 4.19, Code flow diagram for the energy storage system module
ESTORE.
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switch; hence, they are performed before logic decisions are made based
on the ISCENR switch settings. Depending on these settings, the
subroutine performs computations beginning at statement 330, 340, or
350, as shown in Fig. 4,19, After the branch calculations are
completed, the facility and cost calculations are made beginning at
statement 360, and the new output data are then available for the ACPOW,
BLDGS, and COSTETR modules.

4.4.6.5 Fortran listing of the energy storage system code

The Fortran listing of the ESTORE code is part of the systems code
stored in filem (see Sect. 3.4.6). This 1listing is available for
reference use. The code mnemonics are identified at the beginning of
the ESTORE 1list and are grouped to correspond to Tables 4,19 through
§.21, The code contains statements at the beginning that are not
dependent on the setting of the software selector switch, The selector
switch causes the program to branch to statement 330, 340, or 350
depending or the setting of the switch ISCENR. Pertinent computations
are then performed by statements following the selected branch. A final
group of computations is then performed following the GO TO statement to
360.

4.84.7 References for Section 4.3

t. L. Reid et al., The Tokamak Systems Code, ORNL/FEDC-84/9, 1984,
2. F. Wu, Ripple-TF Cnil GCeometry Algorithm, FEDC-M-81-SE-013,
1981,

3. S. S, Kalsi, "Determination of Current Denaities for Tokamak

Superconducting Toroidal Field Coils," Nucl. Eng. Design/Fusion, 4, 37~
48 (1986).

L, M. Wilson, Superconducting Magnets, Clarendon Press, Oxford,
England, p. 22 (1983).

5. J. D, Galambos et al,, System Studies of Compact Ignition
Tokamaks, ORNL/FEDC-86/5, 1987.

6. J. R, Miller et al.,, High Current Density Magnets for INTOR and

TIBER, UCRL-95759, Lawrence Livermore Natf{onal Laboratsyry, Jan. 26,
1986,
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7. J. W. Exin, "Strain Scaling Law for Flux Pinning in Practical
Superconductors. Part 1: Basic Rnlationship and Application to Nb3Sn
Conductors,” Cryogenics 20, 611 (1980).

4.5 NUCLEAR SYSTEMS

This section contains summaries for the nuclear modules. The
function of these modules is to define the performance parameters for
each component as a function of the reactor operating conditions.
Several design options and cost algobithms are {ncluded for each

component. Lead authors and affiliations are indicated.

Module Lead Author Organization

First wall Y. Gohar Argonne National
Laboratory (ANL)

Blanket Y. Gohar ANL

Bulk shield Y. Gohar ANL

Vault shield Y. Gohar ANL

Impurity control system J. N. Brooks ANL

Tritium systems P. A. Finn ANL

This module calculates first-wall design parameters, including
heating rates, radiation damage parameters, neutron fluences, tritium
inventory, tritium permeation rate to the first-wall coolant, and the
rate of tile erosion caused by plasma disruptions. The module
distinguishes between the {nboard and outboard sections of the first
wall. Both sections have a prime candidate alloy (PCA) steel structure
and a water coolant except for a 1-cm beryllium tile for the inboard
section only. The first wall is integrated with the blanket and
shield, A multivarfable data set generated by several design codes is
used to calculate all of the above parameters except the tritium

inventory and tritium permeation rates. The tritium parameters are
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calculated through a simplified algorithm. This module has three
sections to provide neutronics results (energy deposition, neutron
fluences, and radiation damage analyses), tritium parameters, and

disruption erosion rate.

§4.5.1.1 Energy deposition, neutron fluences, and radiation damage
analyses

The surface heat load and the nuclear heating were used to

calculate the energy deposition rate in the first wall. The surface
heat load is obtained from the impurity control module. The nuclear
heating i{s calculated for both sections of the first wall by using a
toroidal cylindrical geometry. The one-dimensional discrete ordinates
code OﬂEDANT1 was used to perform the transport calculations with a P5
approximation for the scattering cross sections and an 58 angular
quadrature set. A 67-coupled-group nuclear data library (46 neutron and
21 gamma) based on ENDF/B-IV with corrected 1ithium-7 cross sections was
employed for these calculations.  The VITAMIN-C2 and MACKLIB-IV3
libraries were used to obtain this library. In the geometrical model,
it is assumed that the tile material does not have an active coolant and
its energy 1is transmitted to the f{nboard first wall, The neutron
fluence, the atomic displacement, and the helium and hydrogen production
rates are cal ilated based on the number of full-power years of
oneration used in the analyses. The first-wall coolant is integrated
with the main coolant of the blanket and shield.

4.5.1.2 Plassa disruptions

Intense energy fluxes on the plasma chamber wall and impurity
control systems are encountered during disruptions. The energy
deposited on part of the first ll during a plasma disruption in
tokamak devices could exceed several hundred megajoules, and the
deposition time is estimated to be in the millisecond range or even
shorter, Melting and vaporization of wall materials may then

occur.u'5 An accurate calculation for the amount of vaporization losses
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and melt layer thickness resulting from the disruption is very important
to fusion reactor design and operation.

The time-dependent reat conduction equation is solved subject to
several boundary conditions. These conditions include the surface heat
flux and radiation to the surrounding surfaces. Also, possible material
phase changes and the vaporization energy oi tiarget materials are
considered explicitly in the solution. This system of equations Is
subject to two moving boundar‘les.G"9 One boundary is the melt-solid
interface because surface heat flux may result in the melting of the
surface of the exposed material. Another moving boundary 1is the
receding surface as a result of evaporation of the wall material because
of the continuous heating of the melted surface.

The general time-dependent, one-dimensional (1-D) heat conduction,

with thermophysical properties «x, p, and C which vary with

p'
temperature, is given by9
3Ts 3 aTs
Ps(T) Cps(T) 3t " 3% Ks(T) x| 0sxsL,t>0 , (4.27)
(x,0) =f(x) , O0OsxsL, t=0 , (4.28)

where f(x) is the initial temperature distribution function.

The correct boundary condition requires partitioning of the
incident energy into conduction, melting, evaporation, and radiation.

In the solution, to account for a phase change when the temperature
of a node reaches the melting temperature of the material Tm. this node
temperature is fixed until all heat of fusion is absorbed. Then, the
temperature of this node is allowed to change. During the phase change,
the material properties of the node are given by a combined value from
both solid and 1liquid properties according to the ratio of the
transformation at this time step.

The velocity of the receding surface is a highly nonlinear function
of temperature. The model used to calculate the evaporation losses s
reviewed in ref. 5. A parametric study was performed to generate a

disruption data base as a function of the disruption energy and the
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deposition time for the first-wall analyses. The first-wall module
interpolates from this data base to calculate the first-wall erosion
resulting from vaporization only, assuming no vapor protection of the

first-wall material.

3.5.1.3 Hydrogen isotopes permeation and inventory ’n fusion reactor
components

Tritium permeation into the coolant and tritium iaventory in the

first-wall material and the divertor are key parameters in reactor
design scoping studies because of their large impacts on both economic
and safety aspects of the fusion device. To compute the permeation and
inventory of hydrogen isotopes in fusion reactor components, a steady-
state analysis code s used. Thc permeation model assumes a hydrogen
isotope atom implantation flux J1 at a depth 8§ in the surface, which is
less than the surface thickness d. This !mplantation depth depends
primarily on the energy of D-T particles, which 1is wusually in the
hundreds-of-eV range.

It i3 assumed that gas molecules leave either wall surface (front
or back) by recombination-limited desorption according to

J = 2xrc2 ) (4.29)

where C is the dissolved hydrogen i3otope concentration near the surface

and Kr' i the recombination coefficient given by10

4o %, - E:x
Kr = ——————— exp -——"—m—.—- ’ (4.30)
Kso YEK MT

where

a = sticking coefficient (~ 1 for clean surfaces),
Kso = pre-exponential Sievert's solubility constant,
K = Boltzmann constant,

M = mass of the molecule formed by recombination,
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T = absolute temperature,
Es = energy of solution for hydrogen in metal,

E, = Eg * E4 (Ed = diffusion energy),

and
c. Es + Ed ’ if Es + Ed >0 , (1,31
X 0, otherwise. *
The governing equations for the surface currents can then be
written as
p(c. -c.)
2 m 1
J1 =2 Kr1 C1 =3 ’ (4.32)
J,=2K C2a- PGy - &) (4.33)
2 r, 2 (d - 6] !

Ji = J.I + J2 » (uo3u)

where the subscripts 1 and 2 refer to the front (plasma) and back
(conlant) surface, respectively. The value Cm refers to the maximum
concentration obtained at the implantation depth § from the surface.
The total sample thickness is assumed to bve d, and J1 is the
implantation flux. The surface current J, then represents the net flux
going to the coolant (i.e., the permeation flux), The preceding
equations are solved numerically by using efficient iteration techniques

to ylield accurate solutions.11

The steady-state tritium inventory is
calculated from the established concentrations at both surfaces along
with the maximum concentration at depth §. The physical properties of
the candidate materials are stored {n a separate subroutine in the

code.,



8.5.2 Blanket

The tritium breeding function of the blanket is integrated in the
bulk shiela by using an aqueous solution of a lithium compound in the
water coolant of the shield. The other blanket function of producing
recoverable heat in suitable conditions for power generation is
accomplished only in the blanket test module of the device. The first-
wall, blanket, and shield are cooled by room-temperature water (20-40°C)
at low pressure. The coolant flow rate is adjusted to achieve a 20°C
increase in the coolant temperature. The aqueous solutfon has 16 g
L1N03/100 em3 based on neutronics considerations to maximize the tritium
breeding ratio. A beryllium zone behind the first wall in the outboard
section of the reactor is also employed as a neutron multiplier to

enhance the tritium breeding ratio.lz

The neutron transport code and
data library described in the first-wall section are employed for the
calculations. It should be noted that the results of the first-wall,
blanket, and shield modules assume a 100% coverage of the plasma by the
rirst wall. An adjustment should be considered to account for different
penetrations in the first wall resulting from plasma heating options and
impurity control systems.

The first-wall, blanket, and shield parameters included in this
version of the code are based on the TIBER design as given in
Table 4.23. A parametric study was performed to generate a three-
dimensional (3-D) data set to provide the blanket performance parameters
as a function of the zone thickness of the inboard blanket and shield,
the beryllium neutron multiplier, and the outboard blanket and shield.
This module first calculates the beryllium zone thickness to achieve the
required tritium breeding ratio by interpolation in the data set. A
normalized bicubic spline algorithm s wused to perform the
interpolation. Also, the nuclear heating and the coolant mass flow rate
for both sections of the reactor are calculated based on a 20°C increase
in the coolant temperature.

If the required tritium breeding ratio is zero, the blanket module
eliminates the beryllium multiplier zone and the L1N03 salt from the

water coolant by using a differenc data set,
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Table 4.23. First-wall, blanket, and siiield parameters

Zone Zone composition (vol %)
Zone thickness?

description (cm) PCA steel Hzob W Be
Inboard blanket X 10 20 70

and shield
Inboard first wall 1 50 50
Inboard tile 1 100
Inboard scrapeoff layer 6
Plasma 86
Outboard scrapeoff layer 1
Outboard first wall 1 50 50
Neutron multiplier y 5 35 60
Outboard blanket z 65 35

and shield

3, y, and z are variables.
®16 g LiNO3/100 cm3. A 90% lithium-6 enrichment is used.

4.5.3 Bulk Shield

The nuclear responses in the SC TF coils and the dose equivalent in
the reactor vault one day after shutdown are calculated in this module
for the input shield thicknesses. These responses should be used to
define the allowable D-T neutron wall loading for a specific operating
scenario, the total D-T neutron Cfluence, or the required shield

thicknesses to satisfy the design goals.

13,14

Irradiation of SC coils tends to lower their performance,. For

SC materials, neutron irradiation reduces the critical current density

Jc and the critical temperature Tc' For Nb3Sn material, it has been

shown that Jc generally increases, reaching a maximum, and then

15 Irradfation

2

decreases as the fast neutron fluence Iincreases.

14,16 at 6 K with a fast neutron fluence of U x 1018 n/cm

experiments
show that the maximum value and the increased rate of Jc increase with

the magnetic fleld. At a magnetic field of 5 T, the 6 K experiment
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resulted in a 16% increase in Jc at a fast neutron fluence of 2 x 10‘8

n/cm2

without reachinrg a peak.

Irradiation experiments at higher temperatures (-350 K) show the
same behavior for Jc. The Jc peak, however, was Jlower than the
corresponding value at lower temperature for the same magnetic field.
For example, the 350 K irradiation gave only an 8% increase compared
with the 16% mentioned before at 6 K. Other experiments at 400 K and a
10-T field'? resulted in a 90% increase for 30 at a fast neutron fluence
of 4.4 x 10‘8 n/cm2 and dropped to the original value of Jc as the fast

neutron fluence increased to 1019 n/cmz. Based on these experimental

resultslu'15'17

and a comparison between the room-temperature and the
6 K irradiation results and based on a maximum field of -~11 T, it is
2 for Nb3Sn

without a decrease in the critical current density. At this fluence,

possible to achieve a fast neutron fluence above 1019 n/cm

the Tc value {3 ~0.9 times the original value.18 The module calculates
the fast neutron fluence in the Nb3Sn transfer conductor to help define
the lowest J, value for the TF coils.

The SC coil is designed to remove the generated 12

R heat so that
the normal region does not propagate. The resistance R of the copper
stabilizer {s the key parameter for this process. The total resistivity
p of the copper stabilizer can be described as the sum of three
components: initial resistivity Por magnetoresistivity Pys and
irradiation-induced resistivity Pirp: Magnetoresistance is a function
of Por Pipp:s and the magnetic flield, which complicates the evaluation of
P Few experimental studies19'23 have focused on the change of the
copper resistivity as a function of magnetic field, neutron fluence, and
number of cycles of alternate neutron irradiation at 4 K and annealing
at 300 K. The change in the copper resistivity can be (1) accommodated
by using more copper stabilizer, which increases the thickness of the
coils, (2) partially annealed out by warming the coils, or (3) reduced
by improving the shielding performance through an increase in shielding
thickness or through tLhe use of better materials. The module calculates
the maximum {nduced resistivity in the copper stablilizer for the
TF magnet design module,
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The most sensitive component in the coils is the insulator material
because the radiation damage is irreversible and this damage limits the
operating 1life of the coils. The properties of interest for the coil
designs are electrical resistivity, dielectric strength, mechanical
strength, and thermal insulation. Experimental resultszu'25 from
neutron irradiation at 5 K suggest that polyimides can withstand a
radiation dose of 1010 rad er.' cotRin Righ reciztivity on2 mcchanical
strength. Glass-cloth-reinforced, epoxy-type G10-CR or GV11-CR shows a
serious degradation at 2 «x 109 rad. The module calculates the maximum
insulator dose based on the D-T full-power years of operation.

The nuclear energy deposited in the coils impacts the refrigeration
power required because ~500 W of electrical power is consumed to remove
1 W from the SC coils at 4 K. This low removal efficiency calls for
minimizing the nuclear energy deposited in the SC coils. The module
calculates the total nuclear heating in the SC coils and the maximum
value for the magnet design module. For personnel protection, the
module calculates, for the input configuration, the dose equivalent in
the reactor hall one day after shutdown based on the neutron flux at the

outer shield surrace.26

§.5.% Vault Shield

The shield system of a fusion reactor consists of two parts: the
different materials around the vacuum chamber and the concrete walls of
the reactor building. The first part of the shield is designed to
reduce the neutron and photon leakage intensities at the outer shield
surface. This reduction ensures several design criteria: (1) the
different reactor components are protected from radiation damage and
excessive nuclear heating, (2) the neutron reaction rates in the reactor
components that produce undesirable radioactive isotopes are reduced,
and (3) the workers are permitted in the reactor vault one day after
shutdown. The second part of the shield must protect the workers and
the public from radiation exposure during the reactor operation. This
part of the shield is calculated in this module.

Recommendations of the International Commission on Radiological

Protection and U,S. federal regulations limit occupational exposure to
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5 rem/year with a maximum of 3 rem/quarter. The occupational exposure
based on regular working hours is 2.5 mrem/h. However, the current
practice in the nuclear industry, the exposure policy of the U.S.
Department of Energy (DOE), and the national laboratories' guidelines
are to keep radiation exposure as 1low as reasonably achievable.
Specifically, DOE Order 5980.1, Chapter XI, states: "Exposure rates in
work areas should be reduced as low as reasonably achievable by proper
facility design layout. Design efforts to consider are: occupancy
time, source terms, spacing, processes, equipment, and shielding. On-
site persornel exposure leve! less than one-fifth of the permissible
dose equivalent limits, prescribed in this chapter should be used as a
design objective."” This guideline limits on-site workers to <1 rem/year
(0.5 mrems/h).

The calculation of this module is concerned with the total dose
equivalent outside the reactor building during operation to satisfy the
0.5 mren/h design criterion. A parametric study was performed to define
the dose equivalent outside the reactor building as a function of the
roof thickness including the contribution from neutrons and photons
scattered back by collision with air nuclei (skyshine). A 3-D model was
employed to generate a data set for this module.27 The MCNP general

Monte Carlo code28

for neutron and photon transport was used to perform
all the calculations. Variance-reduction schemes were employed for the
calculations. The energy distribution of the neutron source was used
explicitly in the calculations with a nuclear library based on ENDF/B-V
data.

The reactor wall and roof thicknesses are defined in this mcdule
based on 0.5 mrem/h outside the reactor building during operation,
including the skyshine contribution by interpolation from the stored

data set.

4.,5.5 Impurity Control Module

The impurity control module models plasma/material interactions
related to a divertor. The module provides estimates of divertor plate

design and heat load, 1imits on divertor plate lifetime resulting from
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erosion by sputtering and disruptions, sputtered impurity content in the
core plasma, and tritium permeation through the divertor plate into the
coolant. Inputs to the module are the reactor geometry, frequency of
disruptions, plasma edge temperature, and plasma heating powers.

fhe code is based on extensive analysis of impurity control 1issues
for tokamak fusion reactors, particularly for the INTOR deslgn.29
Because of the complexity of most impurity control analyses, the intent
of the module is to provide approximate parameter estimates for reactor
design scoping purposes and to identify general trends (e.g., how
erosion might vary with plasma edge temperature).

Sputtering erosion of the divertor plate is computed by applying a
simplified version of the REDEP erosion/redeposition oode3° to the
divertor plate center. The divertor model is a single or d(nuble null
type operated in the high or medium recycling regime. Erosion is
computed for plate materials of beryllium, carbon, vanadium, molybdenum,
and tung.te., with plasma edge temperatures (near the plate center) in
the range of 10 to 150 eV. Sputtering caused by hydrogen, helium, and
oxygen and self-sputtering are computed. Self-sputtering and associated
redeposition are modeled as arising from ionization and transport in the
scrapeoff zone and plasma. The general features of sputtered impurity
transport identified in ref. 31 for a high recycling divertor are used
for the module. The disruption model is based on the disruption results
of the TIBER deslgn32 using disruption parameters of 1-ms energy
deposition time and S-MJ/m2 thermal load. The default assumption is
that the melt layer is not lost; erosion is the result of vaporization
only.

The sputtering calculation predicts both gross and net (sputtering
minus redeposition) erosion rates. Because this calculation depends on
uncertain estimates of redeposited material properties (e.g., adhesion),
the results must be cautiously applied whenever high gross erosion rates
are predicted. This is particularly true for carbon surfaces.

The divertor plate lifetime ealculation uses a design thickness in
the range c¢. 0.5 to 2.0 cm, depending on the plate materl{al and on the

disruption and net sputtering erosion rates. Pla.e design {nformation
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(e.g., area) is scaled from the INTOR and TIBER designs for single and
double null divertors, respectively, and for different major radii.

The core plasma impurity content caused by sputtering depeads on
the net sputtering rates, transport through the scrapeoff zone, and
transport in the core plasma. Data for the latter are taken from 1-D
transport calculations33 for a tokamak ftision reactor, under the
assumption of non-neoclassical impurity particle transport. In this
case, the core impurity content is approximately equal to one-fourth of
the effective edge D-T sputtering coefficient (ratio of the impurity
current entering the plasma edge to the D-T current leaving the edge).

The heat and particle loads to the divertcor and adjacent first wall
(necessary estimates for the tritium permeation calculations) are based
primarily on scaling of data from the analysis for INTOR. Charge
exchange flux to the first wall is modeled as occurring in a small
region adjacent to the divertor and about equal to the divertor area.
The total charge exchange current is equal to half of the ion current to
the divertor. Energy of the charge exchange neutrals is scaled from the
edge temperature, based on the INTOR analysis. The tritium permeation
calculations use the particle fluxes as inputs in a manner similar to
that discussed for the first-wall tritium permeation module (see
Sect. 4.5.1.3).

4,5.6 Tritius Module

A magnetic fusion reactor fueled with tritium and uzuterium has
four main tritium processing systems: the plasma processing system, the
blanket processing system, the water processing system, and the
atmospheric processing system. A computer module was developed to
provide information on costs, tritium inventory, power requirements, and
sizes for these systems. The tritium module has a main section and two
subroutines. The subroutines provide detailed i{nformation on the plasma

processing system and the water processing system,
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§.5.6.1 Main section

The main secetion of the tritium module has six functions:

1. It determines the tritium and deuterium feed rates for the plasma
processing units by summing the flow rates computed in the relevant
systems ccde modules.

2. It determines the tritium inventory and capital const for blanket
options other than the aqueous lithium salt.

3. It determines the tritium inventory in the tritium processing
components and in all major units in the fusion plant; this includes
tritium in storage or in high-heat components.

4, It determines the tritium supply needed at startup and for each
year.

5. It determines the total capital cost, operating cost, size, and
povwer requirements for all tritium systems by using information
supplied by the two subroutines.

6. It Aassesses the tritium loss to the environment as a function of
cleanup time and base tritium concentration.

The gas feed rate is the sum of plasma exhaust, fueler exhaust, and
blanket exhaust., The magnitude of the plasma exhaust depends on the
plasma fractional burn. The fueler options are a neutral beam system, a
pellet fueler system, a combination of these two systems, or an
al:zernate system,

The blanket options are FLIBE, lithium-lead, solid oxide, lithium,
and lithium salt/water. feneric algorithms are used to determine the
tritium inventory in the kreeding blanket, the tritium inventory in the
blanket processing system, and the capital cost of the blanket
processing system. The blanket inventory is a function of blanket mass.

The tritium Inventory for plasma processing units or water
processaing units 1s calculated in the two subroutines. Inventories in
other areas are calculated in the main section of the module.

The tritium 3upply needs are defined as a function of breeding
ratio, processing losses during a year, and decay losses for the on-slte

tritium inventory.
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Capital costs of the plasma processing and water processing systems
are determined in the two subroutines. A multiplicative factor of 4 is
used with specific plasma rp~ocessing support equipment (monitors,
inventory control instrumer..ation, secondary containment, etc.) to
account for needed equipment in the tritium area, the hot cell area, the
reactor hall area, and the neutral beam area or the heat exchanger
area. In addition, excess storage beds are needed to handle the reserve

storage of a 24%-h/d input to the plasma. An algorithm3u

is used to
determine the capacity of the needed atmospheric processing systems in
the four areas.

Tritium losses in the four areas are assessed as a function of
cleanup time, in-leakage rate, amount of tritium release, and tritium
base concentration.

The input variables are burn time, dwell time, ramp time,
fractional burn-up, fueler options, fuel cleanup option, cost of
tritium, type of blanket, blanket mass, water processing option, cleanup
time for the four areas, in-leakage rate for the four areas, tritium
release for the four areas, and tritium base concentration in the four
areas.

The major assumptions are (1) the reactor runs continuously or is
pulsed; (2) the pump regeneration times are <2 h; (3) the cost of
tritium is <$3 per Curie (U.S. dollars); (4) the breeding ratio is
0-1.5; and (5) a day is a 24-h operational day.

The output [s total tritium and total deuterfium flow rates, tritium
inventory, capital costs, operating costs, size of equipment, power

requirements, and t{ritium cleanup for unplanned releases,

4.5.6.2 Plasma processing system

The first subroutine (TSTA), which {3 based on the operating
experience at the Tritium Systems Test Assembly, provides information on
units in the plasma processing system. The processing units included
are a palladium diffuser or a monlecular sieve unit for fuel cleanup, 3

cryogeniec distillatinon unit, storage beda, gas analysis instrumentation,



monitors, secondary containment units, a gas effluent unit, emergency
air cleanup units, data acquisition units, a solid waste unit, and an
inventory control unit.

The TSTA subroutine cialeutates tritium inventory, power
requirements, size, and capital cost (1986 U.S. donllars) for a given
plasma processing unit as a power function of the tritium and deuterjium
feed rate. Based on the experience of the chemical process industry,35
the power function used is 0.6 for large units and 0.3 to 0.5 for very
small installations or for processes employing extreme conditions of

36

temperature or pressure. For certain fixed costs, the power function
is 0,

The original capital and installation costs of the subsystems at
TSTA have been published;37 these costs are summarized [n Table 4.24,
For the gas analysis system, the cost was increased $500,000 to include
a mass spectrometer. For the gas effluent system, a recombiner was
added for $120,000,

The tritium inventory {n each component at TSTA is given in
Table 4,25,

The input variables to the TSTA subroutine are the mass flow rate
of tritium and deuterium, reactor hall volume, and time to clean the
reactsar hall,

The major assumptions made are (1) the emergency room cleanup (ERC)
unit is 3ized for the reactor hall; (2) flow through the ERC is greater
than the in-leakage rate; (3) cleanup time with the ERC {s less than
5 d; (U4) the ERC decontamination factor is greater than 10,000; (5) the
target concentration after decontamination i3 20 MCi/m3; (6) the volume
needed for the nlasma processing equipment 1s an independent parameter;
(7) power funections are useful algorithms for modeling the plasma

procesaing units; and (8) a storage bed holds 100 g of treitium.

4.5.6.3 Water_ processin, system

The second subroutine (TWCS) {3 based on the nperating experience

at Ontario Hydrn, It provides tritium inventory, capital cost, size,
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Table 4.24, Capital cost summary for TSTA plasma processing units

Cost ($ x 103) Year of
capital Design Power
Subsystem Capital 1Installation expenditure variable? function
Transfer pumps 111 112 77 F 0.3
Fuel cleanup 1000 70 80 F 0.3
Cryogenic 1237 63 78 F 0.3
distilter
Storage beds 60 10 81 T 0.6
Gas analysis 469 26 79 - 0.0
Tritium monitor 193 33 78-82 v 0.3
Secondary 182 30 78-82 F 0.3
containment
Gas effluent 443 60 80-81 F 0.6
detritiation
Emergency cleanup 382 357 79-80 Complex, see program
Data acquisition/ 1379 531 79-81 - 0.0
control
Uninterruptible 95 by 80 Complex, sec program
power source
Emergency 100 168 80 Complex, see program
generator
Solid waste 23 0 80 F 0.3
discharge
Inventory control 25 13 -- - 0.0

aF « flowrate (2.08 x 107 kg D-T/s); T = tritfum inventory at TSTA
(0.130 kg); V = test cell volume at TSTA (3000 m3).
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Table 4.25. Summary of TSTA tritium inventory data

Tritium ve3ign
Subsystem inventory variable®  Power
(g)

Isotope separator 100 F 0.6

Fuel cleanup
Diffuser 3 F 0.3
Molecular sieve 30 F 0.3
Gas effluent detritiation 2 F 0.3
Other 1 F 0.3

3F = flowrate (2.08 » 107 kg D-T/s); a diffuser is
the only option if turbomolecular pumps are used.

and power requirements for several options used to process water or an
aqueous lithium salt breeder.

The two main processing options for extracting tritium from water
are vapor phase catalytic exchange coupled with cryogenic distillation
(VPCE/CD) and direct electrolysis coupled with cryogenic distillation
(DE/CD). Other processing options available for specific purposes are
water distillation to pre-enrich the tritiated water; flashing to
separate the lithium salt from the water; and ion exchange to remove
neutron activation products from the water (this last option has not yet
been added to the subroutine).

System cost, size, and power consumption are calculated as a
function of feed concer..ration and flow rate, Cost correlations are

based on published data.37'38

The costs are calculated by upgrading
known costs to 1987 Canadian dollars and then converting to 1987 U.S.
dollars.

The input wvariables to the Ontario Hydro subroutine {include
tritiated water feed, tritium concentration in the feed, pre-enrichment
choiece, front end choice (VPCE or DE), lithium salt concentration as a
fraction of solubtlity limit, and mole fraction of light water (1 or 0).

The major assumptions made are (1) water distillation is only
economical for lignht-water cleanup; (2) water is either light or heavy

water (no Intermedlate mixtures); (3) separate correlations are used for
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light and heavy water; (4) lithium salt solutions are flashed to leave
the 1lithium concentration in the remaining liquid at 90% of the lithium
salt =olubility 1limit; (5) in VPCE, five stages are used to achicve a
detritiation factor of 10; (6) in DE, 25-kA electrolytic cell modules
are used; (7) in an electrolysis cell, the tritium concentration in the
electrolyte is 12 times higher than the feedwater concentration for
hydrogen-tritium (H-T) and 2 times higher than that for D-T; (8) above
70 Ci’/kg, double containment of the electrolysis cells is recommended
but not included in the cost correlation; (9) the largest cost component
in CD is the first column, and its cost is correlated to the cryogenic
hydrogen refrigeration requirement; (10) the CD contains a catalytic
equilibrator to break up H-T and D-T; and (11) the water concentration
is between 0.0t and 34 Ci/L.
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8.6 MISCELLANEOUS SYSTEMS

This section contains summaries for the following modules. Lead

authors and affiliations are indicated.

Module Lead Author Organization
Faclilities S. L. Thomson FEDC/Bechtel
Heat transport system S. L. Thomson FEDC/Bechtel
Maintenance equipment P. T. Spampinato FEDC/Grumman
Cost 3. L. Thomson FEDC/Bechtel

§.6.1 Facilities

The buildings module, BLDGS, calculates the volume of the plant
buildings bagsed on input from other modules and user-defined input. The
reactor building is sized based on the dimensions of the tokamak, using
as the characteristic size the maximum extent of the PF coil, cryostat,
or TF coil outer leg. The width of the buillding (3 set to permit
removal of a TF coll or shield sector horizontally with user-defined
clearances, The specification or these clearances glives the user the
option of selecting the maintenance design. The length of the building
i{s then 3et 30 that a PF coll or cryostat dome can be laid down in A

corner with clearances., The building height allows the 1ifting of a
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TF coil over the dome and includes a full basement. The crane clearance
is determined from the crane capacity, which can be input or can be
calculated based on the weight of the heaviest component.

The tritium building volume is scaled with the equipment volume
provided by the tritium module. The cryogenic building volume is scaled
with capacity based on a reference design. The electrical building
volumes are provided by those modules. The administration and control
building and the general shops areas are input by the user.

Output from the BLDGS module includes the effective floor area of
the plant, the internal volumes of the buildings, the distance of the
building walls from the reactor, and the specification of external

volumes for costing.

4,6.2 Heat Transport System

The funetion of the heat transport system module, HTS, (s to
account for the plant thermal loads and specify the water cooling system
to reject the heat. The module is a revision of that contained in the
tokamak systems code, and the model is described in the documentation
for that code (JRNL/FEDC-84/9}. The primary nuclear heat loads are
input from the first-wall, shield, and divertor modules. Primary heat
exchangers are sized to transfer these 10ads to an intermediate water
cycle. The other plant heat loads are input or calculated from other
module parameters and are transferred to the cooling tower through
intermediate heat exchangers. All components are assumed to be cooled
with low-pressure, low-temperature water, with an outlet temperature of
less than 373 K. The auxiliary loads are the plasma heating system
{calculated from injected power and overall efficiency), the cryogenic
system (calculated from power at 4.2 K and efficlency), the vacuum
system (input), the tritfum plant (input), and the facilities. The
facility heat 1o0ad (s calculated based on the -electrical power
requirements, the bui{lding load based on floor arca, and a fixed base
load. Output from the HTS module {s the number of primary and
fntermediate heat exchanger: and the 1listing of circuit 1nads; the

output {s sent to the cost module,
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8.6.3 Maintenance Equipment

4.6.3.1 Summary and background

The maintenance equipment module {s a compilation of the equipment
used for remote maintenance operations in the test cell, hot cell, and
mock-up cell. Modifying the use of this module for different tokamak
configurations is accomplished by changing the input data, either by
Aadjusting the equipment unit costs or by changing the required number of
equipment units needed in the test cell and hot cell. The module output
consists of a listing of 26 equipment items, their unit cost, an
estimate of the required usage, and the total cost Ffor each. An
addjtional 10% of the total cost is estimated to account for equipment
that will be installed in the warm cell to maintain components that have
no activation or are only mildly activated or contaminated. Table 4,26
shows the maintenance equipment output.

At present, this module does not contain algorithms to adjust the
equipment requirements as a function of component size and weight or
fPacflities design. In general, the module also assumes nonparallel
maintenance operations that require one-of-a-kind equipment needs. The
exception to this i3 the estimate of through-the-wall manipulators and
shielded windows. Availability requirements, if they can be factored
into the maintenance equipment module, could have an {impact on the
quantity of equipment needed for certain operations.

The mock-up equipment {8 representative of the operations that
occur in the test cell and, in most cases, these are estimated to have
the same cost as the test cell equipment. Where a 0.5 quantity is
indicated, the equipment cost for the mock-up is aAssumed to be half of
that In the test cell. For example, the bridge-mounted servomanipulator
in the test cell costs $2.6 m{llion but is assumed to cost $1.3 million
for the mock-up. This is because the overhead transport system for the
mani{pulator can be scaled down to reflect the smaller span and reach
requfrements i{n the mock-up cell.

Some future additinons to this module will be made to portray more
accurately the c¢o3ts associated with remote maintenance operations.

Among these are the following:



Table 4.26. Sample output of the maintenance equipment module

Cost Factor

Unit cost Test Hot Total
Equipment item ($ « 103) cell cell Mock-up ($ x 103)

Servomanipulator (bridge-mounted) 2600 1.0 1.0 0.5 6500
Power manipulator (bridge-mounted) 500 1.0 1.0 0.5 1250
Robot arm (floor-mounted) 100 1.0 1,0 1.0 300
Mechanical manipulator (through-the-wall) 100 0.0 5.0 1.0 600
Mobile manipulator 1000 1.0 0.0 1,0 2000
In-vessel manipulator system 1300 2.0 0.0 1.0 3900
l.eak detection system 800 1.0 0.0 0.0 800
Small "hand" tools 500 1.0 1.C 1.0 1500
Lifting fixtures, slings, etc. 250 1.0 1.0 0.0 500
Shielded windows 250 4,0 5.0 1.0 2500
Transporter for large components 500 1.0 0.0 0.0 500
Welders--structural 100 1.0 1.0 0.0 200
Welders--piping 150 1.0 1.0 0.0 300
Cutters--structural 100 1.0 1.0 0.0 200
Cutters--piping 150 1.0 1.0 0.0 300
Sector module transporter 500 1.0 0.0 0.0 500
Manipulator end-effectors 500 1.0 1.0 1.0 1500
Decontamination (decon cell) 1000 1.0 0.0 0.0 1000
Decontamination (hot cell) 100 0.0 1.0 0.0 100
Rad-waste handling (hot cell) 1000 0.0 1.0 0.0 1000
Waste handling casks 500 0.0 1.0 0.0 500
Transfer lock (into test cell) 1000 1.0 0.0 0.0 1000
Cell lighting and audio 100 1.0 1.0 0.5 250
Closed-circuit television 100 1.0 1.0 0.5 250
Blanket module handling 500 1.0 0.0 0.0 500

281450
Warm cell (10% of above) 2845

Total 31295

6ET
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1. Algorithms to adjust equipment cost or quantity as a function of
the machine configuration, the auxiliary components, and the
facilities design.

2. In-vessel inspection system. One or more such systems will be
needed to evaluate the plasma chamber for wear or damage prior
to starting in-vessel related maintenance operations. Data for
these are available from the experience of the Joint European
Torus and Tokamak Fusion Test Reactor, as well as the concept
design for the CIT.

3. Machine tools in the hot cell and maintenance repair shop. A
number of machine tools (e.g., lathes, mills, grinders, and
inspection tocls) will be required in the hot cell and in the
"warm" mainten-.ice shop. Those used in the hot cell will be
designed with speclal features for remote operation and
maintenance of the machine-tools,

§.6.3.2 Assumptions

The unit costs used in the maintenance equipment module are based
on the cost estimating data used for the CIT. In general, these numbers
reflect a 1986 basis. The unit costs should be periodically reviewed
and compared to actual CIT costs as that program becomes a capital
funded project.

The following items are not inciuded in the maintenance equipment
module: overhead crane systems, which are included in the facility
costs; transfer flasks to minimize the spread of contamination; and

development costs for the equipment.

4.6.8 Cost Accounting

The cost accounting module calculates the total constructed cost of
the plant based on design parameters generated by the code. The
constructed cost includes direct cost, indirect cost, and contingency.
Direct cost consists of equipment and materials, installation labor, and
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first-of-a-kind component engineering. Equipment cost is the purchase
price for the component delivered to the site. The equivalent purchase
price is estimated as the build-to-print cost if the component is not
commercially available. The component engineering cost, or cost of
generating the design for a build-to-print contract, is also estimated
for first-of-a-kind equipment. This accounts for the nonrecurring
design costs but not for the systems design cost for the specific
application, which is included in indirect cost. Indirect cost includes
the plant engineering, procurement, construction services, and
construction management. It is assumed that these services are provided
by the wanaging organization or by a subcontractor with a total project
scope, so that the costs are recorded as indirect, rather than as
direct, costs to specific components or systems. A process contingency
allowance is included to account for uncertainties in the design, and an
overall project contingency is used to provide for cost increases during
construction. Costs of the research and development program and of the
blanket test modules are excluded.

In this version of the code, ar attempt has been made to show all
cost calculations explicitly to simplify review and revision. Detailed
descriptions of the cost scaling factors (with default values) and of
the required design parameters are included in the cost module and in
ref. 1, The scaling factors ars controlled through the code input, and
the factors used in a run are listed in the output. All costs reported
in the cost output are calculated in the cost module. Some cost
calculations are performed in design modules, but these cre for the
information of experts in those modules and are not repcrted in the cost
output. In many cases, the cost module calculations repeat those of
design modules. In others, a simpler algorithm {s selected so that
exact agreement is not obtained.

The default cc3t factors are primarily based on the TIBER II design
of September 1987. However, the cost calculated by the code for the
TIBER II design model does not duplicate the project estimated cost,
The code cost factors are in some cases more general than those selected
for the project so that a wider range can be considered by the code,

The factrors should be carefully reviewed for applications to designs
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that differ significantly from TIBER II. The primary reason for the
difference between project and code costs is that the level of detail
developed in a project is considerably greater than that generated by
the code. This greater detail leads in turn to larger quantities of
equipment and higher costs. The systems code output should accordingly
be used for the relative cost comparison of cases and not for absolute
cost. The selection of cost factors should similarly ensure that the

proper relative balance between major system costs is achieved.

4.6.5 Reference for Section 8.6

1. S. L. Thomson, "Systems Code Cost Accounting,"” FEDC-M-88-SE-004,
Oak Ridge National Laboratory, Feb. 19, 1988.

5. TIBER BENCHMARK
(Sample execution)

A sample run of the TETRA1 code is included in this section. The
input file used to generate this output, itetral, is stored in filem in
the global read directory .TETRA as discussed in Sect. 3 of this
document. This input file 1is ~consistent with the TIBER II
configuration. Because this was a benchmark run, the nonlinear equation
solver (HYBRID) without optimization was used to generate this point
(see Sect. 3).
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palp o $.6427230480 pohmpv = 5. 343308¢-802 ptri = 0.874400e*80ptre ¢  5.6734090¢809 prad =

A? cot) port size t(m) o 1.328%4required port oize = 1.32902
done = §.156900e°21 drnelimt ©  £.2068480+2)
bata = S.7162%Ce-8% betalim * 5.988281e-M
peak solenoid cpt (A} » -§.2297¢+88 allowadle seolencid cptiA) » 5.2003e+8%
TFC current/turn (a) o §.300%0+88 allowadble TFC current/turnta) = §.4388e98
tatfy = 8.400162e+B) artfit = 8.480182e+0)
v-3 requireseat = $.0%4027¢+82 v-3 cap. * -5.493870e02

tf cotl atress (Pall = 9.9452e+99% slowable stress (Pa) = 8.49%%e°8Y
rdld - 8.19%38%0+8) rmpjor = 9.29980480+8)
wall Yoad =  §.12326%+81 walalw = §5,130080e¢851]
dnbeam * 3.182e°10 dnbeanl = 3.102e¢10
fustion power (Ww) = 3.07%e+82 1n). power (w) e $.9240°87

ONC streas * 6.21%+80 allowable str. * 4.99%e°M

Insulator dose (rad)e= 4.78140°8% aax alw.® 4.776880+83

shut down dole rate in vault tmrea/hr) o 1.0818e+59 alowable = 2.0800e09
max TFC nuclear heating (w/cc) = 1.642¢~83 allowable rate = .0000-93

TF cond stab parameter = $.946e+88 min TF cond stad parameter = 3.8FFaS%

OWC cond. stab. parameter = J.977e¢*SSain ORC stab., perameter © 3.508e+M8

ond of squation tafo. susmary

5.763477%-91

7ot



sscassseen Seart of Cost Output (Mg) *esectesescar R

Site improvements and fac!lities
Reacter bullding

Turbine bullding

Reactor maintenance bulld!ng
Varm shop

Trittum bullding

Electrical equipment dutlding
Adainstration butlding
Control croom

Shap & Varshouse

Cryogenic buflding
Miscellaneous btulldtings

- - -
A RVEVRVY NV K N W NN
N

NONNNRRNRNNNRINNGN
Vawn=

-

total account 21 cost

ssscssenensecct Rgactor Systems OCectaccestssan

22111 Inboard firat wall

22112 Outboard first wat)

2211 Total first wall

2212 Blantet

2,131 8ulk shield

221)2 Penetratlon shielding

2213 Total shteld

22141 PF fence

22142 Center poswt

2214] lntercoi! support structure
22144 Cold tsltand support structure
2214% Varm support structure

2214 Total structurae

2215 Divertor

221 Tota! account 221 cost

senmtsssqecscescenas Magnetis sssscecasssntasens

1 Conductoer
2 Winding
3 Cave

TF Magnet assembliaes
221 conductor
22222 winding
22723 cave
2222 PF Magnet azsemblies
2223 Cryostat assembly

r22 Total account 222 cos”

sevsssesanantes Power Injection ®eesdsssssasens

1 Source

2 Ofstribut fon waveguide

3 Ancillary equipment

4 Power supplies

2231a Equipmant cost for one module
2231 Ech Syastem cost

2232 Lower hybrid ccst

2233 Neutral beam cost 187,70

[



223 Tota'! account 223 cort

Stcsctrcnssttse Yacyum Syrtamy SeRtAtasnccscene

2241 High vacuum pumps
2242 Backing pumps
2243 Vacuum duct

2244 Valves

2245 Duct shielding
2246 lnstrumentation

224 Tota) eccount 224 cost

Sssssscssssrs Ppopar Conditioning "Svceasnassnns

2251 powsr supplles
22512 breakers

22513 dump resistors
22514 14¢

2251% busstug

2251 total). if power
22521 power supplies
22522 14&c¢
22523 bussing
22524 burn power suppllien
2252% breaters

'

2252 Total. pf power
2253 TYotal. energy storaga

22 Total account 22% cost

accesecntcss Heat Transport System *eresccsncse

cPP Pusps and piping system

ehx Primary hest exchanger

2261 total. reactor cooling system
cpPs  pumps, pliping

chxa Heat exchanger

2282 “ota), auxtllary cooling systeam
2263 total, cryogenic systems

226 Total account

eeeseescsses Fug) Handling System **oweesesaran

227\ fueling myatem

2272 Fuel processing and purification
2273 Storasge and receiving systems
2273 Ateospheric recovery systams
2275 Mater TeCOVeTrYy systiems

2276 Blanket recovery systeas

227 Tota) acc~.at 227 cost

ecesnsstes Jpgtrymentation and contro) teseasese

228 Instrusentation and control

222.81

8.02
18.91
21.85%

88.37

168.98

—



file:///otal
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ecsssscassee Hpintensnce SquUipment ®*tesescctace

229 Haintenance equipment

AU DLERLTLARLT LR AL AUBALRRAGOONGRCRGERDRBEURUNTROED

22 Tota) Account 22

essecsctce Turbing plant equipment *treecscsccs

23 Turbine plant squipmenrt

ssascqctse Eigctric plant equipment *tcascasane

241 pulsed power system
242 Faclility, ac power system
243 Two dlesel genaratos

244 Four no-break power supplies
248 Low valtage distribution

24 Account 24

seseas-s Nigcellaneous plant eaquipment eerescas

2S Miscellaneous plent equipuent

essesnssss  Heat rejection system e0etsscasddn

le Heat rejection system

sssessescnssna pPigny diract cogt "Toemaccecwnass

2 Plant dirert cost

swsssassencte proceass contingency "Sttesscnseece

ccont' Process contingency

A4evesacecccnsecs Jnqdirect cOoBt "Tetsesanasssese

c9 Indirect cost

esvssccecatn Projgct coOntingency ttetersassscee

ccont?2 Project contingency

ssssscescccsse Total contingency *o*eecccsansae

ccont  Yotatl contingency

eesecscnsncves Congtructad cost ®*otcansscannds

976.67

28.99

15.06

1179.89

196.32

481.22

189 .9%

)~

=3



concost Constructed cost

eessssssantns frq of Cost Output "Soessecsessanase

sseenscnssns STARY OF PLASMA OUTPUY ecccaccnse

Plasma Geometry 1t

major radius (m) (raa jor)
winor radius (m} (rminor)
sspect ratio (espect)
elongation {kappa}

triangularity (triang)
pl a sur. a )

pla a volume

plasma configuration « double null divertor

Current and Field

plasma current (MA) {plascur/}.e6)
fle) ! on axly (T} {bt)

poloidal field (V) (bp}

edge safety factor {q)

q-star {qetar)

q-star (no trtang.} (qetar)

mean safety factor , q-bar, used for q

Beta tnformation:

plasma bets thbeta)
poloidatl bete {betap?
fast alphs bets {betaft)
beam ton bets {detanb)
beta limit {betalim)

Troyon beta scaling used with the coefficlent

Temparature and density (volume averaged):

electron tempersture (keV) (te)

lon temperature (keV) (er)

electron denstty (m®*}) (dene}
*3)

1on density ( tdnttot)
fue! denplity (m®*]) {deni)
high 2 Impurity n {(@**3) {dnz)
co'd alpha ash (m®**)) {dnalp)
hot beam density (n®*3) (dnbeam)}

density Yimiv (m®*]) tdnetist)

2041.78

19.916
5.008
1.342
2.302
2.087
2,171

85T


http://ll.lt

effectiva charge

mass weighted effective charge
density profile factor
temperature proftle factor

Creanwald density limit used

fFusion power:

fustion power (MVW)

alpha power (MW}

altpha power from nb (MW)
neutron wall 1sad (MW/m"*2)
fractlon of pow to elec.
fractton of pow to tongs

Plasma power batlance terms 1

ohmic hsating power (MW}
Arebm. rad. power {(MVW)
lon transport MWy
electron transport(My)

(zeff)

(reffal)
(slphan)
telphat?

tpowfmw)
(alpmw)
(palpnb)
{wallimw)
{falpe)
{falpit)

(pohmpvevol)
(prad *vol)
{ptri®"vol)
(ptre®vol)

injected power to lons {pcdest)
tnjected powar to sle: {pcdsse)
ton and electron confin nt times =
modified Kaye-Glodston

W-factor = 1.251

no tnverse quadrature included

globa!) confiment t! (tavef?)
ton energy conf time (3ec! (tauet)
elec onergy conf time (sec) {tavuae)
n-tau {(sec. m2*2; {dntau}
Notr-sec information

tots! volt-sec req. (Wb) {voatt)
Yasuctive volt-sec (Wb (valind)
startup raesisitive (Wb (vesres)
flat-top res!stive (Wb} (vabrn)
plasva regtstance (ohm) (rplas)
plaswma Injductance (M} trip)

sawieeath coeffictent

Aurillary Information

convestive loss rate {A)
burnup fraction
verttcal field (T

tcamwsh)

tqfust)
{burnup)
(bhv)

Ign'tton margins with various scalings

tan confinement = @lectron confinement

3.30%e-90)
7.30%¢

6. 1
4.303e+97
2. 14le* 7

7.20%-01
7.28%e-81
7.20%-01
7.727a¢1%

6.992e¢+81

5.0 -8l
1.068e080

"~


http://1e.ee

aca''ng Yaw cenf. time

taec)
Neo-a'cator 1.92864
Mirnov 1.93963
raye-goldston - L 9.5015¢8
kaye-goldsten - H 1.16788
asdex - M 1.66478
TAEA ASDEX-N 2.9999%

sesscsscssce gnyd of plasmn gutput *eesseaccasa,

enescss START OF CURRENT DRIVE SECTION =eo**

s rf e’ficrency ta/w) 9.17958
32 nbh efficrency (a/w) 5.87727¢
cur. dr. eff. mode) @ s

s.e. cd power req (w) €.5217%e+87?
booststrap fraction 2.76000-8!

lowar hybritd and neutral beam current drive used

lower hybritd fraction of current drive =
neutra'! beam energy t(kev) S85.00008
neutral beam currant (A} B7.65564
neutral beam power {w) 4.39200+897
ech power ’.

Yower hybrid power {w) 2.140%0+97

sseccsscs gnd of Current Drive output *tteeee

MODULE: WNBEAM -- NEUTRAL BEAMS

murgin

2.41855
2.42029
5.0898)
1.54237
2.12638
3. 40078

§.33000

piny s 4.3803e*F1 tota! itnjected power requirement (MY)

(]

RN



nsource ©
ajsources
a -
b -
as~urce =

ploucce
racch
preut
paout
plast
ptorus
Qqtorus

op
(X
on
el
[ 2]
effcy!
offcy

pilossp
plossa
plosan
plossl
plcsss

rsrcaccte
rneut -
rlase -
ryrcplsms
rfocus =
rext -
efolda =
wiuct -
hiuct -
wtf -
1duct -

S.
0.

WhaAVWW =PRNAD WWOWPEDY D e e

o —oao

. 4200

seCa P2
766001

.FOSesW!
18le-81
. 465e00
.479@-28

.08de-#2

S8de-94
4550-04
455¢-05

.455e- 85
.98de-F6
.821e+19

.S588e-9)
.49%e-81
.890e-#1
.045e-€1
.121e-01
. 26Je- 01
L372e-81

.490e+80
.633a08
39881

.§8De88

571e-81

Hldasst
.BlPe-01

.96 e-0!

119%-81
sl
1260483

607002

beam energy requirement (heVi
total Injected current requirement (A)
wo. of besmlines

overali efficlency - InJ). power /7 wall-plug power
total wall-plug power (MVW)
neutral) beam unit cost -- $/W of wallplug power norm. to B8P keV enargy (8/V)

total cost of besmliines and power supplies S)

no. of source arrays/beamltine

av. source current density l(A/m2)
scourze array widh (m)

sSource arvay height (m)

tota) area of all sources (m2)

source pressure {(vorr)

accelerator pressurs {(torr)}

neutralizer Inlet pressure ltorr)

nsutralizer outlet pressure {torr)

final! Yine pressure l(torr)

torus vacuum pressure {torr)

room temp gas load to torus from all beanlines (D2 molecules/sec)

power supply efficiercy

accel (current) efficlency (power effictency = ea/2 + 8.8
neutralizer efficlency

finel Ytne effic! n:¥

collimator skimmer efficlency

beamline current effliclency

overall (power! efficlency

total loss In power-supplies (MW)
accelerator toss per bearling (MW)
neutrallzer loss par beamline (MW)
fina) line loss per beamline (NVW)
collimation skimmer loss per beamline (M)

source’/accel, length (m)

nevtlralizer length (m)

fina) Vine length (m)

total lipne Yength from source to plasma (m)

distance from source to win focus betwe outer TF coll legs tm)}
tength of beam)ine external to vacuum vessel! (m)

collimator width In narrow directton (beam e-folds)

width of duct at min focus between outer tf coll legs (m)

height of duct at min focus (m!

minimum permisstble separation of of outer TF coil legs -~ case Lo cuse (m)
distance from main focus to tangential tntercept at plasma axts (m)}

CUTPUT FROM FUELING MODULE

Flasma Parameters:

raics)

TeS(hoVv) slpt nefflcm**-3) alpn
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Cryostat 5.895%8 5.798

avcsecsncas Seart of Diveartor Output ®**otsnase

Sestsssvansas [ NPYTorascancatesastdantntansnen

Atomic number of div. plate surface material
Number of dtvertor nulls

Peak plasma temperature at diverior plate, ev
ma jor radius, =

fusion power. Mw

aurtlllary power, Mw

Number of dtisruptions per full power year
Heltum fraction

Oxygen fraction

assseasssaraneQUTPYT AP eceectacansnasusanes

Gross erosion rate due to sputtering, tm/yr
Net eroslon rate dus to sputtering. cm/yr
Average tmpurity fraction In plasea

Heat load to divertor, Mw

Divertcr plate area, w2

Heat tcoad to first wall, Mw

Tritium permeation rate (divertor), ga/day
Teitiym permeation rate (first walll), guldny
Dlvertor plate V1fe based on eroslion, {
Charge-axchange tritiua current to wall,itom/s
Wall area receliving tritium current, m2

ssmcsssan fngd of Divertor Output *ceessecnces

a1
6.29%
.01
1.69)

#.6180024

svesser Start of Firat Wall Blanket Shield svescaasaccns

ainw? 1 Average lnboard Neutron VWall Loading......

aonw) 1 Average Outboard Neutron Wall Lond!ng.......

ter 1 Trittum Breeding Ratto...... ene e arese

‘pys 1 0Y FylY Power Years of 0por|!|on Ve seenaa

1fwa H Ve e .

ofwa ] L ] . “esae

atsh) 1+ Average lnboard Surface Neat load,....... v

aosh) : Average Outboard Surface Nest Lload......

Ifwbstm 1 Inboard Tile, First Wall, Blanket, and Shl.!d th'ctn..

ofwbste : Outboard First VWall, I|unh.t. and Shield thickness....

tEwl : Total inboard Tirst wall length tn Yhe Z-Directton..,.
nod : Musber of Disruption per Full Mower Year............,.
dpd 1 Disruption Power Density..... IR T R T T
dtc 1 Disruption Time Condtsnt . .....vieuiinaannnan f et
cit 1 Coolant Inlet Temperature........ Caeareas .o Ceeeeaaa
te + Tritium Current to First Wall, . “. veeaeen
fuotc v Flest Vall Area With Tritium curront........ RO
twr : Outboard 8erylltum Zone Thickness...... . .

tip : Total Ilnkoard Power........... ... Cetreanne

2

$.38%3

4.0000e-81]
2.4302e¢10
2 ] ]

(o]

o
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Dutboana
Outbasn- gy
Cothopra
Qorroara
Cuttoa Jd
Dutboard
Cottonrd

‘e ruzlear

<
t
F
F
¥
F

F

veae
‘rat
trst
trat
1r st
trat
irst

Cantant Qutlet

intiard Chrolant Filow Rate

tal Qutbtoard Power .
tat Power. .

‘e Surface MHesting.
Heating...
Surface Heattng. ...

wal)
wal)
wa )
wall
waltl
wat!
wall

Nuclear

Atomic Dispiacement
Fast Neutron Fluence
Neutron Fluence
Neltum Production, ..

Total

Hydragen
Temperature

Quttoard Coolant Flow Rate.
1 Toea) Conlant Flow
erosicon
Tritium
Trittum lnventory

First Wa
Frrse W
First wa

Ma.'mum Cot)
Max 'mum Cot

Total Co
Total Co

T
AR
1

"
i

Rate

for

Permeation Rate

Case Heating
Minding MNeating..
Case Neating
Windtng Heating

Stee!

Maximum fFast Meutron Fluence
Matmum Atomfc Atomic
Maxtmum Induced Resistivity
Maxt'mum Electrizal

** End of First Wall

: Insulator Dose...............
: Dose equivalent DOne Day After Shu!dovn ln.ld. Reactor Vault

L]

Disglacement

eating.....

Product lon.

Structuro

i dy state).

in the Col' vlndtng... .
\n the Coopaer Stab‘l!or

lsteady -tlto)

in the Copper Stablizer.......

Blankiet Shield *ceacccss

sesasssenns SYAQY OF TF COIL QUTPUY eseescanasne

----- Superconducting TF collg -----
number of TF cotls (tfnro) = 16.00000
tf cotl ripple:
reqd. ripple = 1.899
cal. ripgple ¥.378

outboard etdplane
{case to case!

ocuter tfcol! cle

einimums ct

SaArances ©

Current Density 1
cond currant density (a/m2) »
winding peack current dan.

overall

current density

nce -

tnter-tf-cotl

.1
f.1

32%°8

spacing (=)

278%0%
]
87697e+83

Mo /m* 2
Mu/m* 3
MW/m**2
MY/a®**]}
dpa
n/cm**2
niemee?
sppm
appm
celstus
9
9/

9/

(4 )

9/d

®
W/iem®*}
W/cm®®]
W

L)
n/ca**2
dpa
nohm.cm
rads
mrem/h

3.1821e02
4.5847e-82
4.755)e-01
7.893BnPF8
4.755%e-81
2.1971e°81
3.97808e-81
2.3087e+22
1.5222e422
2.3821e+8)
6.7084e-82
6.0080e8)
2.95870+06
4.)076e+06
62«86
-18

NO® TN

6
i7
9t
S
e
4]
(L)
85%e+84
216e+10
0781e- ll
d 3650

4. 7514.'.9
1. 6516080

.-ﬂ-ﬂ‘.--'
NN.'\“QN—U
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tf col) area ta2)e 9.250)

fnner thicknesss = .49

Inside half width = 8.300 outside half width = 9.209 corner cut =9.992
tea turnsy = 83.112

ripprle X)) = 8.329

max fleldie) = 11.09%6

stored energy/cotl igy) = s.219
mean ¢coi) clrcum, (m) = 10.7212

cot! geometry

+ tnner leg radius, rl (m) - 1.318
¢ outer leg rad‘us, rrotl (m) = §.495
* max hight, hmax (w) - 3.2%8
* radius to max Night, rhaax (=) - 2.828
®* clear pore (m} - 3.690
* clear verttcal dbore tm) - §.508

®* (mesasured from torrotdal axts to instde of TF Cotl)
* (measured from torotdal axis to middle of coll}

wetght per cotl (kg) «F . 4881005
cond weight =8 .1150e+0S density (kg/md) = §
case welght =¥ . 2042a¢+8S dens ity -7
tcns wolght » 5. 1582086

4 witl = 5,480
L4

weight per cotl [1bs) o8 BB2le*9S
cond welght 8 2554e+9S dens ity (1b/tal) = 9.32 virf ~ 9. 49

cuse weight oF (287e+8% dens ity - g.29

the TF Cotl shape 's apprroximated by arcs betwasen the following pointa
point x tm) y (m)

[} 1.568 s.998

2 1.668 2 10

3 2.87® 3.298

4 J. 4680 2.398

5 $.389 g.209

center of arcs betwearn the potints are:

arc & x-center (m} y-conter (m)
! 4.9 1.231
N 2.50) 2.329
3 2.3% 1.081
A 1.880 g.080

Conductor Informatton 1

condult cond. + volid ar (n*®2) ]
conduit case thickness 3.
conduit tnsultation thickness twm) S.
outer coll case thickness (m) 6.2000e-82
outer coll case area {(m®*2) 1.2%63e-81
conductor srea/coll (m**2) 4.8873e-92
stucture area/condutor srea 1.8382e+88

insulstion srea/condutor ares 1.9128e-81



http://lb.Mr.3l%20�%20%20%20�.32%20%20%20vftf%20�%20�*.��caaa%20weight
http://lb.Mr.3l%20�%20%20%20�.32%20%20%20vftf%20�%20�*.��caaa%20weight

vold area/conductor ares

tenstle stress (Pa)

allowsble atress (Ps)
cas® tensile strain

tf turns / coll
current per turn (a)

e

meswescnse Seart of TF Superconducting

Peak field at the winding., T (bm
Ampere-turns’coll , A-turns (at

Operating Current A late
Condult corner bend radius.m (rb
Condutt vall thickness,.m (tw
Candutor Insyistion thich,m (et
(e fraction instide condult (fhe
Ares Inside the condult,.m2 [ace
Jopt over cable spaca.A/sd (ajo
Jopt over condult A/a2 (ajw

Jmax In brony, Bm, T A/a2 [ajce
Di1a of rupercondutor strand.ms ldr
Winding bulk tempaersture.X {tba
Fraction of Cu In SC strand {fcu
Mon-Cu fract. 1In SC strand {fnoncy

Therma)l cont.- conduit.(s/m) tatrah
Theraal cont.- filament,{un/e) (strf?])
Yield stress of copper.Pa (cusy

Yield stress of bronz {bas
Younga @modulys of filgment Ps lef!

Numsber of strands {ns
Area inside conduit m2 lacs
Ares of al) NLSn films. ,m? [tfile
Area of condyuit wall w2 lacl
Millers empirical factor {fthe

Init cooldowm strain . Te1888-4Kleint
Dislation strain In cond watl lesh
Met strain in the SC filamentslesf

J: of non-cu BPTAB.A/m? [ajc

Jc of non-cu @ Bm. A/m? lajco
Tc ® 2ero strain and ¢ Be=g [temo
Tc ® 2eroc strain and @ [tem

Tz @ ocperating stratn and ® Balico
Ratio lo/lc¢ latot.
JWDC-LTD by 8.7 & Strain, A/w2lajcwdg

----- stability cutput --=---

Stability Parawmeter leta
He heat cap.in conduit.)/ml-K [she
Heated cond.length-1/2 turn,m [h)
Resistivity of Cu,che-a
ODurattion of heat pull .
Current sharing t.-poruluro.b (tco
J LTD by heat transfer A/m? {ajht
JWOG-LTD by heat trans.. A/m2 '.Jwht

GAaWMOAN &

5662e-81

-821%e+80
438

4981

- 9938
-7677e-84

-3357e482
. 880%e 8¢

Analysig ®eteee

ot St St ot bt ot o sk Bt

8.100e-84
§.236e-98
2.'5’0*';

3.46%50+00

9.76d0+80
10.9
10.0

e Bt ot ot Ot Rt At et Gttt el e et Ot o A Al ot et eh Bt

7.97
0.9840+87
S 158087

et Gt s s et et

b
[0
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rtfbus, total! tf bus reslstance, ohmy
vtfbhus, tf coti bus voltage drop, volts

ctibsm, cost of tf bhussing.

ctflicm, zost of tf Yoad control ctr. S$m

cticim, cost of control &

tnstr, tm

ctfpcm, total cost of tf power conv. Sm

@®dr area, dump resistor area

«99q.m

#tfcfap, tf power conv floor space.sq.m
tfcbv, tf power conv bldg volume, cu.m

tf co!l power conv.

ctfpct, tota! tf power conv.
dem
#vfacpd, tota) s.s. ac power d

purmw, total! tf ac wpower

summary

cost, $m

tftsp, tf pwr conv. floor space, sq.m

tftbv. tf pwr conv. bldg.

# --global outputs

volume, cv.m

seessesssce START OF PF COIL OUTPUY seecsnscuas

OH Cotl Stress

tresca stress (MPa) {stigoh)
tany. mtrass (MPA) {stigohtan)
axtal srress (MPa: {sigohax}
tang. fudge factor {fsigtan'
axlal fudge factor {fesigax)
bmax !n ONC 1T {bmaxoh)
structure-to-conductor ratio = 1.169
cond current denvity {(a‘a2) = 1.398e+88

winding pack current den.
overall current density =

Superconductor tnforeation 1

condul® cond. ¢ vold area (m**2)
condult case thickness (s}
conduit tnsulation thickness (m)
outer coil case thicane

outar co!l case area

conductor area/cotl {m=**2)
stucture /condutor aresa
fnsulation a-ea/condutor area
void area/conductor ares

cave tenslle strain
OHC # turns

7
2.7980+87

s
”
5.16207804+08

11685 1

910088
8.7957 14000

8.264632¢-02
g.1802%8

£.1223e-92
6§2.02
4.813

8.15%9
t.018
10.%0

594.7
829.1
4976.

18.5¢
5.7076
2.096
82%.2
497%¢.

259%e 402
[ JYTXY 7]

e’
2.988e-01)
13.784
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J LTO by protaz. regqmnts A/m2 fajepy ) = 9.780%0 87
SWOG LTD by protec. reqmnts A/m2 lajw ) = 4.928e+8?
Leagth of the cooled channel.m [atl ) = 21.9

Ma«imum Qquench pressure.Pa tpmax - 1.0%4e+00
MHavtmum wdg temp ure K {tmpx ) = 160,

J LTD bty quench pressure . A/m2 {ajpres ] = 3.778e+08
JWOG tTD by quench pres. A/m2 (1 jw 1l = 1.918e-+08

PERMISSIBLE CURRENT DENSITY , (A/m2) [WDE ) 3.541097
PERMISSABLE CURRENT | tAY (CPYTEE) 2.82)e84

sesssessss End of OHNC Supercondutor Analysis *stecdece

MODULEY STRUCY -- TORUS SUPPORT STRUCTURE

MASSES

frncmaas = 3 §70e+84 of outer pf cotl: fence lkg!l
pPostmasse .248e+8) of center post thg)
atnteasses 1. 5 of fntercoll support (hg)

of cold tsland support {Incl struts) tkyg)

8220485 tota) mass of cold support structure lkg)
6720+0% tota! mass of warm support structure (shield support ¢ warm struts) (kg

coldm
warmmasse

3
[
1
clisimass= 9.
3
2
S

sprimassse .74% 8% totas) mase of torus support structure (warm ¢ cold) (kg!?

COSTS lstructure unit coste 28.8 87kg)

fnccost = 9. 995e+88 cost of ocuter pf coll fence (8}
postcosts | 24% 8% cost of centerpost (S)

alntmass= 4. 020006 cost of Intercoll support pstructure (8}
cislcoste 2 Gl0e+0b cost of cold island support (8)
[
?

614006 tots) coast of cold support structure ($)?
.4803e06 total cost of warm support structure (8)

coldcosts
warmcost®

sprtcoste | . Giffe? total cost of torus support structure (8)

ecscseesencs STARY OF VOLY-SEC OUTPUT sesencccss

total volt-second summary
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“eccctecocs STARY OF IMOUCTANCE OUTPUT eecenccs

Inductance matrix (H®turn®*e?)

circutt 1 2 3 4

1
.14100-82
.187%e
L1277e

9.1540e-02 $.24510-9!
§.48110+08 8.3817¢-02
8.3817e-02 §.4811008

.68%2e-02
[ F.1681e-01 §.11%6e-02

164%e-0)

[ 0.119Ce-82 §.16810-01
-1985e-02

? . §.277%e-01 0.9514e-02
.2220e-82 .20540-82

L] .6352e-02 0.95140-62 §.277%e-81
-40308e-92 .20540-0)

.0319e-02 £.3910e-01 9.250%-01
ried §.230%-01 9.3%10e-8)
0.6082e-02 #.1272e-02
0.1777e-02 9.68%2e-02
§.1400¢-81 9.14008e-01
0.14820-0) £.1482e-0)

.66030-82
\0

. 4 0.
L76130-04 0.362%-0) 5.40760-05%

seccvsnancgng of Inductance Outpul %*essceas

§.4%8¢60-0)

5.1681e-01
5.119%Ce-82
8.1690e-0)

0.431%e-03
0.128%e-01
0.3632e-02
0.1897¢-01
8.986%-02
S.18%80-02
0.484%e-02
8.310%-92
0.3088e-84

§.15480-02 5.2373e-02 §.4806e-0)

§.23723e-82
§.11%60-82
g.1681e-8)
§.4313%e-0)
0.1690e-0)
0.3632e-92
§.1288¢-01
0.968%-02
§.1897e-81
9.4648e-0)
s.1008e-82
0.318%-82
8.3088e0-84

5.6302e-82
5.31408e-02
5.277%e-81
5.90140-02
§.1288e-0)
8.35632e-82
8.241%e°00
8.3277e-8)
§.1712e408
5.09%2e-01
§.40300-02
5.2778e-82
0.1498e-01
9.20%40-9)

8.31400-02
8.83%2e-902
§.98140-02
§.2778e-8)
0.3632e-82
8.1288e-0)
5.3277e-81
8.2418e488
0.0992e-91

7. 1008e-0"
5.0819%-02
8.3918e -8
5.2908%-81
§.18%7¢-8)
§.968%-92
8.1712e408
§.0992¢-01
§.7840a400

19

5.081%-82
§.1008e-01
§.280%-0)
5.3%18e-0)
0.966%-82
5.18%7e-01
§.9992-01
0.1712e00
9.2660e08

8.1971e-81
8.14100-02
8.6882e-92
8.1777%-82
9.1008¢-92
§.48480-8)
§.40308e-02
9.27708e-02
0.7007e-02

B.1712e°00 §.2680000 §.76400+0F §.58010-92

0.2770e-92
5.4030e-92
§.149%%e-01
§.2084e-9)

9.7007e-82
9.660)e-02
§.3208e-01)
§.46010-9)

9.6603e-02
8.7007e-82
0.3208e-9]
f.46810-0)

5.059%8e-01
5.2768e-02
5.714%e-91
9.7613e-04



« PFf Cotl) Power Convernmion ®*otee

PF Coll power and NVA raquirements

tot mava
{MVA)

v oup

reqlurement per pf coll
paranthesis values are MVA

14 W,

braakdown of power (MVA)

power

’ +
-1
Bang

042.08

42.89088
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.. t -8.80470) §.163) ¢ 94.3870) g.1812 ¢ 9.208) ( 8.2817)
t 2.47%4) #.1631 ¢ €.3507) s.1012 ¢ £.2083 ( -81.0688)
0. t 2.7976) 0.128% ( 10.9%020) s.1641 { g.2811) ¢ g.2120)
9. t=21.%92 g.1299 13200 s.1641 g.2011 { -8.916))
g.1 { 2.797%) g.1309 ¢ 18.9%028) #.1864) ( 8.2811 ¢ g.2121)
€.1748 ¢ -21.%927) $.1309 ¢ 1.3284) .1641 ( 0.2 ¢ -%.910))
0.832% ¢ +.2098) £.1337 { 9%¢.1480m) F.1860 ( 9.1010 ¢ §.2341)
0.8228 ( -47.2116) 8.1337 ( 4.1192) g.1860 ( 0.1018 { -30.8796)

pfckes, f coil ctrcuite 13.90

spamava, of all pf coll clircults 0%s.?

apssva, average peava of all pf col) clrculre t0.02

tcpfppum,. cost of sl pulsed power aupplies, Sm 2.3

tepfclm, cost of el pf circutt the, SM 8.12)

arcktpm,.ave. r power of the pf clircultls, hw

acptmax., av. max current/turn of the pf chts, ks

spfbusl, sua of the bus lengths of the pf chts, =

tcpfbasm, cost of all the pf bussing., Sm

tcpfbpam. cost of burn phase power supplies, Sm

- - wvpfaky, mavimum Pf coll voltage, kv
ensxpfm, max. dus of x energy tn pf chty a)
cost of all dc cht. breaters, $a
cost of all energy d-resistores, $m
tuscpm, cost of pf ac ckt protection, Se
’.J
tcpfem, tota) cost of PF Conv. Sys. (MS) 32.92 g
engtpfm, saximus reslistive energy of all the
pf ctrcuits over the entire cycle, mJ 1899,

bpsfm2, floor area of the burn power supplties

of the pf colls, @2 441.9
ppefm2, flioor area fcr the pulsed power supplies

of the pf cotlls, al 973.2
bkrfw2, floor are for the dc¢ ckt breskers. m2? 322.2
pfbldgm2. total butlding floor srea for the p¢?

cotl power supplies, =l 1637,
pfbldeul. bullding volume for the pfcoi) powor

supplies, ©) 9824,

t%ceass End of PF Power Conversion ®etsecacnce

tsecnant Start of Energy Storage teemeece



A1) pulsed puower taken Utility ltne

Energy at-"age system parameters.

tburn---burn time, seconds
tfinal--total cycle time, secuonds
pseff-- power supply efficlency
ereff- -gnargy recovery effictency
dweff---MCF drive motor efficisncy
pwrfacl-pulsed *.S. powver factor
pwrfacZ-plasms heating P.S. power factor g.0%00
pwrfac)-MCF dr ive motor power factor 9.7%08

Power supply energy and load data:

scpfuva-peak ac mva of Lthe F.F. cotl P.S. T47.)
acphava-peak mva of the plasma hesting P.S. 220.9
acptmva-total peak mva *= scpfava + acphava 961.1
acptuw--total peak power demand, mw €31.9
phtguj--plassms heating energy /cycle, mj £.1302e+88
.n,lpf.‘.n.r?y to P.F. cotl P.S. /cycle, =} 1593,
acptmj--total pulsed gnergy 7cycle, m} £.15%28e+86

MGF energy storage data:

fmgew---maximum NGF power output, ew g
fmgave--maximum MGF mva output, mva s.
fmgm)---MGCF energy /cycle, I{ g
fagrmj--energy recovery /cycle, mj | B
fagdew--ave. power to MGF motor - s,
fmgdmva-ave. mva to MGF motor, mve .
tcfage, total cost of the mgf esnargy storage

system g.

Power and enerygy from the utility line:

ulpaw---max. pulsed mw from utility Vine €J1.9
ulpava--max. pulsed ava from uttlity 1tne 9%1.1
ulpm)---pulsed energy from the uttility lines, m) 5.1820e+8¢
ficcfm2, floor ares nesded for Lthe load

contro) center (m2) 1171
fagfuZ. floor ares needed for mgf units (w2} g,
esbldgm2, building floor area for the energy

storage system (m2) 117.1
esblidga?, building volume space for the energy

storage systea (ml) 192.8

sesensccanse €nd of Energy Storage **eresesses

sertsse Grart of Vacuum Jdutput **tereses

PUMPDOWN TO BASE PRESSURE
fw ocutgassing rate (Pa-m/s) trat) 5.138s-47



total cutgassing load (Pa-e~)/s) (ogas) §.235e-04

base pressure required (Pa!} {pbase)
requicred NI pump aspeed {sll))
N2 pump speed provided (m~3/s) tanettll))

PUMPDOWN BETWEEN BURNS

plasma chamber volume (m™3) (volume)

pressure 1n plasma chamber after burn (Pa) {pend)

pressure in plasma chamber before start of burn (Pa) (pstart)

dwell time between burns (s} {tdwell)

required DT puep speed (B°3/s) test2))

DT aspeed provided {(m~3/9) {snet(2})) 29.64%3

RELIUM ASH REMOVAL

gas pressvre tn divertor chamber (Pa) {pdiv) 5.1200°08
fractton of Ha g9as in divertor chamber (fhe) 9.1221
required He pump speed (m~13/s) te(3)) 29.64%3
He speed provided {(m~3/9) (anet(d)) 32,1804

CT REMOVAL AT FUELING RATE

BT fueling cate (kg/et tfrate) 8.7140-0%
required OT pump speed (8~379) (std)) 29.6483
0T speed provided (m~3/s) tanetiddy 29.684%3

The vacvus pumping system stze (» overned by the requirements for
DY removal at fuelting rate

nuaber of large pump ducts {nduct)
age from div. tn ducts (m) (d{tmax})
ssge (m) {11y
diameter of ducts (m) tdout)
length of ducts from div. passage to elbow (m) {12y
length of ducts from elbow to vac. pumps (m) {113
number of turbopumps tnpump }

Vacuue Pumping Systea Costs

cost of ducts = 8 22087438,

cost of duct shielding" = 8

cost of 1dc and leak detecttion = %
cost of roughing/backing pumps
cost of Mi-vacuus puaps = 8 S440080.

cost of large tsolation valve » 8 4911848,

total cost of vacuum pumping systea = S 20038983,

secsscescs Fnd of Vacuum Qutput *eesecccnsces

Ll
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cap
cap
cap
cap
cap
cap
cep
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap

cost
cost
cost
cost
cost
cost
cost
cost
cost
cost
cost
cost
cont
cost
cost
cost
cost
cost
cost
cost
cost

control sy:tems
solid waste
uninter. power
emarg. gensrator
1ntegration

trit receiving
trit shippers
trit storage
anal/tav systems
glovebox/secdary
eaerg proc
tritium monitors
water recovery
blkt proceansing
atmospheric proc
plasma proc
storage/secondary
monitors‘stmcep
water proc
blank/coolnt proc
total - trit procliS

. - D s v~~~ o~~~
(I X X1 AT R XX KXY XX ¥,
N N e e W e e e -

feedrate (kg/s)

-t concentration (ct1/kg)

front end -lesvpce,2%0)

front end enrichment

type of water !.oh, §ed

salt removal

return feedikg/n}

out-t concentration {(ct/kg)

cryogenic refrigeration tew)

eltectrical power load (mw)

steam .nor,, requirement (eaw)
a

tn

correction

ctor -scott

cleanuplediffuser .2=molesieve
operating

op
op
op
op

cost
cost
cost
cost

costa

plasma proc (8
blanket proc (8)
atmosphere proc (%)
water proc (s

tota) op cost -~ trit proc %)
equipment sizes

equip -plasaa proc.

equip -blanket proc.

equip -atmosphere proc.

equip - rgency proc.

equip -water proc.

equip -other proc.

equip -total trit proc.

power requiremants

power - plasma proc. taw)
power -~ blanket proc (o)
power -~ stimosphere proc leaw)
power - emergancy proc {mw)
power -~ water proc tovw )
power - other proc law)

tot

stmospher ic trittum recovery-reactor hal

accident release
{nitisl t conc.

) power ~ trit proc teaw)

tg)
(uc'/-"g)

*clesanup time {hr}

§.53e+87
§.2%9 80

§.2%e¢08
§.66e 00
2

19.88
F.160+87
120.08

bt

<o



*volume of reactor hall {(m**3) =~ 8.620+85
*clisanup efficlancy - 8.98

“t teve! stacked (uct/m**3) = 59.68¢

atr flow rate (m**3/8) = 1.6%
vent rate (m**3/9} = f.14098
tritium release (cl) o 3.1
trittum vented to env. tct) = 8.084

a*mospheric tritium recovery- hot celtl

sccident release lg) -

initial t conc. tuct/m®"]) -
*cleanup time {hr) -
*volume of hot celd (m®*3) =
*cleanup sfficlency -
"t leve!l! 3tacked {uci/m®*3) =

atr flow rate t I/s) =

vent rate {a®**3/9) = §.14008
tritium relesse (et} = 3.0
tritiue vented to env. tct) = 9.04

atmospheric tritive recovery-trit bldg

accident releass g} = 19.00
inttial t conc. tuct/ma*”" 3} =
*clesnup time (hr) -
*volume of trit bldg (m®*3) =
*cleanup efficlency -
‘Lt Yeve)l stacked (uci/m**3) =

alr flow rate tm**)/p) =

vent rate (m"*3/9) =

tritium release tect) =

tritium vented to env. tet) =

esetserme End of Tritium Output *osenss

Sssessnsacstcanans Nogt Tranmport System ®essscncessacanae

fwhe ramoval from flerst wall (Mw}

divht removal from divertor plates (Mw)

bInt heat remova) from bdlankets (Mw)

shdht heat removal from shield {(Mw)

pnbht heat removal from neutral beams (Mw)

schht heat remova) from ech (Mw)

PINNL he r al from Yh (Mw)

cryht heat r val from cryogentc plant (Mw)

vacht heat removal from vacuus pumps (Mw)

tritht heast removal from tritiue plant {(Mw)

helpow tota) cryogenic load at 4.2K (Mw)

facht heat rewoval from faciltties(Mw)

rnphx number of priasary heat exchangers

rnihx nuober of Intermediate heat exchangers 13.9%¢
ctht total plant heat rejection (MNw/ €56.99%¢

etasscnevse

End of NHeat Tranasport tssseddscesas

18T
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masceasse AC POWER SYSTEM OUTPUY wescascscaansns

¢ Inputs fros other systea code modules
& Vser-selected inputs
* Outputs to other system code modules

® baseaw, factiltity bese power load, MV

€ efloor. effective total floor sp SQ. M

& pkwpm2., power needed per floor ar KW/S0.M
fcaht, total power to factility loade, MVW

¢ fagdaw, power to mgf units, MW

® acpfuva. pf pulsed power at pwrfacl (1), MV

® bpsaw, power to burn power supplies, WMV

¢ bdvew, powar to divertor coll supplies, MV

& wtfaw, power to tf coil power supplies, MV

® phaatew, powar to plasma heating supplies, MW

e cryww, cowar to cryogentic comp. mutors, WY

¢ vacww, power to vacuum pump motors, MV

& Mpaw, pPowar to RAts pump motors., MV

o tlpmw, power to trittum procon:!n‘. L)

* pacpaw, total pulsad power system load, W

{1 - see energy storage )

A& hvliky, pulsed powar utility Vine voltage, KV
n3pht, number of 3 phase transformers
teva, @max. mva of each transformer, MVA
pndbkrs, number of 13.8kv clircuit breakers
bkrmva, short circult mva of clircuit bkra, MVA

& fvlny, facility power Jine voltage, KV

ftave, man. mva of facility transformer, MVA
fnbkrs, number of 13.8kv circult breskers
fbkmva, short ctircult mva of circuit bkrs, MVA

AC POWER SUMMARY

* pacpmw, total pulsed power system load, MV
{power to the heat transfer system)
& hvlkv, pulsed power utility tine voltage. KV
fceht, total facility power lo0ad,
& fyiks, faciVity power line voltage. KY

AC POJER COST SUMMARY

cpacpm, cost of Lhe pulsed power uyst
cfacpm, cost of faclility ac power sy
c2dgm, cost of 2 DCs (48@v, 2508%w e
cdnbpa, cost of 4 no-break power aupplies, SM
clvdsm, cost of LV power distribution, SR

* ctacpm, ‘nstalled cost of ac power system, SM

sasssnesssa fngd of AC POwer ®*esccccscsa

essssas Maintanance Equipment Outpul *ohesene

CRT
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