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INTRODUCTION

This document describes the Tokamak Systems Code (TSC) developed at
the Fusion Engineering Design Center (FEDC) over the past several years.
The code will determine a tokamak configuration and associated performance
and cost based on selected plasma and engineering input parameters.

This document addresses both (1) user instructions for code operation
and (2) description of the modeling of each major system of a tokamak

reactor. The document is structured according to the following outline.

Outline of the Tokamak Systems Code Document

Introduction
Executive Summary
TSC User's Guide

Appendix (detailed descriptions of modules)

1. Physics

2. Torus

3. TF System

4. PF System

5. Inductance

6. Flux Linkage

7. Plasma Heating Systems

8. Neutral Beam/TF Coil Interface
9. PF Electrical

10. Reactor Cell
11. Torus Vacuum
12. Tritium Processing

13, Fueling System
14. TF Electrical
15. Facilities

16. Heat Transport System
17. AC Power System

18, Instrumentation and Controls
19, Maintenance Equipment
20. Cost Categories



SUMMARY OF THE TOKAMAK SYSTEMS CODE
CODE STRUCTURE

The FEDC Tokamak Systems Code calculates tokamak performance, cost,
and configuration as a function of plasma and enginesring parameters.
This version of the code models experimental tokamaks. It does not cur-
rently consider tokamak configurations that generate electrical power or
incorporate breeding blankets. The code has a modular (or subroutine)
structure to allow independent modeling of each major tokamak component
or system. A primary benefit of modularization is that a component
module may be updated without disturbing the remainder of the systems
code as long as the input to or output from the module remains unchanged.
The independent modules are linked by a driver or executive routine in
the order shown on the flow diagram presented in Fig. 1. The dashed
lines on the flow diagram indicate major feedback loops betwsen modules

that present the choice of

I. specifying shield thickness or specifying the limitation on (1)
nuclear heating in the toroidal field (TF) coils or (2) radiation
dosage;

II. specifying the field on axis or the maximum field at the TF
coils;

ITI. (1) specifying the aspect ratio and calculating the resulting
burn time, or (2) specifying burn time and calculating the
aspect ratio, or (3) specifying both aspect ratio and burn

time with no constraint on self-consistency.

A1l user input to the tokamak systems code is in namelist format
and is read from a single file. Data are transferred between subroutines
by labeled common blocks. Output from each module is collected into a
single file for printing. The code also generates the tokamak plan and
elevation plots, which are automatically available after each code
execution.

The geometrical configuration for the tokamak is established by
starting at the plasma major radius and progressing radially inward to

the ohmic heating (OH) solenoid and radically outward to the TF outer leg
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location. Certain combinations of input parameters will result in a
configuration that has inadequate radial space between the plasma and
machine centerline to accommodate all the tokamak components, in which
case an error message is printed and the run is terminated. The radial
dimensions are measured from the machine centerline. Vertical dimensions

are measured from the horizontal midplane through the plasma center.

MODULE DESCRIPTION

A brief summary description of each module follows. A detailed
description, including assumptions, key equations, and representative
input and output for each module is provided in the appendix. A fortran
listing of the code can be obtained by extracting the source files from

the National Magrnetic Fusion Energy Computing Center (NMFECC).

Physics Module

The physics module computes fusion, power amplification factor (Q),
plasma current, fueling rate, and the required volt-seconds to induce the
plasma current. This module is a zero-dimensional (0-D) representation
with plasma density and temperature profile effects modeled as a function
of plasma average temperature. Peak heating power during startup is
modeled as the summation of two parts. The first part accounts for the
plasma heat capacity at the operating point divided by the heating time
period. This term is an attempt to include the dynamic effect of heating
the plasma to its operating temperature in a finite time. The second part
is the maximum quasi-steady start power required as the plasma temperature
is raised to the operating value at constant plasma density. Two scaling
relations for confinement time are available: International Tokamak
Reactor (INTOR) (1 « neaz) and a form of GMS! (1 « aIp), wheve n is the
electron density, a is the plasma minor radius, and Ip is plasma current.
Flux conservation is assumed as the plasma is heated and makes the

transition from low beta to high beta values.



Torus

The torus module performs neutronic, geometric, and cost calculations.
The neutronics portion determines (1) radiation dosage to the TF coil
insulation, (2) nuclear heating rate in the TF coil case, (3) displacement
damage to the copper matrix of the TF coil, and (4) biological shutdown
dosage rate as a function of inboard and outboard shield thickness.

Shield thickness may be specified and the radiation parameters

calculated. Conversely, limits on the radiation parameters may be imposed,
and the value of shield thickness to meet the most stringent of those
limits will be determined. The neutronic model is in the form of curve
fits relating the results of detailed neutronics calculation performed

at Argonne National Laboratory (ANL). This model relates dose, heating
rate, fluence, etc., to shield thickness through an e-fold attenuation-
type parameter. Stainless steel (the outboard shield material) or
tungsten may be chosen for the inboard shield.

The torus weight and volume is based on either a D-shaped or a
rectangular torus configuration. An option is available (IGLOO = 1) to
split the outboard shield thickness and place only the amount necessary
for magnet protection between the plasma and the outhoard TF coil leg,
while the remainder of the outboard shielding, necessary for biological
requirements, is placed outside of the outer TF coil leg. Weight,
volume, surface area, and cost are determined for the torus components,

which include the first wall, avmor, bulk shield, and pump limiter.

Toroidal Field Coils

The TF module addresses both the TF coil and the bucking cylinder.
The TF coil ampere-turns are determined 4s a function of the plasma major
radius and field on axis. The coil inboard leg radial dimension depends
upon the plasma major radius, the plasma size, the inboard shield
thickness, the assembly gaps, and the cryostat thickness. The TF coil
maximum field is determined from the field on axis and the 1/R variation
in field. The TF outer leg size is based on the larger of (1) a
minimum radius to accommodate the torus or (2) a radius to limit the

value of magnetic field ripple at the plasma edge to an acceptable



value. The TF coil shape may be a constant tension shape or an arbitrary
shape specified by the user.

The coil radial thickness (build) is determined from the required
ampere-turns and an overall current density derived from an input winding
pack current density and an allowable TF coil stress. The allowable
stress 1s based on crack-growth criteria and the number of tokamak
cycles over the life of the device. The coil cross section can be
specified as either trapezoidal or rectangular. Coil weight is determined
from the TF coil civcumference, cross section, and void fraction. Cost is
determined as a function of conductor and structure weight.

An estimate is made of the stored magnetic energy and the cycle
average ac losses in the coil case due to the pulsing poloidal field (PF)
coils. The TF coil may be superconductive or resistive. Providing
enhancement of the field on axis is possible by calling a copper insert
subroutine.

A subroutine of the TF coil module calculates bucking cylinder
thickness as a function of the TF coil centering force, the allowable
yield stress, and the bucking cylinder outer radius. The thickness of
the bucking cylinder is chosen on the basis of compressive stress or

buckling stress, whichever criterion is the most stringent.

Poloidal Field Coils

The PF coil module determines coil currents, number of turns,
locations, resistive losses, weights, and cost of the PF system. The
module maintains the PF coils in the same position (relative to the
plasma edge, the bucking cylinder, the shield height, the TF coil
radius, etc.) as the input reference PF coil system. The equilibrium
field (EF) coil currents (as a function of time) are scaled from the
input reference values considering changes in coil locations and plasma
current. The input reference EF system, upon which the scaling is
based, was derived considering magnetohydrodynamic (MHD) requirements.
The current in the OH solenoid is determined based on the maximum magnetic
field allowed in the solenonid. The PF coils may be specified as either

normal copper or superconducting. The conductor cross section is determined



from the calculated currents and input values of current density. Coil
structure is based on an input allowable stress. Weights are calculated
from the coil cross section, circumference, and coil void fraction.

Cost is computed separately for the conductor and the case.

Inductances

The inductance module calculates the self-inductance and mutual
inductance of the PF coils and plasma. The calculations are based on
Gaussian integration and use elliptic functions. A uniform current
density over the winding pack is assumed. The program was developed at
Oak Ridge National ILaboratory (ORNL) and has been in use for a number of

years.?

Flux Linkage

The flux linkage module computes the volt-seconds available from
the PF system, EF system plus OH solenoid, to induce the plasma current
and maintain it during the burn. The available volt-seconds are bhased
on the current waveforms for each coil generated in the PF module and
the inductance matrix generated in the inductance module. The plasma
current and volt-seconds required for startup are computed in the
physics module. If more volt-seconds are produced by the PF system
[assuming a full plus (+) to minus (-) flux swing in the OH solenoid]
than is required to induce the plasma current, as specified by the
physics module, the excess volt-seconds are available to sustain a burn
pulse. If fewer volt-seconds are provided by the PF system than are
required for startup, the code will print a message to that effect. The
systems code then continues based on one of the three following options
controlled by the variable IOPT. If IOPT = O, there is no iteration on
burn time, and the code continues to the next module. An input value of
burn time, contained in the physics input, is passed to the remainder of
the code (to calculate duty factor, etc.) regardless of the value of
burn time calculated by an excess or deficiency of volt-seconds from the
PF system. If IOPT = 1, the aspect ratio is adjusted, through an

iteration back to the physics module, until the calculated burn time,



based on inductive volt-seconds, equals the input value of burn time.
If IOPT = 2, the input value of burn time is adjusted through an iteration
until it equals the calculated value of burn time consistent with the

input aspect ratio.

Neutral Beam Module

The neutral beam module calculates the required electrical power,
source size, and pumping requirements to deliver the neutral power
required for plasma heating. The beam particle energy level is
specified. Beam optics is based on duct and source geometry and on
input values of allowable divergence in the horizontal and vertical
direction. A direct recovery efficiency value can be specified. The
number of beam lines and the number of sources per beam are specified.
The code determines the various efficiencies (i.e., grid, reionization,
optical, etc.) in computing electrical power requirements. Costs are
determined for 17 neutral beam components and collected into three
categories, namely, mechanical, electrical, and auxiliary costs.

Electrical power requirements for plasma heating during startup are
provided by a motor-generator (MG) set. The steady-state plasma heating
electrical power requirement, for driven tokamaks, is taken from the

utility grid.

RF Module

The radio-frequency (rf) module allows the choice of ion cyclotron
resonance heating (ICRH), electron cyclotron resonance heating (ECRH), or
lower hybrid resonance heating (LHRH) for plasma heating. The electrical
power requirements and launching frequency of the rf heating system are
determined according to the required power delivered to the plasma. A
value of LHRH-injected power for current drive can be specified by the
user. The power requirement of the steady-state current drive is
assumed to be taken from the utility grid. Startup power requirements

are provided by a motor-generator set.



The costs for ECRH and ICRH are scaled as a function of injected
power. The cost for LHRH is based on estimated costs for the various

System components.
NB/TF Coil Interface

The neutral beam (NB)/TF coil interface module determines whether
interference occurs between the beam line and two adjacent TF coils.
Beam and coil positions and beam injection angles are required input
parameters. The required and available height at the interface are
computed, as well as the coordinates of intersection points between the
torus wall and the injector. When either the width or height of the
injector exceeds the available width or height between the two adjacent

TF coils, a corresponding warning message is printed.

PF Electrical

The electric power conversion module determines the time-varying
megavolt-ampere (MVA) requirement for the ac-to-dc power conversion
equipment and the energy storage capacity of the motor-generator fly-
wheel sets used to buffer the electric utility grid from the tokamak.
Stored energy, MVA, and voltages during the startup, burn, and shutdown
portions of the tokamak operating cycle are determined. Input to the
module includes coil and plasma current, startup and shutdown time
intervals, and mutual inductance values. Cost is estimated from power

requirements, stored energy, buss lengths, etc.

Reactor Cell Module

The reactor building module determines the size of the reactor
building and hot-cell facility and the thickness of the reactor building
walls required for biological shielding. The building may be either
cylindrical or rectangular, depending on input option. The size may
be input directly, ox it may be determined using device dimensions

calculated in other modules, plus input concerning maintenance operations.
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If the size of the reactor building is calculated, as opposed to input,
it is sized according to a series of concentric rings representing
clearance for various device components and maintenance operations,
together with an off-center ring to allow for PF coil laydown area. The
reactor building height is keyed to the height of the bucking cylinder.
The size cf the hot cell is scaled according to the removable shield
sector size.

The cost of the veactor building and hot cell is scaled with

building volume.

Torus Vacuum Systems Module

The vacuum module determines the minimum vacuum system needed to
handle a gas load: (1) during the burn, (2) between burns, and (3) for
initial pumpdown. The gas load and an associated total pumping speed
are computed for the above options. The most stringent requirement is
then used to size the vacuum system. The size of the vacuum ducts is
usually what limits vacuum system performance. Therefore, an iterative
routine is used to determine (1) the required number of ducts if the
individual pump speed and duct dimensions are unchanged, (2} the required
duct diameter if the individual pump speed and duct number are fixed,
and (3) the required pump speed if the duct dimensions and number are
fixed at a nonextreme limit. Once the vacuum system is sized, the major
compoitents (high vacuum pumps needed, backup pumps, and large-diameter
metal valves) are costed assuming either cryosorption pumps or turbo-
molecular pumps. The vacuum system cost is based on that system maintain-
ing the input-duct diameter and the calculated number of duct and pump
speed.

The cost of nuclear shielding is also estimated for the vacuum ducts.

The shield thickness is keyed to the outboard bulk shield thickness.

Tritium Processing

The tritium module determines mass flow rates for the primary
tritium/deuterium fuel cycle. Tritium inventories in all major systems

are calculated. An atmospheric tritium recovery system is assumed in
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four areas (reactor hall, hot cell, tritium building, and rad-waste
building). Capital costs for the major tritium systems are calculated
using information supplied by Los Alamos National Laboratory (LANL),
Mound facility (operated by Monsanto Research Corp.) and Tokamak Fusion
Test Reactor (TFTR). Key parameters input by the user are the cost of
tritium, removal efficiency of the atmospheric tritium recovery units,
and desired cleanup time for each building that has an atmospheric

tritium recovery unit.

Fueling

The fueling module calculates pertinent design requirements and
cost data for the pellet injectors, gas injectors, and supporting systems.
The code reads the user's data file and selected data from the physics
code, fuel processing code, TF coil code, and the first wall and shield
code. These data are used to compute requirements for pellet velocity,
pellet weight, pellet rate, vacuum power, helium refrigeration, nitrogen

refrigeration, and major equipment cost.

TF Electrical Power

The TF electrical power code determines design and cost data for
the TF power conversion systems having resistive coils, superconducting
coils, or a cowbination of resistive and superconducting coils. The
code determines requirements and cost for power supplies, busing, load
centers, coil protection equipment, and associated controls and instru-
mentation. It also provides an estimate of the floor space and building
volume needed for the equipment.

Consideration is given to the different operating modes of resistive
and superconducting coils. Resistive coils do not need as much coil
protection equipment as the superconducting coils, since they are always
in the resistive state. Superconducting coils are operated near 4K in the
superconducting state, but they can go resistive if the design operating

environment becomes unfavorable due to faulty equipment or operator error.
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Under these conditions, the superconducting coils must be discharged
quickly without exceeding their design voltage. The resistive TF coils
require much more power than the superconducting coils and, hence, more

power-conversion equipment.

Facilities Module

The facilities module determines the size and cost of all currently
considered facilities and buildings, except for reactor buildings and
hot-cell facilities, which are calculated in the reactor cell module.

The buildings currently modeled are:

® reactor building

® hot-cell facility

& intake stiuctures

# water treatment building

® recirculation structures

® Tr coil electrical equipment

® O and PF electrical equipment

® bulk heating electrical equipment

® motor-generator flywheel building

® cryogenic refrigeration building

® tritium processing building

#  ventilation building

# radiocactive-waste building

® control room building

¢ diesel generator building

2 administration building

e mockup and shop building

® control room tunnel

# ventilation stack

The dimensions or volumes of each of the above buildings may be
directly input by the user if so desired. Options also are available
to size certain buildings based on data generated in other modules,

such as the building housing the electrical equipment and the MG sets.
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Also, the volume of the mockup and shop building can be scaled as a
percentage of the reactor building and hot-cell volumes.

Costs are determined by applying unit cost factors (dollars/m3) to
the building volumes in question. The unit-cost factors are chosen to

be consistent with the type of building being costed.

Heat Transport Module

The heat transport module collects heat generated in the various
reactor and facility components and estimates the direct cost of the
required heat transport system components. The components requiring
heat removal include (1) reactor components (such as first wall, shield,
limiter, neutral beams/rf heaters, resistive TF coils, tritium
processing) and (2) facilities components (such as cryosystem components,
ac/dc conversion components, and other facility-related components).
Neither a blanket nor power conversion system is considered in this

version of the tokamak systems code.

AC Power Module

The ac power systems module accumulates the power requirements, which
are determined in other modules of the code, for the pulsed power,
facility power, and backup power systems. This module computes
installed costs for cables, structures, circuit breakers, switches,
transformers, diesel generators, and no-break power supplies as a
function of required power. Lightning arrestors and auxiliary cooling
are included in the cost of the transformers. Isolation switches and
instrumentation and controls (I§C) are included in the price of the

circuit breakers.

Instrumentation and Control Module

The supervisory I&C code uses input data and data generated in
other system code modules to determine cost calculations for eleven groups
of process 1&C, for ten groups of plasma diagnostics instrumentation, and

for one archiving computer. The diagnostics instrumentation cost is
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calculated for any one of the operating phases (hydrogen, deuterium, or

tritium) as directed by user-input data.

Maintenance Equipment Module

The maintenance squipment module is a compilation of equipment that
is used foir contact and remote maintenance operations. This list of
equipment is composed of items that are fixed in size and those, such as
cranes, which vary in size according to the weight of the equipment
being transported. Applying this module to different tokamak configura-
tions is accomplished by changing the default input data, either by
adjusting the equipment unit costs or by changing the required number of
equipment units needed in the reactor building and hot cell. The module
output consists of a listing of 30 equipment items, their unit cost, the
required number for the reactor and the hot cell, and the total cost for
each. 1In addition, the subtotal for the reactor building and hot-cell

equipment costs are shown, along with a total for all equipment costs.

Cost Accounting

The cost module collects and sums the costs generated in the other
systems code modules consistent with a standard code of accounts sug-
gested in ref. 3. The input unit cost values for the sample case

included in the '"User's Guide' section of this report are in 1983 dollars.
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TSC USER'S GUIDE
1. INTRODUCTION

The Tokamak Systems Code (TSC) is a major program comprised of
22 calculational modules (Table 1). Even though the TSC is complex,
every effort has been made to simplify its use so that the user can
concentrate on obtaining results. All input to the program is in name-
list format and comes from a single input file. Reference cases not
only contain complete, consistent input data, but also contain brief
definitions of most of the input variables. The output is automatically
collected into a single output file suitable for printing. Output files
are also available for each module, should they be desired. Names of
the input, output, plot, and internal data (block data) files can be
controlled by the user.

The input contains about 300 variables to allow the user to
describe most of the major tokamak systems. As with many complex
programs, the initial efforts of a prospective user should be to become
familiar with reference cases similiar to his case. With several
reference cases available, the user should be able to find a case with
many similarities with his case. Then he will likely have many systems
which will require no changes in input variables to obtain satisfactory
results.

Using the TSC requires five major steps:

preparing the local file area for TSC execution,
preparing the input for TSC,
executing TSC,

printing or reviewing the output, and

[ R S

local file area cleanup.

The following detailed descriptions for executing the TSC assume that
the user has an account and password on the NMFECC and has a basic
knowledge of using the Cray computers. The TSC runs on either the C or
D systems at NMFECC. In the following discussions, the command lines

are presented as nearly like those the user will see on a CRT screen as



Table 1.
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Module names and corresponding output file names”

Module name

Description

Qutput file name

PHYSIC
FWS

TF

PF

RBT
INDUCT
VSEC
NB

RFH
NBGEOM

ELEPOW

REABLG
TRIT
VAC
FUEL
TEPOW
FACIL
MEQPT
HT'S

ACPOW

IAC

Plasma physics and scaling
First wall, shield, and limiter

Toroidal field coils, including copper
insert coils, if used

Poloidal field coils

Radial build table

Inductance calculations
Volt-seconds calculations

Neutral beam systems

Radio frequency heating systems
Neutral beam geometry calculations

Electrical equipment systems for pulsed
power systems (mainly PF and heating)

Reactor building and hot cell facility
Tritium handling systems

Plasma chamber vacuum system

Pellet fueling system

Toroidal field electric power system
Building and facilities description
Maintenance equipment

Heat transport systems

Alternating current electical power
systems

Instrumentation and control systems

Summation of costs for output

PHYTYP
FWSTYP

TFTYP

PETYP
RBTTYP
MTXTYP
VSTYP
NBTYP
RFTYP
NBGETYP

ELETYP

RBTYP
TRITTYP
VACTYP
FUELTYP
TFPTYP
FACTYP
MEQTYP
HTSTYP

ACPTYP

IACTYP

COSTTYP

“Module names are given in the order in which they are called when
no iterations are needed.



17

possible. Exclamation marks represent the line-feed key (or ESC key on
some terminals) and are presented as the user would see them. User-
supplied information is shown enclosed in angle brackets (<>) with a
brief description. The Cray computer restricts file names to eight
characters or fewer and requires all commands in lower case (upper case
terminals should use an option to allow appropriate translation). File

names and commands are presented in upper case in the text for clarity.

2. LOCAL FILE AREA PREPARATION

In order to execute TSC, several files must be available in the
user's local file area. The easiest way to establish these files

x
is with the following sequence of commands:

filem read 14362 .tscv3 tscdlibl!end (1)

1ib tscdlib!x all.lend (2)

The FILEM utility retrieves the file TSCDLIB from its storage place in
the FILEM storage area. The LIB utility unpacks the files stored in the
TSCDLIB file so that they can be used by the user. The files

necessary to execute TSC that will be extracted from TSCDLIB are

tscx
costact

user-~-supplied input file

The TSCDLIB file contains several reference data cases, as well as the

files necessary to execute TSC (Sect. 3). It is recommended that the

*

The exclamation mark (!) in the first seauence represents the
line-feed command separator. Press a line feed (or ESC key on some
terminals) at this point.
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user use the TSCDLIB file to store his unique input files and make a
copy of TSCDLIB in his own FILEM area. The commands necessary to
%

perform these functions are
1ib tscdlibla <input file name>!end (3)

This command adds the user's input file to the library file TSCDLIB.
Once the file has been added, the library file can be updated with

the following command:
lib tscdlib!ulend (4)

For other uses of the LIB utility and to use FILEM to save a permanent

copy of your files, see the NMFECC documentation.

2.1 Preparation of TSC Input

All the TSC input must be in one file that contains two namelists,
CONTRL and INALL. The CONTRL namelist contains information to control
the input and output for the program and name the output files. The
INALL namelist contains all the input values for the calculational
modules. A reference case should be used to establish the form and
initial values for the input file. The general form for INALL namelist

input and the input for the CONTRL namelist is discussed below.

2.2 Input for the INALL Namelist

The input for each module is discussed for that particular module
in the appendix. Namelist input for the TSC is format-free input. The
input is characterized by the name of the variable to be supplied followed
by an equals sign (=), followed by the input value. Several variables

can be placed on a single line and can be separated by either spaces or

*
The angle brackets (<>) indicate user-supplied information. Do
not include the angle brackets in the command line.
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commas. Some variables are arrays and require additional attention to

input form. Array values can be input in a number of ways. Individual
array values c¢an be input, implied DO loops can be specified, or values
can be input in the order of storage. The forms shown in the reference
cases should be followed when changing or adding to array variables. A
text editor (e.g., TRIXGL or TEDI) can be used to modify and add to the
input file.

2.3 Input for CONTRL Namelist

The CONTRL namelist is used to control the input and output of
TSC. The input variables are described in Table 2. The file names
for input and output can be overridden on the execution command line.
The variable I0UT can be used to turn off all output, but this action
does not make sense except in certain advanced applications that are
currently under development. The block data files controlled by the
INBLK and OUTBLK variables is also an advanced feature for use in TSC

development and has not yet been fully implemented.
3. TSC EXECUTION
3.1 Normal Execution

Once the local files area is prepared and the input is ready, the
execution of TSC is straightforward. The command line takes the following

form:

tscx i = <input file name> (5)

where input file name is the user's input file.

3.2 Advanced File Control

A number of file control options are provided to allow the user as
much flexibility as possible to name and control files. However, this

added flexibility may tend to cause some confusion. 1f so, the
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Table 2. CONTRL namelist input parameters

Symbol Description Source”
INBLK Name of the input block data file for restart U
or single module execution
I0IN Input control option (only ioin = 1 1is -~
recognized)
I0UT Output control option; lout = 0 turns off U
most output; iout = 1 turns on normal
output
IPLOT Plot control option; iplot = 0 means no plot U
of configuration; ipleot = 1 means to plot
configuration
OUTBLK  Name of the output block data file U
OUTFIL  Name of the combined output file U
PLTNAM  Partial name of the plot file for the U
configuration (middle four characters)
RUNMOD Name of the module to be run; runmod = U
"all' runs the entire TSC
Source: U = input is supplied by user; C = input flows in from

other modules of the code.
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recommended method is given in Eq. (5). This section is not required to
execute TSC and has been provided for completeness. The command line
for all the options is

tscx <user options> (6)
where the user options can be any or all of the following. No options
are required if only default file names are satisfactory. The options
on the execution line override any corresponding file names in the
CONTRL namelist.

i = <input file name> (7)
If no input file name is supplied, then the input will come from TSCINDT.

o = <output file name> (8)

If no output file name is supplied, then one of the following file names
will be used, depending on the OUTFIL variable in the CONTRL namelist.

<file name assigned to outfil> (from CONTRL namelist)

OUTFILE (default)

File Control Examples:

The following examples should help explain these various file control

options.

Assume that the CONTRL namelist has the variable specifications

inblk = " ", outfil = "dctout" , (9)

then the command line

tscx (10)

uses TSCINDT as the input file and DCTOUT as the output file name.
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The command 1ine

tscx 1 = detin (11)

uses DCTIN as the input file and DCTOUT as the output file name.

The command line

tscx i = dectin, o = dct8out (12)

uses DCTIN as the input file and DCT8OUT as the output file name.

4. REVIEWING OUTPUT
4.1 OQutput During Execution

A terse log of program activity is displayed at the terminal
during TSC execution. This log shows the names of all input,
output, and plot files used by the program. The execution of a few
key modules is announced as their execution is started. This allows
the user to see the iterations that may be taking place. Estimates of
computer time are also displayed in the log but should only be used for
comparison of different TSC runs. A number of error and warning
messages may also appear in the log. These messages often give the
name of the module where the difficulties were encountered, but this
module may differ substantially from the location where the error was
first introduced. Detailed error correction is beyond the scope of
this document and will probably require the assistance of a TSC consultant.
Most difficult errors require the use of the DDT utility program and a

copy of the FORTRAN source code for resolution.

4.2 Complete TSC Output

The complete TSC output is collected into a single file that can
be named by the user either on the execution command line or in the

CONTRL namelist. This output file contains a copy of the terminal log
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file, including the names of the output and plot files, a copy of the
output from each module, and a listing of the input file. The NETOUT
utility program is normally used to print the output file at the local
printer. However, any of the various forms of output available to the
NMFECC users may be used to recover the output file. The NETOUT command

line for printing the TSC output file is
netout <output file name> site = <user site designation> (13)
4.3 Individual Module COutput

The entire TSC output results in 30 to 40 pages of printed output.
Files of this size are usually awkward to review from terminals. Thus,
if review of specific module results is desired, the individual module
output file may be more convenient to review. These module output files
can be reviewed from the terminal using any of the various text editors.
The module output file nmame is usually a contracted (three or four
characters) name of the module with the characters TYP appended. For
example, the output from the physics module is named PHYTYP. (See
Table 2 for a list of modules and their associated output file names.)
The names of these output files should be included in the module descrip-

tions in the appendix.
4.4 Plot Output from TSC

Plots that show the plan and elevation views of the tokamak device
being analyzed can be created by TSC. The tokamak device views are
obtained by invoking the plotting option in the CONTRL namelist (i.e.,
IPLOT = 1). The file name for the plot can be partially controlled by
specifying up to four characters for the variable PLTNAM (e.g., PLTNAM =
'"HCT8"). These four characters will be the middle four characters of
the plot file name. The first two characters will be "F4" and the last
two characters will be "O0X'". 1In any case, the plot file name will be
displayed in the terminal log of execution and is included in the

complete output file.
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The NETPLOT utility program is normally used to recover the
plot file information. The NETPLOT command line used to recover the

plot files is

netplot <plot file name> site = <user site designation> {14)

5. LOCAL FILE AREA CLEANUP

An important part of using the NMFECC system is maintaining an
orderly local file area. In using the TSC, the user is responsible
for saving any files he may wish to keep. The TSC will overwrite any
output files with the same names. The program does not save any
permanent files. A useful procedure is to maintain all the user-supplied
input files together with the TSC execution files in the TSCDLIB library
file. Output and plot files that the user wishes to save should be
saved by the user using FILEM. Any unnecessary files should be removed

from the user's local file area using the DESTROY utility program.

6. REFERENCE CASES

A number of reference cases have been developed for various tokamak
devices. The input files for these reference cases have been included
in the TSCDLIB library file and should be used as the starting point
for developing new cases. These reference cases do not necessarily
accurately represent the devices as reported in the various FEDC

reports.

6.1 FED-Baseline Reference Case

The input for the Fusion Engineering Device (FED)-Baseline reference
case is labeled FEDINDT. This input file is based on the FLD-Baseline
studies reported in ref. 1 and updated in ret. 2. However, several
changes have been incorporated to take advantage of new TSC features and
advances in design philosophy. This file should give a good start for
analysis of intermediate-size tokamak reactors with superconducting

TF coils and significant fusion power.
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6.2 DCT Reference Case

The DCT reference case, labeled DCTGNDT, is based on the DCT-8
studies reported in ref. 3. Substantial changes have been incorporated
due to improvements in TSC. This case should be a good starting point
for a small to intermediate tokamak reactor with copper insert TF coils

used to enhance the field on axis.

6.3 Copper Coil Reference Case

The copper coil reference case, labeled FEDRGNT, is based on the
FED-R studies reported in ref. 4. This concept is only one of several
proposed copper TF coil tokamaks. This case should provide insight into
the use of TSC in analyzing copper coil devices, but substantial changes
will probably be required to model other suggested designs due to the

wide variances among copper coil designs.

7. SAMPLE EXECUTION

A sample execution is provided in Tables 3 and 4 to give the user
a basis for study of the features. Table 3 gives the history of the
execution as seen from the user's terminal, while Table 4 is a complete
listing of the output file. The sample case is the FED-Baseline
reference case. A plan and elevation plot from this execution is

included as part of the output in Table 4.
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Table 3. Sample terminal output of sample execution

filem read 14362 .tscvd tscdliblend
1, read {sedlib

file is on massy re3d reauest aueued.

make all remuesiss then enter ‘end’ to retrieve files from nass or tare,
1., read tscdlib

rds

all dons
lib tsedlib!x 21l.lend
g 10/12/93 Q7:10:02 014342

211 done
tsex isTedindt
o2 e CPUR 0.0 sgor io= 0,0 secr sus= 8.0 s2Cse
Input is coming from Tile ‘fedindt
Begin execution of the entire TSC,
Executing subroutine phusic
Executing subroutine Tus
Executing subrgutine induct
¥ VUSET: insufficient volt seconds for start ue, X
Configuration plot in Tile ‘f4fedidx’
Block dats writien to file ‘fedblk /
Outeut 15 collected on file ‘fedout

v s CRPUYT 4.3 secy o= 3.9 secs sys= 0.2 58Cses
% lines ( B802)
ok. Tedout zerded

2207 lines ( 134s3)
Execution of TS5C modules selected is coamrlete

¢ 0 1 CPYS 4,3 secy io= 6,4 secr sys= 0+2 88Cs0e
STOR




Table 4. A complete listing of the output file

FXRRXKAKERRRRRRKEKEKRRAAXARKRRRAARR maintur  KEXERRKIKREKKEKERRXRREKRRRAKRAKREX

T8C --- Tokamak Swystems Code --- VERSION 3.1y %/7/83
reeCRUE 0.0 secy io= 0.0 secy sus= 0.0 secsss
Inrut is coming from file 'fedindt *
Executing subroutine rhusic
Executing subroutine fus
Executind subroutine induct
¥ VSEC! insufficient volt seconds for start up,
Confiduration plot in file "f4fediOx’
Block datz written to file ‘fedblk
Output is collected on file ‘fedout
29 e CPUS 4,4 secy io= 4,3 secs suys= 0.2 SBCess

333323332023 08 3363233300332 333322 BRI AN P00 330020032023 02032¢23 832330 8¢4]

time secuence (sec)
TaRE oh swnd beasht burn auench
30,00 4.00 6,00 100.00 10,00

gseneral input datas ¢

rlasm share = 0.3 nus, neutral beams = 0.0
rf = 1.0

rlassa input 2
rlasma radius (m} = 1,300 safety factor = 3,260
aspect ratio = 3,850 impurity z = 8.000
elongation = 1,600 zeff = 1+500
bets i = 0.0352 damna (res loss) = 0.305
field on axis (t) = 4.641 elasma int ind (li) = 1.300
ion teme (hev) = 10.000 scrare of laser (m) = 0,200
ele tenr (kev) = 10,000 ip factor = 1,298
ripple = 0,830
vert, field (t) = 8.750

rlasns. outrut ]
maJor radius (w) = 5,005 plasma-crnt-hb (ma) = 84505
rlasma height (a) = 2,080 plasma-crnt-1b (ma) = 5.837

“rlasms volun (a3) = 247,142 rlassa volt-burn (v) = 0,064
plaswa ind (h) =1,2217e-05 rlasma res-burn (ohm} =9,7783e-09
ion density (/ad) =1,2071e420 beta roloidal = «983
ele density (/a3) =1.2999e+20 bets roloidal/ar = 0,515

L2



impurity concent,
impurity =
zeff

ntau {sec/nd}
taue (sec)
taue-empr (sep)
taue-tr (gec)
taur (sec)

sidy fact,
time fact.
brem. fact.

quasi-steady state

heat caracite/heating time {(mwl

seak heatind rower
beamn enerdgy {kev)
tmayx (hev)

LTI
g5 = Lw]

heatind (mw

{mw?

rlasme edde neu, losd (nw/m2)

fusion rower (RW)
alrha (mw)

ohmic {(mw)

brems, (M)
Floss (mw)

aux, Fower (mw)

2

ignition margin

rlasma boundary locations

# Y

6.305 0,000
6,072 0.744
5.494 1.483
4,823 2,054
4,272 1.978
3,913 1,471
3.737 04643
3,713 -0,325

X
6,278
3,908
5.3268
4,621
4,130
3,834
3.713
3.737

J

| O T | I TO 3 |

TR LI L (I L H

ind volt (sec)

resis. vol
heating vo

t (sec)
1t (ser?

start-ur volt (sec)

fueling rate {(d+t/sec)

burn rate
fractionsl
tritium 1

{d+t/sec}
burn-ug
ow {d/sec)

tritium burn (g/sec)

deuterium
deuterium

4o
1O 0D
s b QOO B D000

e gte s e e e e

idn

N ORI O
OO N0 LI En

Y3
"

6,199
5.710
5,042
4,436
4,011
3+777
3,705

3777

flow (d/sec)
burn (g/sec)

0.643
1,471
1,978
2,054
1,683
0944
0,000
0,944

i

(LI

HuuHann

[SXF=

- -

DS O

> o+ e e OF
[alelwlele W N ]
DRI Crby e 2o 00
QNSO NOL D

RO IO 4= 4~

[ J o]
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KXEEEEXRREERREKRAE KR RRRRERRKRKARK Fustur

3,826  -1.223 3.913 ~1.,471 4,011

4,130 ~1.BE33 4,272  -1.978 4,434
4,621 -2,080 4,825 -2,0354 5.043
5,248 -1.853 S.494  -1,683 5+710
5.706 -1,223 4,072 -0.944 6,199
6,278 -0.325 64305 0.000

courFonent inb*d outb*d

vol,heating rate (mu/m¥x3)

first wall P 4,46881e400 1.0441e+01
nik shield ! 6,800Be4Q0 1,0260e401
dewar ) 2,4497e-03 1.,267%e-07
tef, coil 3 2.0450e-03 1:05340~07

rpuer derosition (mu)

first wall 1 2,3927e401 B.4683%e4+01
hilk shield $ 6.,083%e10] 2,9295e4+02
tof coil t 1.9910e~02 7:6012e-07
neutron flux Ex0.1 Mev {(neutron/m2-sec)
first wall i 1.,8732e+18 1:,795%e+18B
tlk shield ! 1,0812e+18 1,478%e+18
dewar } 1.BB29e+13 2,1233%e412
tfs coil } 5.9768e414 2:81%4e+10
stomic disrlacement rer atom {(over life)
t.f, coil } 9.8882e~-04 4,29942-08
dose rate to tf
2:449Be+09 1,1132e405%
biog shut down dose rate {(mili rems/hr)
2:.5060e400
bull shield thickness {(m)
6. 0100e~01 1.2740e400
heszt der ratel 0, 0.
dose HER N O
shut doun o ri . 0.

-1.,483
~2.054
-1.978
-1,471
-0.643

1223233200583 8385080023233 28¢8841

6T



neutron wall losdind at the first wall
P 6.960%2-01

total weishi (kg)

$ [ ]

bulk shield cost éns) o
total wall spower déposition {mw) '

first well = 1,1076e402

hik shield = 3,53792402

tefocoil = 1.%911e-02
total cost (w$)

bl shield = 1,30440+02

(Mw/p8%2)

FIRST WALL-SHIELD SCHEMATIC (OPTIGN 23
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USRS

torus deometry coordinates (see above schematic?
ol 02 o3 o4 )
[ 283 0,003 L 2,85y 3,603 [ 7,93y 3601 L 7.939~-4,151 [ 2.85+-4,153]
il i2 i3 id i3 ié i7 i8
{ 3.50y 2,281 [ 6.50y 2,287 € 6.50+=-2.871 € 3.,50,-2.,873 0 7,93, 2,283 [ 7,93, 2,281 [ 7.93+-2,871 [ 7.%93,-2.871
KEXKERRKREREERRKEREERNKKERRKELNAANE LfLup b I3 4383834333330 822083¢0¢3 20388488

TF COIL SCHEMATIC

|
[{ommmm R3 ----—- g —mmm——— > ,
! | * * * [ [ *
| ] . . P3 . .
} | 3 + b 4 *
i ] ’ + 0 P2 . ¢
: ; ’ X P4 £3 v L==.--- TF COIL C/L
HMAX | » s '
| l + [ “‘)0 0("" TF
i } . . 0 ' » THICKNESS
§ ; ' . c2 s ’
| |{== R} ====-,=> . " *
} ] s + C1 P1 ,
U-__: ___________ . PN | U X P
jlemee e e e e e R2 === rmeee >

tf coil data for - 10, tf coils a/r = 3.B50 a(m)= 1,300 b{m)= 2,080

horiz desidgn sraces{a) - gutbd = 0.010 1inbd = 0.180 deuwar = 0.200
wedde fraction = 1,00

4+

tf coil design allowables!

riprle = 0,830

cofductor strain = 8.6500e~04 case stress (prsi) = 32,1000e+04
cond moduli (epsi) = 1,7000e+07 case moduli (rsi) = 2,8000e+07
structure-to~conductor ratio = 0.575
cond current density (3/cml) = 2200.0

1¢



overzll current densite = 13%46.4
field on axis (L) = 4,641

tf coil ares (n2)= 0.8
thinknesss = 0
inside nalf width 0
tma turns = i16
cal rirple = 0
e loss sy (k
sc loss sd ;k

)

delta cs =

28 0
&5 outside half widih = 0 corneyr cut =0.000

z¢ loss (kw

W}
Wl
max fTieldf{t) =

stored enerduy/cpil (g4) = 2405

mesn coll circum, {(m) = 33.717

eoil dgeometre (measured from torroidal axis to o/l of winding, see above schematio)

inner led radiusy r1 (m) = 2,039
outer les radiusy 2 (m) = 10,498
max highir hmax (m) = G.971
radius to max hight, 3 (m) = G.287
clear bore {(m) = 7.432
clear vertical bore {(m) = 10,915

coil innmer surface dimensions (ses zbove schematic)
[ w101y » owddl) 3 0 =102y 5 w142y 3 0 »1(3) » wi{3y 1 [ x1(4) » wi(4) ]
£ 10.18y 0,001 [ 8.51, 2867 L 353 L 24359 3.501

n
3
~
[

center of tf ceil arces (see above schematic)
Cowedl) »owedl) 3000 we(2) v owe(2) 3 0 20(3) » 9o(3) 1 [ ue(d) 5 go(4) 1
[ 3.94, 0.001 ¢ 529, 1.253 L 4,31 3,503 [1000.00» 0,001

cond strain = 0, case stress (psi) =0,
cond area (m2) = 0,528 cond current (ka) =1.,16140+04 nosturns = i,
noor tension {mlbs) = 0.000 ( ¢.000 - nmn)
centy force {mlbs) = 45,647 ( 272,128 - mn}
noor stress (rsi’ =0,
total resistivity {oha-m) = 0. recsistive rower {(ww) = 0.
total tf cost (wé) = 163,408
cond cost = 142,040 unit cost ($/kd) = 105.00
caee oost = 21,348 unit cost = 246.00

icss cost = 17,825 unit cost = 26,00

Z¢



welsht rer coil (kgXles) = 0,217
cond weight = 0,135 densits (kg/m3) = 8941,00 viftf = 0,15
case weidght = 0,082 density = B027.00
icss weidht = 0,684
weidht rer coll (mlbs) = (0.479
cond weidght = 0,298 densite (1b/1n3) = Q.32 vftf = 0,15
case weisht = 0,181 density 0.29
————— cryostiat dats -----
creostat radius (m) = 12,012
cryostat height {m) = 19,570
rryastat cost (mé)= 19,279
————— bucking cwlinder dats —-----
mod of elast {(ssi) = 3,2000e407 fraction of cent, force = 1.15
wid str {(psi}) = 4,0000e+04 weidht (kdg) = 2.5162et05
poisson ratio = 3,000e~-02 cost (m$) = 5.54
inside radii {(m} = 1.470 hearing erressure (rsi) = 6.4492+03
thickness {(m) = 44256  buckling strss carredy (Fsi) = 0,
sirzing criteria = buckling stress buckling sirsy orens {psi) = 3.3815e+04
(93]
I
KEXERRERERNERRERKREE K EEOR KRR KR kR plfLur EERKRKE R KRR KRR KA KRR AX K
#f coils
X XX
coil locate ciurrent current/turn turns R T zef wtg wts cost
{ma) { &) (amp/cm } {m) (m) (k) (kd) {m$?
inside 1%1 4,22 117273.14 36.00 1500,00 J+85 4,07 61287.91 0.00 1.84
inside 181 3.69 119036.04 31,00 15060.00 2.05 -3.77 42452,25 0,00 1.2
outside 283 -45.04 -47670.95 122,00 1400,00 9,49 4,73 92855.09 144122,10 22,32
outside 283 -9.08B -4990v,30 182,00 1400.00 .49 =570 1391854,24 216033.53 33.45
outside 234 -12,34 -49954,59 247,00 13500,00 1.14 0.00 21542.,25 0,00 4,31
oh so0l. 454 ~-2%,31 -49905.61 447,00 1500,00 1.16 3.20 40280,78 0,00 8,06
ah sol. 454 -23.31 -49905,41 447,00 1500.00 1,16 -3.20 40280.,78 0.00 8.06
82.01 437885.3¢ 360155,43 79,31

X r is measured from the toroidasl axis
XX zrf is measured from horizontzl mid-rlane

KHREERKKRRREERRRRKEKORERKARKKE KRR rhttur OKORXIOOERRRRERRRRKRE KRR KRR KKK



RADIAL BUILD

(m)

Radius

Thickness
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I insufficient volt seconds for start ur by 5,56 volt-saec

max, burn time (sec) = -81.01
volt-cec volt-sec yolt-sec
starti-ur burn total
pf |} -59,22 -0.41 -59.63
oh ! -30,18 0.00 -30.18
total! ~89.40 -0.41 -89.81

summary of volt-second by circuit during start-up

circuit
b 4,84
2 J.35
2 -23,64
4 ~-3155
5 -12,21
oh -30,18
‘89040
wave forms
current rer turn (ka)
time {(sec)
0.00 30,00 36,00 42,00 142,00 132,00
circuit
i 0,00 49,37 118,91 104,461 117,27
2 0.00 47.73 121,20 107,85 119.04
3 ¢.00 4,10 -32.33 -47.14 ~49,67
4 0.00 4,94 -31.,54 -48,24 -49,91
) 0,00 459,96 ~-49,96 -49.96 -49,94
oh 16.47 49,91 -49,91 -49.91 -49,91
rlasmai{ma) 0.00 0,00 5.84 6.+30 4,50
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Nee nedtral beams are sr2pified for this cases
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Freheat dsing ECRH

indected rower (mw)
inFut rower (@w)
cost (M$)

Hulk hestindg using ICRH
indected rower (mw)

inrut pouwer {mw)
cost (M%)

TOTAL RF SYSTEM COST (4$M)

KEERREXEOOROO0O00 ROk Ok R Rk nbdetur

Mo neutral hesms zre srecified Tor this cese.
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coil

max mvs of Fower suprly
md nf rower suprlw

max mw of burn susely
cost of rover sueslye
max, resis, loss {(mw)

efficiency
freauency (Ghz)

unit cost ($/watt)
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642,32
700.7
0433
18.28
0.41
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may generator (mvs) = 1519.43

mox stored enersy (dd) = 2.78
totzsl resistive losses (mw) = S6.81
g aversde Fower (mw) = 29,29
vl mg hldge (n3) = 18388,71
vol. pf rower conv, bldd, (m3) =  58990.,28
eavs floor srace mgh (m2) = 596,48
pave, floor srace rob (m2) = 48792.,03
cost of enerdy storage {(m$) = 27,06
rost of rouwer surslies (m%) = 60,11
total slectrical cost (m$) = 87,17
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1 REACTOR BUILDING

ineut 3
neutron flux 4o envir. {(neut/m2-sec) = 1,200e+04
e-fold of building wasll (m) = 0,145

nevgtron flux thru tf outer dewarineut/m2-sec) 20123412

f outer radiuvs {m) = 11,012
tf coil mex heigsht (m) 12.570
gutboard shield radius {m) 7.929
right of waw (m) 3.000

transrortaion clearsnce (m)
device extention (m)

Wop#u g g

vacuum rpume nateh clearance (m) + 800
crane clearaznce (m) 100
struyctural clearance - rogof (m) +000
creostat clearance - bottom (m? » 000

LE



cryostat clesrance - tor (m) = 3.800
spield ssedor widinh (m) = 4,990
shield sector lendih (m) = 9075
shield sector heidght (m) = 74751
shield sector weight (ke) = ¢.000
foundation thickness (m) = 2,000
bucking cuclinder height {w) = 19,200
#f coil radius (mJ = 7.897
outrut

RECTANGULAR REACTOR BUILDING

neutron flux to buildind wall (neut/m2-sec) = 2,354e+411
reactor building wall thickness {m) = 1.700
reaetor buildind lendth {m) = 51,6352
reactor building widih () = 51,025
reactor building heidht {m) = 39,171
reactor building volume {a3) =123222,041
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surerconducting coil ».,5. dats

fary

ettfmirstored energy of t7¥ coilsy md 0,2403e+05
itfhkay tf coil currentirks 25,00
ntfer number of {fecoils 10,00
vifskyvy man. voltage scross coil secrhy 2.000
tehghrs Lf coil charde times fours 4,400
totsl inductznce of {7 coilsy henries 76.96
total resistance of if coilsy ofims ¢.0000
inductance rer coily henries 7.4%6
total reauired charding voltades volis 173,9
number of de circuit breskers 10.00
cost of de circuit breskersy $million 0.7146&
number of dumsr resistors 40.00
resistance of 8 dumer resistorsohms B 08000-02
rpak rower to 3 dunr resistory nw 12.50
ererde to 3 dume resistory md 601.,2
177 time constant of tf coilssseconds 24, 2¢
cost of dume resistors: Smillion 1.517
rumber of rower modules 10.00
FoWEDr module volizdes volts 21,28
rower module currenty ks 5.290
rower module rated opuisuts kw 4792
zc rower for charding tf coilsy ku §792,
regwerstf coil resistive rowersy oW 1.31¢

8¢



srowerstf coil inductive rowers mw 3.037
cost of tf sureliesy $million 0.5538

a2l bus desidgn current densityr ka/sa.com /N 1000
gluminum bus section arear sa, om
averade length of bus runy meters
tatal lendth of tf bussind, meters
total resistance of tf bussingy ohms
voltadge dror scross tf bussings volts
cost of tf bussing, $million
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cost of tf load control ctr, $million
cost of control & instr, $million
ctfremy total cost of tf rower conv, $m

£ d
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drareay dumr resistor ares on roofrsaem
tfefsey Lf rower conv floor sracer SQm
tfebvr Lf rower conv bldd volumer Cu.m

s PI PI
re
- bow

tf coil power conv. summars

total
tatal
totsal
total
total
total

coil rower conv. coste$million &
coil maf enerdy demasndrmd N
coil mgf resk xrouer demandrmw 3
coil ac rrouwer flir demand: mu 1
coil pur conv, floor sracessa.m 2
coil puwr conv.bldd, volumescu.m i
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1 STRUCTURES AND SITE FACILITIES

discrirtion dimensions volunme flpor cost

1 %uXh f ares
{m) {mk¥3) {mk%2) (M)
reactor buildindg 61.7% S51.0% 39,2 123222.% 31446, 49,3
hot cell facility &4,2% 40.1% 33.5 846360.% 2945, 34,5
intake structures 15.0% 15.,0% 6.0 1350, . 225, 8.1
water treatment building 25.0% 25.0% 10,90 6250, 623, 0,5
recirculation structures 45,0% 15.0% 10,0 4750, . 475, 0,5
tf coil elect., equir, 0,0 0,0% 4.0 1512.% 252, G.1
oh and rf electrical equir. 0.0% 0.,0% 10.0 68990, % 4899, 55
bulk heating elect., eaquir. 264,0% 16.,0% 10,0 4160, .. 414, 6.3
motor den. fluwheel bhldd. 0.08 0.,0% 26,4 18389.% 497, 1.3
cryodenic refrig, bidd, 40,0% 30,0% 10,0 12000, 1200, 1.0
tritium processing building 38.0% 30.0% 300 52200, . 1740, 14,1
vepntilation building 58,0%x 25,0% 30.0 43500, 1450, 11.7

6¢



radicactive waste build
ﬂon1rn} room building
dxe:pl generator building
afmimistration building
mockur and shor bullding
control room tunnel
ventilation stack

totals

ing

site imerovements

40.0% 40.,0%
S0.0K 15,0%

32

OX
70,

ox

i6.0%

604 0%

159.9%159. 9%

Q.
Q%

0

0%

structures and site facilities total

LI A R

contral roon

mockur and shor volume

0.0%
0.0%
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correr ang tf coil building volume and floor ares calculs
ochmic hesting and rf coil building volume and floor area caiculated in -~ EL
motor generator flywheel bullding volume and Tloor sres calrulated
included in sdministration
usind fraction

D B IO

rectandular reactor bullding using susrlemental information,
hot cell facility scaled using device deminsions

15000.. 1600, 4,3
4500, % 450, 0.0
5120, 312, 0.4

S4600._ 5400, 4.3

189760.% 28381, 15.2

0. Qs 0.0

0. 0. 2.0

694063, 03343, 143,95
12.3

LS8 88

157.8

ted in - TFCONV -
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hullding,
of hot cell
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fuel rrocessing sustenm

inegt 3

1 (mu)
rticle confinenent
rticle recucle

rrn Lime {seq)
m
i

ion Fower

l'I

e hetween cycles (sec)
be fract, in d-t
i u@nwltu {ions/mkx3)
gsma volume {(m¥%x3)
r'ao Fumr regen reriod {hre)
gssum. =ost bhurn teme. (k7
#0065t burn gress, (torr?
bean inds time {(sec?
eam rowsT (mw)
beam enerdy {(kev)
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Lime (sec)
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puprlas/day

aveilability

trite burn fraction {(inecluding recucle)
trit, burned/eouwc (g/cuc)

Lrit, burned/daw (g/d)

trit. im das chrg/ewe (d/cue)

trits fueled/cyc (g/cuc)
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trit, fueled/dag (d/d) = 50
trit., fueled/ur {(d/ur) = 3128
trit, decay loss/wear {(g/9r? = 8
Lrit. consumed/uear {(g/ur) = 148
daut, burned/cucle (g/4r) =

deut, burned/dey (g/d)} = 3
tdeut . consumed/er {(4/4r) = 184
deut, ind.{beams){a/d) =

dout. rumred in nb/d (8/d) =

deut. inrut/daw (g/d) = 17
deut. needed/day (d/d} = 37

geuts needed/cucle {g/cvwe)

stmoserheric detritiation sustiem

insut 3
max cred.trit, relezsel(dg) = 10,000
results
reactor hot cell tritium raduaste
building fzeility rrocessing building
huilding
building volume {m¥X%3) 123222, B43A0, 52200, 16000,
allow. trit, conce (WCi/n%k%3) 50, 50, 50, 0.
ds removal eff. 0.99 0.99 0.99 0.99
time for removal (hr} 72,0 72,0 24,0 72.0
2t vol, flow (X bld.vol/min) 0,226 0.234 0.737 0,273
gleanur flow rate (mX¥X3/sec) 4,634 2,349 6.416 0.729
trit. vented during eroc, (C1) 0,000 0,000 0.009 0,000
trit. relessed zfter rroc, (Ci) 6,141 4,318 2.610 0,800
detrit, s4s, cost (K§} 11340.4 F085.0 14241.% J112.3
Totzl detrit, swstem cost (K$) = 37819.,8
tritium inventory
sumes {(g) = 21,18
storade (4) = 1354,86
syrge tank (g = 2.31

iy



fuel cleanur (g)
seraration unit (g)
hreeding blanket ()
blanket recovery (&)
pellet fueler (4)

trit, neutrsl beaw {8
deut., neutrsl beams ()
total {d&;
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rost sumasry {K3)

tritium receiving sustep
shirping containers

deuterium storade

tritium storage

fuel clesnur

ieptoric seraraiion susien
arnalysis sustem

tritium waste ireatment sdstiewm
glove box detrit, sgsten
tritiated water recovers unit
tritium waste processing 545,
hyilding detrit, sustems
tritium monitors

tritium sustews contreol
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Total tritium susiem cost (KE)
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torus evarustion sysiem paremeiers

das load-divertor {(ea-miX%l/s) = 1.2%e401
divertor rpump pressure (ra) = Qe10e+09
divertor rump sreed {(a¥%d/s) = 0.13e403
divertor sump speed-dt {(m¥xl/s) = 0.,122403
divertior rumr sreed-he {m¥%3/s) = 0.11p402
rast burn g3s load {ra-mXil) = 0:,140403
total rumrind speed rneeded {(mXX3/s) = 129,088
total He pumeping sreed needed {(mi%3/s) = 16,541
evaryation volume (m¥%3) = 499, 1
rost burn ga3s temeerature (k2 = 973.00
sost burn gas pressure {(r3) = 2.76e~01
rreburn rressure {ea) = 1.332-03
rost burn he pressure (F3) = 0,23e-41
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it

preburn he sressure (pa)

pume caracite (Fa-mkk3)

rume losding factor

duct conductance constant

gutdas rate (ra-miXl/g)

outdas sreed {(m¥¥3/s)

number of ducts

needed sreed of duct and sume (wXX3/35)
duct diameter {(m)

numbher of duct bends

duct lendgth (m)

duct conductance {(m¥Xl/s}

rated sreed/rumr (n¥k¥3/s)

schieved sreed of duct and rump (mX%X3/3)
minimum Prume sreed rer duct (m¥XE3/s)
minimum duct dizmeter {m)

tot He rumring sreed needed (m¥%k3/s5)
minimum He sump sreed rer duct (m¥X3/s)
minimus surface area ser pump (MEX2)
fixed regeneraztion time (hours)

read, Pume caracity (ra-miXx3)
redeneration reriocd (hours)

cost - main vacuwum pumes  {($)

cost - backing rumps (%)

cost - hard sezl metal valves (%)
total vacuum suystem cost (%)
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guteut §
gaoverning mode of ogreration is rumping the limiter during burn

punr ture = turbo
d4gs load-divertor {(ra-p¥¥l/s) = 12,909
divetor runr eressure (pa} = 0,100
post burn gas load (pa-m¥¥3) = 2,000
total rumping sreed needed (mX%X3/5) = 129,088
number of ducts needed = 10,000
conductance of each duct {(mX%X3/s) = J1.114
rated sreed/ pume (m¥X3/s) = 20,000
needed sreed of duct and rumr (mXK3/5) = 12,909
achieved speed of duct and rume (m¥¥3/g) = 12,174
minimum Pumr seeed repr duct (mX¥3/s) = 22,062
minimum dismeter with rse sreed (m) = 1,275
cost of vacuum suystem ($) = 1.38e+07
total He rumring sreed needed (mXX3/s) = 10.541
minimum He Pumr sepeed rer duct (mXE¥3/s) = 1,087
“minimum surface area rer rpump (MEXI) = 2173
shielded vacuum duct outeutl

duct -length (m) = 1.0}
shield thickrness (m) = 0.42
shielded duct cost (m$) = 26,40
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Ykegk¥ fuel suctem oulruil data XEXXEKXX
ar rlasms minor radiuss meters
nis rlasme ion densites no./cu meter
tiy rlasma ion temeersturer kev
thurny  burn timesr seconds
tfulecy tritium indected rer cuclesdrans
dasgofur distance between shield § coilsn
tfihis tf ecoil thicknessy meilers
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2071e+20
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msmher of indectors 3
rumber of nozzles 1
td rellet diametery mm 4,
td rellet weighirdrams 1,3
gellet rater rno. rer sec i
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=eliet veloeritys meters rer sec,
rellet renctrations meters

#eilet disrersion angles dedrees
shislded rellet tube lendthy meiers
glectric rouer for indectorsy kuw
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vacuum reaguirements liters rer min.
plectric rower for wvacuums kuw

in2y liouid nitrogen refrigerationsuatts
Iher liauid helium refriderationy watts
cfuelss totel fuel sustem costy $million
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Maintenance eauirment costs

itemn unit famber rumber total

gezerirtion cost far for cost

K$ reactor hot cell K%

hldg, faeility
closed civcuit tv 24,20 5 i0 387,20
pell lighting snd sudio ses. 435,460 1 i 871.20
transfer lock 1452.,00 1 0 1452.,00
dJecontaminstion and waste handling 3430.00 0 1 3430.00
walder-cutters rires < 2 10, 60,50 2 2 242,00
welder-cytter: sires 2 ~ & in. ?0.80 2 2 363.20
welder=cutters mFires & i 151,30 z 2 405,20
ean effectors 605,00 1 i 1210.00
saeter moduyle handling device 526490 1% 0% 526,50
wirlder-cutiers structures end 405,00 1 0 605,00
vacudum Joints

trarneeorter 242,00 1 ¢ 242,00
subicomronent handling device 421,30 1 0 421,30

4%



limiter dlade handling device 543,40
movable manisulator sus, 1210.00
irn-vessel menirulator sus, 1210.90
1ifting finvturesy slingss eto, 02,50
hamd btools £05,00
ieak detection sus. 1210.00
geviscores liners and shield 170,440
stiiplded window 292,80
cranes 100 - 500 tonnes 1210.00
cranes 50 lLonnes 453,00
cranes 10 tonnes 186,230
cranes 5 tonnes 121,00
crange 1 tonne 94,50
spwar arm wanirulator {bridge mounted) 505,80
mechanicel msm {thru-the-wzll? 12106
mechnanical wsm {bridse mounted) G337 .80
ro;at *rm (fiogr mounted) 121,690
;ﬁlm c"}.U‘)D 605.‘:‘9
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£ - indicates thset these items derend on device cnd rlant rarzmeters

resctor building maintenance eouir,

hot rell Tacilite meintenance epouilr

TOTAL MAIMTENANCE EGUIF.

411 other items are taken dirsetls Fro
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AEEHXLHEXEE heat transeort sustem¥ARRLRALKKIKE
%*xﬁ*ﬂ##*k#&#%#%
heet load {oeole zverade)
EREEERKRLERAA KR %
firat well haat transrort {mw)
givertor/limiter et transerort (mu)
divartor coil heslt transeort {mw?
wnxeln heal {trenspord (mw)
#lagma heating heat Lransrort (mu?
vacdun rumeing heat tr amaport {mu?
Eritiv eas pest transrort (mw)
trsni art (mw)
He&t transrort (mus
neat transeort (mw)
11 heat transeort {mw)
: s:rt (W)
negt transrort (mw)
ate {kdg/sec)

costs

» Ccosis

COs87s

m o input

543,40
{210,00
1210,00
1210,00

£05,00
1216.00
3753, 20
7027.,20
5508.14

268,00

1862,00
0,00
0,00

1011460

2642,00

1875,40

121,00

405,00
4193914

caleculated by the rrogram,

ERESES IO PF ST SO E LS E LSO ST L E

L $

L £ T T ST T T S N T L £ O T YO 1

72,5495
47,2583
0.,0000
232,7535
1, 6087
5,2381
11,6124
84,0948
14,2910
9.0000
0.0009
29,4130
=01,1384
9799,7910

St



LS 25282084

cost
w%#?#***#?*
firgt wall heat transrort susiem (98) = 1.,2352
divertor/limiter heat transerort sustem (@%) = 0.8742
divertar coil hest 4ranseport susten (m$) = 0.0000
shipld heat transerort sustem (mi; = J+13502
rlaswa heating heat trarmseort sustem (m4é) = 0. 0885
vacuum rumeing hest transrort sustem {(m%) = 0.1505
tritiug protess hest transrort sustem (w32 = 0.2B44
#f sustem hest transrort suystem (m%) = 1,6092
LY helium refr, hest transrort susien (m$) = 0, 3358
$¥ iin, nitroder heat itranseort swstem (m6) = 5.0000
resistive 47 hest trsnseort sesien {mé) = 0. 0000
faeilite heat transeort sustoen (a%) = 0:¢5983
#rimare heat edchandere (m%) = 4.,7647
iﬁternerlate negt exchanders (m$) = £+17829
total coolind tower ezt transerori swstem (m$)= 10,2674
total cwst of heat transrort s4stem (a$) = 29.48906

o

The cost of
the HTS wmodu

madnet cooling system coct (m$)

RROERLAHLOREZ XN AKR 3ortyr

gc rower sustem outrul

?he madgrel copling sustem is currentle calculsted bhu
15

H

11,7444

RARRR ORI R OO0 R0 o g

data

¥ inruts from other swustem code prodrams
¥ autrubs Lo other susten code =rograms

basenws Taciliity base rower loads: mw
efloordreffective total Tloor sraces
Fhuen?dy power needad rer floor avess
festty total sower to facility loasds:

ndmakedr rower toc mdf unitss mw

summax¥y wowayr to burn mower susrpliesy
heivinwdr Fower 10 %uuﬁse div, surplies;
t.m £ rower to L7 co0il power suprlisc: pW
heatdy rower to rizemz heating surrliesr mw
tfhﬁ%y ROWEr ta cryodenic comp. motovss mw

szenwdr rower to vacuum Pume motorse
hirpwd$y rower Lo hts rune motorss nw

foshty hackur rower to facility loadsy

t2rmuty sower to tritium Processings

racrauwXrtotal sulsed rower susies lozds mw

T+ 00

S0k 1154677.22
Ba/ SR 0,15
I W 29+41
29,29

Ry 56,81
N 0,00
144

000

14.27

My 5.24
10,92

W 29,41
i 1161
151,25

9y



hvlbvée rulsed power utility line voltasde
n3rhts numoer of 1 rhase transformers

tmvas max, mva of each trensforper

fribkrsy number of 13.8kv circuit breakers
bkrmvar short circuit mvs of circuil hreakers
crhvsmy cost of equirment on hy sider $m
ctranmy rost of xformers & lightning rrotect,
cruvemr cost of ecuirment on 13.8kv sider $m
crpacems cost of pulsed power sustems $m

fvlkv¥y facility rower line voltsde

Titmvas max, mva of the facility transformer
frbkrss number of 13.8kv circuit breshkers
fhlkmvay short circuit mva of cirecuit breskers
cfhvsmy cost of esauirment on hy sides $m
cxfarms cost of «former & lightning evotectss$n
cfmvsmy cost of eguirment on 13.Bkv sides $m
cfacemy cost of facility ac rower sustem

ag rouwer sulmard

racemuwkertotal rulsed power sustem loa2dy me
(rouer to the heat transfer sustem)
hvlbvEy pulsed rower utilitz linme voltades kv

feshtr total faecility rower loady mu
felkviky facility rower line voltades kv

ceaeemy cost of the rulsed rower systems $m
cfacrme cost of facilitv ac rower sustems
e2ddmy  cost of 2 dd units(480vs2500ku e23,)%m
c4nbemr cost of 4 no bresk rower suprpliesy $m
clvdsmy cost of lv rower distributiony $m
eltdmry cost of 1 td unit(480vy 2300kwu)y $m

ctacrmkrinstalled cost of ac rower systems $n

0338224283393 933933322333323332233 3 M0N-1-34 0 (2390348889230 ¢¢3828730424¢3 3927004
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151,25
500,00

29.41
138.00

755
1.28
1,30

Loe ¥ 0}
O 3l
L3 48 L]

+
+
+

cost of the control building i%c hardware and softuarer

and the cost of the rlasws diadgnostics.

{seds--supervisory control and data sustem.)

rrocess scds cost estimste

tcofrh-rlasma heating scds costy $m
teofne-magnet sustems scds costy $m

tcofac-3c rower systems scds costy $m
tednes—-rower den, ¥ enersgy storzde scds costy $n

T D Cad ek
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N Pt

Ly



tfﬁgcm—r st of disspnostics in gre bk sdded for the td
fErogrsa r"fuuaon rroduct rarticle dizgnostics drour
b diag.drpe nohe node note tmerdm hrddem geddgen
1 edunsite i 2 0 1,939 i.q@ 3.09
2 e.tene 2 1 0 .39 2040 1,39
3 ion lenr 2 2 0 1,50 3.00 3,00
4 imrurity 3 2 i 0.7 2410 1,40
9 erwr loss 1 i i G.40 0,40 0.40
5 mzdnetic 3 1 1 Q.30 0,90 0,30
7 w.fnqtan 2 i 0 0.7 1.40 0.70
2 frrodes D 2 2 0.80 0.00 1,460
9 emvzron 3 2 1 0,70 2.10 1.40
i0 miscel 4 2 3 0.40 1,69 0,80
total cost of diesnostics for esch rhase 15.60 13.90
neing the default inrut table.

re=voector come. & structures i8c costredm
cy~cr4odenic § vacouunm s4siems scds cosits %
fe-fueling & rrocessing scds costr $m
ht-hesat teanserort sustems scds cost: $m
ofen-facility & site won. scds costy $m
hf-buyilding facilities i&c costs $m
cofrh-renote harndling suws, scds costr 4$nm

26
{l
K]
'.C.‘Q
W
0

-y

s

£
f
. F
?
f
£

W
=~
oL

r-“"“‘ ——.—r"'-———r‘*,ur

trorso-total cost of srocess scds 5 $m

ostics cost estimate table

—
=
b
s

notie-no. of diassnestic teres in groor b for the h2
rnode-ne. of iss ﬂﬁbtlc tuyres in drp k added for ithe
ﬁﬂ@P—ﬁOo of diagriostic tures in drr & added for the
twordn-av er ge cost of 5 diggnostic Pe in grour ke

(#
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Fhase

d2 rhase

td rhase
$m

fjs>'—ro 6% diszgnostics in srpur k for the h2 shase

drdsen Dﬁt of diagnostics in dre b a0 dPH for the d2 rhase

archiving comruter hardware and softuare

hwdrogen rhase archivings $r
deuterium rhase archivinds $m
tritium rhase archivingy $m

Totel archiving cost $m

totel scds & rlasme dizgrnostics cost summary
(throush the tritium shase)

tf7FSP total cost of rrocess scds costs $m
teowdg-total cost of rlasms diagnosticsy 4
tc"rch ~tnizl cost of archiving & processingsdn

cecdd~totsl cost of diagnostics & scdsy in

#hase

trdgem

1)

’A—\I
-
&, 20

O 40

Q.40
G420
1.88
0.80
1,30

6.80
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EXKXXEREROAREFRHT R ERRXIKREERE costiur  RROORKEXAOIOOOEE LR KK R KRR KK

rost zccount outweut Tils

carital ¢ o0 st saccounts

09/11/84 [051141541]
account # titie cost (millien dellars)
20010000 lard & erivilese scauisition 0,00 3
200206000 relocation of buildingsy utilitiess highuwawsy eto, 0,00
20000000 land % larnd righis 0.00
caprital cost scocounts
09/11/84 (051141941
account # title cost (million dollars?
21010100 general wazrd imrrovements 0.00
21010200 waterfront imrrovements 8.00
21010200 transrortation access (off site) .00
210610000 site imrrovements % facilities 12+,30
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basic building struptures 4%
building services G
containment structures ¥
hot cell fecilitw 34
reactor huilding gx,83
hasic building structures
building services 0,00
turbine building 0.00
intake structures g.11
discharde structures 0.00
ureressurized intske § discharde conduits 0,30
recirculating structures $.54
cooling tower swstems .00
cooling sustem structures 1.15
tf coil elect. equisr, bldd,
ohmic heating and cryo #»7 roil elect.enuir, blds,
hulk heat elect. eauir. bldd,
notor-generstor-flouheel bidd,
beasic building structures 7
building services 0
rower surple § enerdy storade building 7044
crupdeniec refrideration hldg.
tritium srocessing blds,
ventilation bldd,
reactor sunilisries building(incl, switchdear baw)
radigactive waste building
tritium srocessing building
control room building
diesel denerator building
adwinistration buildind
shor and mockur plddg. i5.18
service building
helium storadge building
miscelilaneous siructures § buillidins work
miscellaneous buildings 93
ventilation stack 2400
srare rarts allowance 0,00
contingency allowance 0,00
structures & site facilities 157,78
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account & title rost {(millior dollarsi

breeding materialiinel, tritium bDreeding) GO0
first wall & structural materisl 5.94
attenuatorsy reflectiorsy & sultierliers 4,00
wall modifiers{roatinds, liners, limiters, etro,) 2,49
others 0,00 )
blanket & first wall B.63
Primary 0.00
seconfdary 8,00
shield 130.44
toroidal field madnets with case 163,41
corper insert madgnets with case 0,00
roloidal field masnets with case 79,31
intercoil structure 17 .82
magrnets ) 280,54
beam heatindi{neutraly ion or electron) ¢L00
rf heating 7047
laser heating G900
gther hesting sustenms 0.00
suyrrlemental heatindg sustems 7047
resctor structure 4424
gauirnent support siructure 0,00

srimary structure ¥ surrort £.54

FIEIIPI I PIATIFI P PIEIPIFSIFIPINS PO PO PIPI PO P RIPI A RI PRI PO RO PI I P LI T RI P PO PO RIE FI PRI PRI PRI PAPS PRI PRI PRI PRI RS P2 R
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rlasma chamber vacuum{inel. sumps/come,./Fipe) 13,82
magnet dewar vacuum{inecl, rumes/comr./rired 0,00 -
sypplemental heatind vacuum{incl, rsumps/conr./rire) 08,006 —
direct convertor vacuumiinecl., rumps/come,/Fire} 000
reactor e¢acuum system{low drade) 0,00
reactor vacuum uwall 19.28
shielded vacuum ducts 2440
reactor vacuum susiems{unless intedral elsewhere? 59,590
hesting Q.00
confinement 60.11
control sustenm .00
central energy storade 2708
other 6422
rFOWET suprlus switching § enerdgy storade 93,39
impurity control 0,00
vacuum tank 5,00
direct convertor modules 0,00
thermal ranels 0,00
rower conditioning sguirment 0.00
direct enerdy conversion susten 0,00
reactor equirment 629,71
rumers & motor drives{modular & nonmodular) 0,00
#iring 0,00
heat euchanders 0,80
tanks(incl . dumprmake~upyclesn-uestrit,shot storasge) 0,00
clean-up susten .00
thermal insulationr riping ¥ eeuirment .00
tritium extraction 0.00
rrimary coolant susten 0.00
rumrs % motor drives(modular & nonmodular) 0,00
rirind 0,00
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neat exchangers
tankstincl, duma:make—uprclean-uprtrit.yhot storade)
clean-ur susten
therpai thUlBthﬁ’ rizing § eaquirment
tritium extraction
inievmediﬁte coolant ssstem

mzin heat trensfer & firamnspori sustens
refrideration
Fiping
fluid circulation driving sysien
tanks

ryrification
mesnet cooling sustem
refrideration
Fiping
fluid circulation driving sgsien
tarnbs
rurification
shigld § structure cooling sustem
refrigeration
#iping
fiuid circulation driving susten
tanks
rugrification
surrlemental heatindg sustem cooling sustenm
refrideration
Firing
fluid circulstion driving susten
tanks
rurification
rower surrly cooling susien
ather cooling sustems
auxiliary cooling sustenms
liguid waste PPOCESSin i equirment
daseous wastes & off-sss rrocessindg sustien
splid waste rrocessing eauirment
redivactive waste trestment & disroszl
tritium srocessing szstemns
tritium rrocessing cleasnur systens
triviun monitors and controls
tritiun rellet 1nJect10n
air detritiation systems
tritium PFOCESSlﬂg and storzde sustems
lanket & coil maintensnce eauirment
LomFonents rotsted into service to 2llow maint,
other maintenzrnce eauirment
maintenance sauirment
srecial heating sustems{start-usrstracer eic,)
coolant receivings storade ¥ make-ur ssstems
dzg sustems
buillding vacuum systems
other resctor rlant eauisment
reactor ifc eoquirment{burn control, disdnosticsy etc.)
radiation monitoring sustenss
ispglated indicating ¥ recordind Saudesy eic,
instrugentation & controi{idc)
spaTe rarts allowance
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22990009 contindencye allowance 0,00
22000000 rezctor rlant souirment 848,88

carital cos t ac
09/11/84 LO51151023

account # title cost (million dollsrs)

23000000 turbine elant ecuirment 0.00

£S

carital cos t aceocounts
09/11/84 [051153033

socount # title cost (million dollars)

24000000 electric rlant ecuirment 15,56

carital cos t scecounts
09/11/84 [05115810473



account % title cost {williorn dollars)

99900000 tolal reactor direct caeritzal cost 022,19

FRERHERRRRAER BRI ERRERE Fedindt REAREIRRXLLORDNRA LXK RX AR RS RA

% This data set is for the entire TSC, The basic case is the
% fed bhaselins configuration

4
4
mxxax#xxygﬁxﬂk#xxxgx«*#xxxm*xxzzgggxxxxxgxsxg#xxa$x3x##axxx$gﬁx*x
Xk%%%  prodran flow control ineul ‘
¥ gutfil = name of the cowbined ouirut Tils
¥ inblk = name of the inpul block dats file for restart carsbilily
{ortional)
% outblhk = rname n? the outrut block data file which can be use for later
& restart or for inrut %o suxillary prodrams (2.4, Tiff4)
E§ _ {optional}
X pitnas = pertial name of the riot file for the rian znd plevetion view 1
# af the confiduration {orional’ A
¥ runmbd = name of the wmodule to be run.
X runmod="all"' run the whole eprosran
¥ doin = inrul control ortion, {only igin=l is recodnized)
£ iaut = putrut control oetion. doud=0 turns off most outrut,
£ iout=1 turns on normal oulrutl,
X {some modules have additional outrut controls and ortions)
£ drlot = eiot control ortion,  iplot=0 means no rlot of comfigurstion
| irplot=1 aeans to rioit confisuration
feontrl
igin=% iout=l
runmod="311"
gutfil="fedout” inblk=" *sy oputhlik=*fodbik®
irlot=1, Pltnam"fedi'
fendeoontel
Zinall

AR KRR KRR O AR AR AR OR O OO R MO R K
AXEXEX rhysics input data

X & #lasma minor radius i

¥ sndgind neutral beaw indection angle dedrae
¥ szr asrect ratio --

% pets beta --

% hmax fzald strengh at the tf cooil t

4 £ 0y value is calculated)

¥ bt 1eld strendgh on sxis 1



{value is calculsted if bmay uneausl 9.’

ebrg bets poloidal/asrect ratio -
gamme resistance voli-sec multirlier for rf startue --
iort iteration ortion on burn time -

(iopt=0s no iteration. ineut burn time is used.
iopt=1s iteration on ssrect ratio to obtzin
input value of burn time, iorti=2y maximun
caleulated burn time is used for infut value
of asrect ratio)

Jort iteration ortion on ebeg -
{Jort=1ly inrut value of ebrd is used. Jdort=0,
input value of ebed is 3 first duess)

X

X

¥

3

X

X

¥

X

X

X

X

¥

x 1li rlasma internsl inductivitw --

¥ b number of neutrzl beans -
£ mign ortion for mardinal ignition

¥ (if mign=1y rlasma winor radius is varied uyntil

¥ mardinal ignition is achieved)

¥ elshap rlasma triandularity --

¥ a safety factor -

¥ rf rf assisted startur (Izuesy D=nn) -

¥ rieple rirple at mlasma edde %

* scrarl scrarecff laver m

X lkarra rlasma elondation -

¥ itbeanm startur heatingd duration secC
¥ thurn burn time see
¥ te rlasma electron temeerature key
X oti rlasma ion temperature kev
¥ tohs oh solenocid swind time sec
¥ tanch =lasma auench time sec
¥ tramp oh ramre time see
¥ =z impurity species -
¥ zeff effective charde -

¥irhuin

rlshar=.3 rf=1, nnb=0, andind=35. )

ar=3,8% 3=1,3 karra=1,6 bt=4,44] betz=.052 ti=i0. te=10,

@=3.,2 zeff=1,5 z=8, damma=,505 1i=1.5 sorapl=.2

rirple=0,83 tramr=30, tohs=é, theam=é, ‘

tbhurn=100, tanch=10, iopt=0 bmsx=0, Jort=1 ebpd=,515 mizn=0
¥dendrhuin

33ttt seet et io st ee et e sttt o et ettt ssssssisetss,
Xkkkx first wall and shield inputl dats

and magnet, {used with igloo=l ortion nnlv)
ibdec fraction of ftotal flux incideni on the

X a3vail machine availability (annual}

¥ denstl density of steel kd/mkk3
X dentun density of fungsten kg/mix3
%X denbdc densitwy of boron carbide ha/nkk3
¥ itorus 1 o share shieldy 2 sousre shield with limiter -

¥ idgioo 1 allow coil to come thruy shields { don’t allow -

X dfui inboard first wall thichkness B

£ dufo gutpoard first wall thickness i

¥ di2 inboard dar betueen first wall E

¥ dldo gutboard lead shield thickness n

¥ do? outhoard sapr betueen first wall and shield "

¥ dshi inboard shield thickness ]

X dsho outboard shield thickness m

: dshom min, outhoargd shield thickness between rlasms %

X

59



X inhosrd wall

¥ iortsh grtion to select inboard shield material

¥ 0= steel

X i= tundgsten

¥ life tokamak life uears
X ahtf maximum neat rzte 3t the tf coil case mw/mE¥3
¥ madose mad, dose rate to TF inmsulation rads
¥ obdre raetion of totsl flux incident on the

¥ putboard wall

¥ split fraction of alrha rower to divertor

¥ uycstl unit cost steel $/hd
L uctun unit cost tundston $/bd
¥ uch4ce urnit cost boron carbide 3/
¥ groplt thickness of spool {should be zerg) i

X ddwen epuivelent solid dewar thickness i

¥ voifre void fraction of the shield

$8fwsin

dfwi=, 08 diZ=0, dshi=, 401 dfwo=,15 do2=0, dsho=1.,274

dldo=.05

1ite=10,+ svail=.149

arlit=0,.,8

mhtf=0,002 sroolt=0, ddwea=0.02

mudose=1,29
ibhdre=.25 obdre=.5 ebdre=.29 voifreo=,235
iortsh=0 itorus=2 i§100=0
denbde=2300, denstli=7800, dentun=18300. ucnd4c=4B, wucstl=26, uciun=30.
Kfendfwsin
PRSI S ST ST OL TIPS T ISP L0020 822282800 0323230 0803282200088 2200
AKX toroidsl field coil {and cosrer insert) inrut dats

¥ zeastr
¥ acstn
¥  dadi

¥ dasdo

|

X dcase
¥ doond
¥ dee

b 4

®

¥ ddw

X

¥ ebhuck
¥ ecase
X  econd
i fefhue
¥  fuedde
X

X

%

¥ hmex

|

i Jeontf
¥ itfkae
¥ nubhuck
X osrdtf
%

glloweble hoor stress

allowable strain

+f inside dar between shield and dewar

tf outside dar between shield andg
deEwar

rase gensity

conductor densitw

frzction of gar between circle and
trarezoid not filled with conductor
gr winding

dewar thickness {(including dewzr,
nitroden shield and vscuum svace)

hueking rulinder module of elasticity

tf case module of elasticity

conductor module of elasticity

fraction of centeving force sssumed Lo
be surrorted bw bucking cuwlinder

it roil cross section
if 1 trareroidal
if Oy recitansular
if @y <1y in beluween

maxinum heidht of t1 coils
{used with sharif=2 onlw’

conduyctor ecorrent density

tf coxl orerzting current

rolesson’s retio for bucking culinder

overall current density {used with
shartf=2 anly)

7si

il
]

d/m¥%3
g

k.
bg/m¥%d

i

a/omEx?
ka

s/omiyd
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rhinaw the radius to the mawimum tf coil m
neight {(used with shartf=2 onlw)

ISR tf oeoil maximaw radius {used with "
shartf=2 onlu}

¥
E
%
%
¥ shaedw dwwar share ortion {l=ornl deuar
¥ sushem)
X shartf 1f coil share ortion {(1='d" sharedy
* zepecified)
¥ tfno numher of ¥ roils
¥ tftme tf coil orerating temrersture dedg-k
¥ thhkeas assumed tf case thickness m
¥ toltor the tolerance beluween 2 torus m
¥ sector and the tf window for
% straight line sector removal
¥ uche urit cost of bucking cwslinder dollars/hd
X uccsse unit cost of tf case dollars/hkd
¥  uccond unit cost of tf conductor dollars/hkd
) S AV conductor void fraction
S 4 tf coil inboard ledg radius i
¥ {used with shartf = 2, only) )
¥ wspuck bucking cvlinder gield strensth Fsl
¥ outp nelsht of inner tf led stralsht m
i or section {used with shartf=2 onlw)
*eLfin
namelf="tf coil *»'dats ’
: shaert =3, shardw=l, Jdeoontf=2200, vftf=,15 des=l, toltor=,13
02 dadi=.18 dago=,01 ddu=.2 fuedde=1, 1itfka=25,

Pveb ecase=B.ed  asostn=B.465e~4 zeastr=3l.ed
7. drond=8941., ucease=24, uccond=1085, ucbe=24,
06 nubuck=,03 usbuck=40.,e3 fofhuc=1,154
+2BE pacdtf=1398.0 rmax=10,498 hmax=5.471
*Ptm5 vo gte=3, 00 wte=2,039
Xxendtfl
¥ioiin

i%t*i no copper insert data for this case

endeiin

I3t 3220020230232 0200030203032 20 8280323820223 03 833338823828
Xekkk roloidal coil ineut data

LS

¥ azref reference rlasme minor radius s

¥ i) magnetic field in oh sclenoid t

¥ hohr reference masnetic field in oh t

X solenoid

X helase reference wlasma haslf nheidght m

X oetding current rer turn in each rf coil amrs

¥ darhboh srace between bucking culinder and s

X oh winding

¥ hshldr reference shield heidght measured "

¥ from rlasms o/l

¥ dcrefin: reference #f coil currents meda-ampPs
¥ indexing coil grouring indey

¥ =} 1if roil is the lzst coil

Ed or only coil of 3 grour

¥ =3 optherwisze

¥ irhbr reference high pets rlasma current nedga~3mFs
% deconef(r) current density of each »f coil ames/om¥k2
¥ locate(n} #f coil location {3 two-digit number)

X first diditi



LS 1 ef coil intericr to 37 coil

X 2 ef coil exterior to t¥ coil

% 3 oh comronent ooil

% 4 oh solenoid

X secand gigity

S i located off torus outer surface

K 2 net yeen

2 3 liocated off t¥ rcoil outer surface

kS 4 locsted off buchking cwlinder {nmer radius
¥ {user in induct module’

£ nl number of intarior ef coils

¥ nd nuaber of exterior 2f coils

K nmber of oh conronent roils

¥ nd nunber of oh solenoids

X rnod groer of the daussian intedration

X {used in induct moduls)

¥ mut rrint ortion for inductance values

¥  ohnhgh? ah solenold fraction of Lf coil height

¥ ganch fraciion of oh currant 3% rlasms auench

¥ rhorfing resistiviiy of ezch #f coil ohi-m
¥ routr reforenre 1T coil outer led dimension i

% roref referpnce maJor redius w

% rrafind reference radius of each ef coil m

2 tfhtr reference tf coil height frow i

% #lasma o/l

¥ uce urit cost of corper coil windindg dollars/kg
¥ ucs unit cost of PPV

¥ ucsc unit cest of superconducting winding dollars/is
¥ vPim void fraction of each »f coil

¥ zrefind reference height of each of coil 1

X from plasma o/l

2q=fin

ni=z2 n2=3 nd=0 n4=2

ghhshf=1, anch=,33 <darboh=,125 ucse=200, wuce=30, aref=1.3
iphbr=6,3  roref=l,  routr=10,19 bohr=7. hshldr=3.63
brlaser=2,08 tfhir=3,29 ucs=245,

cpta=l, 205122593 (8.e4),13{0,)
deornp?=1500,931500,v1400,5,14800,1500,51500,51500,,13{(0,)

=0, 00, 5(.6):13(0,4

h=4{G,313{7,)5313{0.)

Tocate="131/y/1817 /283 /283 /2847y 4347 y/4%4" ;13070807
rhorf=2,8-852,e~873(0,)713(0.)

1{'.‘1‘9?:40289 3.74s =4.,06y ~-9.08, =32+1 04y Qs 13(0,7

rrof=3,83y 3,05y 935 995 140179 04y 0.5 13(0.)

zref= 4.19 ~3.8y 4,75y =579 3(0.) 1340,

nag=2 mui=0

index=501),0,1,313¢0) ) ] _
#*KXXXK&KK*&XX?&##ﬁX##XX##XX&$$$$¥#K$$$K#X*X&%XXK&XﬁxxxxxkﬁﬁxﬁxxﬂXKK
¥ waves two~dimensionsl arraw containing current

X wave forms for each ef coll circuit from

E time eausl to zero through the

kS end of the burn cucle, the wave form

% for the oh circuit is not inrutsy but

L cazlculated internsilu., first index

X labels cirecuit nupbers sscond ladels

LS time zones.

{waves{irk)sk=113) = &, 0,421 1.014 0.892 149
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{waves{2skl k=13 = 0, (.40 1.019 Q.906 1.
(UBVES(S kYek=1s5) = ¢, ~3.,0R2% 09&55 0,949 1.
':*43\?95(4!")”’:1?5} = 0,099 0,632 0.947 i.
{waves{Srklsk=1+5) = 0. ~-i. 1, 1. N

kiendrfin
1**5****#**##*#$k**¥¥*¥*lt****#*¥¥*¥#K***X*Xtt*#3******#**#*?%*##*#!

*ivsin
;gtt* no volt sec input is reguired by the program

en
*xxxxxxx*xxxxxxxxxtx*#*tx*x*xzxxttxx**xxxxxxxxxx*xx**xxx##*xxxxx#xx*
EXkX% rneutral beam input data
¥  besmlb beam heidght Ch
¥ besamll beam length cm
¥ beamlw team width om
¥ ductl duct lendgth (if zeros lendth will Ind i3
% he computed:
X ducty duct width o
¥ ducty duct heidht oH
¥ roufac pultirlier to addust bean power from
X thz {alue caleulsted in the ephusics

fgqiie

*&nbin

beanll=790, beamluw=600. beanlh=800,

ductl=0, ductx=100, ducty=12¢. roufse=90,%912
xxxxxxxx*xxxx*xxxxxx*xxxxxx*x:*zx*x#t*t*x*xxxxxxxx*xxxxxxxx#x*x*xxxx
2Xkxk additional neutrzl beam inrut datsz for exrertis

cellhh horizontzl strayg field in neutralizer 43U5%5
cellbv vertical straw field in neutralizer 43U55
celll neutralizer lendth on
dumsl dirfct {ecoverslion dume redion om
eng
gtadr direct recoverw current efficiency
etareil reionization efficiency
hdivrs i/e diverdence in the horizontal dedrees
direction v
nh number of sources horizontallw in
the source arraw
ny numaber of sources vertically in the
S0Urce array
sratio ratio of the rumring sreed in the

neutralizer/dume chamber to the
baffle conductance from that

W D P I e M DE P PE DE FE IE I PG P T I I PEIE B DE W I

chamber
seprh horizontal serarstion betusen on
sgurCces
SePY vertical separation betueen scurces om
sratio ratio of source vertical width
horizontal width
vidivrs 1/¢ diverdence in the veriical dedrees
direction

nh=2 nv=3 serh=100, sepv=100, sratzo=
celll=200, dusel=l100, rratie=3, cellbh
etadr=0.6 etarei=0,99

tiendnbin

b 33808 3 FT ettt it et st s tit it ettt ssststtteivisssotissins
X%%% radic freouency heating inrut dats

¥ rrlasm = rreheating pouwer to the rlasma in medawatts

2

hdiveg=1,3 wvdiveg=l,5
ce

8, cellbv=g,
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¥ funct = heating functiors! for start wp or 2 for bulk heazting

¥ freg = fregyency redimesi for ecrh 2 for lhrh or 3 for icrh

¥ theawn = riulse lengih inm seconds

¥ fuell = the amu of the fTirst fuel in the fuel mix! 1 for

% hudrogeny 2 for deutriumy and 3 for tritium, fuel? is the amu
% of the second fuel in the mixture.

X fmix = the fraction of the fuel mixture zssidgned to fuel#l

¥ windb = window loss in gb

¥ rpflux = rercent of erime rower Tluxustion

¥ rercenrd=s percent of “egulatlor repuired for the sower tube

¥ delpss = directionsl cousrler loss in db

¥ winloss = window loss in db

¥ circlos = civculator loss in db

¥ effh = gfficiency of the klustron

¥ prlosme = rower into the vacuum in hkw

£ f = the free srace freguency in ghz

¥ amadwid = the meximum rort widih in com

¥ uwmawhith= the maximum rort heisght in com

? Fwroenl = thelmaxlmum rower density of an element {waveguide)

( SORR/CmS

¥ es = the element sracing in om

% wethick = the waveduide wall thickness in com

¥ ersa = the number of elemenis rer subsrray

i shsav = the sracind betuween subarraus in the vertical direction

; in om

¥ sheah = the sracing hetween subarravys in the horizontal direction
P4 in om

¥ uiand = the desth of the lzuncher {(shield?) in cm o
- R A5 = the distance in meters from the launcher to the rower S
| divider.

¥ omitw? = the distance irm maters fTrom the inrut to the rower divider
¥ tao the outrul of the rf rower module.

¥ oeltnd = the disgtance in meters from the inrut of the rouwer module
S to the drive.

% plixd = the distapce in meters from the driver inrut back to the
* gxciter,

* Ttueml = the distance in meters from the lazuncher to the

X rerformance monitor caebinet.

#  pltusma = tne distance in meters from the rower amrlifier module

¥ to the rerformance monitor cavinet.

¥ sltwemd = the distaznce in meters from the driver cabinet to the

* serformance monitor cabinet.

¥&rfhin

relsen=l, fTunct=1l frea=1 fuell=2, {fuell=3. fmix=,
gorics1.0 rlhod=0,
Fe2, 73 wmaxwid=100. mcnrlth 50, %wr#er'—lv.
pe=l,2 wegthicks =8, scsbsav=4., sbsah=2, ulanl=100,
Hlanl=100. 5. Pitx3=3. pltus=27, rliue m1=15o
Fltiuema=4, F =4, pp=2
effth=0,7 windb prflux=0,02 rercenrd=S, dclos=0.02
winlos=0,02 i
¥Eendrfhin
FEEE AR E RO OO A O K OO OO R E R KRR R KRR KRR
w*w#* neutral upnm geametﬁs inrut d3ta
¥ wfac fazector 2d to locate the roint whe
* the :ﬂJtral beam sndle is mesgsur ed.
k4 its walues ranse from 0.y 1, to 2.

s}
prs



corressonding to 3 loction at the

torus puthosrdy the rlasmz centers

and the torus inboardy respectivelu.
the dar betuween the neutral besn o

indector and the tf coil o sllow

removal of the indector,

faX
i
0
“

kol
oo
o
(=2
1,
P
=

zfac=0,

#%enﬁnbgln

FEER RSO OO R RO R R OO K KOO KRR R KK
FRdx¥ electric rower for pf coils ins=ut dats

fn i
18
o
”t:l
O
-+

¥ for each rf circuit J

X ocva(d) ynit cost of startur rower converiters mega-dollars/mva
¥ooc2p(d) unit cost of srotection eauirment meda-dollars/md
¥ chilJd) cost of Dpussing meda-dollars/m-k3
£ che{d) unit cost of burn power surrlies mesa-dollars/mva
¥ plipid) cost of imstrumentaztion mega-dollars

¥ ocaityl factor to multirly totel cost oy

¥ ohwsl(d) ous lensth m

kEeleln

eva=t20 02 BL0. )

p2p= 12¢.0011s B{QG,)y

e 12{(3.584e-5) B{D,)s

prEE 120,100 8(D,)s

ole= 120,05, B,y

cais 1201.3% B{G, 1

pgel= 12(240,7 8(0. )y

kKiendelein
B R R O KRR R AR KRR KRR R R AR RERK
¥EkE% resctor building ineut dats

¥ atten g-folding distance of the cell wall it
§ gosa neutron flux to the environment W/ mkx2
Yirhin

venthe = inleak rste of hot cell facilite (vol, frac./day}
vertth = inleak rate of tritium erocessing building (vol. frac./day)
ventrw = inlesh rete of radwaste puilding (vol, frac./day)

dmse=1,?eo stten= ;14;

rou=3, trelsl, exts hatch=5%,8 stel=0,

crhiti=3, orht2=3,46 FndtP 2, beulht=10.2

¥hendrbin
x*tt**#**k**####****t***#**x***t*&*#x*k*****X*#**K*K##X*X*****#*X*
KEkfgd tritiom sustems inpubt dats

¥ bblm tritium breeding blankel mass

¥ obr breeding ratio for breeding blanket -
¥octrit cost of tritium $/Ci
¥ cueff eds removal efficiency

¥ cuted = desired cleanus time for reactor building stmosrhere {(hr}
¥ ocuthe = desired cleanup time for hot cell facility atmoserhere (hr)
¥ ooecutth = desirved cleanur time for tritium srocessing building stmosenere (hr)
¥ cutubh = desired cleznur time for raduwaste building ztmosrhere {hr)
¥ decf = decontamination factor for atmosrheric cleanup sustewms

¥ sthoon = tritium concentration in stsck effluent {uli/ mX%x3)

¥ tfraoc fraction of tritium in rlasme d-t mivture

¥ theoon tritium concentration in the breedinﬁ blanket d/cmXx3
i ventrlr = inlesk rate of reactor building (vol, frac,./daw)

;o

b3

¥

1

sr=en cirit=l1.00

19



ventrb=0,91 venthc=0‘01 ventibs=
cutrb=72 cuthe=72 cutto=24, cutr
) cuef 5,99 decf=l,e-4 sthcon=50.
4 ritiur dreeding blanketl inrput
bb1m=Qo Gr=.5
KEendirtin
KR R R S R O R O R O OO K R RO R AR KRR R R KX X
gkyxk vacuum swstem inrput datiz

¥ dpe = zressure nepded 3t the first wall region {(Fa)
X dnun = initial dguess of the number of ducts reguired
¥ diasm = duct dismeter (m)
¥ dlan = duct length (@)
¥ bpum = numbher of bends in each duct
¥ dirume = tuee of pumry use *turbo® or "cruo'
% reden = regenerziion ﬁime (k)
¥ prar = ?um% raracity (2000 to 20,000 P23 pk%3 is rossible inrutl,
¥ rop = ted sroad per rpump {inrui ig 3y 25, 100 m&¥3/s derendindg on
% tBPé ofrune) .,
X {Availahle turbomolecular are O mEXI/sr compund CrYOPURFS 23TE
% 25-190 m¥X%3/s57.
¥  dggsout = putdgassing rate (FPe s¥¥d/s = 0.3e~-47,
¥ phurn = prehurn das eressure {(Fa)d,
¥ reflt = fraction of escaring »lasme recwcled
¥ tg = post burn das temrerature {(deg-k)
¥&varcin
deez0,1 dﬁﬁu—$0 dian=1.2 vfduct=0.4 wucduct=24, bnum=2.
g'f7b. regens per=20, dspui=0., refli=0.8
lim= Pcaa“gOOO. guclin=10, rhurr=1,33e-3 irumr="turbo"

ﬁ(&er._.voc i1
#%kx£$£¥$#Xt*%?ﬁ*ﬁ*Xﬁx#gKXXXK&#K#X*#*N#X#X*X&X#$$XX¥$#$$*XKXX$$XKX
3% roliel fusier input datsz

¥ disFr rellet disrersion desdress

% dreom tritium-deuterium rellet diauneter o

% offhe liauid helium coonling effectiveness

¥ effnl lisuid nitroden coolind effectiveness

¥ effi vECLUS s4Ystem transmission efficiency

% effy vacuun sustew efficiencu

®  Treen rpilet renetration {(fraction of rlasms minor

¥ radiusy

2 omwi molecular wi of fusl

¥ nrf riumbar of fuel rellet indectors

¥ nonoz number of nozzlies

¥ifuein

feon=, 220 wmwi=5, nef=3, nonoz=10, disrr=1,

pffha=,8 effnl=,5 eoffv=,5 effi=.8 drum=4,

Xierdfusin

EE S PSR SETEO OO EE SO ROttt it te sttt et itotaestiovittisssss:

ERERE L7 electrical sower conversion invul datz

X sicrrg cost of sssembled sluminuk bar dolilars/kd
¥ busiinm mean ous lemsgtn of one bus run 3

% cifrec ¢ gnd 1 fractionsl cost of Lf rower supply

¥ cresi o and i cost per roil section {circuild bresker) m-dollars
3 orhy cost of varistors and associated switches

X _ rer hy s-doliars
2 crkwi cost of ipad center ror ku gdoliare

¥ crkwd cost of tf sower suprlies rFer ku dollars

¥ rcravsa cost of circuit breakers rer avs m-dollare

79



X crmw cost of dumr resistors rer mw m-dollars
¥ dimka design circuit density of the bus _ ka/cmk¥l
¥ fsecl floor srace coefficient for rower suprlies

¥ fepcl floor srace coefficient for circuit breakers

¥ fsrpel floor space coefficient for dume resistors

¥ nsetfe number of sectors rer tf coil

¥ rtfes L7 coil rower suprly rating factor

¥  tchsghr tf coil charge time hrs

¥ vtfsky ma¥ voltade across coil section during

X auench by

$1itfrin
diwka=,1 buslim=200. rtfes=1,05 vifshv=2, _
aicrkd=18,0 crhkwl=90. crhu2=400, crava=.004 cernd=40.,0e-4 ocrhyv=.0079
cechan=1000, fsprl=0,13 fsre2=0,80 fspel=0
ﬁghrggi,QGSSé toehshr=4,4 tfert=1.0 thoour=0.45
8n Pin
LSS 3230320083048 0 3020038888082 008330933833 33338333¢483 38333 4¢%¢2 7
AREX¥ facilities ineut data
building information is stored in 13 word arravs where!

word data

1 = length {(m)

2 = width (m)

3 = height  (m)

4 = volume (mXX3;

3 = floor area (mk¥2)
b = unit cost ($/mkk3)
7 = prtion identification

X - prodram uses surrlemental information
to celeculate volumes
(X - imrlies cuclindrical reactor nuilding
$¢ - imrlies rectansulsr reactor building)
B-13 = alrhameric identifier
word 2 less than or = 0 imrlies cuclindricsal
then word | = radius
word 1 less tham or = @ implies volume divens if word 4 is
glso 0y building not used or is
calculated usind surplemental
information,

word 7-12y the alrhameric identifiers must be at least &6 and less
thars 3¢ characters long.

P I P 6 W 3 ICIE W FE I I I IE IE IE TE I W IE IE 366

reb=63.0y  52.0r 44,30y 1451246,80s 3276,0 400,00y ‘#’
hef=78,0y 52,04 2,0y 129792.0: 4056,0r 400, 0; '*'
instr=15,0, 15.0y 4.0y 1350,0r 225.,0y 80.0: -
watr=25.0, 25,0y 10,0y 6250.0y 4625.0, B80.0y '_'
recir=45,0y 15,0 10.0y 46750.0r 675,09 B0O,0, ‘_°
cutfe=88.,0y 24,0, 10.0y 21120.0,» 2112.,0, B80.0, ‘%'
ohrfe=88.0s 42,0, 10.0: 37840.0, 37B4.06: BO.O:r ‘%k°
bulkh=26.0y 16,0y 10.0y, 4160.0y 414.0s 80,0, 7_°7
n3f=80.0,» 20,0, 20.0¢ 32000.0y 1400.,0s BO.Oy ‘¥‘
cref=4¢,0s 30,0, 10,0y 12000.0s 1200,0» 80,0y ‘.7
trithl=538.0y 30,05 30,05 52200.0y 1740.0y 270.,0, *_°
vent=38.0y 25.0y 30.0y 43500.0, 1450,0,» 370,05 ‘.7
redws=40.0, 40,0y 10.0, 14000.0y 1600.0s 270.0, '_1
cont=30.0, 15.0s 10.0s 4500.0, 450.0, 0.0, '%’'
dgen=32,0y 16,0+ 10,0y 5120,0,» 512.0y 80.0, _¢

€9



admin=90,0¢ &0,0s 10,0 3S4000,0y 35400.0s 80.0s 7_7
shop=70.0y 70,0+ 40,0y 1986008.CG» 4900.0y BO.0y X%/
tunla=0,0y 00y 0.0y 0.0y 0,09 0,0 ‘_7
stack=0.0y 0.0y 20,0y 0.0 0.0y 2.0, “_7

sigpr=12,30
XXPto,ac1n
EFS S80S0ttt tert ittt it e sttt s st teitessesstevey
EEEe ¢ maln?ﬂnaﬁe PQU‘ﬁmamt insut data

% The varizbles for the different tures of enuirment have the form
K4 NHHMM Y RPHHMYy 3n0d ucwxxx where MMux 15 the 4 digit ezuirment
¥ descrirter as follows,

¥ nh rFrefix = number reaquired in hot cell facilitu

¥ nr orrefix = number reeuired in reactor building

4 uc Prefix = yrit cost (K$)

¥ in rrefix = oriion con rol for calulstion of mhooo
X ip Prefxx = grtion tral for ralulation of nrooo
¥ coty = closed © ;;dlt Ly

¥ olit = cell iighiing znd audic sys.

¥ tioc = itransfer look

¥ dews = decontamination snd waste handling

¥ Fobd o= we]fe"-“utteri Fires < 2 ify.

¥ rctéd = lder- ruttprr FiFes 2 - 5 ins

X wpot] = JE der-cuiierd rires > & in.

¥ eeff = pnd effectars

¥ smha = sector wmodule hendliing device

¥ scut = welder~-cutter? stirdctures angd vecuum Joints
¥ tran = transrorter

X gubh = Jheorronent hendling device

¥ limh = limiter blade handling device

¥ movem = povable manirulator sus,

X inve = in-vessel manirulstor sus,

X 1ift = lifting fixturesy slindsy etpo.

¥ nhant = hand tools

¥ ldsw = lepsk detection sus.

¥ rere = periscorsy liners and snieid

¥ swin = shielded slnuow

¥ pree = granes 100 - 500 to2les

¥ or30 = cranes 50 tannes

¥ oril = pranes 10 tonnes

¥ ¢or0% = cranes O tonnes

¥ or0l = ¢raznes 1 tonne

£ FCw3 5 FOWET 8Th manipulator {bridge mounted)

¥ mecm = mechanical msm {thru-the-waell)

¥ mech = mechanical msnh (bwldﬂe mounted)

X ﬁha = robot arm {(Ticor mounted:

d = shield rluds

#lg
iﬁx$X¥#f*##$t¥$$##¥*#XXx*##xx*K#Kx#%*ﬁ*Xﬁt*##*x*#*%x*ﬁxxxmx#x%x&&m
weain
weeete=24,2 rectv=4s nhecotv=10

weelit=435,4 urcilt—l nhelit=i

setioe=145%2.0 nrtloc=l nhtloce=0

yrdewas=3830.0 nrdewa=0 nhdewa=1

Jorct2=560.9 nreeil=2 nhpct2=2

ureetd=20,8 nreeté=2  nheots=2

weretl=151,3 nrectl=2 nheeotl=2

poeeff=405,0 nreeff=l nheeff=l

ucsmhd=5246.% pnrswhd=1l nhsmhd=0 irsmhd="%" ihsmhd=*%"*

¥9



uescut=4643, nrscut=l nhscut=0

uoetren=242,.0 nrtran=l nhtran=0
ucsubhﬂ4“1.3 nrsubh=1  nhsubh=0
uclinh=543,4 nrlimh=1 nhlimh=0
uomovm= 1210.0 nrmovm=l  nhmovn=0
deinvm=1210,0 nrinve=l nhinve=0
uelifi=302.9 nrlift=3 nhlift=1
ehant=4605,0 nrhant=1 nhhant=90
ueldsy=1210, nrldsy=l  nhldsy=0
ucrers=170.4 nrrpers=46 ihrers="¥*

kiemdmeaind

XEmeoin?
HesWin=292,.8 drswin='%" ihswin='x’
geeree=1210,  nreree=l  nhorcesl
ueer30=268,0 nrerd0=1 nherd0=0
acerif=185,3 nrerld=0 iherl@='¥x’
ueerdI=121,0  nroerdd=0 nhor05=0
U“CP0135445 nrerdi=0 nherdl=0
uerows=su09.8 nrrowa=s1l  nhrouwasl
Hemeon= 121.0 nrmecm=2  inmecm="%*
yemerh=937,8 nrrech=l  nhmech=i
weraba=121.0  arroba=0 nhrobs=1
pesrlg=405,0 nrseld=l nhserlg={0

*Eendmealn

R O OO R KOO KRR AR R R R R KX A R
X¥k¥%¥ heat transfer sustem input datsa
¥&¢htsin
Lasemw=3,
Len=100, tre=50, tih=71, tic=43, tcti=54, tcto=32,
Yiendntsin
FE S SOV PSS PR C OO T RS eI v r e et eesei st ssteesssissesss:
XEkX¥ zc rower sustems inrut datsz
¥izerin
aerrt=l, hvlhe=500, fvlhky=138, ehuern2=0,15 clddgp=1.3
rdnbrn=0.3 cltdn=0,00 bovmw=0.00 clthm=300, crmun=0.,3
fKiendacrin
PESER PSS SRS 0SS E RIS SR80 3080800 ¢3 ¢80 0SSPttt eiee:
FXE¥Y instrumentation and control inrut dats
¥%iacin
taden=1, idirh=l, cEHEE O 4y nolm=dy idfali=0

nohirs 1y F9 29 2 1! Jr) ..9 Gr 15 35 25
noeip= 2y 1y 1y 18 1y 2 29 25 2y 32
note= Q9 Oy O 1! Gr Oy Or 2y 1y 1y 32
tmordn= 1.5 1, 1.5y 0,79 Oudy 0,32 007y 948y 0.7y D44y 041
rfesdn= 0,2 Q-nm? 0,45y 0,3y 0,1 Ol 042y 0.2 041y Gulsr 0.0

¥iendiacin
i**%*%#f?***%x***XX**K***X#***X***X*Xx*K****#***XX*X**X***X***X***
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1. PHYSICS MODULE

The physics module computes fusion power, power amplification
factor (Q), plasma current, fueling rate, and the required volt-seconds
to induce the plasma current. The physics module is a 0-D representa-
tion with plasma density and temperature profile effects modeled as a
function of plasma average temperature. Peak heating power during
startup is modeled as the summation of two parts. The first part is
the maximum quasi-steady startup power encountered as the plasma temper-
ature is raised to the operating value at constant plasma density. The
second part accounts for the plasma heat capacity at the operating point
divided by the heating time period. This latter term is an attempt to
include the dynamic effect of heating the plasma to its operating
temperature in a finite time. Two scaling relations for confinement
time are available: Alcator (1 « neaz) and Mirnov! (v = aIP), where n,
is the electron density, a is the plasma minor radius, and Ip is plasma
current.

Flux conservation is assumed as the plasma is heated and makes the
transition from low beta to high beta values. The relationship between
plasma safety factor, beta, beta poloidal, and plasma current during the

transition is shown in Fig. 2 and is taken from ref. 2.

ASSUMPTIONS AND CONSTRAINTS

¢ Code is for deuterium~tritium (D-T) fuel.

o TE = Ti; code sets electron temperature equal to the ion temperature.

® One impurity is allowed.

¢ T particle confinement time is set equal to energy confinement

= Tp.;
tgme. EThe effect of recycle is accounted for in the tritium pro-
cessing module.

® Either field on axis, BT’ or max field at the TF coil can be input.
A nonzero value of Bmax activates an external iteration loop that

varies BT until the desired value of Bmax is obtained.
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Fig. 2. The value of C as a function of €8 and q¢ for a

FED-1ike flux-conserving tokamak where R = 4.80 m, a - 1.27 m,

B, = 3.62 T, x = 1.6, and § = 0.5.
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MIGN equal to 1. The plasma minor radius, a, is varied until the
auxiliary power at the operating peint goes to zero.

®¢ The physics model presently used in the system code is zero-
dimensional; however, temperature profile effects have been
estimated based on normalization to results from a one- and one-half-
dimensional (1 1/2-D) WHIST? transport code. The density profile
across the plasma radius is assumed to be flat. The effects of the
temperature profile on reactivity, <ov>, confinement time, and

bremsstrahlung radiation were accounted for.

MODULE INPUT

Key input items to the physics module include: plasma minor radius,
aspect ratio, beta or beta poleoidal/aspect ratio, field on axis or the
maximum field at the TF coil, safety factor, ripple at the plasma edge,
scrape-off layer thickness, plasma elongation, plasma temperature,
effective charge, and the impurity species. All of these items are
input by the user (i.e., none are passed from other modules in the

code). Table 5 shows the input parameters for the physics module.
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Table 5. Physics module input parameters

Symbol Description Units Source”

a Plasma minor radius m U

anginj Neutral beam injection angle degree U

ar Aspect ratio -- U

beta Beta - 3]

bmax Field strength at the TF coil t u
(if 0, value is calculated)

bt Field strength on axis t 8]
(value is calculated if bmax#0)

ebpg Beta poloidal/aspect ratio --

gamma Resistance volt-seconds multiplier -

for rf startup

ignscl  Option for confinement scaling - U
(ignscl = 0, INTOR scaling is used;
ignscl = 1, MIRNOV scaling is used)

iopt Iteration option on burn time -- U
(iopt=0, no iteration. Input burn
time is used. iopt=1l, iteration
on aspect ratio to obtain input
value of burn time. iopt=2, maximum
calculated burn time is used for
input value of aspect ratio)

jopt Iteration option on ebpg -- U
(jopt=1, input value of ebpg is used.
jopt=0, input value of ebpg is a
first guess)

Kappa Plasma elongation --
1i Plasma internal inductivity --
nnb Number of neutral beams --
mign Option for marginal ignition

(if mign=1, plaswa minor radius
is varied until marginal ignition
is achieved)

pburn Plasma chamber pressure during burn torr
panch Plasma chamber pressure after quench  torr

plshap Plasma triangularity --

c o o

q Safety factor -

rf rf-assisted startup (l=yes, P=no) -~ U
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Table 5. (continued)

Symbol Description Units Source®
ripple Ripple at plasma edge % U
scrapl  Scrape-off layer m U
tbeam Startup heating duration s U
tburn Burn time ] U
te Plasma electron temperature keV U
ti Plasma ion temperature keV U
tohs OH solenoid swing time 5 U
tgnch plasma quench time s U
tramp OH ramp time s U
z Impurity species -- U
zeff Effective charge -- U

“Source: U = input is supplied by user; C = input flows in
from other modules of the code.
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GOVERNING EQUATIONS

Generate Plasma Contour and Geometry

R
o}

m

VOL

AREA

Compute

p

I31%)

Beta

il

ar % a ; major radius (m)

|

= Kappa x a ; plasma half height (m)

= a x ar + a cos(6 + plshap x sin €) | 6 is varied from 0° to 360°
in 9° increments. X and Y
are coordinates of the

a x Kappa x sin 9 plasma contour.

H

1 . .
= 47 5 inverse aspect ratio

2.0
+ . . . . hd
= 'V/l Kgppa ; circumference ratio, elipse to circle

i

2n?ad(ar)Kappa ; plasma volume (m3)

41222 (ar) (SF) ; plasma surface area (m?)

i}

Plasma Current, Beta, Beta Poloidal

ebpg/e ; beta poloidal

Kanna If JOPT = 1, input
f(ebpg) 22ppa ; see Fig., 2 &- the desired value

) of ebpg and calculate
beta.

if

CH ’
= B £ ain D
" [ qa (- e-’-)z} () ™
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C,, = f(ebpg) EEBEE—; from Fig. 2 ™
He 1.6
If JOPT = 0, input
Beta desired value of
BP = - ; beta poloidal beta and iterate on
CHB e 2 ebpg until initial
PR GRS Y: (SE)2 input value of ebpg
equals calculated
ebpg.
= g X B J

ebpg =

If Mirnov [used in Tokamak Fusion Core Experiment (TFCX) design studies
per Schmidt] scaling is specified, the limiting value of beta is
calculated as a function of q, A, Kappa and is not a free input

variable. The above section of code for JOPT = 0 is modified as follows:

W/EERHE 5
Hg f{ebpg) /- e ¥ 0.92 ‘w

C =
JOPT = 0 and Mirnov scaling
. 0.233 x (SF)2 is also specified.
Beta =
q(ar)
>’Iterate until initial value of
R Beta ebpg equals calculated value
P oT~ 5 of ebpg.
“ub e .
(5F)2
q (1 _ €2)2

eb = £ X f
g Jp

5% 106 x a x bt x SF tha

Pyg P

CLB = £(q) 1/§%E%§-; C value at low beta (see Fig. 2)

£(q) /3R x 0.92 ; if Schmidt scaling is used

=i
i

; plasma current at high beta (A)

[ @]
i



76

I = o x 1 ; plasma current, low beta (A)

Calculate Profile Factors

T = t, =1t plasma temperature (keV)
SHAPEUV = 1.4 - 0.03 x (T - 11.6) ; profile factor on ov
SHAPERAD = 1.3 + 0.0084 x (T - 12.4) ; profile factor on

bremsstrahlung radiation

SHAPE = 2.1 - 0.042 x (T - 12.4) ; profile factor on confinement
t time
Calculate Particle Densities
Z - 1.0
g = i S ; impurity concentration
7% - 7

B = Beta x 0.91 ; estimate of the value of beta with the fast
alpha contribution removed
My = 41 x 1077 ; permeability of free space
2
Ne = B (bt) ; electron density
-3
(u)[2 - £(2 - D](T)(1.602  10°16) (7%
NI = Ne(l.O ~ Z&) ; fuel ion density (m~3)

N, = N, ; impurity ion density m™)
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Determine Plasma Power Balance

i

ov = £(T) x SHAPEOV ; reactivity (m3/s)

= N2 x Zr % 3.5 x 1.602 x 10713 ; alpha power/m® (W/m?)

= =37 2 ' 1 5 .
PRAD 5.34 x 10 X Zeff X Ne X \[; X SHAPERAD ;
bremsstrahlung power/m3 (W/m3)
POWER = P x VOL/10° ; total alpha power (MW)
POWER, 1, = RAD x VOL/10% ; total bremsstrahlung power (MW)
T =5 x 1072} NeaZ(SHAPET) ; confinement time if using Alcator
scaling (s)
T = 0.15 x ax Ip,, x 1076 x (SHAPET X 0.77) ; confinement time
‘ if using Mirnov
scaling (s)
ST (N, + N +N)NVOL) 1.6 x 10722
2 1 e Z . T s
Loss T ; condgctlon and con-
§ vection power loss
(MW)
NI
A =24 - 1n — (1000 x T)l ; Coulomb logarithm
108
ALPN = 2.0 ; anomalous enhancement (ALPN lies between 1 and 2.
A value of 2 is used for
design margin.)
(1.638 x 10“9)(ALPN)zeff
; plasma resistivity (ohm-m)

i
Il (T)l.S
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X
2 Ry Aox "

RP = ; plasma resistance (ohm)
a? x Kappa
P, = I%LB X Rp/lO6 ; plasma ohmic heating (MW)
Paux = PlOSS + POWERRAD - POWERa - PQ ; Tequired heating power
(MW)
POWER = POWER x 17.6 . total fusion power (MW)
FUS o 3.5°7 a
POWERFUS
Q = —p — ; plasma power amplification factor
aux

Determine Peak Plasma Heating Power

The code cycles through the equations starting at the section
"Profile Factors" and continuing through "Particle Densities" and
"Plasma Power Balance,' varying the quasi-steady-state plasma tempera-
ture from zero to the operating temperature in small steps. Plasma
density 1s maintained constant, consistent with the operating value of
beta, throughout the temperature ramp (i.e., beta is varied linearly
with temperature). The auxiliary heating power, paux’ is computed at
each value of plasma temperature in the "Power Balance'" section, and the
maximum value encountered is stored as the peak quasi-steady-state
heating power. Figure 3 is an example plot of required power as a

function of temperature.

P = P (at the value of T that maximizes P ) (M)
auximnx aux auximx
3 B heating power
5% T (Np + Ny + N,)(VOL) 1.6 x 10 22 required to raise
Pheat capacity = THEAM ; plasma temperature

from zero to the
operating value in
the heating time
period TBEAM (MW)
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Fig. 3. Plasma current during transition from low beta
to high beta values.
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b " Pauxmx + Pheat capacity ; peak plasma heating power (MW)

Calculate Global Energy Confinement Time

§~x T (NI + NE + N7)(VOL) 1.602 x 10777 global energy
T = POWER  + P TP ; cgnflnement
o aux Q time (s)

; quality of con-
finement (s/m3)

Calculate Neutron Wall Loading

POWER o * 14.1/17.6
- e . 2
LW AREA ; MW/m

Calculate Plasma Poloidal Field

u

0 % IPHB
T 2ra(SF) (T)

Fueling Calculations

6

o ) POWERFUS x 10

fusions/second = - 5
(17.6 x 10%)(1.602 x 10 ")

]

Burn Rate 2 x fusions/second ; (D+T) atoms/second

T, = T (assumption) ; particle confinement time for fueling

N. x VOL
ey =
fuel T

P

; fueling rate [(D+T) atoms/second]

Fractional

burmup = burn rate/quel
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Q
Tritium flow = fgel % 3 ; tritium throughput (g/s)
6.02 x 1023
Tritium Burn = Zgiiggs X 3 ; tritium burn rate (g/s)
6.02 x 1023

Plasma Volt-Seconds Calculation
If no rf; gamma = 1

If rf, gamma = input value

_ Ei I estimate of
gamma (41 x 10°7) RO -5 pHB J ; resistive volt-seconds

VS =
RES during startup
- ! 8 (ar)
L = (47 x 10 ]) RO 5+ In{~2==%=] - 2.0 ; plasma inductance
P Vkappa (H) (ref. 4)
VBIND = IpHB Lp ; inductive volt-seconds during startup
VSSU = VSRES + VSIND ; total required vs during startup

V = RpIPHB ; plasma loop voltage during burn (V)

Table 6 shows sample output for the physics module.
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Physics module sample output

time seguence (sec)

ramp  oh swng  baomht burn
38.22 &.28 6.88 l1@3.88
generol {mput dota @
plosm shaps = 6.3
rf = 1.2
plosmo input @
plosma radius (m) = 1.368
gspect ratio = 3.858
elongat ion = 1.688
beta - 8.852
field on axis (t) = 4.641
ion temp (Kev) = 18.888
gle temp (Kev) = 12,882
ripple = 8.838
vert. fieldg (t) = 8.758
piosma owiput @
ma jor radius (m) = 5.8a5
plasma height (m) = 2.889
plasma volum (m3) = 267,142
plasma ind (h) =1.2217e-85
ion density (/m3) =1,2871e+28
ele density (/m3) =1,2999+429
impurity concent. = 8.883
impurity = = 8.0808
zeff = 1.588
ntau (sec/m3) = 2.5783e+28
taue (sec) = 1.983
tave-emp (sec) = 2.417
tave-tp (sec) = B.0608
toup (zec) - 1.883
=sigyv fact. = 1.448
time foct. = 2.291
brem. foct. = 1.2689

guasi-steady state
heat capacitysheating time (mas)
peokK heating power (im.)

beam energy (Kew)
tmox (Kew)

heating (mw)

plosmu edge neu. lood (ma m2)

fusion pouwsr (mu)
wlpho (mwd

ohmic (mw?

broms. Cmadd
ploss (mw)

aux. pouwer (md)

9
ignition margin

queneh

18.88

3 384 85 8

2 4 8 8 89 9 4 3 3

num. mewiral beoms

sufety foctor
impurity =

zeff

gumma (res 1o0ss)
plosma int dndg (14)
scrape of loyer (m)
ip factor

burn press (lorr)
quanch press (tore)

3 49 % 3 3 3 8 8 3

k3

plasmo—crnt-hb (ma)l
plasma-crnt-lb (ma)
plasmo volt-burn (V)
plasmo res~burn (ohm)
beta poloidal

beia poloidal Zor

=

=

-

=

ind voit (sec)
resis. volt (sec)
heating volt (sec)
stort-up volt (sec)

4 % 3 %

fueling rate (g+t/secl=
burn rate (d+i/secd =
fractional burn-up

tritium flow (g/sec)
tritium burn (g/sec)
deuterium flow (g/sec)=
douterium burn (g/secl)=

=
-

=

27.887
26.547
54.0834
8.008
4.804

1.85
448 .93
89.28
8.33
14.63
£6.88
-8.89
ignited
1.18

2.8

3.288
@.6e6
1.508
8.385
1.588
8.268
1.29¢
1.088e-06
1.888s-04

6.583
5.837
8.864

=9.7¥783«-83

1.983
8.515

79.4:9
15,495

2.068
94.9e4

1.62580+22
2.1844e+28
8.8195
8.849%
¢.6088
8.8278
@ .89as
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2. TORUS MODULE

The torus module performs neutronics, geometric, and cost calcu-
lations. The neutronic portion determines the nuclear response in the
shield and the TF coils. It includes (1) radiation dose in the insulator
materials of the TF coils, (2) nuclear heating rate in the case and the
winding materials of the TF coils, (3) atomic displacement in the copper
stabilizer of the TF coils, (4) nuclear heating rate in the first wall
and shielding material, and (5) dose equivalent one day after shutdown
in the reactor building. The module has two modes of operation: A
shield thickness may be specified and the resulting nuclear responses
calculated or maximum values for the nuclear responses are defined and
the shield thickness calculated to satisfy the most stringent nuclear
response.

The torus weight and volume are based on either a D-shaped or a
rectangular torus configuration. An option is available, for either
torus configuration, to split the outboard shield and place only the
amount necessary for magnet protection between the plasma and the
outboard TF coil leg. The remainder of the outboard shielding, necessary
for biological requirements, is placed outside of the outer TF coil leg.
Weight, volume, surface area, and cost are determined for the torus
components, which include the first wall, armor, bulk shield, and pumped

limiter.

ASSUMPTIONS AND CONSTRAINTS FOR THE FIRST WALL/SHIELD MODULE

The neutronics portion of the First Wall/Shield Module is based on
the neutronics model (see Attachment 1) with the following constraints

imposed.

® Only two shield configurations are allowed in this version of the
Tokamak Systems Code, namely, (1) a steel shield for the whole
reactor with 5-cm carbon armor for the inboard first wall and
(2) a tungsten shield for the inboard section with 5-cm carbon armor
for the inboard first wall and a steel shield for the outboard

shield. The two remaining configurations described in the neutronics



85

model, which use 2 cm of steel armor in place of the 5 cm of carbon
armor for the inboard first wall, can be implemented at a later

date if desired.

The simplifying assumption is made that the outboard steel shield
neutronics are little affected by the choice of steel or tungsten as
the inboard shield material. The outboard steel shield neutronic
algorithms developed in conjunction with a steel inboard shield are
also used with the tungsten inboard shield in the torus code.

The neutrenic calculations are based on a carbon armor thickness of
5 cm and an equivalent outboard first wall thickness of 2 cm.

Actual armor and first-wall thicknesses for the radial build cal-
culation in the tokamak systems code may be specified by variable
DFWI and DFWO.

Two values are specified for the TF dewar thickness, namely,

(1) the equivalent solid steel thickness used in the neutronics
calculation, specified by the variable DDWEQ, and (2) the total
dewar thickness used for radial build calculation specified by the
variable DDW.

The neutronics model has reference thicknesses of 0.05, 0.025, and
0.08 m for a spool, dewar, and TF case, respectively, downstream of
the shield, as shown in Table 8 of Attachment 1. When one deviates
from these values when executing the systems code, the effect is
compensated for by an adjustment to the required inboard or outboard
values of shield thicknesses or to the neutronic performance for
input fixed values of shield thicknesses. If the shield is steel,
the adjustment is equivalent since the dewar, case, and spool are
all steel. 1If the shield is tungsten, the shield thickness adjustment
is multiplied by 0.8 to account for an approximate equivalent
thickness of tungsten. As an example, in the case of a steel
shield, removing the 5-cm spool from the reference configuration
requires an increase in shield thickness of 5 cm to achieve the

same performance; or, for a fixed value of shield thickness, the
effectiveness to attenuate neutrons is reduced by 5 cm. It should
be noted that the tokamak system no longer considers a spool
stiucture. Therefore, the input value of spool thickness is hardwired

in the code as zero.



86

® Heating rates are calculated at the entrance to each component as a
function of neutron wall loading and shield thickness. Fast neutron
flux (energies greater than 0.1 MeV) is also calculated at the
entrance to each component with the exception of the flux to the TF
coil, which is calculated at the superconductor front surface. The
neutron flux is attenuated as a function of the mean free path of
the component material composition. Heating deposition in the TF
coil was modeled as watts per meter of coil length, assuming all the
neutrons transversing the shield are intercepted by the coil, which
is the case for the inboard TF coil leg. To use this relationship to
calculate the heat deposited in the cutboard TF coil leg, an
estimate is made to account for the window area between TF coil
legs.

# Shutdown dose rate calculations are for 24 h after shutdown, assuming
saturation conditions exist (i.e., the first wall has received a

fluence of ahout 1 MWy/mz).

INPUT

Major input items to the first wall shield module include the
plasma dimensions, gaps between torus elements, radiation limits,
nuclear heating limits, torus configuration option (either D-shaped or
rectangular), an option to allow the TF coil outer leg to be embedded in
the outboard shield, an option to choose either stainless steel or
tungsten inboard shield, TF coil surface area, and unit cost factors.
Table 7 lists input parameters (both user input and code-supplied

input).
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Table 7. First wall shield input parameters

Symbol Description Units Source”
AVATIL machine availability (annual)
DENSTL density of steel kg/m3 U
DENTUN density of tungsten kg/m3 |
DENB4C density of boron carbide kg/m3
ITORUS 1 D-shaped shield, 2 square shield --
with limiter
IGLOO 1 allows coil to come through
shield, 0 does not allow
DFWI inboard first wall thickness m
DWEO outboard first wall thickness m
DI2 inboard gap between first wall m
and shield
DLDO outboard lead shield thickness
D02 outboard gap between first wall and
shield
DSHI inboard shield thickness
DSHO outboard shield thickness
DSHOM minimum outboard shield thickness m
between plasma and magnet (used
with IGLOO = 1 option only)
IBDPC fraction of total flux incident on
the inboard wall
T0OPTSH option to select inboard shield
material: 0 = steel, 1 = tungsten
LIFE tokamak life years
MHTF maximun heat rate at the TF coil MW/m3
case v
MXDOSE maximum dose rate to TF insulation rad U
OBDPC fraction of total incident rad U
on the outboard wall
SPLIT fraction of alpha power to divertor
or limiter
UCSTL unit cost steel $/kg
UCTUN unit cost tungsten $/kg
ucB4C unit cost boron carbide $/kg
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Table 7 (continued)

Symbol Description Units Source®
SPOOLT thickness of spool (should be zero) m

DDWEQ equivalent solid dewar thickness m \L
VOIFRC void fraction of the shield U
TBURN burn time s C
TRAMP OH ramp (charge) time S f
TOH OH swing time s {
TQNCH plasma quench time s

TBEAM startup heating duration S

POWFMW fusion power MW

RO major radius m

a plasma minor radius m

SCRAPL plasma scrape-off thickness m

KAPPA, « plasma elongation

PLSHAP plasma triangularity

TFLENG TF coil circumference m W
RIN TF coil inside leg radius m C
RTOTL TF coil outside leg radius m C
VOLCI volume of copper insert m3

TENO number of TF colls

DDW dewar thickness m

TFTHK TF coil thickness N
TESAO surface area of the outboard leg m? C

of a single TF coil

aSource: U
C

Input is supplied by user;
Input flows in from other modules.

i
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GOVERNING EQUATIONS

The neutronics calculations performed in this module are based on

the detailed neutronics model included as Attachment 1.

Maximum Shutdown Dose Rate (Fixed)

MXSDDR = 2.5 , mrem/h {24 h after shutdown) (hardwired in code)
Duty Cycle
DCYCLE = TBURN/(TRAMP + TOHS + TBEAM + TBURN + TQNCH)

(See input list for definition of various time increments.)

Duty Factor

DFAC = DCYCLE x AVAIL ,

where AVAIL is the input availability.

Correction Factors

CORDH = SPOOLT - 0.05 (m)

CORTFH

SPOOLT + DDWEQ - 0.05 - 0.025  (m)

CORTFD

SPOOLT + DDWEQ + THKCAS - 0.05 - 0.02 - 0.08  (m)

The above three terms are used to correct the steel shield thickness
by variation from base values of spool thickness, dewar metal thickness,
and TF case thickness which were used in the detailed neutronics calcu-
lation. SPOOLT is the spool thickness which should always be input as
zero (configuration no longer has a spool), DDWEQ is the equivalent

solid dewar thickness, and THKCAS is the TF coil case.
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TUNDH = 0.8 x CORDH
TUNTFH = 0.8 x CORTFH

TUNTFD = 0.8 x CORTFD

If tungsten is chosen as the inboard shield material, the above
three variables correct the tungsten inboard shield thickness for
variation in the steel spool, dewar, and TF case thickness.

Corrections to the outboard shield thickness are similar to the
inboard except an outboard spool was not part of the configuration used
in the detailed neutronics calculations. The inboard correction must be

modified by 0.05 m to be applicable to the outboard.

CORTFHO = CORTFH + 0.05
CORTFDO = CORTFD + 0.05
TUNTFHO = 0.8 x CORTFO

TUNTFDO = 0.8 x CORTEFDO
At this point, either subroutine SEGARA or subroutine TORUS is
called, depending on the value of ITORUS, in order to calculate the
value of the first-wall area designated as FWSUR.
Neutron Wall Loading
LW = 0.8 x POWFMW/FWSUR  (MW/m?)

where

POWFMW is the fusion power in MW and FWSUR is the surface area of

the first wall in m?.
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inboard Shield Thickness

If the inboard shield thickness, DSHI, is input greater than zero,
then that value is used. T1f DSHI is input as zero, then the value of

the required shield thickness is calculated as follows.

First, the required inboard shield thickness, DSHHI, to limit the nuclear

heating in the TF coil case is determined.

1f steel,
1n {2:239 x LW
MHTF
DSHHI = - CORTFH (m) ,
13.67

where MHTF is the wmaximum nuclear heating in the TF coil case in MW/ma.

If tungsten,

1 (8249 x LW)
VHTT

DSHHI = 1587 - TUNTFH (m)

Next, the inboard shield thickness required to limit the radiation dose

to the TF electrical insulator is determined.

If steel,
1y (62455 x 1012 x LW x DFAC x LIFE
DSHID = MXDOSE - CORTFD (m) ,
13.83
where

LIFE is the tokamak lifetime in years and MXDOSE is the maximum

dose to the TF coil in rads.
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If tungsten,

In (8.431 x 1012 x LW x DFAC x LIFE>

MXDOSE
DSHID = - TUNTED  (m)
18.22

The required inboard shield thickness is set equal to the greater value

of DSHHI or DSHID:

DSHI = DSHHI and/or DSHID

Outboard Shield Thickness

The outboard shield thickness, DSHO, is determined in a similar
manner as the inboard. An additional constraint, shutdown dose rate, 1is
imposed. Only stainless steel is considered. If DSHO is input >0,
then that value is used; if input is zero, the outboard shield thickness

is calculated based on the following limits.

Nuclear heating rate limit:

1y [5:539 x LW
MITE
DSHHO = - CORTFHO  (m)
13.67

Dose rate limit:

In (6.455 x 1012 x LW x DFAC x LIFE>

MXDOSE
DSHOD = - CORTFDO {m)
13.83

Shutdown dose rate:

2.32 x LW
In |22 2 2%
< MXSDDR >
DSHOSD = + 1.3 - CORDHO (m) ,
16.9
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where
MXSDDR is hardwired as 2.5 mrem/h.

The outboard shield thickness is set equal to the largest value of
DSHHO, DSHOD, and DSHOSD:

DSHO » DSHHO and/or DSHOD and/or DSHOSD

Shield Volume, Weight, Area

At this point, subroutine SEGARA or subroutine TORUS is called.
Knowing the shield thickness and location, the volume, weight, and
surface areas are calculated for either the D-shaped torus or rec-
tangular torus. (See explanations of subroutines SEGARA and TORUS

included at the end of this appendix section.)

TF Coil Geometry

At this point, the systems code exits the first-wall shield module
and enters the TF coil module. The TF coil surface area is needed in
the first-wall shield module in order to compute the total nuclear
heating in the TF coil allowed by the selected shield thickness. The TF
coil is configured to encircle the plasma plus shield or is configured
based on a limiting ripple criteria at the plasma edge. If the igloo
option is activated (i.e., the outer leg of the TF coil is allowed to be
embedded in the outboard shield), then the TF coil encircles the plasma
plus a minimum shield thickness (DSHOM) to protect the TF coil or is

again set by ripple--whichever is the most stringent requirement.

If IGLOO = 1, then the minimum thickness to protect TF coils is the user
input value DSHOM

DSHOP = DSHOM (m)
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or
DSHOP = value set by ripple = DSHOM  (m)
Recall that

DSHO = total outboard shield thickness.

(See the following appendix section on the TF module for additional

information.)

At this point, the systems code driver returns the code to the first

wall shield module.

Determine Inboard Heating Rates (for stainless steel inboard shield)

Heating rate at surface of carbon armor:
QFWI = 6.735 x LW (MW/m3)

Heating rate at surface of inboard shield:
QSHI = 9.77 x LW (MW/m3)

Heating rate at surface of TF dewar:

QDWI = 6.499 x LK x el~13-65 x (DSHI + CORDH)] (MW/m3)
Heating rate at surface of TF case:
QTFT = 5.539 x LW x ol 13-67 x (DSHL + CORTFH)] (MW/m?)
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Determine Inboard Heating Rates (for tungsten inboard shield)

(Refer to above definitions used for stainless steel inboard shields.)

QFWI = 7.03 x LW (MW/m3)

QSHI = 18.82 x LW  (Mw/m3) ,

QNI = 9.527 x LW x ol-17-86 x (DSHI + TUNDH)] MH/m3)
and

QUFL = 8.49 x Li x l-17-87 * (DSHT + TUNTE)] 0

Calculate Power Deposited in Inboard Region (for stainless steel inboard
shield)

Power deposited in the armor:
PFWI = IBDPC x 0.2 = POWFMW x (1 - SPLIT)
+ QFWI x AFWI x [1 - e (33:72 % 0.05), 45 59 o)
where

IBDPC is fraction of the first wall/armor alpha power going to the
inboard region;

SPLIT is fraction of alpha to limiter, and (1 - SPLIT) is the
fraction at alpha power to the first wall/armor;

POWFMW is total fusion power in MW;

AFWI is area of inboard armor computed in subroutine SEGARA or

subroutine TORUS.

The thickness of the armor is set at 5 cm for neutronic calculations.
Note that the power to the armor is composed of two sources (the alpha

power and the nuclear heating).
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Power deposited in inboard stainless steel shield:

-(12.62 x DSHI)

PSHI + QSHI x ASHI x [1.0 - e 1/12.62 (M) ,

where
ASHT is the front area of the inboard shield from SEGARA or TORUS.

Calculate Power Deposited in Inboard Region of TF Coil

(In Attachment 1, power deposition in the TF coil is modeled as
W/cm of coil length, assuming all neutrons transversing the shield are

intercepted by the coils.)

[-13.7 x (DSHI + CORTEH)]

PTFI = 11.89 x LW % e x CHAMLI x RFW/3.5  (MW)

3

where
CHAMLI is the equivalent length of the TF coil inner leg calculated as

CHAMLI = 2 x (a x KAPPA + SCRAPL) (m)

RFW is radius of the first wall referenced to the tokamak centerline;
3.5 is a normalizing factor and is the radius of the first wall of the

FED.

Calculate Power Deposition in Inboard Region (for tungsten inboard

shield)

(See above definition used in stainless steel inboard shield.)
PFWI = IBDPC x 0.2 x POWFMW x (1 - SPLIT) + QFWI x AFWI

. [e—(10.72 X 0'05)]/10.72 {(MW)

3
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o~ (16.2 DSHI) /16 5

PSHI = QSHI = ASHI x [1.0 - W),

and

PIEI = 17.93 x Ly x el-18 * (DSHI + TUNTFH)]

x CHAMLI x RFW/3.5 (MW)
Calculate the Neutron Flux (E > 0.1 MeV) in the Inboard Region

(for stainless steel inboard shields)
Flux incident on armor:
FLEWI = 2.26 x 1018 x 1w (neutron/s-m?)

Flux incident on inboard shield:

7.5 x 0.05)

FLSHI = FLFWI x e—( (neutron/s-m?)

(assumes 5-cm-thick armor)

Flux incident on dewar:

-[11.53 x (DSHI + CORDH)]

FLDWI = FLSHI x e (neutron/s-m?)

Flux incident on TF superconductor:

o~[13.77 x (DSHI + CORTFD)]

FLTFI = 1.694 x 1018 x LW x (neutron/s-m?)

(E > 0.1 MeV)
DPA in the copper stabilizer of TF coil:

-[13.89 x (DSHI + CORTFD)]

DPTFI = 2.693 x e * LW x DFAC x LIFE

(displacements per atom).
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Calculate the Neutron Flux (E > 0.1 MeV) in the Inboard Region

(for tungsten inboard shields)

(See definitions in above stainless steel section.)

FLFWI

t

2.58 x 108 x 1w (neutron/s-m?) ,

FLSHI o= (5.697 x 0.05)

i

FLFWI x (neutron/s-m?)

{(assumes 5-cm-thick armor) ,

-[15.47 x (DSHI + TUNTFD)]

FLDWI = FLSHI x ¢ (neutron/s-m?) ,

-[18.21 x (DSHI + TUNTFD)]

FLTFI = 2,285 x 1018 x LW x ¢ (neutron/s-m?)

(E > 0.1 MeV) ,

and

-[18.3 x (DSHI + TUNTFD)]

DPTFI = 3.342 x e x LW x DFAC x LIFE

(displacements per atom)
Calculate Heating Rates and Power Deposition in Outboard Regions

Heating rate at surface of first wall:

QFWO = 15 x LW (MW/m3)

Heating rate at surface of outboard shield:

QSHO = 14.74 x LW (MW/m3)

(based on 2-cm SS first wall solid thickness)

Heating rate at surface of TF dewar:

- [13.65 x DSHO]

QTFDO = 6.499 x LW x (MW/m3)

(if IGLOO = 1, DSHOP is used in above equation instead of DSHO)
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Heating rate at surface of TF coil case:

QIFO = 5.539 x LW x e~[13.67 x (DSHO + CORTFHO)]

(if IGLOO = 1, DSHO is used in above equation instead of DSHG)
Power deposited in outboard first wall:

PFWO = (OBDPC + EBDPC) % 0.2 x POWEMW x (1 - SPLIT) + QEWO

o ~(13.62 x FWoE

x (AFWO + AFWE) x [1 - Di/13.62 oWy

where
OBDPC is fraction of the first wall/armor alpha power to outboard
reglion;
EBDPC is fraction of the first wall/armor alpha power to end regions;

SPLIT is fraction of alpha power to the limiter and (1 - SPLIT) is

the fraction of alpha power to the armor/first wall;
POWFMW is total fusion power in megawatts;

AFWO and AFWE are areas of the outboard and end regions of the
first wall calculated in subroutines SEGARA or TORUS;

FWOEQ is the equivalent solid first-wall thickness in meters

(hardwired in at 0.02 m).

Note that the opower in the first wall is from two sources: alpha power

and nuclear heating.

Power deposited in outboard shield:

~(14.7 x DSHO)y /1, 4

PSHO = QSHO x (ASHE2 + ASHO3 + ASHO4) x [1 - e MWy,
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where

ASHE?2, ASHO3, and ASHO4 are the front surface areas of top, bottom,
and ends of the torus as calculated in subroutine SEGARA and sub-

routine TORUS.

Power deposited in outboard region of TF coil:

-{13.7 x (DSHO + CORTFHO)]

PTFO = 11.89 x LW x e x CHAMLQ

(MwW)
x TFSAO x (TFNO/SURF) x RFW/3.5

(if IGLOO = 1, DSHOP is used in above equation instead of DSHO),

where
TFSAO is the outboard TF coil area of a single coil calculated in
the TF module;
TENO 1s the number of TF coils;

SURF is the surface area obtained by rotating the TF outer leg

about the average radius of the TF coil;
where the equivalent TF outer leg length is given by

CHAMLQ = CHAMIN - CHAMLT (m) ;

where

CHAMLN is the total poloidal vacuum vessel circumference calculated
in subroutines TORUS and SEGARA

and

+ RTOTL)

SURF = (27) (LENTFQ) RIN > m?) ,

where

RIN is the TF coil inner radius from tokamak center;

RTOTL is the TF coil outer radius from tokamak center.



101

The calculation for heat deposition in the outer TF coil legs is
similar to that for the inner legs except that a correction has been
added for the open space between adjacent TF coil outer legs. (Recall
that the algorithm was derived as W/cm of length, assuming all neutrons

were intercepted.)
Calculate the Neutron Flux (E > 0.1 MeV) in the Outboard Region

Flux incident on first wall:

FLFWO = 2.58 x 1018 x Lw (neutron/s-m?)

Flux incident on outboard shield:

-(9.73 x FWOEQ)

FLSHO = FLFWO x ¢ (neutron/s-m?) ,

where

FWOEQ 1is the equivalent solid thickness of the first wall (a value

of 0.02 m is hardwired into the module).

Flux incident on dewar:

-(10.56 x DSHO)

FLTFDO = FLSHO x e (neutron/s-m?)

(if IGLOO = 1, DSHOP is used in the above equation instead of DSHO
to compute flux incident on TF dewar; however, even if IGLOO = 1,
the value of FLTFDO calculated with DSHO (the total outboard
shield thickness) is the value of neutron flux transmitted to the

reactor cell to compute wall thickness for environmental protection).

Flux incident on TF superconductor:

13.77 = (DSHO + CORTFDO)]

FLTFO = 1.68 x 1018 x LW x e"[ (neutron/s-m?)

(if IGLOO = 1, DSHOP is used in the above equation instead of DSHQ).
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DPA to outboard TF copper matrix:

- + E
o~ [13.89 x (DSHO + CORTFDO)] | [\ nrac x LiRE

DPTFO = 2.691 x
(displacements per atom);

(if IGLOO = 1, DSHOP 1is used in the above equation instead of DSHO).
Calculate Shutdown Dose Rate (24 h after shutdown)

-[16.9 x (DSHO - 1.3 + CORDHO)]

SDDR = 2.32 x LW x e (mrem/h) ;

(above equation valid after satuvation; i.e., after about 1 MWh /m?

at the first wall).
Calculate Dose to Inboard TF Electrical Insulation

For stainless steel inboard shielding:

- [13.83 x (DSHI + CORTFD)]
(rad)

DOSEI = 6.455 x 1012 x LW x DFAC x LIFE x

For tungsten inboard shielding:

-118.22 x (DSHI + TUNTED)]
(rad)

DOSEI = 8.43 x 1012 x LW x DFAC x LIFE x e

Calculate Dose to Outboard TF Coil

e—[13.83 x (DSHO + CORTFDO)]
(rad) ;

DOSEQ = 6.455 x 1012 x LW x DFAC x LIFE x

(if IGLOO = 1, DSHOP is used in the above equation instead of DSHO).

Calculate Cost of Various Torus Components

(Cost calculations shown are for the shield configuration ITORUS = 2;
i.e., the rectangular torus. Procedure is similar for ITORUS = 1, the

D-shaped torus.)
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Shield cost (stainless steel design)

80% of total volume is steel;

10% of top, bottom, and outboard is boron carbide.

Remove volume of copper insert embedded in shield if there is a copper

insert.
VTOTDPM = VTOT - VOLGI @),

where

VTOT is the total shield volume {calculated in TORUS subroutine);

VOLCI is the volume of the copper insert (calculated in TF module).

Cost of steel portion of shield:

CSTEEL = VTOTDM x (1 - VOIFRC) x UCSTL x DENSTL &,

where

VOIFRC is the input void fraction;
UCSTL is the input unit cost of steel;

DENSTL is the input density of steel.

Cost of boron carbide in shield:

CB4C = (VTOP + VBOT + VOUTBD) x 0.1 x DENB4C x UCB4C % ,
where

VIOP is volume of top of torus from subroutine TORUS;

VBOT is volume of bottom of torus from subroutine TORUS;
VOUTBD is volume of outboard shield from subroutine TORUS;
DENBAC is input density of boron carbide;

UCB4C is input unit cost of boron carbide.

(10% of the shield volume is assumed boron carbide.)
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Cost of bulk shield:

TCBS = (CSTEEL + CB4C)/10° ($ million)

Shield cost (tungsten design)
80% of inboard volume is tungsten;

10% of inboard volume is steel.

Cost of steel portion of shield in outboard, top, and bottom:

CSTEEL = (VTOP + VBOT + VOUTBD - VOLCI) x (1 - VOIFRC) x UCSTL x DENSTL ,
where

VTOP is the volume of the shield top from subroutine TORUS;

VBOT is the volume of the shield bottom from subroutine TORUS;
VOUTBD is the volume of the shield outboard from subroutine TORUS;
VOIFRC 1s the input void fraction;

UCSTL is the input unit cost of steel;

DENSTL is the input density of steel.

Cost of boron carbide portion of shield in top, bottom, and outboard:
CB4AC = (VTOP + VBOT + VOUTBD) x 0.1 x DENB4C x UCB4C

Cost of inboard shielding:

CINBD = VINBD x 0.1 x UCSTL x DENSTL + VINBD x 0.8 x UCTUN x DENTUN

3

where

VINBD is the inboard shield volume calculated in subroutine TORUS;
UCTUN is the input unit cost of tungsten;
DENTUN 1is the input density of tungsten.

Cost of bulk shield (tungsten option):

TCBS = (CSTEEL + CB4C + CINBD)/lO6 ($ million)
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Cost of first wall (outboard stainless steel panels)

CFW = 22500 x FWAREA/10° ($ million) ,

where
22500 is $/m?;

FWAREA is first-wall surface area calculated in subroutine TORUS.

Cost of graphite armor

CARMOR = 8800 x AARMOR/10° ($ million) ,

where

8800 is $/m?;
AARMOR is surface area of inboard armor calculated in subroutine
TORUS.

Cost of limiter blades

The pumped limiter forms a toroidal disk at the bottom of the
plasma. The center is assumed to be the plasma major radius of the
plasma. The width (L) scaled by the plasma minor radius from the FED
geometry as

L=ax1.4/1.3 .

The limiter area is, therefore,
” L )2 L 2]
= [ (s, + 5V (5, - 3Y°]

where

Ro is the major radius.
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Cost of limiter:

CLIM = 61000 x ALIM/10% . ($ million)

SUBROQUTINE SEGARA

(ITORUS = 1)

This subroutine calculates the volume and surface area for a
D-shaped torus. A 22.5° shield segment, shown in Fig. 4, is formed
around the plasma by calculating surface areas at each of five locations
progressing away from the plasma. The surfaces are indicated in Fig. 5.
The first location is the surface of the first wall. Succeeding locations
arc at the outside of the first wall, inside surface of the shield,
outside surface of the shield, and outside surface of a lead layer. The

inside surface of the first wall is defined by the following equations.

Inboard surface: R; = RO - A - SPI, H; = A x KAPPA + SPO ,

OQutboard surface: Ry = RO + A + SPO, Hy = 1/3(H;) ,

where

A = plasma minor radius

RO = major radius

KAPPA = plasma elongation
SPI = inboard distance from plasma to first wall
SPO = outboard distance from plasma to first wall
R; = radius to inboard first wall
H; = one-half of the maximum first-wall height
Ry = radius to outboard first wall

Hy = one-half of the minimum first-wall height
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"D" SHAPED TORUS

ORNL-DWG 84-3757 FED

22,5°

N
-

SHIELD VOLUME
CALCULATIONS

ASHTA

o /

Fig. 4. Shield torus segment.
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LOCATIONS FOR GEOMETRY CALCULATIONS
"D" SHAPED TORUS

ORNL-DWG 84-3758 FED

b

Fig. 5. Locations for geometry calculations, '"D" shaped torus.

8 SURFACE AREA CALCULATED é g
AT 5 LOCATIONS
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Top and bottom surface geometry is given by

A2 = (Ry - Rp) x 0.5 x (Wp + Wp3) ,
where
A2 = top and bottom first-wall surface area,
Wy, = inboard first-wall segment width,
Wo3 = first-wall width at the major axis.

The outboard 45° corners are tangent to the plasma scrape-off regiom.

The geometric locations are defined to be
(R ,H1) and (Ry, Hy/3)

Radii and heights are determined for each of the five locations
through the shield by looping through the subroutine SEGARA with
increasing thickness. Widths of the torus module are calculated

as follows:

=
-
I

= R; x 2 x tan(a/2) ,
Wo3 = RO x 2 x tan(a/2) ,

W3 = Ry x 2 x tan(a/2) ,

where
a = 22.5°,
W, = inboard first-wall segment width,
Wo3 = first-wall width at the major axis,
W3 = outboard first-wall segment width.

These widths are indicated in Fig. 6.
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"D" SHAPED TORUS

ORNL-DWG 84-37539 FED

PLAN VIEW
GEOMETRY

CALCULATED VALUES
Wy Wog Wy

Fig. 6. "D" shaped torus.
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Volumes of sections of the module are calculated using the formula for
the frustrum of a pyramid; that is, using inner and outer surface areas
and the section thicknesses as indicated in Fig. 4. A typical volume is
defined as

VOL = SHVI + SHVO + SHVE

b

i}

1/3(DSHI} (ASHI1 + Al + ~/ASHI1 x Al ) + 1/3(DSHO)

(ASHO3 + A3 + vASHO3 x A3 + ASHO4 + A4

X

VASHO4 + A4 ) + 1/3(DSHO) (ASHE2 + A2 + vASHE2 x A2 )

o

where

SHVI = segmented inboard shield volume,

SHVO = segmented outboard shield volume,
SHVE = segmented end bulk shield volume,
DSHI = inboard shield thickness,

DSHO = outboard shield thickness,

ASHI1 = frontside area of inboard bulk shield,
Al = backside area of inboard bulk shield,
ASHO3 = fronitside area of hypotenuse bulk shield,

A3 = backside area of hypotenuse bulk shield,
ASHO4 = frontside area of outboard bulk shield,

A4 = backside area of outboard bulk shield,
ASHE? = frontside area of end bulk shield,

A2 = backside area of end bulk shield.

Figure 4 also shows all the surface areas defined above.

The surface areas and module volumes are multiplied by 16 (internal to

the code) to obtain values for the full torus.

“The shield volume is then multiplied by 1.0 minus the input void fraction

(VOIFRC) to account for the portion of shielding that is water:
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VOLUME = 16 x VOL x (1 - VOIFRC)

SUBROUTINE TORUS
(ITORUS = 2)

This shield option recognizes that torus designs have become very
complex geometrically in the sense that the shield tends to be divided
into many modules, shielding extends radially outward between toroidal
field coil legs, and additional shielding is needed outboard of the TF
coil. The simple approach defined in this option provides a reasonable
representation of these requirements. It should be pointed out, however,
that with this configuration the TF coil outer leg is not necessarily
embedded in the outboard shield. If one specified IGLOO = 0, the TF
outer leg will be sized to encircle the total outboard shield thickness.
Even if IGLOO = 1, which allows embedding the TF leg in the shield, the
magnetic field ripple requirement at the plasma edge may be such that
the outer TF leg is sized such that it also completely encircles the
total outboard shield.

The shield is represented by the cross section shown in Fig. 7.
Volume is based on a toroidal revolution of the section shown. The
volume is therefore represented by disks at the top and bottom and by
three cylinders.

Radii R; through Rg define the inner and outer radii of the three
shield cylinders, as shown and defined in Fig. 8. The vertical distances
from the plasma center to the inside of the shield surfaces, HTl and
HBl’ are also shown and defined in Fig. 8. <Calculations to define these
dimensions are as follows.

RADIT (Figs. 8 and 9)

Ry = RO - a - SCRAPL - DFWI - DI2 - DSHI (m) ,
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SHIELD VOLUME ITORUS =2 MODEL

ORNL-DWG 84-3760 FED
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Fig. 7. Shield volume ITORUS = 2 model.



ITORUS =2 BULK SHIELD MODEL GEOMETRY

ORNL-DWG B4 -376¢
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Fig. 8. ITORUS = 2 bulk shield model geometry.
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MODEL FOR STAINLESS STEEL
FIRST WALL PANELS AND ARMOR

ORNL-DWGB4 -3762 FED

ARMOR
/j
Tﬁ +o Xk +
) : [ NS
' T
- | ouTsoARD
‘ R3 FIRST WALL

Fig. 9. Model for stainless steel first wall
panels and armor.
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where

R0 is the major radius,

a is the plasma minor radius,

SCRAPL 1is the scrape-off thickness,
DFWI is the armor thickness,

DI2Z is a gap between armor and shield,

DSHI is the inboard shield thickness.

R, = Ry + DSHI (m)
Ry = R+ a + SCRAPL + DFWO + D02 (m)

where

DFWC 1s the outboard first-wall thickness,

DO2 is a gap between first wall and outboard shield.
= Rz + DSHO m) ,

where

DSHO is the total outboard shield thickness.

At this point, a test is made to determine if the TF coil outer leg

dimension (transferred from the TF module) is greater than RCLEAR’ If
it is, Ry, Rs, and Rg are equal to Rz. If the TF coil outer leg
dimension is less than RCLEAR’ then the leg is embedded in the shield,

and calculations for Ry, Rz, and Rg are made as follows:

Ry = Rz + DSHOP (m)

b

where

DSHOP is the shield thickness inboard of the TF coil outer leg.
Value is transferred from TF module and is > DSHOM, where DSHOM

is the input minimum shield thickness to protect the TF coil.
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Rs = Ry + DDW + TFTHK + DDW + DAGO

where

DDW is the TF dewar thickness,

TFTHK is the TF coil thickness,

DAGO is the input gap between the outboard shield and TF coil.

Rg = Rg + DSHO - DSHOP

HEIGHT TO TOP

HT; = a x k + SCRAPL + DFWI + DI2

where
k is the plasma elongation.
THICKNESS OF LIMITER (Fig. 7)

TLIM = 0.3 x a/1.3 (m) ,

scaled from a point design.

THICKNESS OF PUMP DUCT ( Fig. 7)

Toyer = 0-3 % a vk

scaled from a point design.
HEIGHT TO BOTTOM
H,, = a x kx TLIM + T

Bl DUCT

PERIMETER OF CIAMBER (inside dimension)

CHAMLN = [(HT; - DFWI - DI2) + Hpy] x 2.0 + (a + SCRAPL) x 4.0

(m)

(m)

(m)
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Shield volumes are defined as follows.

Top and bottom disk:

L
1l

DSHO w(RZ - RY)

Inboard:

V. = (H., +H

.'\2 2
1 71 *Hg) T - RY

1

Qutboard:

_ A 2 5%y ., (p2 _ n2
Vo = (Hy + Hpy) n[(R, - RY) + (RE - RY)]
SURFACE AREA OF ARMOR (Figs. 8 and 9)

- 2 R2 +
AARMOR = w[R5 - R5] + ZﬂRZ(HTl +a X K + LLIM)

SURFACE AREA OF FIRST WALL (Figs. 8 and 9)
FWAREA = 2nR3(Hp; + a X «)

SHIELD SURFACE AREAS (inside faces) (Fig. 5)

(needed in shield power deposition calculation)

Inboard:

ASHI = 2w x Ry x (HT1 + HBl)
Outboard:

ASHO4 = 2w x Rz x (HTl + HBl)

(m?)
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Top:

ASHE2 = w(R3 - R3) x 2

SURFACE AREA ADJACENT TO PLASMA

(needed in first-wall/armor power deposition calculations)

Inboard:

AFWI = 2w x (Rp + DFWI)(Hp, + Hp,)
OQutboard:

AFWO = 2m x (R3 - DFWO) (H, + Hg,)

Top and bottom:
AFWE = w[(R3 - DFWO)? - (R, + DFWI)?2] x 2
TOTAL
FWSUR = AFWI + AFWO + AFWE
ATTACHMENT 1

NEUTRONICS MODEL

The neutronics model developed for the tokamak systems code is
based on the FED design configuration! shown in Table 8. Two shielding
options, steel and tungsten, are included in the model for the inboard
section of the reactor with steel shield for the outboard section. The
shield compositions for the two options are as follows: (1) 80% type
316 steel, 10% ByC, and 10% H,0 for steel shield; and (2) 80% W, 10% type
316 steel, and 10% H,0 for tungsten shield. The choice of these com-

positions is based on the homogeneous optimization study? for a D-T
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Table 8. Geometrical model and zone compositions
for the neutronics model

Radius (cm)

Zone Thickness Composition
description From To (cm) volume percentage
TF coil case 174 182 8 100% type 136 steel
TF coil winding 182 239 57 5% NbTi, 23% Cu, 19% He,

45% type 316 steel,

)

% insulator

TF coil case 239 247 8 100% type 136 steel

Thermal insulator 247 264.5 17.5 1% insulator

TF dewar 264.5 267 2.5 100% type 316 steel

Gap 267 277 10 Vacuum

Spool structure 277 282 5 100% type 316 steel

Gap 282 285 3 Vacuum

Inboard shield? 285 345 60 80% type 316 steel,
10% B,C, 10% H,0

Armor 345 350 5 100% carbon

Scrape-off 350 370 20 Vacuum

Plasma 370 630 260 Vacuum

Scrape-off 630 650 20 Vacuum

First wall 650 652 2 50% type 316 steel,
50% H»0

Outboard shield 652 780 128 80% type 316 steel,
10% B,C, 10% H,0

Structure 780 790 10 100% type 316 steel

Lead shield 790 795 5 100% Pb

“p composition of 80% tungsten, 10% type 316 steel, and 10% Hy0 is
used for tungsten shield.
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neutron exposure of vl to 6 MWy/m2 at the first wall. Two armor materials
for the inboard first wall are included in the model for each shielding
option.

The neutronics calculations for the model were performed using the
discrete ordinate code ANISN3 with Sg symmetric angular quadrature set
and P3 legendre expansion for the scattering cross sections. A 67
multigroup cross section (46 neutrons and 21 protrons) collapsed from
the CTR library" was used for ANISN calculations. The MACKLIBS was
employed to calculate the nuclear responses (nuclear heating, radiation
damage, gas production, etc.). For dose equivalent after shutdown, the
calculations follow the ANISN-RACC-ANISN path.®:7 The ANISN code was
first used to obtain the steady-state neutron fluxes in each internal of
the geometry. These fluxes, after normalization for the proper neutron
wall loading at the first wall, were used by the RACC code to generate
the decay gamma source distributions for various operating times and
decay periods after shutdown. Decay gamma transport was then performed
with the ANISN code to obtain the dose equivalent for each gamma source
distribution. The dose equivalent results adopted for this model assume
the following parameters: (a) a 1-MW/m? neutron wall loading at the
first wall, (b) a l-year operating time, and (c) a l-day decay time
after shutdown.

A parametric study was performed to generate nuclear responses as
a function of the shield thickness (inboard and outboard) using a
homogeneous shield composition for both types of shield, type 316 steel
and tungsten. As an example, Figs. 10 through 16 are plots of the
different nuclear responses calculated for both shields with carbon
armor. All these results are normalized to 1-MW/m? D-T neutron wall
loading or 1-MWy/m? D-T neutron exposure at the first wall. Figure 10
gives the dose in the thermal insulator as a function of the shield
thickness for both shields. The tungsten shield reduces the electrical
insulator dose by a factor of 10 compared to the steel shield at 60-cm
shield thickness. The maximum dose in the electrical insulator is 0.23
times the thermal for both shields. Figure 12 gives the maximum nuclear

heating in the case and the dewar of the TF coils. The total nuclear



122

ORNL-DWG 84-3842 FED

- L - i
RSt ~
e ~_ STEEL SHIELD
~- 40 ~
w il \\ —-—
w2 L ~ o
(& - ~
(&) L ~ -
x I ~ —
e T N
< I TUNGSTEN SHIELD ™
2 »
z
22
= 10 [
o Lo
["N] b
p .
}— —

35 40 45 50 55 60

INBOARD SHIELD THICKNESS (cm)

Fig. 10. Maximum dose in the thermal insulator normalized
to 1 MWy/m? DT neutron exposure at the first wall as a function
of the inboard shield thickness for tungsten and steel shield.
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Fig. 11. Maximum dose in the electrical insulator normalized
to 1 MWy/m? DT neutron exposure at the first wall as a function
of the inboard shield thickness for tungsten and steel shield.
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Fig. 12. Maximum nuclear heating in the dewar case of the
TF coils nomralized to 1 MW/m? neutron wall loading at the first
wall as a function of the inboard shield thickness for steel
and tungsten shield.
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function of the inboard shield thickness for tungsten and
steel shield.
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heating per unit length of the TF coils in the inboard section is shown
in Fig. 13. Figure 14 gives the maximum neutron fluence (E > 0.1 and 0.0
MeV) in the NbTi superconductor. The maximum radiation damage in the
copper stabilizer in terms of the induced resistivity is shown in Fig. 15.
For the outboard shield, Fig. 16 shows the total neutron flux as a
function of the shield thickness for both shields, wherever the tungsten
shield is not included in the model.

The results from the parametric study were used to generate numerical
fitting for the results for each nuclear response as a function of the
shield thickness, the D-T neutron wall loading (MW/m?), and the total
operating time (y). The D-T neutron wall load and the D-T neutron
exposure in MWy/m? are calculated at the first wall. This process was

carried out for four different configurations as follows.

1. Steel shield for the whole reactor with 5-cm carbon armor for the

inboard first wall.

® Thermal insulator dose (rads) in the inboard section of the
TF coils
= neutron exposure (MWy/m?) x 1.428 x 1013 x exp[-0.1381 x t(cm)],

where t is the thickness of the inboard shield as shown in Table 8.

® FElectrical insulator dose (rads) in the inboard section of
the TF coils

= neutron exposure (MWy/m?) x 6.455 x 1012 x exp[-0.1383 x t(cm)].

® Maximum neutron flux (n/cm”-s) at the inboard superconductor of

the TF coils with E > 0.1 MeV

= neutron wall loading (MW/m?) x 1.684 x 101% x exp[-0.1377 x t{cm)].

® Maximum neutron flux (n/cmz—s) at the inboard superconductor of
the TF coils with E > 0.00 MeV

= neutron wall loading (MW/m?) x 3.131 x 101% x exp[~0.1367 x t(cm)].
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Maximum neutron fluence (n/mz) at the inboard superconductor of

the TF coils with E > 0.1 MeV, MNFGI1

= neutron exposure (MWy/m?) x 5.321 x 1021 x exp[-0.1377 x t(cm)].

Maximum induced resistivity ({l-cm) in the covner stabilizer of

thin board section of the TF coils
= [1.449 + 78.1(MNFGL x 10 *8) - 7.157(MNFGL x 107 18)2

+ 0.2852(MNFGL x 107°%)3] x 1072

Maximum atomic displacement (dPa) in the copper stabilizer of the

inboard section of the TF coils

= neutron exposure (MWy/m?) x 2.693 x exp[-0.1389 x t(cm)].

Maximum nuclear heating rate (W/ecm®) in the board section of the

TF dewar

= neutron wall loading (MW/m?) % 6.499 x exp[-0.1365 x t{cm)].

Maximum nuclear heating rate (W/cm3) in the inboard TF case

= neutron wall loading (MW/m?) x 5.539 x exp[-0.1367 x t{cm)].

Total nuclear heating rate per unit length (W/cm) in the inboard

section of the TF coils, winding pack and case

= neutron wall loading (MW/m?) x 1.189 x 10° x expf[-0.1370 x t{cm)].

Nuclear heating in the inboard shield (W/cm3) with 5-cm carbon

armor between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 9.770 x exp[-0.1262 x t{cm)].

Nuclear heating in the inboard carbon armor (W/cm3)
= neutron wall loading (MW/m?) x 6.735 x exp[-0.1372 x C(cm)],

where C is the carbon armor thickness and varies from 0 to 5 cm.
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® Nuclear heating in the outboard first wall
= neutron wall loading (MW/m?) x 15.00 x exp[-0.1362 x F(cm)],

where F is the first-wall thickness and varies from 0 to 2 cm.

¢ Nuclear heating in the outboard shield with 2-cm first wall

between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 14.74 x exp[-0.1474 x t(cm)].

® Total neutron flux in the shield, ¢(t), n/cm?-s
= neutron wall loading (MW/m?) x ¢O X exp[«k(cm—l) x t(em)],

where ¢O is the total nsutron flux at the surface of the zone
under consideration, ¢(t) is the total neutron flux at t centi-
metexr from the surface of the zone under consideration, and 1/t

is the mean free path (cm) of the material in the zone under

consideration.
Zone ¢o T
FAST NEUTRON FLUX E > 0.1 MeV
Inboard shield with 5-cm carbon armor 1.27 x 10" 0.1153
Carbon armor (0 to 5 cm) 2.26 x 10" 0.0750
Qutboard first wall (0 to 2 cm) 2.58 x 1obt 0,0973
Outhoard shield with 2-cm first wall 2.12 x 10" 0.1056
TOTAL NEUTRON FLUX E > 0.0 MeV
Inboard shield with 5-cm carbon armor 3.36 x 10L% 0.1129
Carbon armor (0 to 5 cm) 1.91 x 10t* 0.0743
Outboard first wall (0 to 2 cm) 3.72 x 101" 0.1102
Outboard shield with 2-¢m first wall 2.98 x 1pi% 0.1016
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Tungsten shield for the inboard section with 5-cm carbon armor for

the inboard first wall and steel shield for the outboard section.

® Thermal insulator dose {rads) in the inboard section of the

TF coils
= neutron exposure (MWy/m?) x 1.914 x 10!3 x exp[-0.1816 x t(cm)]

r

where t is the thickness of the inboard shield as shown in Table 8.

® [Electrical insulator dose (rads) in the inboard section of

the TF coils

= neutron exposure (MWy/m”) x 8.431 x 1012 x exp[-0.1822 x t(cm)].

® Maximum neutron flux (n/cm?-s) at the inboard superconductor of

the TF coils with E > 0.1 MeV

= neutron wall loading (MW/m?) x 2.285 x 10" x exp[-0.1821 x t(cm)].

® Maximum neutron flux (n/cm?-s) at the inboard superconductor of

the TF coils with E > 0.0 MeV

= neutron wall loading (MW/m?) x 4.813 x 10" x exp[-0.1805 x t(cm)].

® Maximum neutron fluence (n/mz) at the inboard superconductor of

the TF coils with E > 0.1 MeV, NMFGI1

= neutron exposure (MWy/m?) x 7.221 x 1021 x exp[~-0.1821 x t(cm)].

® Maximum induced resistivity (Q-cm) in the copper stabilizer of

the inboard section of the TF coils
= [1.449 + 78,1 (MNFG1 x 10"18) - 7.157 (MNFG1 x 10"18)2

+ 0.2852(MNFG1 x 107 8)%] x 107°

® Maximum atomic displacement (dPa) in the copper stabilizer of the

inboard section of the TF coils

= neutron exposure (MWy/m?) x 3.342 x exp[-0.1830 x t{cm)].
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Maximum nuclear heating rate (W/cm3) in the inboard section of

the TF dewar

= neutron wall loading (MW/m?) x 9.527 x exp[-0.1786 x t(cm)].

Maximum nuclear heating rate (W/cm3) in the inboard TF case

= neutron wall loading (MW/m?) x 8.490 x exp[-0.1787 x t(cm)].

Total nuclear heating per unit length (W/cm) in the inboard

section of the TF coils, winding pack and case

= neutron wall loading (MW/m?) x 1.793 x 105 x exp[-0.1800 x t(cm)].

Nuclear heating in the inboard shield (W/cm3) with 5-cm carbon

armor between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 18.82 x exp[-0.1620 x t(cm)].

Nuclear heating in the inboard carbon armor (W/cm3)
= neutron wall loading (MW/m?) x 7,029 x exp[-0.1072 x C(cm)],

where C is the carbon armor thickness and varies from 0 to 5 cm.

Nuclear heating in the outboard first wall
= neutron wall loading (MW/m2) x 15,84 x exp[-0.1261 x F(cm)],

where F is the first-wall thickness and varies from 0 to 2 cm.

Nuclear heating in the outboard shield with 2-cm first wall

between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 14.74 x exp[-0.1474 x t(cm)].

Total neutron flux in the shield, ¢(t), n/cm?-s
= neutron wall loading (MW/m?) x ¢O x exp[gk(cm—l) x t(cm)];

¢O, $(t), and A are defined in Part 1.
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Zone

FAST NEUTRON FLUX E > 0.1 MeV

Inboard shield with 5-cm carbon armor 1.943 14 0.1547
Carbon armor (0 to 5 cm) 2.584 14 0.05697
OQutboard first wall (0 to 2 cm) 2.899 14 0.05320
Qutboard shield with 2-cm first wall 2.557 14 0.1056
TOTAL NEUTRON FLUX E > 0.0 MeV
Inboard shield with 5-cm carbon armor 3.132 14 0.1519
Carbon armor (0 to 5 cm) 4.323 14 0.06450
Outboard first wall (0 to 2 cm) 4.657 14 0.08919
Outboard shield with 2-cm first wall 3.896 14 0.1016

3. Steel shield for the whole reactor with 2-cm steel armor for the

inboard first wall. The nuclear responses in the TF coils for the

carbon armor given in Part 1 can be used with (t + 2) instead

of t for the shield thickness.

Nuclear heating in the inboard shield (W/cm3) with 2-cm steel

@

armor between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 11.96 x exp[~0.1350 x t(cm)].
® Nuclear heating in the inboard steel armor (W/cw?)

= neutron wall loading (MW/m?) x 12,27 x exp[-0.1749 x S(cm)],

where S 1s the steel armor thickness and varies from 0 to 2 ci.
® Nuclear heating in the outboard first wall

= neutron wall loading (MW/m?) x 15.17 x exp[~0.1380 x F{cm)}],

where F is the first-wall thickness and varies from 0 to 2 cm.
@

Nuclear heating in the outboard shield with 2-cm first wall

between the D-T neutron source and the shield surface
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= neutron wall loading (MW/m?) x 14,85 x exp[-0.1367 x t{cm)].

®* Total neutron flux in the shield, ¢(t), n/cm?-s
= neutron wall loading (MW/m%) x ¢O x exp[-A(em 1) x t(cm)];

¢0, ¢(t), and X are defined in Part 1.

Zone 0 T

FAST NEUTRON FLUX E > 0.1 MeV

Inboard shield with 2-cm steel armor 1.59 x 10t 0.0965
Steel armor (0 to 2 cm) 2.10 x 10}* 0.1378
Outboard first wall (0 to 2 cm) 2.50 x 10i% 0.0953
Outboard shield with 2-cm first wall 2.07 % 10t% 0.1054
TOTAL NEUTRON FLUX E > 0.0 MeV
Inboard shield with 2-cm steel armor 2.36 x 1014 0.0971
Steel armor (0 to 2 cm) 3.20 x 101" 0.1520
Qutboard first wall (0 to 2 cm) 3.30 x 101" 0.1148
Outboard shield with 2-cm first wall 2.62 x 10" 0.1009

4. Tungsten shield for the inboard section with 2-cm steel armor for
the inboard first wall and steel shield for the outboard section.
The nuclear responses in the TF coils for the carbon armor given in
Part 2 can be used with (t + 2.8) instead of t for the shield

thickness.

® Nuclear heating in the inboard shield (W/cm3®) with 2-cm steel

armor between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 23.39 x exp[-0.1646 x t(cm)].

® Neutron heating in the inboard steel armor (W/cm3)
= neutron wall loading (MW/m?) x 13,29 x exp[-0.1565 x S(cm)],

where S is the steel armor thickness and varies from Q0 to 2 cm.
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® Neutron heating in the outboard first wall
= neutron wall loading (MW/m?) x 16.17 x exp[-0.1310 x F(cm)],

where F is the first-wall thickness and varies from O to 2 cm.

® Nuclear heating in the outboard shield with 2-cm first wall

between the D-T neutron source and the shield surface

= neutron wall loading (MW/m?) x 14,85 x exp[-0.1367 x t(cm)].

¢ Total neutron flux in the shield, ¢(t), n/cm?-s
= neutron wall loading (MW/m?) x ¢o X exp[—k(cm—l) x t(em)];

¢o’ ¢(t), and X are defined in Part 1.

Zone ¢O T

FAST NEUTRON FLUX E > 0.1 MeV

Inboard shield with 2-cm steel armor 1.929 + 14 0.1591
Steel armor (0 to 2 cm) 2.378 + 14 0.1067
OQutboard first wall (0 to 2 cm) 2.7309 + 14 0.0486
Outboard shield with 2-cm first wall 2.9777 + 14 0.1054
TOTAL NEUTRON FLUX E > 0.0 MeV
Inboard shield with 2-cm steel armor 3.081 + 14 0.1513
Steel armor (0 to 2 cm) 4,076 + 14 0.1396
Outboard first wall (0 to 2 cm) 4,470 + 14 0.0925
Outboard shield with 2-cm first wall 3.715 + 14 0.1009




137
REFERENCES

1. C. A. Flanagan et al., Fusion Engineering Device Design
Desceription, ORNL/TM-7948, Oak Ridge Natl. Lab., 1981.

2. Y. Gohar and M. A. Abdou, "U.S. INTOR Radiation Shield Design,"
in Proc. of the 6th Int. Conf. on Radiation Shielding, Tokyo, May 16-20,
1983.

3. W. W. Engle, Jr., 4 User's Manual for ANISN, A One-Dimensional
Discrete Ordinates Code with Anisotropic Scattering, ORGDP-K-1963,

Oak Ridge Gaseous Diffusion Plant, 1967.

4, R. W. Roussin et al., The CTR Processed Multigroup Cross
Section Library for Neutronics Studies, ORNL/RCSIC-37, Oak Ridge Natl.
Lab., July 1980,

5. Y. Gohar and M. A. Abdou, MACKLIB-IV: A Library of Nuclear
Response Functions Generated with MACK-IV Computer Program from
ENDF/B-IV, ANL/FPP/TM-106, Argonne National Laboratory, 1979.

6. J. Jung, Theory and Use of Radioactivity Code RACC,
ANL/FPP/TM-122, Argonne National Laboratory, 1979,

7. Y. Gohar, "FED/INTOR Activation and Biological Dose," Traus.
Am. Nucl. Soc. 43, 293-94 (1982).



138

3. TOROIDAL FIELD COIL MODULE

The TF module develops the design of the TF coils and bucking
cylinder. The TF winding cross-sectional area is determined based on a
required field on axis at a given plasma major radius consistent with an
input value of current density over the winding pack and an allowable
stress level in the coil. An iteration loop is available that will
adjust the field on axis to maintain a specified maximum field at the
winding. The TF outer leg is sized based on the larger of (1) a minimum
radius to accomodate the torus or (2) a radius to limit the value of
magnetic field ripple at the plasma edge to an acceptable value. The
TF coil shapes may be a constant temsion shape or an arbitrary shape.

An estimate is made of the stored magnetic energy and the cycle average
ac losses in the coil case due to the pulsing poloidal field (PF) coils.
The TF coil may be superconducting or resistive. Capability to provide
enhancement of the field on axis is available by calling a copper insert
subroutine. A bucking cylinder is sized to restrain the TF coil centering

force.

MAJOR ASSUMPTIONS AND CONSTRAINTS

Once the coil shape is known, the coil ampere-turns and field
distribution inside the magnet bore are determined by using Ampere's

law.

MODULE INPUT

Key user-input items to the TF module include: plasma major radius,
field on the plasma axis, maximum field at the TF coil winding, winding
current density, allowable stress, number of TF coils, and unit cost

values. Tables 9 and 10 list user input for the TF module.
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Table 9. User Input — Toroidal field coil (and copper insert) input data

ACASTR allowable hoop stress psi

ACSTN allowable strain (no longer used)
DAGI TF inside gap between shield and dewar il

DAGC TF outside gap between shield and dewar m

DCASE case density kg/m3

DCOND conductor density kg/m3

DCS fraction of gap between circle and

trapezoid not filled with conductor
or winding

DDW dewar thickness (including dewar, n

nitrogen shield and vacuum space)
EBUCK bucking cylinder module of elasticity psi
ECASE TF case module of elasticity psi (no longer used)
ECOND conductor module of elasticity psi (no longer used)
FCFBUC fraction of centering force assumed to

be supported by bucking cylinder

FWEDGE TF coil cross section (if 1, trapezoidal;
if 0, rectangular; if >0, <1, in between)

HMAX maximum height of TF coils (used with m
SHAPTF = 2 only)

JCDOUT outer TF leg current density (if O, A/cm?
JCDOUT = JCONTF)

JCONTF conductor current density A/cm?

ITFKA TF coil operating current kA

NUBUCK Poisson's ratio for bucking cylinder

OACDTF overall current density (used with A/cm?
SHAPTF = 2 only)

RHMAX the radius to the maximum TF coil height m
(used with SHAPTF = 2 only)

RHOTF coil resistivity (if superconducting, Q-m
RHOTF = 0)

RMAX TF coil maximum radius (used with m

SHAPTF = 2 only)

SHAPDW dewar shape option (1 = ORNL dewar
system)

SHAPTF TF coil shape option (1 = constant tension
D-shaped, 2 = arbitrary, 3 = modified
constant tension)

TFNO number of TF coils



140

Table 9 (continued)

TFTMP
THKCAS
TOLTOR

UCBC
UCCASE
UCCOND
VFTF
XTP

YSBUCK
YTP

TF coil operating temperature
assumed TF case thickness

the tolerance between a torus
sector and the TF window for
straight-line sector removal

unit cost of bucking cylinder
unit cost of TF case

unit cost of TF conductor
conductor void fraction

TF coil inboard leg radius (used with
SHAPTF = 2 only)

bucking cylinder yield strength

height of inner TF leg staight
section (used with SHAPTF = 2 only)

K
m

m (no longer used)

dollars/kg
dollars/kg
dollars/kg

psi
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Table 10. TF Input flowing in from other modules of the systems code

RSHLDI inboard shield inner radius i)
BT field on axis T
RO major radius m
RSLDO outboard shield outer radius m
IGLOO shield shape option
DSHO outboard shield thickness
DSHOM minimum outboard shield thickness to

protect TF coil
RIPPLE maximum ripple %
BMAXTF maximum TF ripple field at coil T
BV plasma poloidal field T
TOHS OH solenoid swing time s

TQNCH plasma quench time s
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GOVERNING EQUATIONS

Refer to Figs. 17 and 18 for geometric relationship.

CALCULATE MAXIMUM TF FIELD AT THE WINDING

Radius from device center to high-field side of inner leg (m):
RC = RSHLDI - DAGI - DDW ,

where

RSHLDI is the radius from device center to the inboard shield (m);
DAGI is the gap between inboard shield and TF coil (m);
DDW is the thickness of the dewar.

DCS = RC(1 - cos W/nTF) (m)

Radial distance between circle with radius RC and trapezoid winding.
If DCS (an input item) is entered as zero, this space is utilized as
part of the winding (i.e., trapezoid with an arc). If DCS is entered as
1, a trapezoid area is used and this space is empty.

Radius to conductor edge from device center.
R2 = RC - DCS - THXCAS (m) ,

where

THKCAS is an input estimate of the TF case thickness in meters

(only used in calculating max field).

- RO
TEMAX = BT X &> (T)

If BMAXTF (an input item) is entered as zero, then TFMAX is used as
BMAXTF. If BMAXTF is entered as a positive value, then new values of BT

are returned to the physics module until TFMAX = BMAXTF.
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CALCULATE TF CROSS SECTION

21 x RO x BT
4n x 1077

NITF =

Total TF ampere-turns.

. BVAXTE _  31.1 DCOND
ASAC = 0.6 x v/ 10~ ACASTK * <BEK§E> (1 - VETF)

Structure to conductor area ratio,
where

ACASTK is the allowable stress in KSI based on the number of
tokamak cycles over life and the initial flaw size (see Fig. 19 for
a representative plot of stress vs number of cycles for an initial

flaw size of 0.1 in.).

(1 + ASAC) x NITF
(1 x 10%)JCONTF

TAFT = (m?)
Total cross-section area,
where

JCONTF is conductor current density in A/cm?.

CALCULATE INNER RADIUS OF INBOARD LEG

The cross~section shape may be varied from trapezoid (FWEDGE = 1)
to rectangular (FWEDGE = 0).
If trapezoid (FWEDGE = 1).

2 x TAFT
- 2 _ ]
RCP = V/QRC) TFN x sin(2n/TFN) x cos (i/TEN) (m)

where

TFN is the number of TF coils.
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If shape is rectangular or in between trapezoid and rectangular
(0 < FWEDGE < 1), then

e RCP = initial guess

Width of the wedge section is (Fig. 20):

WB = [RC x sin(n/TFN) - RCP x tan(uw/TFN)] x (1 - FWEDGE) {m)

Height of the wedge section is

QL
*55‘ WH = WB/tan (w/TEN) (m)
S
ol

Area of wedge is

AW = WB x WH/?2
The inner rvadius of the inboard leg is determined from
5 TATF AW

-LM~*~*RCP = RC? - TEN 2 x cos (n/TFN) {m)

sin(2w/TFN)

We must iterate back to the initial guess on RCP until the initial
guess for RCP and the calculated value of RCP are within tolerance.
If the radical above is negative, a message is printed that there is
insufficient space for the TF coil inner leg, and the execution of the

code is terminated.
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Fig. 20. Sketch showing wedge section of winding removed toc form
a rectangular cross section.
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CALCULATE INBOARD LEG THICKNESS AND WIDTH

Radial build of inboard annulus:
DTF = RC - RCP (m)
TF coil thickness:
TFTHK = DTF - DCS (m)
Average radius of the inboard leg relative to the device center:
RIN = RC - DCS - TFTHK/2 .
Inboard leg half width (plasma side):
TFICRN = RC x sin(r/TEN) ~ wb .
Inboard leg half width (bulking cylinder side):
TFOCRN = RCP x sin(w/TFN)

CALCULATE OUTER LEG LOCATION

The minimum TF coil outer leg radius, relative to the device
centerline, is that radius required to just accommodate the plasma,
shield, and selected gaps. This value is compared to a TF outer leg
radius consistent with a minimum value of magnetic field ripple at the
plasma edge. The larger value of these two radii is selected as the TF
coil outer leg radius. Outer leg location from the device centerline to

the midpoint of the outboard leg winding based on radial build:

RTOT = RSLDO + DAGO + DDW + TFTHK/2 (m) ,
where

RSLDO is the outboard shield radius relative to the device centerline.
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If an igloo configuration is selected (controlled by the input
variable Igloo = 1), the TF outer leg may be embedded in the outboard
shield, in which case the value of RTOT is modified to just accommodate

a minimum input outboard shield thickness, DSHOM, instead of the entire

outboard shield thickness, DSHO.

RTOT = RTOT - DSHO + DSHOM (m) (if Igloo = 1)

Outer leg location to the midpoint of the winding based on ripple:

1/TENO

ROTRP = X1/(X2) (m) ,
where
X1 =1.023 (RO + A) ,
X2 = Ripple/[1.03333 + 0.21048(TFNO) - 0.044525(TFNO)2

+ 0.0035(TFNO)3 -~ 0.000129(TFNO)"
+ 1.85 x 107 °TENO®]

The larger value, RTOT or RTOP, is selected at the TF coil outer leg

radius designated as RTOTI.
Clear horizontal bore:
BOREH = RTOT1 - RIN - TFITHK - 2 x DDW (m)

TF COIL SHAPE

Three TF coil geometry options are available in the TF module of
the FED systems code. Among these three, the first option is the constant-
tension, D-shaped TF coil geometry. The second option is for the

arbitrarily shaped TF coil geometry, which can be simulated by three curves
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and one straight line passing through three predetermined point locations.
The last option describes the non-constant-tension TF coil geometry with
the first center of curvature located at the machine center.

In the first option, specified by SHAPTF = 1, the basic parameters
necessary for determining the exact shape of a constant-tension, D-shaped
magnet are Ri, R,, HRl’ Hmax’ and RHmax (shown in Fig. 21). Ry and R2 are
the same as the previously defined variables RIN and RTOT1. The ratios
Ry/Rys Hpy /Ry Hopoo
independent variable pz/R2 were curve-fitted by Moses and Young.! Each

/RZ’ and RHmax/R2 for different values of the

ratio was presented by a fourth-order polynomial equation of the

independent variable ,oz/R2 as:

Ry = B A,/ (1)

HEENe RS

j=0

where

x is one of the above four ratios,

Aj is a fourth-order polynomial of the form
4
A, = I AN, (2)

where

N is the number of TF coils,
Ai is a fourth-order pelynomial relating one of the four

basic parameters to the number of TF coils.

The basic parameters are solved through the application of the nonlinear
simultaneous equations solver HYBRID1l. For the arbitrarily shaped TF
coil geometry option, SHAPTF = 2.0, the TF coils are approximated by
three circular and one straight section (Fig. 22). The first

section of the TF coil is enclosed by (Hl,O), (Rmax’o)’ and (x7,y7).
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Fig. 21, Schematic of the constant-tension, D-shaped TF coil
geometry.
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The end points of the second section are (x7,y"), (x"7,y"7), and

-

(HZ,KZ), while the third circular section is identified by (x"7,y"7),
(x""7,y"""), and (HS’KS)' Finally, the straight section includes
points (x777,0) and (x"77,y”""7). Caution should be exercised in using
this option in that the inner and outer TF leg radii are input by the
user, and no consistency check is made for gecmetric interference with the
torus or for ripple criteria violation. It is suggested that in using
this option to specify an arbitrary shape that the constant-tension option
first be run to obtain self-consistent location of the inner and outer
TF leg radii for use in the arbitrary shape run for a fixed plasma/torus
configuration.

The three predetermined points are (x"77,y""7), (RmaX,O), and
). With these known locations, the following characteristics

(RHmax’“max
of an arbitrarily shaped TF coil can b¢ written:

Ry = Rpax ~ Hi >

Ke =v""7

H2 - Rmax ?

Hy = Ry + X777,

Hmax - K2 " R2 ?

Rp = Ryt /(RHmax B Hl)d * K22 ’

=
I

- 7 P Z
5 = Rg+ V(Hg - H)%+ (y K))? s

)
1§

/(X’ - Hl)‘)— + (y))z s

R = /(X/’ - Hz)z + (y" - Kz)z >
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and

(x7 -~ Hl) =y /KZ(H2 - Hl) '

Given the location of H,, the preceding eleven equations are solved for

l’
the eleven unknowns, namely, Rl’ RZ’ RS’ HZ’ HS’ K2, KS’ x“, y©, x°

and y”” through the application of subroutines FCN, NLINEAR, and HYBRIDI1.

-

The last option, SHAPTF = 3.0, differs from the first option,

SHAPTF = 1.0, in the assumption of p, = R2 of Fig. 15, or equivalently,

2
the first center of radius is located at the machine center (x = 0,

y = 0).
STORED ENERGY

The subroutine ENERGY calculates the stored magnetic energy in each
TF coil. In order to calculate the stored energy, it is necessary to know
the flux, ¢, linking the TF coils, which in this subroutine is calculated
by numerical integration.

For calculating the integrated flux, the TF coil is divided into
ten vertical sections, as shown schematically in Fig. 23. The field Bn

at radius rn is calculated from

_ 4w % 1077x NIIF

Bn 2n x v
n

(T)

The field variation with height is ignored.

The area of each vertical strip is

BA = 2(r, ., - 7)) (HT) m?) ,

where

HT is the height from the midplane of cach strip that is

computed in subroutine BAH.
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Tn+d

+ -

Fig. 23. TF coil schematic showing grid for numerically determining
the magnetic stored energy. Grid is composed of ten equal segments.
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Compute flux linkage:

10
& = I B_ x AA (Wb)

Compute stored energy per coil:

1 NITF
E=3¢ (T—-_FN ) ()

CENTERING FORCE

Centering force per TF coil (Fig. 15):

CFORCE = (HMAX + HRL - 2 x R3) DMAXTF x NITF (MN) .

2 x TFN x 10°

BUCKING CYLINDER

The outside surface of the bucking cylinder cross section is a
regular polygon with the number of sides equal to NTF (the number of TF
coils). The inside surface is a circle. With the outside surface
considered specified, subroutine BUCKZ2 calculates the inside radius RIBC
so as to satisfy structural design criteria. These criteria consider
gross ductile failure and elastic ring buckling as the potential failure
modes.

Subroutine BUCK2 models the bucking cylinder as a hollow right
circular cylinder. The outside radius ROBC is one-half the distance
across flats and is the radius of the circle inscribed in the regular
polygon. The height HBC of the cylinder is taken as the height of the
straight section of the TF coil, or in the case of a curved inside leg,
as the height of the radially innermost arc defining the TF coil

mid-surface.
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The cylinder is assumed to be loaded by a uniform inward pressure

SIBOBC given by
SIGOBC = NTF x CBC/ (2w x ROBC x HBC)

CBC 1s FCFBUC times the net centering force on each TF coil. FCFBUC is
a dimensionless multiplier supplied as input data; it is usually taken
as 1.0, althougn a value less than 1.0 would be used if it were desired
to design the bucking post to react less than the full net centering
load (i.e., to depend upon wedging of the TF coils).

The resulting compressive hoop stress in the bucking cylinder assumes
its maximum value at the inside surface of the cylinder in accordance with
the classical Lame” thick cylinder solution. The inside radius is
calculated so that this maximum hoop stress is equal to a design allowable

SIGCSS:

RIBC = ROBC v 1 - 2 x SIGOBC/SIGCSS

SIGCSS is computed as YSS/SMCSS, where SMCSS is presently fixed at 1.0
and YSS is supplied as input data through the variable YSBUCK. Although
YSS is labeled as the material yield stress on a COMMENT card in the
program listing, it is recommended that YSS be chosen as the minimum of
two-thirds the yield stress of the cylinder metal or one-third the ultimate
compressive strength of the insulating material (if dielectric breaks are
used) .

Having established an initial cylinder thickness DRO - ROBC - RIBC,
subroutine BUCKZ then calculates the critical elastic buckling pressure

SIGBUK:

1. DR 3
SIGBUK = 7 bSS(W) ,

where ESS (also known as EBUCK in the input parameters) is the Young's
modulus of the cylinder material, DR = ROBC - RIBC is the cylinder thickness,

and RAV = (ROBC + RIBC)/2 is the mean radius. The above expression applies
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to an open-ended cylinder. The program also contains an expression

for the critical elastic buckling pressure for a cylinder with rigid

end caps, but presently this expression is not used for sizing the bucking
cylinder.

The program requires the elastic buckling pressure SIGBUK to be at
least SMBUCK times as great as the applied pressure SIGOBC; SMBUCK is
presently fixed at 5. If SIBUCK > SMBUCK x SIGOBC, the cylinder
thickness remains equal to DRO. If SIGBUCK < SMBUCK x SIGOBC, the inside
radius RIBC is decreased in steps of 0.05 DRO and SIGBUK is recalculated
for the current values of DR and RAV until SIGBUK > SMBUCK x SIGOBC.

The systems code prints a message to indicate whether the final

inside radius is based on the ductile failure or the buckling criterion.

Weight of bucking cylinder:
WTBC = w(ROBCZ - RIBC?) x 2 x TFHMAX x 7800
Cost of bucking cylinder:
CBCMD = WIBC x UCBC/10° ($million) ,
where
UCBC is the unit cost of the bucking cylinder in $1/kg.
WEIGHT AND COST CALCULATION

The weight of the TF structure and conductor is calculated based on

the cross-sectional areas of each and a mean circumference of the coil.

Conductor area per coil:

TATF @)
(1 + ASAC) (TEN)

ACOND =
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Conductor weight for a single TF coil:

WHTCON = TFLENG x ACOND x (1 - VFTF) x DCOND

where

(kG) ,

TFLENG is the mean circumference of a TF coil calculated in the

SHAPE section of this module.

Area of a TF coil case (structure):

TAFT

_ 2
TEN ACOND (m?)

ACASE =

Weight of a TF coil case:

WHTCAS = TFLENG x ACASE x DCASE (kG)

If a copper TF coil is chosen by specifying a finite resistivity

(RHOTF > 0), different current densities in the conductor are

allowed in the inner and outer legs of the coils for the purpose of

estimating coil mass, resistive losses, and coil costs. However, the

geometric output, including the configuration plots, does not show the

different coil thicknesses for the outboard leg.

The inboard leg

thickness is shown in all geometric output. The current density at

the outer leg is specified by the variable JCDOTF.

If the outer leg

current density is zero, the coil current density value JCONTF is used

for the whole coil.

Total cost of coil conductor:

TCCOND = WHTCON x TFN x UCCOND/10° ($million)
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Total cost of coil structure:

TCCASE = WHTCAS x TFN x UCCASE/10® ($million)

The weight of the inner coil support strucutre is based on an algorithm

derived from a detailed point design.

Weight of inner coil support structure:

WTICSS = [0.6 + .063(TFLENG - 30)] x WHTCAS x TFN

Cost of inner coil support structure:

TCICSS = WTICSS x UCCASE/10° ($million)

CRYOSTAT SIZE AND COST (scaled from a point design)
Height of the cryostat is given by:
HCRYQ = 2 x HMAX + TFTHK + 7 (m) ,

where

HMAX = one-half coil height,
TFTHK = coil thickness.

Radius of cryostat:

RCRYO = RTOT1 + TFTHK/2 + DDW + 1 (m)

Cost of vacuum vessel is given as:

~ RCRYO \3 RCRYO\? {HCRYO
VWC = 6.1 (IIT§”> + 2.07 (11_8 ) <20.5 > + 3.21 (

(kg)

TFN) (RCRYO\

12 11.8 /

($million)
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Cost of cold shield is given as:

o RCRYO \? RCRYO HCRYO TEN RCRYO
CSC = .}.41 (ﬁT) + 1.16 (11.8 ) (205 > + 1.58 (17>( -------- ———)

($million)

Total cryostat cost 1s given by:

CRYOC

VVC + CSC ($willion) ,

i}

CRYQC 0 if RHOTF > 0 (i.e., resistive TF coil).

AC LOSS CALCULATION

The ac loss calculations are made on the basis of the poloidal field
(BV) due to plasma. It is assumed that the same field is experienced by
the TF coil cases. The loss calculations are made on the basis of a flat
plate being acted upon by a perpendicular field. The losses are scaled
from a point design.

Losses during the plasma startup period (Tohs) are given as

VOLTF (B\//Tohs)2

273 0.01562

ACLSU = 60 x (kW) ,

where

BV is poloidal field (T},
TOHS is ramp time during startup (s),

VOLTF is total volume of the TF coils.
Likewise, losses during the plasma quench phase are

TC 2
voLTI (B,,/ TQNCH)
273 0.00562 ’

ACLSD = 20 x

where

TQNCH is quench time.



163

Cycle average ac losses:
ACLOS = (ACLSU x TOHS + ACLSD x TQNCH)/TCYCLE (kw) ,

where

TCYCLE is the tokamak cycle duration consisting of the summation of

startup, burn, shutdown, and charge times.

TF RESISTIVE LOSSES

If RHOTF > 0, then the TF coils are copper and the resistive losses are

calculated.

Conductor area per turn inboard leg:

T 3
acopt = AXEKA X 107 0 L ovprE) m2) ,

JCONTF x 10%

where

ITFKA is the coil current per turn in KA.

Conductor area per turn outboard leg:

- 3
acopo = ATEKA ¥ 107 1 _ vrrR) m?)

JCHoUT = 10%

Number of turns in all TF coil:

TFTURN = LNITE
ITFKA x 103
Resistance of all TF coils:

RTF = RHOTF 2 x HR1 = TFTURN ' (TFLENG - 2 x HR1) x TFTURN

ACOPT ACOPO «@)
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where

HR1 is the TF coil inner leg length (straight section of TF coil).

RESISTIVE POWER

RTFMW = (ITFKA x 103)2 x RTF/10® (MW)

COPPER INSERT CALCULATION

Field enhancement by the use of resistive copper coil buried in
the bulk shield can be modeled by the subroutine CIF, which is called
by the TF module. The input necessary for this subroutine is contained
in Table 11.

The copper insert calculations follow closely those developed for
TF coils. The magnetic fields due to the copper inserts are calculated
in the same manner, and superposition is used to get the total magnetic
field from both sets of coils. The key flag to indicate that the copper
insert calculation is a possible solution is the current density in the
copper insert JCONCI. Whenever this variable is greater than zero, the
program is allowed to select the copper inserts to achieve the required
magnetic fields.

To perform the copper insert calculations, the maximum magnetic
field in the TF coil BMAXTF takes on a slightly different meaning than
in the previous versions. Whenever the copper insert current density is
greater than zero, the parameter BMAXTF indicates the maximum field that
is allowed by the superconducting TF coil. If more field on axis is
required than can be achieved by the superconducting coil, the additional
field is achieved by adding an appropriate amount of copper insert TF
coil. Thus, the option (BMAXTF = 0) which allows determination of the
maximum TF field when the field on axis is given, is not allowed when
the copper insert option has been selected. The selection of the copper
insert option does mnot necessarily mean that a copper insert will be
used. If the field on axis can be achieved by using less than the BMAX
field in the superconducting TF coil, only superconducting coils will be
selected. The bucking cylinder is sized consistent with the field in
the superconducting coils. The copper insert coils in the shield are

assumed to be supported independent of the bucking cylinder.
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Table 11. Input variables for the copper insert (CI) option

ACASCI = allowable CI case material strength (psi)

DCASCI = density of CI case material (kg/m3)

DCONCI = density of CI conductor (kg/m?)

DCSCI = difference between circular coil and flat-sided coil (m)
DSHIL
DSHOL

i

thickness of inside bulk shield 1 (m)
thickness of outside bulk shield 1 (m)

f

FWDGCT = wedge fraction for determining CI coil cross-sectional shape
ICIKA = current per CI coil turn (kA per turn)

JCDOCI = current density in the outer CI coil leg (A/cm?)

JDONCI = current density in the inner CI coil leg (A/cm?)

RHOCI = resistivity of CI (2-m)

UCCNCI = unit cost of CI conductor ($/kg)

UCCSCI = unit cost of CI case material (§/kg)

VFCI = void fraction in the CI conductor
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The TF subroutine makes the appropriate checks to see if copper
insert coils are required. If copper insert coils are required, a flag
is set which calls the CI subroutine. The copper insert subroutine then
calcnlates the characteristics of the copper insert magnets and provides
the appropriate output. The copper insert input and output are included
with the TF coil input and output data, respectively. The inner and
outer legs of the copper insert coils are allowed to have different
current densities. This option is selected by placing the outer leg
current density JDCOCI at some value greater than zero. Other copper
insert input parameters correspond to similar input parameters for the
TF coil. These input parameters include case and conductor density,
conductor current, and unit cost parameters.

The copper insert calculations require the specification of where
in the shield sector the copper inserts are to be placed. A sketch of
the expected configuration is shown in Fig. 24. The variables DSHOl and
DSHI1 specify the thickness of shield between the copper insert coils
and the plasma for the outer leg and inner leg, respectively. 1If a
value is specified for either of these variables, it will be used as the
minimum shield thickness in front of the copper insert coils. If zero
is specified for either variable, the program places the copper insert
coil at the back of the shield sector as far from the plasma as possible.
The total shield thickness, including the copper insert, is still maintained
as calculated by the shield calculations (DSHO and DSHI from the FWS
subroutine). Thus, the assumption is made that the copper has the same
shielding effect as the shielding material it replaces. The two shield
thicknesses, DSHOl and DSHIl, can result in specifying unrealistic
configurations where the copper insert coil extends outside the shield
and into the superconducting TF coils. The user should check his results
to ensure that the desired configuration is attained. Table 12 shows

a TF module output sample.

REFERENCE

1. R. W. Moses and W. C. Young, Jr., "Analytic Expressions for Magnetic
Forces on Sectored Toroidal Coils," p. 917 in Froc. &th Symp.

Engineering Problems of Fusion Research, 1975.
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Fig. 24. Sketch of copper insert and shield configuration.



Table 12. TF module sample output
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cond moduli  (sei) = 1,7000e+07

sbeucture-to-ronductor ratio
cong current density (a/cnl)

it

= 2,850 =z(mx)= 1,300 bD(mi= 2.080
0.010 inbd = 0,180 dewar = 0,200

czse stress (pei) = 3,1000e404
case moduli {rpsi) = 2,8000e407
V575
200.9

801



Table 12 (continued)

overall current density = 1
field on axis (L) =

4 U4
- 0
[« S a 8
= T

<
s

L coil) srea ()= } 3
thicknesss =
inside half uzdth
tma turns = 114
ezl risple = 0
ze loss su (hu
e loss sd {hw

[ Loov-]
e+ ud
PN N N ]
[N
[ &3 Las]

delta cs = 0
gutside half width = 0

ok
i bk

e

corner cut =0.000

L
FEI 1)
- - ”
[ NI O Ra o ool
R s Racl g N JEIN
- -

10~
{(n
AR

z¢ loss (kuw) =
max field(t)

-

-
D0l
Ll » ok

stored enerdu/coil (gd) = 2,405
mean coil eircums (m) = 33.717

cotl dgeometry (measured from torroidzal axis to o/l of windind., see above schematic)

inner led radius, el (m) = 2,039
outer led radiusy 2 (m) = 10,498
max highty hmsx {m) = 5,971
radius to max nights r3 (m) = 5,287
clear bhore (m) = 7,432
clear vertical bore (m) = 10.91%

coil inner surface dimensions (see above schematic)
=101y » 91(1) 3 0 x1€2) » 91(2) 1 [ «1{3) » 91(3) 1 [ x1(4) » ui(4) ]
{ 10.18, 0.001 8,51y 261 L 3.53s 5.291 L 235, 3.501

center of tf coil arces {(see above schemstic)
Lowell) o oue(l) 3 0 202 v wed2) 3 0 xed(3) 5y we(3) 1 L uel(d) 2 uwci(4) 3
[ .94, 6,001 € 529 1.251 [ 4,31y 3.901 C[1000,00, 0,001

caond strain = 0. case stress (psi) =0,

cond ares (md) = 8 cond current (ka) =1.14614e4+04 nesturns = 1.
tinor tension {(mlbs) = 0,000 | 0,000 - mn)

rvents force (mlhs) = 65.4647  ( 292,128 - mn)

hoor stress (rsi) =0,

691



Table

12 {(continued)

tobel resistivite {ohm-m} = 0,

totsl tf cost (m$) 163,408

recistive rowsr {uw)

cond cost = 142,040 unit cost ($/kg) = 105,00
cagse cosl o= 21,3548 unit rost = 24,00
icse cost = 17,829 urnit cost = 24,00
weisht rer coil (kgRied) = §,217 _
cond weight = 0,135 demsity {(kg/nd) = 8941,00
cgse weight = 0,082 densite = g027.00
icss weidnt = 0.,5BA
weidht rer coil (mlbs) = 0.479 .
cond weight = 9,292  density {1b/ind) = (.32
rase weidht = 0,181 gensity = 029
~~~~~ creostat dats -----
cruostat radics {(m) = 12,012
cruostat heisght (m) = 19.570
rrynstal rost (mér= 19.279
----- buchking culinder date -----
wod of slast (rci) = 3,30000407 fraction of cent, force =

yld etr {rsi} = 6.0000e404
poisenn raztip = 3.0000-02
inside radii (w) = 1,470
thickness {(m) = 0.2558

weight (kd) = 2,5162e4035
cost (m$) = 5.54

bearindg rressure {psid =
puckling strss carredsr {rsi)

sizing eriterie = buckling stress buckling strsy oreny (Fsid

= n

£,4492+03
= 0
3.,3815e+04

0LT
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4. POLOIDAL FIELD COIL MODULE

The PF coil module determines coil currents, number of turns,
locations, resistive losses, weights, and cost of the PF system. The
module maintains the PF coils in the same position (relative to the
plasma edge, the bucking cylinder, the shield height, the TF coil
radius, etc.) as the input reference PF coil system. The Equilibrium
Field (EF) coil currents are scaled from the input reference values
considering changes in coil locations and plasma current. The input
reference EF system, upon which the scaling is based, was derived
considering magnetohydrodynamic (MHD) requirements. The current in the
OH solenoid is determined based on the maximum magnetic field allowed in

the solenoid.

ASSUMPTIONS AND CONSTRAINTS

® The PF system (location and currents) is scaled from a reference
system which was derived based on MHD,

* The PF configuration assumes an OH solenoid inboard of the bucking
cylinder. The solenoid may be continucus or separated into two
parts by an EF coil at the midplane.

® The individual EF coil currents are estimated to scale as the
plasma current, as the distance from the coil to the center of the

plasma squared, and inversely at the coil radius squared (Fig. 19).
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INPUT

Input to the PF modules includes current density, current per turmn,
void fraction, and resistivity for each PF coil. Specifying a resistivity
of zero indicates a superconducting coil. A reference set of coil data
containing radii, heights, and currents is input for scaling purposes.
The location of each coil is specified by a parameter called "LOCATE,"
which is a symbol composed of two digits separated by an ampersand (§).
The first digit identifies whether the coil is (1) an EF coil interior
to the TF coil, (2) an EF coil exterior to the EF coil, (3) an OH
component coil, or (4) an OH solenoid. The second digit specifies
whether the coil 1is located (1) adjacent to the torus, (2) adjacent to
the TF coil outer surface, or (3) adjacent to the bucking cylinder inner

surface. (A value of 2 for the second digit is not currently used.)

Figure 25 shows an example PF coil configuration. All these EF coils
are exterior and adjacent to the TF coils, thus the parameter LOCATE
would have a value of 2 & 3. The solenoid would be identified by LOCATE
as 4 § 4. The coils can also be grouped into common circuits if desired
by the input parameter INDEX. Two similar coils, one above and one
below the midplane, would be a candidate for grouping into a circuit.

If INDEX has a value of 1 for a coil, then that coil is an independent
circuit. If INDEX has a value of 0, then that coil is grouped with
other coils into a circuit. The grouping is ended by using a value of

1 for INDEX in the last coil of the group. Coils within a group must be
entered in sequence in the input file.

A desired current waveform is also input for each EF circuit and is
based on an MHD analysis of a similar configuration. The waveform is
normaiized to the coil current at the end of the burn, including the
sign of the coil currents. The signs of the coil currents are relative
to the direction of the plasma current with the sign of the plasma
current being positive. The normalized waveform accounts for five time
periods, namely, (1) OH coil charges period (may include dwell time for
vacuum pump operation between pulses), (2) OH swing time, (3) plasma
heating period, (4) steady-state burn time, and (5) plasma quench. An

example waveform for an EF system is shown in Fig. 26. The individual
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waveforms may also be normalized to the peak current in each coil
instead of the value of current at the end of burn.
Tables 13 and 14 list the PF module input items, and Table 15 is an

example of the output.
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Table 13. PF module input (code supplied)

Symbo1l Description Units

a Plasma minor radius m

ACASTR Case stress psi

BCYLIR Bucking cylinder inner radius m

HSHLD Height (from plasma C/L) of outboard m
surface of shield

Ip High beta plasma current MA

IPLB Low beta plasma current MA

NSEQ The number of time sequences in the cycle -

RO Plasma major radius m

ROUT TF coil outer leg radial dimension m
(measure from machine C/L)

SEQTI (k) Sequence duration of each portion of s
tokamak cycle

TFHT Height of TF coil relative to plasma m

C/L




Table 14.
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PF module input (user-input items)

£

zref
i)
bohr

helacr
crtd{n)
darboh

hshlidr

icrefin)
indexing

irhibr
Jeonsf L)
locate{n)

nl
na
n3
rid
ned

mut
ghhghf
anch
rhorf(n)
routre
roref
rrefin)
tfhtr

U
ues
ucse
vfin)
zrefin)

I¥¥¥x ruloidal coil inrut data

reference rlasma minor radius m
wadnetic field in oh solenoid t
reference magnetic field in oh t
solenoid
reference rlasma half height m
current rer turn in each #f coil amrs
srace hetween buckinsg culinder and m
oh winding
reference shield heidht measured m

from plasmws ¢/l
reference #f coil currents
coll drouring index
=1 if coil is the last coil
or oanly coil of 3 Zroup
=0 ptheruwise
reference higsh hets rlasma current
current density of each »f coil
rf coil locstion (2 two-digit number)
first digit?
ef coil interior to tf coil
ef coil exterior to tf coil
oh comronent coil
oh solenoid
second didgits
located off torus outer surface
not used
located off tf coil outer surfsce
4 located off buckind culinder inmer radius
(used in induct module)
number of irnterior ef coils
number of exterior ef coils
number of oh cowronent coils
number of oh solenoids
order of the Sasussizn intedration
(used in induct module)
vrint ortion for inductance values
oh solenoid fraction of tf coil height
fraction of oh current at rlasme auench
resistivity of each rf coil
reference tf coil outer led dimension m

mega-amrs

meda~3mrs

E VAL

Ead B et

chm-m

reference mador radius _ m
reference radius of each #f coil B
reference tf coil height from m

rlasma o/l
unit cost of correr coil winding
unit cost of 77?77
unit cost of surerconducting winding
void fraction of each #f coil
reference heidht of each ef coil m
from #lasma c/1

dollars/ks
gollars/kd

amrs/omk¥?
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Table 14 (continued)

Xkrfin

n1=2 n2=3 n3=0 nd4d=2

ahhighf=1, anch= .34 dgarboh=,125 ucse=200, wuce=30, aref=1.3
irhbr=4,% roref=5., routr=10,1% bohr=7, hshldr=3.63
helase=2.08 tfhtr=5,29 ucs=26.
crtd=1.7e35s1.:2e5,5(5,e4)91300.,)
Jeonef=1500.91500.91400,21400,11500,91500,91500,+13¢0,)
wFP=0, 0,90 A)r13(0,)

D=4 (0. 23(7,391300,)

locate="1%1"»/ 1817 /283972837 9/2847 748477484413/ 080")
rhorf=2.e-852.e~-8:5(0.)s13(0.)

icref=4,28; 3,74y -6.06y ~9.0B:s ~12,» 0,y 0,9 13(0.)
rref=3,85%, 3,05y 9.5y 9.8y 1,17y 04y G4y 1300,)

rref=4,1y ~3,8y 4.75s =57y 3¢0.)y 13(0,)

noeE=y mut 0

index=5(1)90s1913(0)

X**f#*###*** KK ROICK KR KKK OO 0K KON KOOI X KOO K R IOE R KRR KK R ¥R
¥ waves two-dimensional array containind current
X wave forms for each ef coil circuit from

b ¢ time eauzl to zero throudh the

¥ end of the burn cucle., the wave form

¥ for the oh circuit is not inruts but

b 4 caleulated internslly, first indey

X labels circuit number: second labels

X time zones.

(waves{lishk) sk

(waves(2yk)sk=
(waves(Zsk) k=
(waves{4sk) k=
(waves(Syk) k=
Xfendefin

=193) = 0. 0.421 1,014 0,892 1.9
1:5) = 0, 0,401 1.019 0,906 1,
1¢5) = 0. -0,0825 0.65% 0.949 1.,
1,5 = 0y ~0,099 0,432 0,967 1,
1r5) = Q. -1, 1. 1. i,




Table 15. PF field coil module example output

ERROERROR RO R RROOOR KX KRR K KKR rTLar ESEFSEEIOEL LT IS LT ISEEE S S0 S

#f copils
X
coil locate current current/turn turns J T
{ma) { a1} {amr/ond) (m)
inside 181 4,22 117273.14 36,00 1300.00 3,83
inside 141 369 1190348,04 31,00 1500,00 2,05
outside 283 -5,04 -49570,925 122,00 14060,00 749
outside 232 -2.,08 -4990%,390 182,00 1400,00 2,49
outside 284 -12,34 -49955,.59 247,00 1500,00 1.14
oh sol. 434 -23,31 -49905,61 457,00 1500,00 1,14
oh sol, 4%4 -23,31 -49905, 81 457,00 1960.00 1,44
82,01
X
zpf whe wis cost
{m) () (k) {m$)
4,07 651287 .91 0.00 1.84
-3.77 42452,25 0,00 1,27
4,75 P2855,09 144122,10 22432
~5.70 139184,24 216033,53 33,45
G409 21542,25 0,00 4,31
3.20 40280.78 0.00 8,064
-3+20 402890.78 0,00 g§.,08
437885.30 J4601585.462 79.31

¥ r is messured from the toroidzl axis
X% zef is measured from horizontal mid-rlane

6L1
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GOVERNING EQUATIONS

DETERMINE RADIAL AND VERTICAL MOVEMENT OF EF COILS FROM
REFERENCE LOCATIONS

If LOCATE is 1 & 1 (interior EF coil adjacent to torus)

AR = (R - a) - (R f - a p) (m)
TEeL

Change in coil radius based on movement of plasma edge location,

where RO = major radius and a = minor radius.

AZ = toy(2) - hshld (m)

Change in coil height based on change in shield height, where toy(2)
is the outside height of the shield.

Kfac = 0 .
No steel coil case considered for this class of EF coils.

If LOCATE 1is 2 & 3 (exterior EF coil adjacent to the TF coil and the
reference coil radius is less than the major radius)

AR = (RO -a) - (RO - aref) (m)

ref
Change in coil radius based on movements of plasma edge location.
AZ = tfht - tfhtr (m)

Change in coil height based on change in TF height, where tfht is the

height of the TF coil [point yl1(3) of coil inner surface dimensions].
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Kfac = 1.0 .
Steel case is included for this class EF coil.

If LOCATE is 2 § 3 and R > R (exterior EF coil adjacent to TF
c o . - . .
ref ref coil and reference coil radius is
greater than reference major radius)

AR = X1(1) - routr (m)

Change in EF coil radius based on movement of TF coil outer leg.
X1(1) is the TF coil outer leg radius and routr is the reference
TF coil outer leg radius.

AZ = tfhf - tfhtr (m)

Change in EF coil height based on change in TF coil height.

Kfac = 1.0 .

Steel case considered for this class of EF coils.

If LOCATE is 2 & 4 (an EF coil embedded in the OH solenoid—the coil
located off the inside of bucking cylinder at the
horizontal midplane)

Kfac = 0 .
No steel coil case considered for this class of EF coils.

If LOCATE is 3 § 3 (the EF component coil is moved in the same fashion
as the 2 § 3 coils.)

Kfac = 0 .

No steel coil case considered for this class of EF coils.
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If LOCATE is 4 & 4 (the OH solenoid is located off the inner surface of
the bucking cylinder vertically centered about the
horizontal midplane.)

Kfac = 0 .

No steel coil case considered for this class of EF coils.
DETERMINE LOCATION OF EACH EF COIL

RC = rref + AR (m)

Radius to coil midpoint.

Z = zref + AZ (m)

Height from midplane to coil midpoint.

D = \/(RC - RO)2 v 7% (m)

Distance from plasma center to center of EF coil, where RO is the

plasma major radius.

DETERMINE EF COTLL CURRENT

for all EF coils except OH component coils.

Ip is the plasma current and I is the reference plasma current.
ref
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The OH component coil currents are scaled as a function of the solenoid
MAT:

Bm{Xtﬂw><mmgﬁ
IC = IC x B (MA)
ref OH x tfhtr
ref

OH component coil current where B.. is the solenoid field, ohhghf

OH
is the fraction of the TF height used for the solenoid height.

CALCULATE CONDUCTOR AREA OF EF COIL

I x 10°

C ~
“Jeowpr~ (em9)

Area =

where IC is the coil current (MA) and JCOMPf is the coil current

density (A/cm?).

CALCULATE EF COIL GEOMETRY (except for 2 § 4 coil)

Conductor cross sections are assumed square,

dx = \/area /2 {(cm)

Coil thickness.

r =R_x 100 - dx (cm)
a c

Coil inner radius.

Ty, = Rc x 100 + dx (cm)

Coil outer radius.
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Z2 = Z x 100 - dx (cm)

Height to bottom of coil.

Zh = Z x 100 + dx (cm)

Height to top of coil.
CALCULATE NUMBER OF TURNS FOR EF COIL

I x 106

turns = S —
cptd

where cptd is current per turn (A).
DETERMINE OH COIL LOCATION (and 2 & 4 EF coils)

T, = becylir x 100 - gapboh x 100 (cm)
OH solenoid outer radius where beylir is the bucking cylinder inner

radius; gapboh is the gap between the bucking cylinder and OH winding.

(B~} x 100
Axsol = OH - (cm)
(47 x 107 7)JCONPF x 10"

OH solenoid thickness where BOH is the field in the solenoid (T).

T, =Ty - Axsol (cm)

OH solenoid inner radius.
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if r, < 0, write "insufficient spacer for OH solenoid."
Zh = tfht x ohhghf x 100 (cm)

Height from midplane to top of OH solenoid.

Zg = —Zh (cm)

Height from midplane to bottom of solenoid.

DETERMINE OH CURRENT & TURNS

AX

I = (JCONPF)(Z, - Z,) —21 (va)
c h 2 6
10
OH coil current.
I x 108
turns,,, = ~cptd (turns)

If the solenoid is split, the height of the 2 § 4 EF coil (which is
itself a small solenoid) is removed from the center section of the

integral OH solenoid.

CALCULATE COIL RESISTANCE

L = ZFRC (m)

Coil length.
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res = T_hOARﬁ.._?E__ILL_ (Q)

area x 10%
Coil resistance where rhopf is the resistivity.
resn2 = res x (turn)? ()

Form of resistance used in ELEPOW routine to calculate resistive

losses.

CALCULATE VOLUME, WEIGHT, AND COST FOR EF COILS

VOLPF = area x 10% x L (m3)
Conductor volume,

We 4 = VOLPF x 8990 x (1 - vf) (kg)

Conductor weight where vf is the conductor void fraction.

I R
B c c 20000
WtS = Kfac x 225000. x 61 X 9.5 * ACASTR (kg)

Structure weight where ACASTR is the allowable case stress in

pounds per square inch.

ycc x Wtcond UCS x WtS
$M = -4 ($nillion)

10° 10°

Coil cost.

CALCULATE VOLUME, WEIGHT, AND COST FOR OH SOLENQID

CIRC = 27R_ (m)

Circumference of OH solenoid.
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X
Vol = CIRC x (7, - Z,) x —=0b 3y |
£ "
10
Wtsol = 8900 x vol x (1 - vf) (weight) ,
Wtsol
$M = UCC x —2 (cost)
10°

GENERATE CURRENT PER TURN FOR EACH COIL FOR EACH TIME PERIOD QF THE
TOKAMAK CYCLE

CPT(i,k) = waves (i,k) * cptd(i)/1000 (kA) ,

where

i
k

waves (i,k) is the input current waveform.

1 - number of EF circuits,

i}

1 - number of time periods,

OH Solenoid Current Per Turn

CPT = cptd/1000 (kA) .

Current per turn at the beginning and end of tokamak cycle.
Current per turn at the end of the OH swing and at the end of

burn is determined in the volt-second module.
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CIRCUIT RESISTANCE

If there is one coil per circuit, then the resistance of the

circuit is simply the resistance of the coil:

res = res
crt

If the circuit contains more than one coil,

N
res . = . g ) res(i) ,

where N is the number of coils in the circuit.
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5. INDUCTANCE MODULE

SUMMARY

This program calculates self- and mutual-inductances for a set of
concentric circular coils. If the coil set consists of several subgroups,
the programs will also calculate self- and mutual-inductances among
various subgroups. The calculations are based on Gaussian integration
and use elliptic functions. The coefficients of elliptic functions are
included in the Fortran listing. This program was developed at Oak
Ridge National Laboratory (ORNL) and has been in use there for a number

of years.

MODULE INPUT

The program obtains the number of PF coils, their inside and outside
radii, and winding current densities from the PF coil module. The
inductance calculation is based on a uniform current density over the

winding pack.
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6. FLUX LINKAGE MODULE

The flux linkage module computes the volt-seconds available from
the PF system, EF system, and the OH solencid to induce the plasma
current and maintain it during the burn. The available volt-seconds are
based on the current waveforms for each coil generated in the PF module
and for the inductance matrix generated in the inductance module. The
plasma current and volt-seconds required for startup are computed in the
physics module. If more volt-seconds are produced by the PF systen,
assuming a full plus (+) to minus (-) flux swing in the OH solenoid,
than are required to induce the plasma current, as specified by the
physics module, the excess volt-seconds are available to sustain a burn
pulse. If fewer volt-seconds are provided by the PF system than are
required for startup, the code execution continues based on one of the
three following options controlled by the variable IOPT. 1If IOPT = 1,
there 1s no iteration on burn time, and the code continues to the next
module. An input value of burn time, contained in the physics input, is
passed to the remainder of the code (to calculate duty factor, etc.)
regardless of the value of burn time calculated by an excess or deficiency
of volt-seconds from the PF system. If IOPT = 1, the aspect ratio is
adjusted, through an iteration back to the physics module, until the
calculated burn time, based on inductive volt-seconds, equals the input
value of burn time. If IOPT = 2, the input value of burn time is
adjusted through an iteration until it equals the calculated value of

burn time consistent with the input aspect ratio.

ASSUMPTIONS AND CONSTRAINTS

@ An ohmic heating solenoid is always assumed.

® The maximum current in the ohmic heating solenoid is based on the
maximum field allowed in the solencid. The maximum current swing
is twice the maximum OH coil current. [Swing is from plus (+) to

minus (-) the maximum current. ]
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MODULE INPUT

Key input items to the volt-seconds module include the inductance
matrix for the EF and OH coils, the current waveforms (current as a
function of time) for the EF coils, and the required volt-seconds for
current startup (i.e., current induction). The input parameters are

listed in Table 16. Example output is given in Table 17.

Table 16. Volt-seconds module input parameters.

Symbol Description Units Source”
AR Aspect ratio
CPT(1) Current per turn in each coil kA

for each time period of the
tokamak cycle

I0PT Burn time option C
M(1) Mutual inductance between each H

coil and the plasma
NCIRT Number of circuits C
TBURN Input value of burn time C
\Y Plasma voltage during burn v C
VSSTT Required volt-seconds for startup 2b C

4y = input is supplied by user; C = input flows in from other modules
of the code.
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Table 17. Volt-seconds module output

max. burn timne (sec) = $3.86
Vol t~sac vol t-sec wlt-sac
start-up burn total
ef 3 -29.21 8.08 -29.21
oh 3 ~61.97 -6.89 -68.86
totol: -91.18 -6.89 -98.87

summary of voli-second by circull during stort-up

clircuit
1 7.96
2 7.96
3 ~22.57
4 -22.57
oh -61.97
-31.18
uave forms
current per turn (Ka)
time (sec)
8.88 38.9008 58.00 56.88 156.98 166.88
circuit
1 8.9%0 0.068 58.97 43.63 49.63
2 6.98 0.08 58.97 43.63 45.63
3 6.88 8.08 -48.65 -49.57 ~43,57
4 6.68 08.00 ~40.65 -49,57 -49.57
oh 16.49 49.98 ~39.98 ~-39.98 -49,.98

plosma(ma) 08.98 0.0e 5.32 5.85 5.89
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GOVERNING EQUATIONS

DETERMINE VOLT-SECONDS CONTRIBUTED BY EF COIL DURING STARTUP

VS(L) = M, 4 X <CPT(i,4) - CPT(i’Z)) x 1000 ,

where

M(P i) is the mutual inductance between coil i and the plasma,

2

CPT(i ) is the current per turn of coil i at time sequence 4
2

(end of heating),

CPT(i 2) is the current per turn of coil i at time sequence 2
>
(start of OH swing).

(NCIRT-2)
VS

EFSU & Vs

Total volt-seconds contributed by EF coils during startup, where

NCIRT is the number of EF circuits plus the OH plus the plasma.

CALCULATE TOTAL VOLT-SECONDS AVAILABLE FROM OH SOLENOID
VSOH = M(P,OH) b (CPT(OH,S) - CPT(OH,Z)) x 1000 ,
where

M(P,OH) is the mutual inductance between the plasma and OH
solenoid,

CPT(OH,S) is the current per turn of the OH solenoid at time
sequence 5 (end of burn) which is equal to the negative of

CPT(OH’Z) [plus (+) to minus (-) OH coil flux swing].
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CALCULATE TOTAL VOLT-SECONDS AVAILABLE FOR STARTUP

VS VS VS w) .

TOTSU ~ V°EFSU T YOOH

TEST TO DETERMINE IF ADEQUATE VOLT-SECOND IS AVAILABLE FOR STARTUP

" s
If VSTOTSU < VSSTT, write message

"insufficient volt-second for startup"

where

VSSTT is the required volt-second for startup computed in the

physics module.

COMPUTE THE REDUCED OH FLUX SWING NECESSARY JUST TO ACHIEVE STARTUP
(if more volt-seconds are available from the PF system than required)

VSgugy = VSSTIT - VSpoor

Volt-seconds required from OH solenoid to achieve startup.

VS

~ VSousu .
on - Vs, 2.0« CPT oy, 2)

i)

Current swing in OH solenoid (kA).

CPT o, 3) = “FTeon,2) ~ “lou -

Current per turn in OH solenoid at end of OH swing (kA).
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VS.,, = V

su = VSgpsy * VY

SOHSU )
Total volt-seconds required for startup.

CALCULATE VOLT-SECONDS AVAILABLE FOR BURN PULSE

(including EF contribution)

VS V6. .. - VS

OHBN ~ '“oH QHSU °

Volt-seconds available from solenoid for burn. (This value will

be negative if there are insufficient volt-seconds for startup.)

VS(i) = M(p,i) (CPT(i’S) - CPT(i’4)> x 1000 .

Volt-seconds available from a single EF coil for burn pulse,

where CPT is the current per turn of EF coil i at the end of

(i,5)
burn.
NCIRT-2
- ;Z& VS(i)

Total volt-seconds from EF system available for burn pulse.

VSpn = VSomsn * VSppan -

Total volt-seconds available for burn.
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CALCULATE BURN TIME

Vs
BURNT = 77?5‘1 (s) ,

where

V is plasma loop voltage during burn.

ITERATION OPTION

If TOPT = 0, the tokamak systems code goes to the next module and the
input value of burn time (TBURN) is used throughout

regardless of the calculated value of burn time, BURNT.

IF IOPT = 1, the tokamak systems code iterates back to the physics
mode and changes aspect ratio until the calculated value
of burn time (BURNT) equals the input value of burn
time (TBURN).

IF IOPT = 2, code iterates back to the physics module and changes
TBURN until it equals the calculated value BURNT.

A typical plot of current as a function of time for the EF coils, OH
solenoid, and plasma is shown in Fig. 27 for the tokamak configuration
of Fig. 28,
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7. PLASMA HEATING SYSTEM

RFH MODULE

The radio frequency heating (rfh) module estimates the salient
parameters of the rf systems, such as frequency, prime power, efficiency,
facility floor space, and cost in dollars or dellars per watt of injected
(launched) power. Three frequency regimes are accommodated, namely, ion
cyclotron resonance heating (ICRH), lower hybrid resonance heating
(LHRH), and electron cyclotron resonance heating (ECRH). Experiments
and/or studies have been carried out that apply each of these regimes to
the three functions of preheating (usually electron heating), current
drive, and bulk heating. Through a series of trade studies on devices
such as the Engineering Test Facility (ETF), Fusion Engineering Device
(FED), and Tokamak Fusion Core Experiment (TFCX), drawing on confinement
experimental results, it has been determined that ECRH is best for
preheating, LHRH is preferred for current drive, and ICRH is the most
effective for bulk heating. When the code was written in 1980, current
drive was done with a transformer during all phases of the device's
operating cycle. At that time, the current drive function was not
included in the rf code. Variables had prefixes indicating the regime,
such as: EC for electron cyclotron, XC foxr ion cyclotron, and XH for
lower hybrid, followed by suffixes for function, such as: BH for bulk
heating and SU for startup. There was no suffix used for current
drive—an appropriate one would be CD, obvicusly. Figure 29 shows an
overall flowchart of the rfh module. The original input file contains
triggers that establish which regime and function are to be assumed in
estimating the parameters.

In this modified code, the plasma power for each function has a
different variable name. The triggers operate based on a nonzero value
for these variables. Starting at the input in Fig. 29, the first test is
for an ECRH startup function. Next, there is a test to see if neutral
beams are used, if not, either ICRH or LHRH bulk heating is possible.
The code utilizes the percentage of bulk heating power supplied by the
ICRH (PERIC) to calculate the power required from each of the ICRH and
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CALL CALCULATE
ECSU PPLASMA 1CDRV= BH
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Fig. 29. RFH module flowchart
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LHRH systems. After the ICRH subroutine has been completed, there is a
check to see if LHRH is to be used for bulk heating and if so, the power
required is calculated. Another branching is decided by the value of
PLHCD (power needed for current drive). The total lower hybrid system
power (PPLASMA) needed to perform the curent drive and/or bulk heating
function(s) is then calculated, along with flags that indicate whether
the LHRH system is performing both functions or only current drive. If
PPLASMA is greater than zero, the LH code is called. If not, the driver
goes directly to the calculation of rf system cost (RFD).

In the original code, the estimates were based on a series of
algorithms for cost, prime power, efficiency, and facility floor space.
The power injected was the independent variable. These algorithms
described a curve which was fitted to experience points. Since the cost,
prime power, and facility space are not linear functions of power, the
algorithms contained four terms.

In 1983, a new code was written for the lower hybrid regime. This
code is a design code which arranges the components to meet power, space
and frequency requirements, A configuration, along with its performance
and cost, is generated.

In the description that follows, the three older codes (that is,
ECSU, ECBH, and XCBH) will be treated first, followed by the more
extensive treatment of the XHBH and XHCD. In each discussion, assumptions,

inputs, equations, and outputs will be covered.

ELECTRON AND ION CYCLOTRON REGIMES
Major Assumptions and Constraints

Since the algorithms used for these regimes are based on a curve
fit to data, the goodness of fit is only acceptable over a limited range
in injected power. This constraint is 15 MW for electron cyclotron. It
is assumed that the cost, power, and facility space estimates are for a
complete system (power supply, power chain, exciter/driver/transmission
system, launcher, instrumentation and controls, and ancillary). The

dollar figures are for FY 1983,
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Module Inputs

Table 18 summarizes the input variables and their definitions. It
should be noted that the code can calculate the cyclotron frequency for

different fuel mixtures and harmonics of the species' cyclotron frequency.

Governing Equations

Each of the dependent variables (cost, facility space, prime power)

is calculated using an equation of the form

2 4

y = a + bx + ¢x? + dx3 + ex
In some cases, either a or e is zero. The coefficients a to e are
contained in the EXNUMS subroutine. Efficieicy is calculated as the

ratio of power injected to prime power.

Module Outputs

Table 19 summarizes the output variables and their definitions. An
examination of the code will show that additional frequencies are
calculated but have not been included in this version of the output
file.

LOWER HYBRID REGIME
Major Assumptions and Constraints

A basic configuration is assumed for the ILHRH and is built into the
code. This configuration assumes a klystron power amplifier driving
multiple elements (waveguides) in a column of a Brambilla Grille. There
is a specific lineup of components between the tube and the element for
winich assumptions have been made about performance and cost. Figure 30
(parts a through e) shows the configuration details. The component
costs are written inte the code, An economy-of-scale factor is used

which scales the cost by the power to the three-quarters. In each



Table 18. ECRH and ICRH input file from rfh module

Variable Definition

PPPLASM Power injected or launched for ICBH (MW)

PPLASM Power injected or launched for ECRH (MW)

FUNCT Heating function; 1 for startup, 2 for
bulk heating

FREQ Frequency regime; 1 for ECRH, 2 for LHRH,
3 for ICRH

NERF Electron density (m~3)

FUEL1 Atomic mass unit of fuel #1 in the fuel

mix; 1 for hydrogen, 2 for deuterium,
3 for tritium

FUEL2 Atomic mass unit of fuel #2 in the fuel
mix

FMIX Fraction of fuel mix assigned to fuel #1

PERIC Percent of bulk heating power which is ion

cyclotron power
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Table 19. ECRH and ICRH output file from rfh module

Variable Description
PPLASM Power injected by the ECRH system (MW)
ECSUEF® ECRH startup system efficiency
Ecsup” ECRH startup system prime powexr (MW)
F1 ECRH system frequency (GHz)
Ecsup® Cost of ECRH startup system (§ million)
ECSUD/PPLASM” Unit cost of ECRH system ($/W)
ECSurs? ECRH startup system facility space (m?)
PPPLASM Power injected by the ICRH system (MW)
XCBHEF ICRH bulk heating system effieiency
XCBHP ICRH bulk heating system prime power (MW)
F1AVG Average fundamental ICRH frequency (GHz)
XCBHD Cost of ICRH bulk heating system ($ million)
XCBHD/PPPLASM Unit cost of ICRH bulk heating system ($/W)
XCBHFS ICRH bulk heating system facility space (m?)

%The same set is available for bulk heating with BH substituted for
SU; for example, EXSUEF - ECBHEF for ECRH bulk heating efficiency.
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subroutine, an estimate of 10 to 15% 1s added to the hardware cost for
bulk material such as bolts, brackets, fittings, etc. In addition, an
assumption is made for factor fabrication and test labor for each equip-
ment group. This assumption is written into the code at the end of each
subroutine and ranges from around 10 to 15% of the hardware cost. A
learning-~curve factor is used to adjust the cost of the IH system when
two or more ports are used. This adjustment is applied near the end of
the code in the WATCOST subroutine. Performance assumptions such as
transmission losses, klystron efficiency, amplifier gain, etc., are

written into the code either in the subroutines or the expert file.

Module Support

Table 20 summarizes the input file used in the lower hybrid portion

of the rfh module.

Module Flowchart and Equations

Figures 31 through 38 are a series of flowcharts that delineate the
operation of the code. This description and arrangement of subroutines
follows the configuration of equipment as given in the block diagrams in
Fig. 30. It starts with the launcher and works back through the system
to the power supply. Subroutines that tally costs, estimate facility

space, and write the output file complete this portion of the code.

1. LAUNCHER subroutine: Figure 31 shows the flowchart. The number of

columns (each made up of subarrays) is first estimated by the

following procedure:

® (alculate waveguide width by
ES-WGTHICK
® (Calculate height by
1.91*f/c (¢ = speed of light)
® [Estimate number of elements by
PPLASMA/NP/PWRDENI/element area
® (Calculate number of subarrays by

number of elements/EPSA
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Table 20. RFHIN LHBH input file
Variable Description
£ Frequency (GHz)
AMAXWID Maximum allowable launcher width (cm)
XMAXHITH Maximum allowable launcher height (cm)
PWRDENT Maximum allowable power density (kW/cm?)
ES Element spacing, toroidal (cm)
WGTHICK Waveguide wall thickness (cm)
EPSA Element per subarray
SBSAV Space between subarrays, vertical
(given in number of ES)
SBSAH Space between subarrays, horizontal
(given in number of ES)
XLANL Launcher length (cm)
PLTX1 Path length, launcher to divider (m)
2 Path length, divider to module (m)
3 Path length, module to driver (m)
4 Path length, driver to exciter (m)
PML Path length, launcher to PM (m)
A Path length, module to PM (m)
D Path length, driver to PM (m)
NP Number of ports
EFFK Klystron efficiency
WINDB Loss, launcher window (dB)
PPFLUX Prime power fluctuation
PERCENRG Regulation (%)
DCLOS Loss, directional coupler
WINLOS Loss, transmission line window
CIRCLOS Loss, circulator
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# Estimate the number of columns by a first guess of launcher

port aspect ratio x square root of total number of subarrays.

Next, as can be secen from the flowchart, the width of a launcher
that has NC columns is compared to the maximum width. If it fits,
the routine goes on to a similar approach for determining the height
of the launcher. However, if it is too wide, the number of columns
is reduced by one and the width is checked for a fit again. Nine
tries are allowed before leaving the loop and setting the '"'launcher
is too wide" flag. Of course, if the value of NC goes to zero (case
in which the port width is less than a subarvay wide), then the flag
is also set. After the code estimates the height, there is a final
check on area before estimating the cost. Each component in the
launcher has an assumed cost. Following the costing, there is a
calculation of the power density in the waveguide and a comparison
with the specified maximum. If this check is passed, then the

losses are calculated.

TRANSLIN and POWERAMP subroutine: Figure 32 shows that these two

subroutines are straightforward in their arrangement. Again, the
component lineup in these two groups of equipment matches that of
Fig. 24. In calculating the rf module power level, one module is
assumed to drive NR*NP elements and is based on the calculated

losses of the trausmission line components. The klystron power is
determined after the losses are estimated for the tube's output
circuit, since it must make up for these to achieve the required
module power. Working with the assumed tube efficiency and component
losses, the required dc and vf power inputs are estimated. The cost
of the high power components (such as the tube and circulator) scale

by the power output.

DRIVER and EXCITER subroutine: Figure 33 shows the flowchart for

these subroutines. A redundant driver arrangement has been assumed
where two solid state amplifiers are combined with a hybrid. The
power output of this combination is set to supply the need drive
level, including losses. The exciter subroutine is simply a cost

estimate.
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HVDCPS subroutine: The flow for this subroutine is given in Fig. 34.

The number of modulator regulators is always equal to the number of
klystrons and the number of transformer rectifiers is equal to the
number of elements in a subarray. Using the dc power needs (from
the rf power module) and a dollar-per-kilowatt figure, the cost of
modulators is estimated. Knowing the efficiency of the regulator
(based on the vequired regulating range), the transformer rectifer
can be sized and costed. The overall power supply efficiency is
estimated as the product of the transformer rectifier and modulator/
regulator efficiencies. Now the prime power is calculated as (PHVDC/
efficiency) x number of modulators. The overall system efficiency is
given by PPLASMA/prime power. With the total prime power, the ac
distribution system cost is estimated based on a dollar-per-watt
figure. Finally, the costs are added with appropriate markups for

bulk material and labor.

PERFMON subroutine: As can be seen from Fig. 35, this subroutine

simply counts up the number of monitoring points and applies the
appropriate dollars per point to estimate the cost. Two other items
are added one for the performance monitor processor (sized based
on number of monitoring points) and another for a phase analyzer.

Costs are then added to obtain the total.

IANDC subroutine: This routine is very similar to that of the

previous one (Fig. 36). In this case, the number of controls is

estimated and the processor sized and costed.

SUPPORT subroutine: In this subroutine, the dielectric SF6 system

is sized based on the lengths of transmission lines. The cooling
system is sized based on the power dissipated, and the cost is
scaled by the power raised to 0.75. Figure 37 shows the simple

flowchart.

WATCOST subroutine: The flowchart for this subroutine is given in

Fig. 38. TFirst, there is a summation of all the costs from the
previous subroutines. Second, a learning-curve factor is used to
estimate the impact of building multiple systems. This algorithm is
of the form
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g g~ A*NP
FACLEARN = A +(N§T c
This assumes the volume of equipment is grossly proportional to the
number of ports. The values of A, B, C, and X are built into the
code. The final calculation is dividing this adjusted cost by
PPLASMA (the injected power) to get the unit cost in dollars per

watt.

LHSPACE subroutine: There is no flow diagram for this subroutine.

It uses a very simple algorithm which relates the facility space to
injected power. Both outside and inside areas are estimated

separately and then combined.

ENDIT subroutine: This completes the LHBH portion by writing the

output file. There are formats and headings that tailor the output

based on the ICDRV triggers generated in the rfh driver program.
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Module Outputs

Table 21 gives the list of output variables. Table 22 shows sample

output from the module executiomn.

NB MODULE

This module arranges major components, iterates the size of these
components to meet the required performance, and estimates cost of a
neutral beam injector. In the material that follows, the assumptions
and/or constraints, module inputs, flowcharts, and equations and module
output will be described. The bulk of the material is on the fifteen
subroutines which make up the module. Figure 39 (2 sheets) shows the
overall flowchart for this module. The process begins with establishing
the input parameters, both expert and non-expert. In subroutine INITIA,
the expert input data are augmented with cross-section data generated by
subroutines CROSS and SIGMA. The non-expert data in subroutine PARAM
are supplemented by a calculation of drift duct length in the event none
is specified in the input data file. In the DIVE6 subroutine, the
effects of stray magnetic fields {CELLBH and CELLBV) on the beam shape
and direction are calculated. At this point, the source current is
calculated using an initial value of source size (AV¢$). Now the beamline
efficiency is estimated. First, that of the acceleratioun grids in
GRDEFF then the beam scrape-off in OPTDRI. If the number of these size
sources required to meet the power requirements is not equal to the
desired number, the source size is adjusted and the calculation repeated.
Up to nine iterations on the source size are allowed to match the number
of sources calculated with that specified in the input file. With the
source current established, the pumping loads can be calculated in PUMP
and the cryopump size iterated (up to nine times) until the reionization
loss in the drift region is acceptable. 1In MONEY, the cost of major
components is obtained by scaling the costs of the neutral beam injector
for TFTR. The output file is written in TERM and messages are sent by
FLAGS in the event that the number of sources, reionization loss, or

pumping speed limit was not met.
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Table 21. LHRH/LHCD output file from rfh module

Variable Description
PLHCD Power required for currvent drive (MW)
PPLASMA Power required for bulk heating
and current drive (MW)
TOTEFF System efficiency
HVPPOW Prime power (MW)
f Frequency (GHz)
WGH Waveguide height (cm)
PWRDEN Calculated power density (kW/<m?)
WGW Width of waveguide (cm)
NP Number of ports
NC Number of columns
NR Number of rows
EPSA Elements per subaivay
COSTLH Cost of IH system ($ million)

DOLPERW Unit cost
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MAJOR ASSUMPTIONS AND CONSTRAINTS

The neutral beam injector geometry is the major assumption for this
module. Figure 40 shows a typical layout. A positive-ion-based beam is
assumed with deuterium gas. There is a gas cell neutralizer. Cryopumps
are used to pump the cold gas. There are many lesser assumptions, such
as values chosen for parameters. These are too numerous to mention here

but are listed in the code.

MODULE INPUTS

Figures 41 and 42 show computer listings of the input files used by
the neutral beam code. In addition to the two words (ANGINJ and NNB) of
the physics input data, there are the beam energy in keV (eb) and beam
power in NW (pb) values, that come from the physics module. Figure 42

gives the balance of the inputs, both the non-expert and expert.
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Fig. 41. Neutral beam injection input in physics data.
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Fig. 42. Neutral beam injection input data.
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MODULE FLOWCHARTS AND EQUATIONS

1. PARAM Subroutine. Originally, PARAM stood for the parameters

and the non-expert common files that were initialized by reading the
input file ETFIND (Fig. 43). For this version (integrated into the
systems code) "USE ' statements provide the necessary inputs.
This subroutine also calculates the drift duct and total beamline length
if none has been specified. It uses the tokamak geometry (i.e., TF coil
radius and thickness, shield thickness, etc.) and the injection angle to
calculate the duct length DUCTL. The total beamline length is the duct
length plus an assumed neutral beam injector box length of 6 m. An

allowance of 2 m is made for valves and neutron shutter.

2. INITIA Subroutine. This subroutine was named for initializing

the expert file by reading ETFXD (fig. 44). In this version, the "USE"
statement accomplishes this function. In addition to establishing the
expert parameters in the common block, there are other parameters defined
here. First, the accelerator grid parameters along with those of the
direct recovery unit are defined. Next, the species mix, that is, the
fraction of full half and third energy components from the ion source,
are defined. Currently, these are 0.80, 0.12, and 0,08, respectively.
The extracted current density is then given by

-c

curden = a Eb s

where £, is the beam voltage and the values of a and c are empirical.
At this point, subroutine CROSS is called. The objective of this sub-
routine is to obtain (1) cross sections (using subroutine SIGMA), (2)

neutral fractions, and (3) emission coefficients.

3. CROSS Subroutine. Figure 45 shows the flowchart for this

subroutine. This subroutine is called at the start of the program to
obtain the appropriate cross sections from subroutine SIGMA for use in
subroutines GRDEFF, DIVE6, PWRCAL, and PUMP. The way this operates is
through use of a LABEL in the call statement.
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Call Sigma (LABEL, XSEXUN),
where LABEL 1s defined as:

label = 1 gives deuterium equilibrium neutral fractiomns,

label = 2 gives charge exchange cross sections (molecular target),

label = 3 gives reionization cross sections,

label = 4 gives fast ion electron production cross sections,

label = 5 gives negative ion electron loss cross sections,

label = 6 gives neutral fractions for d- into a cesium curtain,

label = 7 gives secondary emission coefficient for d+ onto
molybdenum,

label = 8 gives charge exchange cross sections (atomic target).

Presently, labels 1, 2, 3, 7, and 8 are built in.

4. SIGMA Subroutine. The various cross sections are estimated

based on a curve fit to Barnett's data. The cross sections are calcu-
lated in 1 kV steps over the appropriate ranges. A computed GO TO
statement triggers off the LABEL. Each LABEL brings in a different set
of coefficients to the functions to effect the fitted curve. The flow-

chart is shown in Fig. 46.

5. DIVE6 Subroutine. Figure 47 shows the flowchart for this

subroutine. Here, the increase in divergence and shift in angle due to
stray field in the neutralizer is calculated. The calculation is done
once for each axis (re. vertical and horizontal) by the ICALC loop.

After calculating the intrinsic beam divergence (T3) and gyrofrequency
(wo), the ion distribution is modeled as a Guassian with o = V3 (function
of T3) and the variable VNB'
used in a coupled set of kinetic equations.a The net impact on the beam

This loop generates a set of coefficients

divergence and boresight is evaluated by a "running tally' generated in
a "DO'" loop. After completing the loop for the divergence in the vertical

plane, the process is repeated for the horizontal divergence.

%As noted in the code comments, this modeling is based on work done by
by J. R. Conrad reported in J. Appl. Phys. 51 (6), 2957 (1980).
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6. GRDEFF Subroutine. This subroutine calculates the current and

power losses due to beam — gas interactions in the grid region. It
provides estimates of the current transmission efficiency for the grids
(ETAG) and the power in fractions of i x v, invested in (1) back-streaming
electrons (PBACKE), (2} ions to grid #2 (G2IP), and (3) ion to grid #3
(G31P). Figure 48 shows the flowchart. The subroutine starts with
definitions of the detail parameters of the grids (such as density, gap
size and potentials) in the order shown in the flowchart. At this
point, a "DO" loop is set up in which the position (X) within the grids
establishes the Childs-Langmuir potential at that point. There are kV
positions (beam voltage + 1000). The loop starts at the 1-kV position
and goes in the down-stream direction to the final kilovolt position.
Using the values of Ci (LCKEV), cxmol (LCKEV), cxatom (LCKEV), SECEM
(KVI) previously calculated in subroutine CROSS for LABELS 4, 2, 8 and
7, respectively, the currents and powers identified above are estimated.
The variable LCKEV is the Childs-Langmuir potential at a particular

position.

7. OPTDRI Subroutine. This subroutine is the optics performance

estimation driver. It calls two subroutines — SRGEOM, which sets up the
aperture geometry arrays, and OPTICS, which calculates the beam trans-
mission. Figure 49 shows the flowchart. SRGEOM develops the geometry
of a multiple-source beamline. The source arrangements are constrained
to be on a grid with separations of SEPH in the horizontal and SEPV in
the vertical. The subroutine uses the theory of similar triangles to
calculate the aperture size in the horizontal and vertical planes. This
aperture is located at the entrance to the drift duct and corresponds in
size to that needed for a '"zero-divergence' beam. An array of aperture
sizes is generated — one for each source. Before returning to the
OPTDRI subroutine, the distance to the entrance (LNEAR) and exit (LFAR)
of the drift duct is calculated along with the beam crossover distances
in the horizontal and vertical planes (fh = fv = distance to drift duct
midpoint). At this point, a loop is initiated in which subroutine OPTICS
is called twice, once for each end of the drift duct. This subroutine

responds with a value for the transmission efficiency corresponding to
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the specified drift duct opening, the "zero-divergence' aperture and the
beam divergence estimated previously. The loop steps through all sources.
for each source, the average transmission efficiency is obtained from
that of the entrance and exit efficiencies. Finally, another loop is
established that averages the transmission efficiency across all sources

to obtain the overall optical efficiency.

8. SRGEOM Subroutine. This subroutine takes the appropriate

source and drift duct geometry and creates the arrays dh and dv, which
contain the aperture sizes for calculation of beam transmission with
multiple sources (Fig. 50). A technique of similar right triangles is
used (Fig. 51). The first triangle is formed by SEPV (side opposite)

and fv (side adjacent), while the second is formed by dv and DUCTL/2.

In Fig. 50, the first double '"DO" loop puts the source location into an
array. The second double loop calculates fv and fh for each source
location. Before returning to subroutine OPTDRI, the distance to the
entrance and exit of the drift duct is calculated along with the distance

to the beam crossover point.

9. OPTICS Subroutine. This subprogram calculates the fraction of

beam power passing through a hole size of 2X¢ by 2Y¢ (Fig. 52). The
beam shape is modeled as a bi-variant Guassian. The power density then

becomes a function containing error functions:
TRAN a [erf(a-x) + erf(a+x)] x [erf(b-y) + erf(b+y)]

The balance of the subprogram is concerned with evaluating the constants
from the geometry and parameters of the beamline. Plugging into the

power density function gives the power transmission efficiency.

10. PWRCAL Subroutine. 1In this subroutine, the powers (prime,

full, half, and third) are calculated, if not specified. The routine is
set up to look for the specified input power and adapt. The values of
PNTOT (total neutral power) and PNFULL (full energy power) are compared
(Fig. 53). It is assumed that the power will be specified in terms of

either PNTOT or PNFULL. The ion current leaving the extraction system
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can now be calculated using the efficiency numbers for reionization and

optics and the species fraction and neutral fractions:

PNFULL , 1 | 1 . 1

Eb XMIX1 nREION. 0.95f¢INf1

I =

Next, the full energy current is calculated because the direct recovery
current is obtained from the full energy component only. The power
supply current is then the next current needed for the source. Other
supply currents, such as power for the plasma source and direct recovery
units, are added to the high voltage power input to obtain the prime
power needed from the power supplies (approximate prime power from the
power line). The number of sources required to meet the requested
current and the number per beamline are easily obtained along with
ratios of PNTOT to prime power and PNFULL to prime power. These ratios

represent the total energy and full energy component efficiencies.

By referring to either TFig. 39 or the code in the main driver, it
will be noted that the desired number of sources is compared to the
calculated number of sources in PWRCAL. If they match, subroutine PUMP
is called; if not, counter ITERL is indexed up by one and the new count
compared to a value of 9. If ITER1 is greater than 9, PUMP is called
and the program continues. However, when subroutine FLAGS is called, a
message readout is triggered (by ITERL over 9) that states that the
desired number of sources could not be met. If ITER]1 is less than 9,
the source vertical half-size is adjusted based on the ratio of desired-
to-calculated number of sources, and the GRDEFF, OPTD1, and PWRCAL sub-

routines are run again.

11. PUMP Subroutine. This subroutine sizes the pumping system.

Both pumping speeds and beamline pressures are calculated. The beamline
geometry is assumed to be a three-chamber configuration. The three
chambers are (1) neutralizer/dump chamber, (2) drift chamber, and (3)
drift duct. Figure 54 shows this subroutine's flowchart. Chambers 1
and 2 are separated by a baffle with holes where the neutral beam and
some cold gas flow through. These holes are sized based on the beamline

geometry and the need to not impact the optical efficiency. Cryogenic
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pumps are assumed to be located in chambers 1 and 2, and the tokamak
pressure is assumed to be zero. Gas flow, chamber pressure, and pump
speed/conductances are modeled in preparation to solving simultaneous

equations. The basic equation is

flow

£

speed times pressure ,
or

q=3S8xP

Subroutine MATSOL is called to determine a compatible set of pressures
in the three chambers. Now the reionization loss is calculated and com-
pared to the desired value. If it is outside the specified range, the
ITER? counter is indexed by one and tested against a maximum value of 9.
If it is less than 9, the pumping speed in the drift chamber is scaled
based on the ratio of calculated-to-desired loss and MATSOL is called
again. When the loss is in the acceptable range or the number of
iterations is 10, the next subroutine is called. In the event that
ITER2 is greater than 9, a flag will be triggered at the end of the

program, indicating the reionization loss was not met.

12. MATSOL Subroutine. This subroutine uses a Gauss-Jordan

reduction (G-JR) of '"N" equations:

(S1+CA)}P1 - CA*PZ + 0*P3 - ql
-CA*P1l + (CA+CD+S2)P2 - CD*P3
0*P1 ~ CD*P2 + 2°CD*P3 - q3 = 0 ,

1 U
.-‘% o
I} -
()

-

where ¢, P, S, and C stand for gas flow, pressure, speed, and conduc-
tance. Subscripts indicate which chamber number or A for aperture and D

for duct. The coefficients are written as amat (i, j):

AMAT (1,1)P1+AMAT(1,2)P2 + AMAT(1,3)P3 + AMAT(1,4) = 0 ,
AMAT (2,1)P1 + AMAT(1,2)P2 + AMAT(1,3)P3 + AMAT(2,4) = 0 ,
AMAT (3,1)P1 + AMAT(1,2)P2 + AMAT(1,3)P3 + AMAT(3,4) = 0
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Referring to Fig. 55, it can be seen that the first "DO'" loop is the
first step in the G~JR in which the first equation is divided by the Pl
coefficient of that equation then subsequently multiplied by each of the
Pl coefficients from the other equations and the resulting equation
subtracted from it. A new set of equations is generated with the Pl
coefficient AMAT (i,j) zero in all but the first equation AMAT (1,1).
Subsequent steps reduce the number of terms in the equations until a
variable is evaluated. The G-JR solution to linear equations technique

can be found in numerous textbooks on mathematical methods.

13, MONEY Subroutine. Figure 56 shows the flowchart for this

subroutine. The costs are estimated by scaling Tokamak Fusion Test
Reactor (TFTR) costs based on performance parameters. Within the code,
there are a series of comment statements that spell out the TFIR refer-
ence design. For each component, the dollars-per-performance unit is
determined and used as a cost coefficient COEFXX. The scaling laws take
into account such things as economy of scale. For example, the source
cost scales by three-fourths of the total current and one-fourth the

electron back streaming power, so the source cost is

SOCOST = COEFSO (0.75 ASORCE/70 + 0.25 PBACKE/0.0263)
After the major components are costed in this manner, the costs are
grouped by category (i.e., mechanical, electrical, and auxiliary). The

final set of calculations is done in outputs, where the total and unit

costs are determined.

14, TERM Subroutine. This subroutine writes the output to file.

(Fig. 57). The output file is NBOUTDT and contains 23 words of data.
(See '"Module Outputs.')

15. FLAGS Subroutine. Figure 58 shows the flowchart for this

subroutine. Four flags are possible. The first two are triggered by
the iteration counters numbers 1 and 2. They indicate when the correct

number of sources or reionization loss has not been met. The last two
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flags are for pumping speeds in the two chambers. The maximum attainable
pumping speed SP-MAX for a given geometry is calculated in "PUMP", If

this value is exceeded, the flag is written.

MODULE OUTPUTS

Figure 59 shows a typical output file (note: does not conform to
the input files shown in Figs. 41 and 43). The full, half, and third
energy powers correspond to the beam power for neutrals at eb, eb/2, and
eb/3 keV energies. The dollars-per-watt figures correspond to direct
capital cost dollars per watt injected. The energy fractions 0.8, 0.12,
and 0.08 are assumed values of the species mix from the accelerator.

"ETA" stands for efficiency.



reg d beam power (mu)
power muliiplier

total beom power (mwi
full energy power (muwd
hal f energy power (mu)
third energy pouwer (mu)
tnpul pousr (muw)

guctl (m)
peami (m) =
total length (m) *

nuomber of beam -
sources/becm -

mechonical cost (m$)
eleciricol cost (m$)
ouxilaries cost (m$]
total cost (m%$)
$/ustt (lotgl?d
$/uctt (full)

ORNL--DWG 84-3863 FED

neutrol beom

54,834
8.912
5B.889
32.454
S.983
7.611
122.867

3.558
7.764
11.319

4
6.881

38.577
25.5686
9.184
74.327
1.486
2.287

full energy fraction =
half energy froction =
third energy fraction=

sto (total) "
eta (full energy) =
etaopt (duct irans) =

duct widih {(m "
guct height (m)
beam angle (deg)

pressure (tore)
spoed (1/3)

source h/y horiz.{cm)e
source h/w vert, (cmlse

direct recowvery eff. »
beam energy (kev) -

£.800
8.128
8.868

8.487
8.264
8.546

1.880
1.208
35,009

3.134e-86
5.589%e+86

6.396
12.791

8.6089
150.0808

Fig. 59. Typical neutral beam injection output data file.



Table 22. ample output

FHOOOREE DO R XK R R R rfiup EXSETS OSSP 0000002008080 3000080

Freheat using ECRR

indected rower {(mw) = 1.00 efficiency = 0.1%

inFut power (mu) = 9+29 freauency (Ghz) = 130,087

cost (M%) = 704 unit cost {(§/watt) = 7.04
Bullb hesting using ICRHK

indected rower {(mw? = 50,01 efficiency = 0,55

inrut rower {(muw) = 20.74 freauency {(Ghz) = $.008

cost (M%) = 63,463 unit cost {($/watt) = 1.27

TOTAL RF SYSTEMW COST ($M) = 78.67

274
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8. NEUTRAL BEAM/TF COIL INTERFACE

This program is based on principles of analytical geometry. It is
designed to determine if geometric interference occurs between a neutral
beam injector and the two adjacent TF coils.

The only user input parameters are the gap between the neutral beam
injector and the TF coil to allow removal of the injector DGAP, the
factor AFAC (used to locate the point where the neutral beam angle is
measured), and THSNB (which represents the neutral beam unit shield
thickness). The rest of input data are transferred internally from
modules preceding this one.

For the case of no geometric interference, the output includes
input parameters, required and available heights and widths, as well as
the coordinates of intersection points between the torus wall and the
injector. When either the width or height of the injector exceeds the
available width or height between the two adjacent TF coils, a corre-
sponding warning message is printed out along with input parameters.

This module also includes both subroutines YCAL and NBGSUB. Sub-
routine YCAL calculates the available height at a given location on the
x-axis, and subroutine NBGSUB determines intersection points of the

torus wall and the TF coil outer leg with the neutral beam injector.

BASIC EQUATIONS

Given locations of two adjacent TF coil outer legs D’(X ZD,) and

D”
E,(XF”ZF')’ the position of the midpoint L (Fig. 6¢) is obtained from

1
XL“"Z"(XDi +XE') s

and

=

DI ZEI)
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Fig. 60. Neutral beam/TF coil interface.
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With known neutral-beam-injection angle © the angle between lines OK

NB’
and OL is
op
A = © 1 - v ’
NB R _ IFT DDW
out 2

where Rop is RO - a(l - AFAC); AFAC is an input parameter used
to determine the point K where the neutral beam angle is

measured.

The point K, where the neutral beam angle is measured, can be determined
through constructing a line at the angle Aa above the line OL to inter-

sect the circle of radius R0p' The location of point K is

<
I

3]
K ROp cos (§—+ Aa)

and

. )
Zy = Rop sin (§-+ Aa> ,
where

0 is 360 /NTF

and NTF is the number of TF coils.

The slope of the line conmecting points L and K is

R sin (2-+ Aa) - R sin (§> ¢c0sB
op 2 out 2

SLK =
6 .6 . TFT
Rop cos (§-+ Aa) - Rout (1 - sin 5-51n6) + 5

+ DDW
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I'he line passing through point D', with the slope SLK, intersects the

. 2 2 . N 2 PRION . . - £
torus X°© + 1° = (RO + a)“ at the point (XDV’ ZDW) and is of the form

Z = (SLKIX + [Zy, - (SLK)X,]

The line passing through point D' and perpendicular to the line D'DW is

written as

The point R (XR,ZR) is located at a distance w away from the point D’
on this line. Here w, corresponds to the width of the neutral beam unit

and

and

w

7=
R N
(SLK) [1 + — -
(SLK) 2

The line, with slope of SLK, passing through point K, represented by

! — - (SLK) /X, -

Z = (SLK)X + — Dt
(SLK) [1 + Lo
(SLK) 2

This line intersects the torus at point QW and the

is constructed next.
location of this point is computed from solving the following two

equations simultaneously:
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X2+ 22 = (R, + a)?
and

7 = (SLK)JX + ad - SLK {X v

D"~
(SLK) /1 + - — 1 —
(SLK)? (SLK)2/

Finally, the available heights at various points of interest are

determined from already known TF coil geometries. These height arve
checked against the height of the neutral-beam-injection unit to
determine if the required height is more than the available height.

A listing of input variables is given in Table 23. Tables 24 and
25 show sample input and output files, respectively. In Table 25, there
are two sample output files presented. The first case is the typical
output file when the required width exceeds the available width. The
second case corresponds to a typical output file of no geometric inter-

ference between TF coils and the neutral beam unit.
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Table 23. Input variable listing

. . a
Variable Description Unit Remarks
ATAC A factor used to locate the U
point where the neutral beam
angle is measured. Its value
ranges from O to 1 to 2 cor-
responding to a location at
the torus outboard plasma
center and the torus inboard,
respectively.
AMINOR The plasma minoxr radius m
BCYLIR The bucking cylinder inner radius
BCYLTH The bucking cylinder radius m
DDOW The dewar thickness 1
DGAP The gap between a TF coil and cm
a neutral beam unit
RCMDCS The distance from the machine m
center to the outer surface of
the TF coil inner leg
RO The major radius m
ROUT The radius to the midpoint of the m
TF coil outer leg
RV The radius of the torus inboard m
TENO The number of TF coils
THENB The neutral-beam-injection angle degree
THSNB The neutral beam unit shield cm
thickness
X¢ The width plus shield thickness m
of the neutral beam unit
Xgp The width of the neutral beam unit cm
Y@@ The height of the neutral beam cm
unit
Y@2 The height plus the shield m

thickness of the neutral beam
unit

a ] .
U represents user-input parameters.
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User-input data file NBGUID

afac

dgap

thsnb
&nbgin
dgap=4.
&endnbgin

neytral

a factor used to locate the point where

the neutral beam angle |s measured.
its values range from 8., 1. to 2.
corresponding to a loction at the
torus outboard, the plasma center,
and the torus !nboard. respectively.

the gap between the neutral beam

injector and the tf coil to allow

removal of the injector.
beam unit shield thickness

thsnb=547.

cm

om
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Table 25. Sample output files NBGETYP

FFEEEREHEPLIBL TR EHABREBLE LB SRR SR ANRRRF RS HRB4S
Case 1 HEUTRAL BEAN AMND TORGIDAL FIELD COTL INTERFFACE

HEUTRAL REAW AMGLE= 33.000 DEGREE

AFAD=  0.000

gaF= 0.100 HETER

REUTRAL BESN MIDTH= 1,000

HEUTRAL BEAX HEIGHT= 1.200H

HEUTRAL BEAN PLUS SHIELD ¥IDTH= 2.000H
REUTRAL BEaAX PLUS SHIELD HEIGHT= 2.2004
NEUTRAL BEAN SHIELD THICKMESS= 0.300°H

SEERLRREABE DSBS RIILAEBRREFSRFLRBI XD
862543 UARKING ETETE D]
BEELIRE SRR DL PERERERFRLSPBAERTEEERAIS

s+3%30LXLEEDED AVAILABLE UIDTH##¢was
FREFIRIRALROEIRLIEHRIILALTE LSRR R P

REQUIRED BIDTH= 2.108 H AVAILABLE WIDTH= 1.542 #
INTERSECTIOE PGINTS ARE

= ~0,342 K ¥h=  1.053 ¥

LINTs ~1,124 & YINT= 3.012 H

Q= 1,743 & Tou= 3,182 ¥

XJd= 2.073 # Y= 1.158 #

AERRAEID IR BB LA RILANIBRERSBRF PR R GBHABBFAIRHR

Case II  EEUTRAL BEAN AND TOROIDAL FIELD COIL INTERFFACE

YEUTRAL BEAN AMGLE= 33.040 DEEREE

AFAC=  $.000

§aP=  0.100 METER

REUTRAL BEAXR WIDTH= 1.000H

REUTRAL BEAM HEIGMT= 11,2004

NEUTRAL BEAM PLUS SHIELD UIDTH= 2.000M
REUTRAL BEAM PLUS SHIELD HEIGHT= 2.2004
HEUTRAL BEAM SHIELD THICKMESS= 0,500 M

s%e22#30LUTIDN 220 4%

THE COORDIMATES OF INTERSECTION POINTS ARE

p=  2.371 A 3= 0,334 i

Xg= 0.828 B 0= 2.246 N

REGQUIRED HEIGHT= 1,100 ¥ AVAILABLE HEIGHT= 1.873 H
REQUIRED HIDTH= 2,473 H AVAILABLE WIDTH= 5.i83 A
YIDTH PROJECTED ON TORUS= 2,437 #
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9. POLOIDAL FIELD POWER CONVERSION MODULE

The pulsed power conversion code module computes time-varying
electrical parameters for the PF coils and the plasma, requirements data
for the pulsed power supplies and energy storage system, cost estimates
for the major systems, and the cost of the entire group. The module can
provide for a maximum of 19 PF coil circuits and the plasma circuit.
Input data from several other systems code modules are used to compute
PF electrical output data: adat, eledat, htsdat, phydat, and rfhdat.

The printout may include five tables of time-varying parameters, require-
ments data, and cost data (long printout), or only the latter data

without the time-varying parameters (short printout).

CODE BASIS

The code is based on having PF coil power conversion and protection
systems similar to that shown in Fig. 61 for superconducting coils and
Fig. 62 for resistive conducting coils. Figures 63 and 64 show typical
power conversion units represented by blocks in Fig. 61. Note that the
power units contain both burn phase, low-voltage bridge rectifiers in
the middle and startup/shutdown pulsed power rectifier-inverters on each
side of Figs. 63 and 64. The coil protection system includes both the
I1§C for detecting faulted operation and initiating the discharge of the
PF coils and the switches, circuit breakers, and dump resistors shown in

Fig, 61,
The energy storage system is predicateu on the use of motor-generator-

flywheel (MGF) units and a variable-frequency power distribution system

having feeders to the power rectifier-inverters similar to that shown in
Fig. 65. The cost of the energy storage system includes the MGF units,

the current limiters, the circuit breakers, and the power feeders.

The PF electrical code module does not determine the ratings and
costs of the components, but it does compute coil-stored energies, the
maximum power and energy for each power supply, and the cost of each PF
coil power conversion system using cost algorithms for the pulsed power

supply, the burn power supply, the coil protection system, the buss
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Fig. 61. Typical superconducting PF coil power conversion
and protection system.
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CIRCUIT XFMR CIRCUIT
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T T2 | T3 T4 15 6 | 717 T8 T9 | T10} T11 | T12
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TWELVE 12-PULSE RECTIFIER MODULES CONNECTED IN PARALLEL TO A
COMMON ALUMINUM BUS LOCATED UNDER THE POWER UNITS.

auto-transformer voltage adjustment.

Fig. 62. Typical resistive coil dc power supply with
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Fig. 65. One-line diagram

of a typical ac energy storage

system,
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work, and the local I§C. The code module also calculates the peak power
and energy demand from the MGF units during startup and the utility line
power for restoring the MGF units to their maximum energy state during
each cycle of operation. The cost of the energy storage system is
computed from this data. In addition, this code module computes the
tloor space and building volume needed for the power conversion and
energy storage systems. These data are used by the facilities code

module.

CODE INPUT/OUTPUT DATA

The PF electrical code module uses the input data identified in
Table 26. This table lists the code mnemonics, the principal use of the
data, the expected range of the data, and the mnemonic description.

Most of the data are defined with mnemonics having matrix notation as it

appears in the coding. One index of the matrix refers to time or the PF

coil circuit number; the other one, when used, refers to the coil current
sequence number, time, or another mutually coupled coil,

The input data consist of coordinates of the PF coil wave forms,
the inductance matrix of the PF coils, the resistance of the coils, the
lengths of the bussing in each coil circuit, the pulsed power demand of
the plasma heating ICRH, ECRH, LHRH, and neutral beam injection (NBI)
power supplies, the cost coefficients, and the print option index. The
PF coil current wave-form coordinates, cpt(i,j) and seqti(j), are
illustrated in the current wave forms of Fig. 66. A typical inductance
matrix, sx2g(i,j), is given in Table 27,

The PF power conversion code module computes the output data
identified in Table 28 also given in matrix notation if applicable.

This table lists the same information given in Table 26 except for the
principal code use. The »rincipal use of most of this data is to
provide printed output. Except for data identified with asterisks, the
data are also used in making other internal calculations. Output data
identified with asterisks are used in other system code modules identi-
fied in the footnotes of Table 28. Typical output data for the short

printout are given in Table 29. Typical additional time-varying



Table 26. ELEPOW input data description

Code Expected

nemonic Code use range Mnemonic description

ept(i,i) Compute derivative of PF -100 kA Current sequence coordinate (j)
coil currents +100 kA £ PF coil (i)

cptd(i) Compute the bus resistance -100 kA Design current of PF coil (1)
of coil (i)

bus (i Compute the bus resistance 100 Total bus length of PF coil (i)
of coil {i} 300

secti(]) Compute derivative of PF -100 s Time coordinate of PF coil
coil currents 1800 s sequence current coordinate

(3)

sx2g(i,]) Compute induced voltage im 1 mH Mutual inductance between PF
PF coil (i) due to 10 H coil {i) and PF coil (3j)
current in Pf coil (J)

resn2 (i) Compute power loss in 0.0 @ Resistance of PF coil {i)
coil (i) 0.1 @

pnb Compute MGF stored energy 0.0 MW Neutral beam dc power input
requirement 50.0 MW

xcbhp Compute MGF stored energy 0.0 MW ICRH dc power input
recuirement 56.0 MW

pihbh Compute MGF stored energy 0.0 MW LHRH dc power input
requirement 50.0 MW

*eva (i) Compute PF coil (j) power 0.02 Unit cost of pulsed power con-
conversion system cost 0.04 verters for coii (j), $M/mva

*c2p {3 Compute cost of protection G.001 Unit cost of cost protection
for coil {3} ¢.002 equipment for coil (j), $M/m]

0L¢



Table 26. {continued)
Code Expected
mnemonic Code use range Mnemonic description
*cbi(i) Compute cost of bus work 3E-5 Cost coefficient of PF coil (j)
for coil () 8E-5 bus work, $M/m-ka
*cbz{j) Compute cost of burn power 0.10 Init cost of burn power
supplies for coil {j) 0.20 supplies, $M/mva
*e2p(3) Compute cost of instrumen- 0.05 Nominal cost of local I&C for
tation for coil (j) 0.16 coil (33, $M
*cai(j) Compute cost of local I&C 1.0 Cost multiplier factor for
for coil (j) 1.5 local I§C of PF coil (j)
*iout Print some cutput = 1 No print option
Print no output = 0
*elewrt Print summary output = 0 Print option index

Print eantire output = 1

*
Inputs from the user's data file; all other inputs are from other systems code subroutine

modules.

1.2
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Fig. 66. PF coil waveforms constructed from the data in the

lower part of Table 27.
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Table 28. ELEPOW output data description

Code Expected

mnemonic range Mnemonic description

curent(j,i) -100 kA Current in PF coil (1) circult at time
+100 kA (J)

vv(j,1i) -12 kv Voltage across PF coil (i) circuit at
+12 kV time (3)

ww(j,1) 0.1 MW Instantaneous power to PF coil (i)
500 MW circuit at time (j)

sumw () 1.0 MW Sum of instantaneous power to all PF
1000 MW coil cirvcuits at time (j)

ee(j,1) 1.0 MJ Total energy to PF coil (i) circuit to
4.0 GJ time (j)

sume(j) 1.0 MJ Sum of all energies to all PF coil
10.0 GJ circuits to time (Jj)

rloss(j,1i) 10.0 kW Resistive power loss in PF coil (i)
50.0 MW circuit at time (j)

va(j) 10.0 MVA Maximum MVA of power supply for PF
1.0 GvA coil (j)

sjoule(j) 0.1 GJ Total energy of power supply for PF
5.0 GJ coil (j)

bva(j) 0.1 MW Maximum MW of burn power supply for PF
50.0 MW coil (j)

costps(j) 1.0 M Cost of power supplies for PF coil (j)
20,0 M

maxlos(j) 0.1 MW Maximum resistance loss in circuit of PF
50.0 MW coil (j)

vam 300 MVA Maximum generator MVA
3000 MVA

g] 0.5 GJ Maximum stored energy from the generator
20.0 GJ

summax 10.0 MW Maximum of the sum of all power losses
200 MW in the PF coil circuits

mgmake* 5.0 MW Average power from utility line to the
50.0 MW stored energy MGF unit

mghv** 1.0E4 m3 Volume of the building for the MGF units
5.0E4 m®

pfcbv** 2.0E4 m3 Volume of the building for the PF coil

2.0E5 n? power supplies



Table 28. (continued)

Code Expected

mnemonic range Mnemonic description

espspm** 0.5E3 m? Floor area of the building for the MGF
2.0E3 m? units

pfcfsp** 1.0E3 m? Floor area of the building for the PF
1.0E4 m? coil power supplies

eshH® 10.0 $M Cost of the energy storage system
50.0 $M

tocost*** 40.0 $M Total cost of all PF coil power conver-
200.0 $M sion equipment

gltcost*** 50.0 $M Total cost of the pulsed power system
250.0 $M {es + tcost)

*

Used as an input ac power code module, ACPOW.
&k

Used as input to the facility systems code module, FACIL.

*kk
Used as inputs to the summary cost code module, SUM.
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superimposed in left margin)

Short printout summary of the pulsed electric power
conversion and energy storage system (mnemcnics

cotl

max mva of power supply
mj of power supply

max mw of burn supply
cost of power supply
max. resis. loss {(mw)

max generator {(mva)

max stored energy (g])

total resistive losses (mw!

mg average power [(mw)

vol. mg bldg. (m3}

vol. pf power conv. bldg. {

eqv. floor space mgb (m2)

eqv. floor space pcb (m2)

cost of energy storage (n$)

cost of power supplies (m$)

total electrical cost (m$)

1 2 3

246.97

826.45
1.18
8.2
g.41

47.9%6
287.81
31.87

28.75
lew. a1
22.35

5.28
23.99

32.54
= 1619.43
= 3.78
- 55.81
= 31.54
= 18866.55

m3) £85947.28

= 7488.78

= 6899.083

]

6a.11

479.76
1658.30
1.52
15.42
g.41

186.58%
175.34
7,41
5.76
B.41

oh

£42.32
748.79
#.33
18.28
#.41
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parameter data for the long form printout are given in Tables 30-34.
The mnemonics added to Tables 29 through 34 are not printed out; they

are superimposed to correlate the data with Table 28.

PRINCIPAL PF ELECTRICAL CODE EQUATIONS

The PF electrical subroutine uses a number of generic equations
applicable to each coil circuit. There can be as many as 20 coil
circuits, counting the plasma as one of the circuits (i.e., NCIRT is the
number of PF coil circuits plus the plasma). The generic equations are
used in ""do" loops identified in the listing and in the equations defined

below.

1. Convert PF coil sequence coordinates of the current wave forms from
kiloamps to amps (cpt = coil current also referred to as current per
turn).
do 50 cpt(i,j) = 1000 cpt (i,])

i = number of the PF coil circuit

j = number of the current coordinate (1 to 5)

H

i = ncirt -~ 1 is the OH coil number (%19)
i = necirt is the plasma circuit number (20)
2. Convert plasma current sequence coordinates from megamps to amps

(j = number of the current coordinate).

do 52 cpt (ncirt,j) = 1,000,000 cpt (ncirt,j)
3. Bus resistance of each coil circuit, busr(i), ohms.
do 70 busr (i) = 3.46E-5 busL(i)/abs(cptd(i)/1000Q)
i = 1, ncirt - 1
busf (i) = bus length of the ith circuit

it

cptd (i) design current of bussing of the ith PF coil
circuit
busr(ncirt) = 0, (plasma circuit)
4. PF coil circuit current, voltage, power, and energy calculations
as a function of time for five sequences
do 230 m = 1, 50

do 210 kk = 1, 10 500 times
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PF coil current waveform data — current (i,j)
(see also Fig. 60)

t tme

3.333e+28
&.667e+d8
1. 088e+81
1.333e+41
1.667e+#1
2.883=+#1
2.333e+21
2.667e+@1
OO+l
FEPe+d]
L120e+a1
L18Fer @l
248et]
30Fe+F1
.36Q0e+d1
A28+ g1
.48Petdl
. 5482+91
.688e+21
.b6fe+d]
.728e+51
L78@=2+g1
.84ge+@1
L9 Be+F1
.96de+g1
B2Re+@l
B8 e+@1
L147e+21
. 288e+F1
L202e+F1
.2EBerB]
L2BPe+d]
2EBerdl
Lo Petrdl
B2Pe+E2
A20e+A2
220e+A2
.3282+22
L428e+@2
A3Peth2
LA4Q0ev@2
.A59e+92
.A6Pe+d2
A7 Pt
.A8P=2+32
LA9Qe+f2
520 e+82
.51Pe+f2

Ll el el il el el el el el BV o B o IO NV NI AR ARV EANARANAEARARANARANANARANANAL

SZ2Perl2~

circul clircu? circul circud ciircul circub
5.4862+93 §.3542+23 4.5522+22 5.,49%<+82 §5.551e+83 2.418Be+44
1.297e+64 1.861e+84 9,106e+82 1.2982+83 1.11Pe+@4 2.390e+04
1.6468e+84 1.59%91e+24 1.366e+23 1.6472+83 1.665e+84 2,.761=+34
2.1%4c+H4 2.1212+34 1.821e+22 2.196et03 2.220e+34 3.133e+§4
2.743e+84 2.652e+84 2.277+82 2.74%e+@23 2.775e+F4 3. .5F4=+04
3.291e+p4 3.182e+24 2.732e+83 3.294e+83 3.330e+G4 3.R7Ce+L4
3.84Fe+94 3.713e+84 3.1872+23 3.843e+43 3.886e+54 4.24Be+J4
4.3B9%+44 4.2432+84 3,.543c+H3 4.392e+82 4.441e+04 4.619+54
4.9372+94 A.773e+84 4 .298c+H3 4.3412+43 4.996e+04 4.931e+£4
5.633e+#4 5.50%+94 4 .3462+52 1.292e+83 3.997e+84 3.992&+84
6.32Be+H4 £.245e+84~3.2292+H3-2.356e+@3 2.997+04 2.994c+H4
7.822e+§4 £.988e+04-6.8922+03-6.904e+83 1.9982+04 1.996e+24
7.719c+F4 7.716e+84~]1 . 056e+F4~9.6520+03 9.991e+93 9.981e+23
8.414e+84 8.4582e+84-1,422e+P4-1.330e+P4-4.657e~10 1.@548e-99
9.117e+84 9.187e+84-1,788e+#4~1.695+04~93.991e+F3-9.981e+93
9.805e+£4 9.923e+04-2,1542+04-2 . 0cle+F4-1.998e+04~1.9360+24
1.850e+85 1.08662+85-2.521e+84-2.4252+F4~2.997a+@4-2.99%4e+84
1.128e+85 1.139e+95-2 ,887¢+24-2.78%e+04-3.997e+04+-3.992=2+74
1'.189¢+85 1.2132+25-3,253c+24~3.154e+H4-4.9962+04~4.991a+24
1.175+55 1.280e+85-3.39%e+84~-3.321e+d4-4.996e+F4~4.991c+P4
1.161le+#5 1.1862+85-3,5452+%4-3,48%c+04-4.996c+F4~4 .991c+04
1.146e+85 1.1732+95-3.,692e+84~-3,556e+F4-4.9962+P4~4,991e+04
1.132e+85 1.159e+25-3.838Be+84-3.823e+04-4,.996e+04~-4.991ec+04
1.118e+85 1.146e+85-3.984e+54-3.9%0c+F4~4 .996e+P4~4,9%1e+04
1.182e+85 1.1322+85-4,130e+04~4,.157e+04-4.9%96+04~4,9%1e+04
1.28%92+05 1.11%e+85-4,276e+84~-4.3252+F4~4.996e+04~4,991c+04
1.875e+85 1.105e+85-4 ,422e+04-4.492c+04~-4,996e+04~4,99]1c+04
1.050e+85 1.892e+A5-4,568e+04-4.65%e+F4-4.996e+@4-4,991e+04
1. %46e+85 | . #78e+05-4,7142+24-4.82Ce+@F4-4,9902+04-4,.9%9]e+R4
1.05%e+85 1.090e+05-4,73%+04-4.0843c+F4-4.996e+P4-4.,99]e+04
1. 871e+@5 1.18)le+35-4,764c+94~4,.85%e+P4-4.9962+04-4,991c+04
1.884c+85 1.112e+85-4,790c+34-4.870e+f4~4,9962+04~4,93]1ec+P4
1.297e+85 1.123e+85-4,815+94-4.002e+04-4.9%62+04-4,99]e+24
1.109e+85 1.134e+35-4.840e+P4-4.90%+F4-4.996e+F4-4,99]1e+24
1.1222+85 1.146e+905-4 ,866c+P4-4,.920e+94-4,.996e+04-4.991e+94
1.135e+85 1.157e+35-4.8%1c+Q4-4.94722+P4~4.9962+F4~-4,99]1e+P4A
1.147e+P5 1.168e+95-4 . 916e+24-4.958e+04-4.9962+04-4.991e+04
1.160e+85 1.17%e+05-4.9422+94-4,974+H4-4.996+54~-4,.991e+24
1.1732+05 1.198e+05-4 ., 967e+84~4 .99 c+P4-4.996e+04-4,99]+04
1.8055e+058 1.9071e+85-4 4702+34-4.4922+04-4.496e+04-4.327+24
9.382e+04 9.523e+H4-3,974¢+34-3,993e+#4-3.997+24-3.663c+54
8.203e+84 B,333e+H4-3,.477e+F4-3,494e+94-3.497e+04-2.999e+04
7.836e+04 7.1422+04-2 ,980e+F4-2.995e+P4-2.9972+04~-2.336+54
5.864e+04 5.952e+04-2 484e+04-2.495e+04-2.498e+P4-1.672e+04
4.691e+04 4.76le+04-1,987c+04-1.996e+P4~1,998e+H4~1 .008e+04
3.518e+84 2.571e*Z4A-1.490c+04-1.4972+P4-1.49%e+P4-3.4432+83
2.3450+04 2.381e+P4-9,9342+023-9.982e+23-9.991e+83 3.194e+83
1.1732+24 1.19%etF4-4,9672+A3~-4.991e+@3-4.996e+43 9.831e+43
2.427e~89-1.473e-88 1,642e-£8 2.11%¢-88-2.79%4e~-89 |.647c+94~

pulse slectrical

currant table

e
Y
i
n
=]
i

TREnRRRRE

5.837e+05
1.167e+46
1.7510+85
2.335e+@6
2.918e+05
3.502e+06
4.9852+06
4.669e+06
5.252e+06
5.8370+46
5.993c+06
5.9785+06
6.937e+46
6.1840+G6
6.171e+96
6.237e+46
6.3084e+66
6.371e+45
65.438e+06
6.505e+05
6.505¢+06
6.505=+95
6.595e+06
6.595e+96
6.585+86
6.505=+06
6.505e+06
6.5052+06
6.5@5¢+06
§.505e+26
5.8542+06
5.204c+06
4.553e+06
3.963e%96
3.252e+26
2.602e+46
1.951e+#6
1.38le+06
6.585e+05
1.152e~4%6
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Table 31. PF coil voltage waveform data — vv(j, i)
voltage table
t ime circul circu? clrcul clircud cirgul circud plasma
3.333e+88 6.204e+@l 4.258e+81 1.601e+H2 3.878e+82 2.915e+d2 5.7F1lerd2-9.341e-41]
£.567e+#8 7,460+l B . H9¥e+H) 1.6581e+B2 3.871er82 2.0240+82 5 .7072+852~9,.341~#1
1,80 e+l 8.72%+#) 5.923a+#1 1.652e+82 3.072e+H2 2.8533e+@2 5.7132+H2~9.341la~F1
1.223e+01 9.991e+@1 &.755e+81 1.653e+02 3.873e+@2 2.843e+82 5 .720e+f2-9.341le-41
1.667e+@] 1.128+82 7.587e+9) 1.654a+82 3, 874e+f2 2.852e+@2 5.7282+82-9,.241e-81
2.000e+81 1.252e+02 8§.420c+81 1.86%4e+82 3.0782+d2 2.06le+f2 §.732e+82-9,.341e-81
2.,33%e+3) 1.378e+82 9.25%e+H] 1,658e+J2 3.876e+92 Z2.870e+@¥2 5.738e+H2~9.34]e~41
2.667e+@1 1.504e+82 1.888=+87 1.656e+82 3.877e+32 2. ¥8Fe+f2 5.744e+82-9,341e-41
3.85Pe+g1 1. 630e+P2 1,992e+52 1.657e+@2 3.87804+02 2.98%e+07 5.7581e+#2~9.341e~01
4. 060ev0] 8.1830+81~3.092e+81-4.2450+03-8.5120+03-2.877+83-7.193+83 {.179e+41
2.120e+P1 9.783e+F]1~1.928e+01-4.246e+93~83.513e+053~2.878e+83-7.194e+93 1.17%+41
3,.180e+8] 1.13Be+d2-7.733e+88-4.247e+03-8.513e+@3~2 . F80a+d3-7.136e+93 1.17%9e+d1
3.24Fe+81 1.298e+02 3.812e+88~4.247e+03~8.514e+83~2.082e+83-7.198e+83 1,179%e+41
R.390e+P] 1.458e+22 | .535e+81-4.2482+023-8,514e+03~2.083e+43~7.199+43 1.17%+41
3.360e+8] 1.61%2+87 2.690e+H1~4,24%2+03-8.815e+#3-2.485e+43-7.201e+d3 1.17%e241
3.420e+f1 1.779e+02 3.846e+Q)1+-4,24%e+03-8.516e+03-2.087e+@2-7 . 2#43+43 1.179«+51
3.480+81 1.93292+87 4.9%982+01-4.250e+83-8.516e+@3-2.488e+03-7.204e+83 1.179%e+41
3.540e+81 2.89%e+02 6.154e+Q1-4.250e+P3-8.517e+03-2.0%%e+H3~7.206e+83 1.17%e+41
3.608e+@1 2.2590+87 7.288e+81-4.2518+03~8.5170td3-2.002e+H3-7 . 2882+03 1.17%e+41
2,.660etfl 1.82%e+02 1.342e+02-1.790e+P3-3.210e+f3-4.031e+fl~1.675e+82 3.110e+3F
3.720e+@] 1.796e+02 1.321e+82-1.7910+03~3.91Fe+d3-4.03]1e+d1-].675e+g2 3.110e+08
3,780e+01 1.763e+02 1.300e+82-1.791e+03-3.918e+@3-4.83le+F1~1.675e+82 2.110e+0F
3.848e+F]1 1.730e+B2 1.2792+82-1.791e+93~3.911le+@3~4 .03 1e+dl-1.675e+82 3.110e+0Q
3.0 Fe+81 1.697e+02 1.258e+02~1.791e+¥3~-3.911e+@3~4.831le+H1~1.675+82 3.110e+0f
2.960e+f] 1.6640t82 1.237e+82-1.7920+H3~3.9118+03~4.931e+fl-1.675e+82 3.110e+09
4,820e+@81 1.631e+02 1.216e+82-1.792e+03-3.912e+83-4.831e+81~1.675e+82 3.110e+d0
4.780a+@1 1.598e+P2 1,1958482~1.792e+83~3.912e+93~4.931e+g1-1.675e+82 3.110e+ql
4.14Fe+@1 1.566e+82 1.1732+92-1.792e+83~3.912e+d3-4.831le+@l-1.675+82 3.110e+04
4.200e+P1 1.533e+82 1.152e+92~1.793e+23-2.912+93-4.821e+81~1.675e+82 3.110e+g¥
§.20Fe+@l 2.4552492 1.719e+82-2.3330+01-3.0270+21-8.145e+@d0-6.6860+08 4.1272-03
6.200e+f1 2.484e+92 1.737e+82~2.337e+81~3.82%2+81-8.145+00~6.688e+08 4,.127e-03
7.20Fe+Hl 2.514e+82 1.755e+P2-2.3420+91-3.432e+P1-8.145e+00-6.0860+09 4.127e-03
8.208e+B1 2.543e+82 1.772¢+82~2.346e+81~3.035e+01-8.145=2+00-6.686e+8f 4,127e~03
9 2HFe+d] Z.572e+P? 1.790e+02-2.350e+F1-3.837e+F1-8,145e+00-6.6800+08 4.1270-03
1.028e+82 2.601le+f2 1.887e+#2-2.354e+01-3.0408e+@81-8.145+00-6.686+0H 4.127e~63
1.120e+B2 2.630e+82 1,8252+82-2.35%+81~3 . F43e+01~8, 145Ce+d0-6. 086+l 4.127e~-23
1.228e+@2 2.65%9e+02 1.842e+82-2.363e+01-3.046e+81-8.145.+00~6,688e+0f 4.127e-03
1.328e+82 2.68%9e+42 1.860e+82-2.367e+01~3.048e+81~8. 148e+PP-6.68be+00 4.127e~£3
1.420e+@2 2.718e+82 1.877e+02-2.371e+81-3.851e+81-8.1452+00~6.686e+0¢ 4.1272-83
1.430e+82 1.571a+f2 1.58%92+02 2.270e+83 6.744e+03 6.584e+02 2.691e+@3-6.17%+24
1.440e+82 1.302e+@2 1.482e+82 3.271e+#3 6.745e+83 6.592e+82 2.693e+03~6.17%e+04
1. 4S5Fe+f2 1.032e+82 1,215e+62 3.272e+83 6.745e+P03 6.601le+B2 2.6%94e+03~5.17%+04
1.4600+02 7.617e+8] 1.829e+@2 3.272e%83 6.7460+03 6.608%e+02 2.695e+#3~6.17%+04
1. 47Fe+92 4.918e+F] 8.417e+51 3.2732+83 6.747e+83 B.617e+@2 2.6%6e+03-6.179%e+00
1.480e+82 2.219%e+41 6.54%+01 3.274e+83 6.748e+03 6.626e+02 2.697e+03~6.17%+44

1.490e+82~4.795e+00 4.68le+81 3.275e+83 6.749e+83 6.634e+22 2,.69Be+03-6.17%+00
{.50Fe+P2-3.178e+21 Z2.B13e+@1 3.276e+H3 6.750e+B3 6.64Ze+02 2.56990+93~6.1792+04
1.510e+82~5.877e+01 9.443e+00 3.276e+83 6.758e+93 6.651le+d2 2.700e+03-6.170%e+0%
1.520e+02-8.576e+£1~9,238e+00 3.277e+03 6.751e+93 6.65%e+42 2.791e+083-6.17%+4¥
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Table 32. PF coil circuit instantaneous power data — ww(j,1i)

LA9Pe+p2-1

watt table

.687e+95 1.672e+056~-4.880e+87-1.010=2+08-9.942e+86~9.2%1e+06~-1.6762+08

time circul circu2 circul clircud civrcub circub sumwatt
3.333e+9F 3.4073e+05 2.258e+P5 7.5162+44 1,6862+85 1,118e+88 1.151e+87 1,.344e+07
6.667e+03 8.1922+85 5.399%9e+¥5 1 .554e+085 3.372e+85 2.247e+86 1.364e+87 1.7732+27
1.90082+01 1.437e+06 9.4242+35 2.257e+@5 5.06Pe+P5 3.386e+85 1.578e+87 2.227e+07
1.333e+@1 2.192e+86 1.433¢+86 3.811e+85 £.748c+85 4.535e+P6 1.792e+97 2.706a+87
1.6672+01 3.887e+#6 2.812e+386 2.,7652+85 8.4382+45 5.695e+95 2.887=+47 3.288e+07
2.8882+8) 4.129e+86 2.67%c+y6 4.5290+85 1.013e+96 5.864e+f5 2.2228+07 3.735e+837
2.333e+8] 5.29%9le+86 3.435e+96 5.276e+85 1.182e+06 B.Jlde+ffs 2.437e+07 A.28he+Q7
2.6672+81 L.681e+35 4.279=2+36 £5.032=2+95 1.351e+d6 9.,234e+06 2.653=2+37 A.8868e+I7
3.098=+F1 8.95%e+86 5.211e+f6 6.78%9+85 |.521e+86 1.043e+07 2.870c+P7 5.45%=+Q7
3.860e+31 4.68%¢+06~1.690e+06~1.845e+86~-).,180e+87-8.299=2+47-2.872+28-3.88ierf8
3.128e+f1 65.1%91e+86-1.204e+06 1.371e+87 2.085e+07-6.230e+97-2.154e+8-2.390+08
3.180e+H1l 7.995e+96~-5.398e+£8 2.927«+87 5.111e+@7-4,156e+87~1.43e+98-9,737e+57
3.2402e+81 1.802e+87 Z2.941e+05 4.483=2+87 8.218e+07-2.080e+@7~7.184e+07 4.46%e+07
3.30%e+g1 1.227e+87 1.298e+90 &.fHaferf7 1.132e+88 9,.7%1e~-P7-7.543e-06 1.872e+08
3.368evd) 1.474e+d7 2.472e+E5 7.597c+d7 1.443e+08 2.083e+57 7.187e+y7 3.3822+48
3.428e1@1 1.744e+07 3.8152+06 9,105e+87 1.754e+88 4.170e+37 1.438e+08 4,.737=+08
3.48Je+@] 2.836e+97 5.32%=2+06 1.871etf8 2.065e+88 6.2592+07 2.157e+08 6.176e+48
3.54Fe+@1 2.358e+87 7.812e+H6 1.227e+£8 2.376e+98 B.353e+F7 2.877e+P38 7.628=2+08
3.600e+91 2.686e+97 B.BS55e+f6 1.383e+48 2.687e+HB 1.£45e+88 3.597e+08 9.06%+08
3.668e+81 2.149e+07 1.610e+97 6.087e+87 1.259e+88 2.d14e+f6 8.360e+46 2.387<+58
3.720ev@l 2.984e+87 1.567¢+07 6.349e+897 1.3640+98 2.014e+86 ©.360ec+d6 2.4682+48
3.788e+g1 2.821e+87 1.525e+087 6.611le*87 1.430=+48 2.914e+06 8.360c+06 2.54%e+98
3.8402+F1 1.39%8e+87 1.483e+87 6.874a+87 1.455e+88 2.014e+85 8.36Fe+f6 2.637e+289
3.908e+@1 1.897e+87 1.44)etd7 7.136e+87 1.561e+88 2.014e+f5 8.3b60e+06 2.712e+00
3.968c+01 1.836e+87 1.4808e+87 7.3%9%e+87 1.626e+88 2.014e+96 8.360e+86 2.793e+98
4 . 228e+81 1.777e+87 1.36082+07 7.662c+97 1.692e+08 2.814c+096 8.36Fe+d5 2.875e+48
4. @B%e+@1 1.718e+87 1.328e+07 7.928e+d7 1.757e+08 2.014e+06 8.36He+06 2.957e+08
4.14%e+51 1.668e+37 1.2B1e+27 8.187e+87 1.823e2+88 2.214=+86 8.36F=+26 3.93%9«+09
4.220e+81 1.6832+07 1.243e+07 B.45Je+@7 |1.88Be+08 2.814e+06 8.360e+P6 3.122e+48
h.280e+81 2.608e+@7 1.B74e+87 1.106e+86 1.4606e+06 4.8692+085 3,337e+05 4.804e+07
6.280e+Bl Z.662e+87 1.912e+47 1.114e+36 1.472e+86 A4.96%+88 3,337e+85 4.987e+§7
7.288=+81 2.725e+87 1.951e+07 1.122e+86 1.478e+06 4 .86%9e+8% 3.337e+05 5.910e+27
8.200e+Fl 2.78%9e+27 1.999a+97 [.130e+95 1.485e+086 4.96%e+05 3.337e+#5 5.115e+07
S.280e+@1 2.853e+87 2.030e+f7 1.1382+06 1.4912+06 4.069e+05 3.337e+05 5.220e+07
1.828e+82 2.91%e+87 2.878e+87 1.14ce+86 1.497e+986 4 ,.P06%9=2+85 3.337e+85 5.3272+857
1.120e+82 2.985=2+87 2.111e+07 1.154e+d6 1.504e+@6 4. .06%9e+05 3.337e+05 5.4352+07
1.228e+92 3.851e+87 2.152e+87 1.162e+96 1.510e+06 4.96%e+95 3.337e+05 5.544e+27
1.3202+92 3.119e+27 2.193e+f7 1.17#e+96 1.516e+d5 4 .06%9a+05 3.337e+8B5 5.855e+07
1.4282+82 3.187e+87 2.238e+87 1.178e+86 1.523e+806 4.86%+85 3.337e+8% 5.766e+07
1.4302+92 1.65%e+87 1.792e+97-1.,4620+808~-3.02%9e+88~2.960e+d7-1.1652+08-5.5615+08
1.448e+82 1.221e+H7 1.335e+37-1.388e+08-2.693e+68-2.6352+07~9.863e+07~4.987e+48
1.45Ce+82 8.469¢+86 1. 013e+f7-1.137e+98-2.357e+08~-2.23088+97-8.,079+A7-4.3472+G8
l.460e+@2 5.36QPe+P96 7.3462+86-9.,782e+07-2.020e+88~1.98le+07-6.294+07-23.696+08
1.478e+92 2.8Bdetl6 5.0\ He+f6-8.12%+87-1.684e+88~1.653e+97-4.507e+07-3.6342+08
1.480e+92 1.241e+896 3.118e+06~-6.505e+97~-1.347etf8-1.3242+07-2.719e+07-2.360+£8
1
1

.508er@2-7.
1.8518e+92-6.
1.528=+02 2.

455e+85 6.696e+95-3.254e+07-6.737e+07-6.636e+25 8.621e+06-9.881e+¥7
€93e+85 1.1242+05-1.6272+087-3.36%9e+07-3.322e+P6 2.655e+07-2.732e+27
89%e-F7 1.36le-f7 5.380e-A5 1.438c~F4~1.860e~06 A.449e+07 4,44%3:+07
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Table 33. PF coil cumulative energy waveform data — ee(j,i)
Joule table

time circul circu? circul circud clircub clrcub sumjoule
3.333e+90 5.858e+85 3.897e+85 1.378e2+05 3.89%0e+db 2.048e+06 B,996e+@7 9.343e+07
6.667c+8l 2.560e+06 1.694e+lb6 5.262e+05 |,180e+06 7.842e+06 1.322e+88 1.460e+08
1.090e+81 6.384e+06 4.207e+06 1.166e+0b 2.613e+f6 1,.742e+47 1 .816e+38 2.134e+08
1.333e+#]1 1.252e+P7 B.224e+l6 2.056e+f6 4.610e+06 3 .081le+f7 2.381e+08 2.863e+68
1.667e+81 2.143e+87 1.404e+87 3.1%98e+8b 7.16%+06 4.805e+27 3.718e+P8 3.957e+48
2.09%e+P1 3.358e+87 2.194e+07 4.591le+fe 1.4292+47 6.917e+07 3.726e+P8 5.122e+48
2.333e+0l 4.942e+@7 3.224e+87 6.23betf6 1.398e+07 9.421e+@7 4.506e+98 6.467e+08
2.667e+0] 6.942e+07 4.521e+87 8.133e+@6 1.823e+87 1.2322+88 5.358e+48 B.0FPe+P8
3.088e+F1 9.404e+H7 6.116e+H7 1 .028e+87 2.304e+@7 1.562e+F8 6,282e+08 9.734n+88
3.060e+P] 9.643e+87 6.L04e+07 4.977e+06 8.057e+06 1.008e+08 4.366e+H8 7.06%+08
3.120e+81 9.97%e+07 5.918e+H7 9.003e+06 1.170e+07 5.784e+07 2.880=+38 5.254e+d8
3.18Fe+d1 |.P48e+P8 5.867e+07 2.236e+07 3.399%e+87 2.730e+97 1.824e+58 4.287e+08
3.24Fe+@1 1 .935e+#8 5.861e+87 4.566e+d7 7.491e+M7 9.215e+f6 1.1992+08 4.171a+98
3.30Pe+dl 1.162e+#8 5.911e+B7 7.76%+07 1.345e+08 2.598e+86 1.005a+88 4.910e+£8
3.360e+@1 1.2442+48 6. 027e+07 1.188e+88 2.127e+88 1.047e+@7 1.242e+08 6.505=+98
3.420e+81 1.341e+f8 6.218e+07 1.692e+08 3.095e+08 2.985e+87 1.911e+f8 8.95%=+08
3.480e+01 1.4b524+408 6.496e+07 2.293e+0B 4.280e+PB 6.177e+87 3. Fllerd8 1.228e+49
3.540e+P1 1.587e+08 6.871e+l7 2.987e+£8 5.592e+08 1.062e+88 4 .542e+88 1.6462+09
3.698a+8)1 1.739%9+28 7.352e+87 3.775e+P8 7.120e+08 1,633e+08 6.506e+08 2.151e+99
3.660e+@1 1.870e+@¥8 8.33Fe+P7 4.133+88 7.88le+l8 1.645e+98 6.556e+48 2.2922+99
3.7280e+@] 1.997e+08 9.282e+87 4.507e+08 B.682e+08 1.657e+08 6.607e+P8 2.438¢c+09
3.780e+91 2.120e+08 | .@21le+@8 4.8%962+08 9.522e+08B |.669e+08 §.657e+08 2.588e+49
3.84Fm+@) 2.239e+P8 1.111e+P8 5,3802e+08 1.04Pe+99 1.681e+f8 6.707e+38 2.744+09
3.900e+P1 2.35%5e+88 1.198e+08 5.723e+08 1.132e+l9 1.693e+08 6.757+48 2.995=+89
3.960e+91 2.466e+@8 1.284e+08 6.159e+08 1.228e+09 1.705e+08 6.807e+98 3.470e+89
4.920e+P1 2.575e+08 1.366e+88 6.612e+4B 1.328e+d9 1.717e+88 £.807e+08 3.240e+09
4.880e+@] 2.679e+88 |.447e+P8 7. .08Fec+l8 1.431e+89 1.729%e+08 6.908ec+08 3.415e+09
4.140e+91 2.780e+@8 1.524e+08 7.565e+98 1.539e+99 1.741e+08 6.958e+98 3.596e+99
4.2080+f1 2.8782+08 |.600e+P8 8.065e+08 1.650e+89 1.753e+08 7.008e+08 3.781e+09
5.200e+81 5.450e+08 3.4056e+08 8.175e+98 1.665e+f9 | .7%4e+P8 7.@841le+d8 4.257e+09
6.200e+R]1 B8.084e+P8 5,.351e+08 8.2B6e+P8 1.680e+09 1| ,8358e+08 7.075e+88 4.7432+49
7.200e+g1 1.078e+09 7.2852+08 8.39Be+48 1.694e+89 1,.870e+08 7. 1HBe+d8 5.23%+£9
8.200e+d1 1.354e+09 9.257e+08 8.510e+98 1.799%e+89 1.916e+28 7.1412+98 5.746e+89
9.208e+@1 1.636e+09 1.127e+08 B.624e+08 1.724e+09 1.957e+08 7.175e+98 6.263e+H9
1.020e+82 1.925e+09 1,332e+89 8.7382+08 1.7392+09 1.998+88 7.2{8e+08 6.791e+09
1.120e+22 2.221e+09 1.54le+99 B.853e+f8 1.7540+09 2. .038e+Q8 7.241e+08 7.33Fe+89
1.228e+92 2.523e+£9 1.755e+29 8.96%9=+£8 1.76%9e+39 2.47%+Z8 7.2708e+¢8 7.87%=2+£9
1.220+82 2.832e¢+89 1.972e+09 9.085e+88 1.784e+08 2.120e+P8 7.308e+08 8.440=+09
1.420e+82 3.147e+89 2.194e+09 9.283e+08 1.79%9e+09 2.160e+08 7.342e+48 9.811e+93
1.430e+22 3.166e+99 2.213e+09 7.668e+48 1.48le+P9 1,850e+08 6.097e+J8 B.422=+09
1.44Q0e+02 3.180e+P9 2.2282+H9 6.295e+08 1.197e+09 1.572e+08 L. 030e+48 7.895e+99
1.458e+82 3.19%e+09 2.23%e+89 H.4852+08 9.4622+08 1.326e+08 4.142e+08 7.431e+09
1.460e+@2 3.197e+89 2.248e+29 4. 437e+@8 7.290e+08 1.113e+08 3.432e+48 7.532e+89
1.470e+82 3.281e+89 2.254e+99 3.1512+88 5,455e+08 9.2331letff7 2.901e+P8 6.693e+49
1.4802+82 2.283e+09 2.258e+09 2.427¢+#8 3.956e+08 7.85%e+07 2.549e+08 6.432e+89
1.490e+02 2.203e+99 2.260e+P9 1.866e+d8 2.794+@8 6.7)7e+@7 2.3752+08 6.234e+£9
1.500e+p2 3.203e+P9 2.261le+f9 |.467e+28 1.96%9%+08 5.904e+07 2.38le+f8 6.185%2+09
1.510e+92 3.202e+99 2.261e+@9 1.2312+88 1.481e+@8 5.423e+87 2.566e+88 6.045e+H9
1.520e+P2 2.202e+p9 2.26le+g9 1.158e+08 1.32%e+H8 5,.273e+87 2.93Fe+08 6£.057e+£9




Table 34. PF coil circuit resistive power loss data — rloss(j,i)
resistive loss table
tima circul circuz circu3 circuid circub circub plasma
3.333e+8F 6.926c0t24 4 .415c+P4 3.466e+81 5.6152+8] 5.121e+83 £.77%2+94 £.
6.6672+08 2. 77Hc+@5 1.766e+d5 1.386e+82 2.00be+f2 2.04%+54 9,.564e+74 7.
1.08@=2+8]1 6.233e+95 3.973e¢+P5 3.119e+82 4.513e+42 4.60%+P4 |.26%e+05 4.
1.333e+41 1.1882+06 7.0642¢85 5.545e+82 B.424e+J2 8.194c+34 1,633e+d5 .
1.667e+#1 1.731e+@6 1.1F4e+P6 8.665e+02 1.2542+03 1.280a+lb 2.044=+05 £.
2.200c+¥1 2.493e+@86 1.58%9e+86 1.248e+¥3 1.BF5e+43 1.844e+95 2.5602+95 4.
?.333e+#1 3.394et@6 2.153¢+@b 1.698e+P3 2.457e+H3 2.510e+8b 3.002e+05 4.
2.667e+81 4.433e+@b 2.8B25e+#6 2.21Be*%2 3.289e+33 3.278e+85 3.550e+05 #.
3.8682+@F1 5.61Fc+05 3.576e+86 2.8Q72+83 A.862e+83 4.148e+85 4.144e+05 4.
3.806Fe+01 7.382e+06 4.763e+H6 3.158e+d]l 2.780e+8Z2 2.555e+H5 2.652e+0S H.
3.128e+g1 8.216e+@6 5.120e+86 1.743c+#3 9.233e+42 1.493e+95 1.492e+9% #.
3.18Fa+81 1.135¢+87 7.647¢+88 7.5412+83 5,3982+832 6.637e+54 65.631c+PF4 &,
3.24%e+81 1.371e+37 9.3440+0b 1.8630+44 1.558e+04 1.65%e+44 1.658e+74 4.
3.380e+81 1.62%e+d7 1.121e+¥7 3.388e+84 2.%43e+iPd 3.084e~23 1.827e-22 #.
2.368e+81 1.914+27 1.325=+87 5.346c+04 4 . 78Fc+PJ4 1.65%e+04 1.,658e+74 #.
3.428e+@1 2.213e+f7 1.545e+87 7.768=t84 7.85%e+P4 5.637e+84 65.631e+34 4.
3.48%a+F1 2.538e+87 1.783ec+#F7 1.962e+85 9,78le+tdd 1.493e+05 1.492a+95 Z.
3.5482+F1 2.885:+07 2.838ec+H7 1.33%4e+85 1.295¢+95 2.658e+95 2.,652a+85 &,
3.698e+81 3.2542+97 2.38%e+87 1.778c+85 1.655e+85 4.148e+85 4,144c+0% 5.
3.66%e+81 3.1772+87 2.258e+87 1.932e+55 1.836e+95 4.14Be+85 4,1442+95 5.
3.728e+Q1 3.180e+87 2.2898c+f7 2.1082e+85 2.78252+45 4.148e+05 4.144c+05 0.
3.788s+F1 3.824e+F7 2.158=+87 2.278e+8h 2.224e+G5 4.148e+J5 4,1442+95 &,
3.84Fe+f1 2.94%9¢+07 2.1€89e+87 2.462e+85 2.4322+H5 A.148e+f5 4.144e+d5 5.
3.998e+@) 2.875e+f7 2.068e+97 2.653e+05 2.64%e+05 4.148e+05 4.144e+895 7.
3.968e+01 Z2.8828+87 Z.¥12e+@¥7 2.8%50et@% 2.8762+85 4.1482+85 4.144e+85 4.
4. 920+ 2.72%c+P7 1.968a+f7 3.056e+H5 3.112e+05 4.148e+d5 4,144c+05 2.
A.080e+0] 2.658e+B7 1.918e+07 3.26%e+05 3.357e+¥5 4.1482+85% 4.1442+95 ¥,
4.14Fe+0) 2.588ec+f7 1.8712+27 3.48Be+id5 3.6128+85 4.148e+05 4.144=+95 4.
4.280e+P] 2.518Be+87 1.825e+87 3.715e+25 3.8752+85 4.148e+35 4,1442+95 §.
5.2008e+3] 2.580c+87 1.863c+#7 3.755e+M5 3.902e+05 4.148e+P5 4.144+905 §.
6.2802+8] 2.642=2+87 1.982e+87 3.795e+05 3.929&+45 4.148e+35 A,144e+95 £.
7.200e+@1 2.785e+87 1.941e+87 3.835e+0% 3.255e+8% 4.148e+085 4.144e+95 &.
8.288e+B]l Z2.768e+A7 1.98Fe+87 3.876e+05 3.982=2+45 4.148e+05 A.1442+095 4.
9.208e+81 2.833e+07 2.828e+f7 3.917e+05 4 .L93=2+35 4.148e+85 4.144=+95 £.
1. 628e+B2 2.898c+87 2.%68e+@7 3.958e+05 4.036e+55 4.1482+95 4.1442+485 7.
1.128e+82 2.963e+@87 2.180c+P7 3.999%:+85 4.4632+J5 4.1482+85 4.144e+95 0.
1.228e+92 3.938e+87 2.141a+E87 4.841e+05 4 .99Fe+55 4.148e+85 4.144e+05 #.
1.3282+82 3.897e+R@7 2.182e+d7 4.083a+85 4.1172+85 4.148e+95 4,144e+95 2.
1.428e+@2 3.165e+27 2.2240+87 4.1252+85 4. 1442+65 4.148e+85 4,144e+95 2.
1.438e+@2 2.5642+27 1.801e+87 3.341e+@5 3.357e+05 3.36%=+55 3.115=2+85 2.
1.442e+v82 2.826e+A7 1.423e+87 2.64F2+05 2.652e+8E 2.655e+45 2.233=+85 £,
1.458e+82 1.551e+07 1.8%%e+B7 2.921a+05% 2.831e+85 2.833+95 1.487e+05 5.
1.468=+82 1.13%e+87 8.406e+06 1.4852+05 1.492e+05 1.493e+85 9.8770+04 4,
1.478e+82 7.913e2+86 5.560e+06 1.8312+45 1.036e+85 1.8372+45 4.651le+04 .
1.485e+82 5.854e+86 3.558e+86 6.59%e+@4 5.631e+24 6.637e+dg4 | .691ec+d4 #,
1.4982+082 2.84%a+86 Z2.8610+86 3.712e+84 3.73%e+84 3.734e+f4 1.9732+33 4.
1.580e+82 1.266e+55 8.895e+95 1.6502+@4 1.558e+%4 1.65%=+84 1.697e+83 4.
1.5182e+82 3.165e+85 2.2242+@3% 4.125e+@3 4.144c+83 4.148e+33 1.6082+04 4.
1.528e+22 1.367e-208 3.4542~19 4.565e-28 7.406%e-28 1.298e-21 4.,513¢+04 &.
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Time zone 1 current derivative, m

dt = seqti(1)/9

do 80 i = 1, ncirt

1 through 10

decoili(i) = [cpt(i,2) - cpt(i,1)]/seqti(l)
Time zone 2 current derivative, m = 11 through 20
do 100 i =1, ncirt

deoili(r) = [cpt(i,3) - cpt (i,2)]1/seqti(2)
Time zone 3 current derivative, m = 21 through 30

do 120 similar to time zone 2

i

Time zone 4 current derivative, m

do 140 similar to time zone 2

31 through 40

Time zone 5 current derivative, m = 41 through 50
do 160 similar to time zone 2
Calculate mutually induced voltages in each circuit.
do 180 sv(i) = 0 initialize
do 190 sv(i) = sv(i) + sxfg(i,i)*dcoil(j)
sumv (i) = sv(i) - sx2g(i,j)*dcoili(i)
i =1, ncirt, j = 1, ncirt
sv(i) = mutually induced voltages + self-induced voltage
in circuit (i)
sumv (1) = mutually induced voltages in circuit (i)
sx2g(i,j) = inductance matrix of coils
decoili(i) = derivative of current in circuit (i)
Compute current, voltage, power, and energy.
do 200 i =1, ncirt (x = 0.1)

Current in the ith circuit, (a function of time)

coil (i) = coil(i) + deoili(i)*dt*x
coili(i) = coil(i), amps

Voltage and resistance losses of the ith circuit (a function of time)

vep(i) = sxlg(ii)*dcoili(i) + sumv (i)
+ coili(i)*|{resn2(i) + busc(i)], volts
restos(i) = [coili(i)]%*[rsn2(i) + busr(i)], watts

resn2 (i) resistance of coil (i)
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Power supply watts and joules

w(i) = vep(i)*coili(i) power, watts
e(i) = e(i) + w(i)*dt*x energy, joules
Set up matrix for the option of printing the above variables as a
function of time (m) = t. Shift columns one to the right to allow
for printing time in the first column. (Every tenth value is stored
for printing, KK = 10.)
do 220 i = 1, ncirt + 1
voltage, vv(m, i + 1) = vep(i)
current, current (m, 1 + 1) = coili(i)
ps watts, ww (m, 1 + 1) = w(i)
ps energy, ee (m, i + 1) = e(1)
ckt loss, rloss (m, i + 1) = reslos(i)
sum all ps energies: sume(m) = sume(m) + e(i)
sum all ps watts: sumw(m) = sumw(m) + w(i)
absolute sum of ps watts: asumw(m) = abse [asumw(m)]
ps = power supply total
Set first entry of matrices for printing time in column 1.
voltage, vv(m,1) = t
current, curent (m,1) = t
ps watts, ww(m,1) = t
ps energy = ee(m,l) = t
ckt losses, rloss (m,1) =t
Set last column of vv, ww, and ee to print plasma voltage and

the sum of the circuit values of a row in last column.

vv{m,ncirt + 1) = - sumv(ncirt) (plasma)
ww(m,ncirt + 1) = sumw(m)
ee(m,ncirt + 1) = sume{m)

This is the end of the outer 'do" loop 230.

gj = 0, initialize maximum sum of all ps energies, sume(mn)

wm = 0, initialize maximum sume of all ps watts, asumw(m)
Select the largest value of power supply current, watts, and joules
and calculate sum for all pf coil circuits.

do 250 j = 1, ncirt - 1

amp (j) = 0, initialize largest current in circuit (j)
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va(j) = 0, initialize largest va in circuit (j)
sjoule(j) = 0, initialize largest energy in circuit (j)
do 240 m = 1,29 assumes max occurs before the burn phase

damp = amp(j) - abs[current(m,j + 1)] A

i}

dva = va(j) - abs[ww(m,j + 1)]

Difference between
gj - sume(m) f tentative maximum and
successive array values

it

dgj

dnw = wm - asumw(m)

djoule = sjoule(j) - ee(m,j + 1) y
If (damp. LT. 0.0) amp(j) = abs [current(m,j + 1)] (typical statement
for obtaining the maximum value of a variable. There are six of
these statements in ''do" loops 240 and 250.
Note: amp(j) is the largest current (current) in circuit j,
va(j) is the largest volt-amps (ww) in circuit j,
sjoul (j) is the largest energy (ee) of circuit j,
gj is the largest sum of energies (sum) in all the PF coil
circuits, and
wm is the largest sum of the power (asumw) in all the PF coil
circuits.

Assign variables to the values of energy and power at the end of

the third, fourth, or fifth time zones for determining MGF require-

ments.

emjus = ee(29, ncirt + 1) end of 3rd time zone
emjbn = ee(39, ncirt + 1) end of 4th time zone
emjsd = ee(49, ncirt + 1) end of 5th time zone
bpsmwt = ww(39, ncirt + 1) end of 4th time zone

psumwt = wm change of variable for maximum summation of watts

MGF energy storage requirements for startup (gmjsu) less that
recovered during shutdown (gmjsd), megajoules.

emjah = (pnb + xcbhp + plhbh)*seqti(3)*1E6 (plasma heating, joules)

pnb = neutral beam dc power, megawatts

xcbhp
plhbh

seqti(3) = plasma heating time internal, seconds (startup)

ICRH prime dc power, megawatts

LHRH prime dc power, megawatts

gnjsu = (emjus/effl + emjah/eff2)*1E - 6, mj
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emjus/effl = stored energy for PF coils, joules

emjah/eff2 = stored energy for plasma heating, joules
cffl = 0.8
eff2 = 0.8

1
i

ac-to-dc conversion efficiency for the PF coil

ac-to-dc conversion efficiency for the plasma

i

heating system

PF coil energy recovered during the shutdown phase (gmjsd).
gmjsd = (emjbn - emjsd)*eff3*1E - 6, mj

eff3 - 0.7 is the energy recovery efficiency
AC power needed for the MGF system (mgmake), mw.
mgmake = (gmjsu - gmjsd)/eff4/time(49)

eff4d = 0.75 is the MGF and ac power transmission efficiency

time (49) is the total cycle time available for restoring

the MGF to full energy storage capacity.

Building floor space and volume for the PF coil power conversion

system. Building floor space PFCFSP, square meters

5
PECFSP = 150(T, + T3 + Ts)/ % Tj *[psumwt/1E6]0-87
j::l
5 .
+ 150 Ty/ . Tj *[BPSMWT/1E6]0-67
j=1

5[EMJUS/1E6]09-67

+

Ti = S5eqti(i) is the time interval for sequence i,
i = 1 through 5

Building volume (PFCBV), cubic meters
PFCBV = 10*PFCFSP

Building floor space (ESPSPM) and volume (MGBV) for the MGF system.
ESPSPM = 3.3 (PSUMWT/1E6)9:87 + 1.2(GMISU)? 67, square meters
MGBV = (ESPSPM)1‘5 cubic meters

Find maximum resistive loss for each PF coil circuit (maxlos).

do 270 icol = 1, ncirt - 1

da 270 irow = 1,49 (time values)
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if (irow.eq. 1) maxlos (icol) = rloss (irow, icol + 1) - initialize
if [rloss(irvow, icol + 1).gt. maxlos (icol)]
maxlos[(icol = rloss (irow, icol + 1)]
do 280 i =1, ncirt ~ 1
maxlos(i) = maxlos(i)*1E - 6, convert from watts to megawatts

Determine the sum of losses in all PF coil circuits, (sumlos), then
find the maximum of the sum of the losses (summax).
do 300 irow = 1,49
do 290 icol = 2,ncirt

sumlos (irow)} = sumlos(irow) + rloss (irow, icol)

(sum of data by row in colums 2 through ncirt)
if (irow.eq. 1) suwmmax = sumlos(irow) - initialize
if [sumlos(irow).gt. summax] summax = sumlos (irow)

summax = summax*lE - 6, convert from watts to megawatts
Determine cost of the energy storage system (ES, $ million).

gj = gj*1E - 9, convert maximum of sum of the energies (sume)

to gigajoules
vam = (w,/0.7)*1iE - 6/0.8, calculate maximum ac MVA from the MGY¥ sets,
assuming power factor = 0.7 and efficiency
of power conversion is 0.8.

es = 1.2(0.005 vam + 0.025 vam®-® + 1.8 (gj)0-8
Convert the largest current, volt-amps, and energy is circuit (j) to

kA, MVA, and MJ for output file.

do 310 j =1, ncirct -1
amp(j) = amp(j)/1000 , KA
va(j) = [va(j)/0.7]*1E - 6/0.8 s MVA
310 sjoule(j) = sjoule(j)*1E - 6 s, MJ

Determine the maximum value of current, volt-amps, and energy during
the burn phase (m = 30 through 39) for each PF coil circuit.
do 330 j

i

1, ncirt -1

abs[curent (30, + 1)] Setting initial values of

i . burn phase amps, volt-amps,
abs [ww (30,3 + 1)] and joules for determining
ee(30,j + 1) the maximum

bamp (J)
bva(j)
bjoule(j)

B}

1
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do 320 m = 30, 39 (search for maximums)
dbamp = bamp(j)} - abs[current(m,j + 1)]
dba = bva(j) - abs{ww(m,j + 1)]
dbjoul = bjoule(j) - ee(m,j + 1)

if (damp.lt. 0.0) bamp(j) = abs[current(m,j + 1)]

if (dba.lt. 0.0) bva(j) = abs[ww(m,j + 1)]

if (dbjoul.lt. 0.0) bjoule(j) = ee(m,j + 1)

Convert maximum burn phase amps, volt-amps, and joules to kA, MVA,

and MJ for all PF coil circuits.

do 340 j =1, ncirt - 1
bamp(j) = bamp(j)/1000
bva(j) = bva(j)*1E - 6

bjoul(j)

[bjoul(j) - ee(29, j + 1)]*1E - 6

The last equation gives the additional energy needed during the
burn phase taken from the utility line.

Cost of PF coil power conversion for the jth circuit, costps(j),
$ million and total power conversion cost, tcost ($ million).

do 350 j = 1, ncirt - 1

il

costps(j) = cva(j)*va(j) + c2p(j)*sjoul(j)
+ ¢cbi(j) [busL(j)*amp(j) + cbz(j)bva(j)
+ clp(j)*cai(j)
350 tcost = tcost + costps(j)
gtcost = tcost + es total cost of energy storage system and
PF conversion equipment ($ million)
cva(j) = 0.02
c2p(j) = 0.001
cbi(j) = 5.58 x 107° For all j circults see input file elein
cbz(j) = 0.10 of Table 35.
clp(j) = 0.05
cai(j) = 1.3
busL(j) = 240

[N



Table 35. Input cost coefficient data and buss length

*¥**%%* electric power PF coil input data

* for each PF circuit j

* ¢va(j) unit cost of startup power converters mega-dollars/mva
* c2p(3) unit cost of protection equipment mega-dollars/mj
* ¢bi(j) cost of bussing mega-dollars/m-Ka
* ¢bz(j) unit cost of burn power supplies mega-dollars/mva
* ¢lp{j) cost of instrumentation mega-dollars

*  cai(l) factor to multiply total cost by

* busl(j) buss length m

*gGelein

cva=12(.02),8(.0),

c2p= 12(.001}, 8(0.),

chi= 12{3.584e-5), 8(0.),

cbz= 12(.10}, 8(0.),

clp= 12(.05), 8(0.),

cai= 12(1,3), 8(0.),

busl= 12(240.), 8(0.3,
elewrt=1

*Fendelein

Note: elewrt is a print option index. If elewrt = 1, all output data of the
code are printed out. If elewrt = 0, the time dependent data are omitted
from the printout.

68¢
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CODE MODULE FLOW DIAGRAM

The flow diagram of the code module is given in Figs. 67-75.
Successive figures are connected with small circles containing lower-
casg continunity letters. Each figure also contains some mnemonics on
the left that correlate the flow diagrams with the code listing and
equations defined above. The feedback loops in the figures are DO loops
identified with numbers as they appear in the listing and the equations
ahove. The functions performed by each loop are given in function
blocks within the loop. There are many loops given in Figs. 67-71
that lie within two major loops chosen with continuity letters (c)
and (d). The flowcharts in the figures, together with the equations

listed above and the code module listing, are self-explanatory.
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ORNL-DWG 84C-2007 FED

INITIALIZE AND
READ DATA

(DO 50) ' (DO 50)

CONVERT PF COIL
CURRENT FROM

MA TO AMPS
T . i< npcirt -1 [T
i > neirt - 1

] <nseq j
N

j= nseq= 5

(DO 52)

CONVEAT PLASMA
cptincirt, j) Clhjﬂiﬁlf:(gl;:dﬂp%hﬂ

<ases [
O IMIEa]

i> nseq

(DO 70)

COMPUTE BUS
, RESISTANCE FOR
busr(j) EACH PF CKT

Fig. 67. ELEPOW code flow diagram (sheet 1 of 9).
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ORNL-DWG 84C-2008 FED

{DO 230)

m=m + 1

(DO 210)

kk = kk + 1

P>

m<10
(DO 80)

COMPUTE di/dt
FOR ALL PF COIL
o CIRCUITS FOR
dcoili(i) SEQUENCE 1

. i < ncirt T
|/ i=i+1

i > ncirt

m > 20 <m>

m < 20

(DO 100)
COMPUTE di/dt
FOR ALL PF COIL

A CIRCUITS FOR
dcoilifi) SEQUENCE 2

. i < ncirt T
i =i+ 1

i 2> ncirt

® @@

Fig. 68. ELEPOW code flow diagram (sheet 2 of 9) (beginning of
major DO loops 210 and 230),
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ORNL-DWG B4C-20089 FED

®

m > 30 /m>

m < 30

(DO 120)

COMPUTE di/dt
FOR ALL PF COIL
L CIRCUITS FOR
dcoili(i) SEQUENCE 3

<i i
m > 40 /m>

m< 40

(DO 140)

COMPUTE di/dt

FOR ALL PF COIL
_— CIRCUITS FOR

deoilifi) SEQUENCE 4

<i\ I

©

Fig. 69. ELEPOW flow diagram (sheet 3 of 9) (inside of DO loops
210 and 230).
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ORNL-DWG 84C-2010 FED

m > 50 /

m < 50

(DO 180)

decoilili) SE

i< ncirt

i > ncirt

(DO 190)

INITIALYZ
svii) = C

£

=i+

(DO 180)

COMPUTE MUTUAL

svii) AND SELF INDUCED
VOLTAGES IN

THE PF COILS

< ncirt

| = ncirt

SUBTRACT SELF
. INDUCED VOLTAGES
sumv(i) FREOM TOTAL
INDUCED VOLTAGES

t > ncirt

fig. 70. ELEPOW code flow diagram (sheet 4 of 9) (inside of DO
loops 210 and 230).
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ORNL-DWG 84C-2011 FED

® © @

(DO 200)
coilili) COMPUTE POWER
vep(i} SUPPLY VOLTAGE
reslosii) CURRENT POWER
w i) AND ENERGY FOR
eli) ALL CIRCUITS
i < ncirt
<i ---------------- i=1i+1
(DO 220)
vvim, i +1) PLACE IN VECTOR
““?"“F;gf‘” ARRAYS SUITABLE
2275“}‘+1) FOR DETAILED
fosstm it 1) DATA PRINTOUT
i > ncirt
i< nncirt
COMPUTE SUM
sumwlm) OF POWER AND
asumw(m) ENERGY IN ALL
PF COIL CIRCUITS
KK < 10
KK
KK > 10
vvlm, 1) =t INITIALIZE FIRST
wwim, 1) =t COLUMN OF EACH
eelm, 1) =t ARRAY FOR TIME
ETC. PRINTOUT

Fig. 71. ELEPOW code flow diagram (sheet 5 of 9) (end of
major DO loops 210 and 230).



ampljl}, va(j)
sjoul(j)

damp, dva, djoul
ampl(j), valj)
sjoul(j), gj, wm

emjah
mgmake

pfcfsp
pfcbv

Fig. 72.

296

ORNL-DWG 84C-2012 FED

INITIALIZE MAX

SUM OF POWER

SUPPLY GJ AND
WATTS

INITIALIZE MAX
AMPS, VA, JOULES
OF PF COIL CKTS

(DO 250)

FIND MAX PS
AMPS, WATTS,
JOULES AND GET

SUM FOR ALL
PF COIL CIRCUITS

m > 29

(DO 240}

m=m + 1

)< ncirt -1

) = ncirt - 1

CALCULATE MGF
POWER AND
ENERGY STORAGE
REQUIREMENTS

CALCULATE BLDG.
SPACE AND
VOLUME FOR PF
CONV. AND
ENERGY STORAGE

j=j+1

ELEPOW code flow diagram (sheet 6 of 9).




maxlos{icol)

maxios(i}

sumloslirow)
summax

Fig. 73.
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ORNL-DWG 84C-2013 FED

®

(DO 270}

FIND MAX. POWER
LOSS OF EACH
PF COIL CIRCUIT

. irow < 49 N
irow lirow
ol icol <ncirt -1 [ |
ico co
e

(DO 280)

Il
)
%
+

i
=
°
+

CONVERT MAXLOS
FROM WATTS TO
MW

) i< ncirt -1 [
l/ i=i+1

{DO 290, 300)

CALCULATE SUM
OF PF COIL CKT
LOSSES AND FIND

MAX. VALUE
irow Jirow = irow + ;}—7
7
icol " icol = icol + 1

ELEPOW code flow diagram (sheet 7 of 9).



gj., wm
vam,es

ampij), va(j)
sjoul(j}

bamplj). bvalj)

bjoul{j)

dbamp, dba
dbjoule, bamplj)
bva(j), bjoul(j)

Fig. 74.
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ORNL-DWG 84C-2014 FED

CALCULATE COST
OF THE ENERGY
STORAGE SYSTEM

(DO 310)

CONVERT TO KA
MV A, AND MJ
FOR ALL PF COIL
CIRCUITS

<A i< ncirt -1 proeeeed
i

(DO 330)
INITIALIZE
BURN PHASE
AMPS, VA, JOULES
FOR EACH PF CKT
(DO 320)

FIND MAX VALUES
OF BURN PHASE
AMPS, VA JOULES
FOR EACH PF CKT

29 < m< 3¢
m m=m + 1

<_ j < ncirt -1
i

®

=i+

ELEPOW code flow diagram (sheet 8 of 9).
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ORNL-DWG 84C-2016 FED
CCP

CONVERT PF COIL
BURN PHASE DATA

(DO 340}

bampl(j), bva(j}

bjoul(j) TO KA, MV A, MJ
_ i< ncirt -1 [
i SRR 1= + 1
(DO 350)
COMPUTE PF COIL
costps{j}, tcost coﬁcv)gx%ﬁon
SYSTEM COSTS

j < ncirt -1 - A
------- s i=ji+1

gtcost = tcost + es

elewrt # 0

curentlj, i), vvi{j, i) PRINT 498 VALAUES
wwlj, i), eelj, i) OF PF COIL
rloss (j. i) PARAMETERS VS
(56 TABLES) TIME

PRINT PF COIiL

SUMMARY "PULSE POWER CONV AND
ELECTRICAL" TABLE ENERGY STORAGE
SYSTEM QUTPUT

o
< EN D>

Fig. 75. ELEPOW code flow diagram (sheet 9 of 9).
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10. REACTOR CELL

(Reactor Building Module for the TSC)
REACEL (REACTOR BUILDING MODULE)

The reactor building module, REACEL, determines the size of the
reactor building and hot cell facility and the thickness of the reactor
building walls required for biological shielding. The building may be
either cylindrical or rectangular, depending on input option. The size
may be input directly, or it may be calculated using device dimensions
calculated in other modules and passed to the reactor building module
together with supplemental input information. This supplemental input
information provides dimensions of device components and maintenance
opcrations which are not currently calculated within the TSC.

The wall thickness is based on biological shielding and is approxi-
mated by a simple e-folding distance. Credit for the reactor shield is
obtained by taking the neutron flux outside the shield as input. The
input e-folding distance and flux outside the wall correspond to ordinary

concrete and 1 mrem/h.

ASSUMPTIONS AND CONSTRAINTS

If the option to allow the scaling of the reactor building or
hot cell facility is selected, the assumption is made that the building
arrangement is similar to the FED design given in ref. 1. If this
arrangement is not satisfactory, either the rectangular dimensions or
volume of the building may be input directly. The unit cost of the

buildings is input in dollars per cubic meter ($/m3).

INPUT DESCRIPTION

The variables used by the REABLG module are shown in Table 36. For
additional discussion of the arrays used to input and store building
information, Appendix 15 on the FACIL module should be reviewed. If
options are selected that do not require certain input data, those

input values are ignored by the program.
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Table 36. Reactor building input parameters
Symbol Description Units Source®
REB(1) building length or radius U
REB(2) building width
REB(3) building height m
REB{4) building volume m3
REB(5) building floor area m?
REB(6) unit cost $/m3
REB(7) option control parameter
DOSE neutron flux to the environment W/m?
ATTEN e-folding distance of the building m
walls
ROW right-of-way for component and m
equipment movement (may be negative)
TRCL transport clearance needed between m
components and structure
EXT extension of components beyond the m
vacuum pump hatch
HATCH clearance beyond the basic machine m
radius needed for vacuum pump hatch
STCL structural clearance for the roof m
supports
CRHT1 height from the top of the TF coil m
to the cryostat top
CRHTZ height from the top of the TF coil m
to the cryostat top
FNDTK foundation thickness m
BCYLHT bucking cylinder height m
TFHMAX TF coil half maximum height m U
X1 (i) location in the X-direction of TF m
coil inboard surface points
TFTHK thickness of a TF coil m
DDW cryostat thickness
TOX(1) location, in the X-direction of m
torus outer surface points
FLLDO neutron flux through TF outer neutrons/
dewar m2-s
TFNO number of TF coils
PFR the largest radius of all REB(I) m C

a
S5ource: U
C

Input is supplied by user.
Input flows in from other modules.



REACTOR BUILDING CALCULATIONAL METHOD AND GOVERNING EQUATIONS

Two calculational paths are available, and selection is triggered
by the input data for REB(7). If this parameter is an asterisk (*),
then a cylindrical building using supplemental information is calculated.
If this parameter i1s a mumber sign (#), then a rectangular building using
supplemental information is calculated. Any other symbol for this
parameter directs the program to use the input information, REB(1) through
REB(6), for all reactor building calculations.

If the option control parameter REB(7) is neither * nor #, then
REB(1) and REB(2) are checked. A positive value for both REB(1) and

REB(2) indicates a rectangular building, and the following relatiouships

apply:

1

Volume = REB(4) = REB(1) x REB(3) , (1)

and

Foundation Area = REB(S) = REB(1l) x REB(Z) . (2)
If REB(l) has a positive value and REB(2) is zero or negative, then a
cylindrical building is indicated, and

Volume = REB(4) = m x [REB(1)]? x REB(3) (3)
and

Foundation Area = REB(5) = v x [REB(1)]? . 4)

If both REB(1) and REB(Z2) are less than or equal to zevo, then
REB(4) is checked. If REB(4) 1s also zero or negative, the program
prints the message that insufficient information is available to calcu-
late reactor building volume and costs. If REB(4) is a positive value,
it is used without further calculations.

In the cases where dimensions are not calculated, the rectangular
building wall thickness is calculated from

Flux at the wall = FLXCW = FLLDO x [TOX(5)]%/[REB(2) - RCTK]? (5)
and

wall thickness = RCTK = ATTEN x 1n(FLXCW/DOSE) . (6)



For a cylindrical building, Eq. (5) becomes
Flux at the wall = FLXCW = FLLDO x [TOX(5)]?/[REB(1) - RCTK]Z . (7)

The program then iterates on these two equations [(5) and (6) or (6) and

(7)] until RCTK converges.

Calculations Using Supplemental Information

If the option control parameter REB(7) is either * or #, supplemental
input building description information is used to calculate the building
size. Figure 76 shows the geometric relationship of the various param-
eters. The calculations and basis for both cylindrical and rectangular
buildings are closely parallel and differ only where geometry must be
applied. Both sizes are determined by a series of concentric rings
representing clearance for various device components and maintenance
operations, together with an off-center ring to allow for PF coil laydown

area. The various dimensions are determined as follows:

Basic machine radius = BMR = TFOUTR (8)
or

BMR = PFR , (9

depending on which is larger, TFOUTR or PFR. The TF coil radius is

determined from
TFQUTR = X1(1) + TFTHK + DDW , (10)

where X1(1), TFTHK, and DDW are also passed from other modules.

The sector width is calculated as
SECTRW = 2 x TOX(5) % SIN(w/TENO) , {11)

where TOX(5) and TFNO are obtained from other modules.

The sector length is

SECTRL = TOX(5) - TOX(1) . (12)
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ORNL-DWG 84-3841 FED

RECTANGULAR BUILDING
/ CYLINDRICAL BUILDING

Fig. 76. Relationship of reactor building dimensions.
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If ROW is input as less than zero, then
ROW = SECTRW . (13)

The distance to the closest inside wall is now determined to be the

largest of

RRCI = BMR + EXT + HATCH + ROW + 2 x TRCL (14)
or

RRCI = BMR + SECTRL + 2 % TRCL + ROW . (15)

The reactor building wall thickness is determined from the estimated
neutron flux and expected attenuation of concrete. The flux to the

inside of the wall is calculated by

FLXCW = [FLLDO x TOX(5)]2/(RRCI?) . (16)
The wall thickness then becomes

RCTK = ATTEN x In(FLXCW/DOSE) , (17)

where ATTEN and DOSE are input parameters.
At this point, the program is ready to calculate the dimensions of

the building. For a rectangular building, the width becomes
REB(2) = 2 x RRC1 + 2 x RCTK . (18)

The length requires determining the distance between the center of the
device and the center of the PF coil laydown area. This distance is

taken as the largest of

HY BMR + HATCH + PFR + TRCL (19)

or

HY = BMR + SECTRL + PFR + TRCL . (20)

]
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Then,
REB(1) = 0.5 x REB(2) + PFR + TRCL + RCTK + HY
x sin{cos™* [REB(2) x 0.5 - PER - TRCL]/HY} . (21)
For a cylindrical building, the radius is calculated from an average

of two different radii. The smallest radius from the device center to

the wall is the largest of
RMIN = BMR + 2 x TRCL + ROW + HATCH + EXT (22)
or

RMIN

BMR + 2 x TRCL + ROW + SECTRL . (23)

The largest distance from the device center to the wall is the largest

of

RMAX = BMR + 2 x PFR + 2 x TRCL + HATCH (24)
or

RMAX = BMR + 2 x PFR + 2 x TRCL + SECTRL . (25)
The building radius then becomes

REB(1) = (RMIN + RMAX)/2 + RCTK . (26)

For the height calculation of both building types, the bucking
cylinder height is first determined. If BCYLHT is input as less than

zero, then it is set equal to the TF coil height, that 1is,
BCYLHT = 2 x TFHMAX . (27)
The building height then becomes

REB(3) = BCYLHT + CRCL + STCL + RCTK + TRCL + 2 x TFHMAX + (28)

CRHTL + CRHTZ + ENDTK ,

where CRCL = CRANE(1.1 x SECTWT).
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The CRANE function calculates the clearance needed for an overhead

c¢rane as a function of the maximum load to be lifted.
CRANE (wt) = 9.41le-6 x WT + 5.1 , (29)

where

WT = weight to be 1lifted in kilograms.

Since no dome height is added for cylindrical buildings, input of the
structural clearance, STCL, should be adjusted to allow for a dome, if

required.

HOT CELL FACTLITY CALCULATLION METHOD

The method of scaling the hot cell facility is to scale the dimensions
from this design shown in Fig. 77, which was taken from ref. 2. The size
is scaled based on changes in the shield sector size. This option is
involved when HCF(7) is an asterisk (¥*). Each different area of the hot

cell facility is handled separately, as shown below,

Hot Cell
HCLEN = 537 m + 3(SECTL -~ 5.0 m)
HCWID = 26 m + 2(SECTL - 5.0 m)

HCHT = SECTH + 1 m + CRANE(1.1 x SECTWT) + CRANE(0.1 x SECTWT)

+ 4 m

HCVOL = HCLEN » HCWID x HCHT

Decontamination Cell

DCLEN = 26 + 2(SECTL - 5.0 m)
DCWID = HCWID
DCHT = SECTH + 1 m + CRANE(l.1 x SECTWT)

DCVOL = DCLEN x DCWID x DCHT
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Gallery
GAHT = 16 m
GAWID = 7 m
GALEN = 2(HCLEN + DCLEN) + HCWID + 14
GAVOL = GAHT x GAWID x GALEN

Tool Maintenance Cell

TMCLEN

26 m

TMCWID = 0.75 x HCWID

TMCHT = 10 m

TWCVOL = TMCLEN x TMCWID x TMCHT

Transfer Chamber

TRNLEN

il

53 m + 4(SECTL - 5.0 m) {only in HCF, not REB share)

TRNWID

i

15 m + (SECTL - 5.0 m)
TRNHT = 11 m + (SECTH - 7.3 m)

TRNVOL = TRNLEN x TRNWID x TRNHT

Ventilation and Filter Space

VENLEN = HCLEN
VENLEN = HCWID - TRNWID
VENHT = 8 m

VENVOL = VENLEN x TRNWID x TRNHT

Total Volume

HCF(4) = 2 voli
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Foundation Area (footprint)

HCF(S) = HCLEN x HCWID + GALEN x GAWID

OUTPUT FROM REACEL

The printed output, RBTYP, of the module includes the input and
supplemental parameters used in the size calculations, the building
shape, and the basic building dimensions. In addition to printed
output, reactor building information is provided for use by other

modules. Table 37 1s a sample of output for the veactor building.

REFERENCES

1. C. A. Flanagan, D. Steiner, and G. E. Smith, Fusion Engineering
Device Design Description, ORNL/TM-7948/V2, vols. 1 and 2, Oak
Ridge Natl. Lab., December 1981.

2. P. H. Sager et al., FED Baseline Engineering Studies Report,
ORNL/FEDC-82/2, Oak Ridge Natl. Lab., April 1983.
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Table 37. Sample output

i REACTOR BUILDING

ingut o
neutron flux to envir., (neut/m2-sec) = {1,900+
e~fald of building wall {(m} = 0.1
neutron flux thru tf ocuter dewsrineul/mZ-sec) = 2,123et1d
tT outer radius {(m) = 11,90
tf coil may height (m) = 12.5
outboard chield radius (m) = g
right of waw (m) = 0

transpartaion clearance (m)
gevice extention (m)

vacuum rumr hatch clesrance (m)
crane clearance (m)

structural clearance - roof (m)
crunstat clezrence - bottom (m)

crycstat clearance - top (m)
shield sector widih (m)
shield sector lepngth (m)
chield sector height ()
shigld spctor weight (kd)
foundation thickness (m)
buckindg cuclinder height (m)
rf coil radius (m)

HEN T TR

I

[y
OSSO NS () L DL e LI NG P I e

I R T Y e e
QDD QUINDO O OO QDD It 3
NOOOM OO OOCOOOOO 0 rarka Lo

ArIT SN DI OO 0O O

oo oo H

4

outegt 3§
RECTANGULAR REACTOR RUILDING

neutron flux to building wall (neut/m2-sec) = 2,334et11
reactor bwildind wall thickness (m) = 1.700
reactor building length (m) = 61,4652
reactor building width (m) = 01,025
reactor bullding height {(m) = 39,171
rezctor building volume (md) =123222,041
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11. TORUS VACUUM MODULE

The vacuum module determines the minimum vacuum system needed to
handle a gas load: (1) during the burn, (2) between burns, and (3) for
initial pumpdown. The gas load and an associated total pumping speed is
computed for the above options. The largest load is then used to size
the vacuum system. The size of the vacuum ducts is usually what limits

1 is used to

vacuum system performance. Therefore, a reiterative routine
determine (1) the required number of ducts if the individual pump speed
and duct dimensions are unchanged, (2) the required duct diameter if the
individual pump speed and duct number arc fixed, and (3) the required
pump speed if the duct dimensions and number are fixed at a nonextreme
limit. Once the vacuum system is sized, the major components (high
vacuum pumps needed, backup pumps, and large-diameter metal valves) are

costed assuming either cryosorption pumps or turbomolecular pumps. The

shielding around the vacuum is also costed.

MAJOR ASSUMPTIONS AND CONSTRAINTS
VACUUM CODE

# The code assumes D-T fuel with 50/50 mix of deuterium and tritium in
plasma.

® The calculations to size components are based on moles of gas.

® ‘The conductance of the limiter is ignored as a first approximation.

® The limiting conductance is that of the vacuum ducts. Correct
sizing of the large vacuum pumps is neceded for this to be true.
This is a desirable assumption since if it is not true, the duct
diameter has to be increased.

® The pumping speed needed is achieved by increasing the number of
ducts until the default is reached.

® A duct length default = 2 x (major radius of the torus) is assumed.
This can be modified by changing a line of code.

@ If the vacuum pumps are sized correctly and the default cannot handle
the gas load, the input duct diameter should be increased by 0.1 to
0.3 m.
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® The compound cryosorption pumps presently costed are assumed to not
be regenerative while pumping. Therefore two pumps and four valves
are required on each duct, raising costs. If a pump design is
achieved that regenerates while operating, the number of pumps and
valves needed for this option decreases by two with a corresponding
decrease in cost.

® The turbomolecular pumps available have maximum speeds of 5 m3/s.
If larger pumps are designed and built, the number of pumps needed
would decrease. The algorithm for their cost should then be

changed.

MODULE INPUT PARAMETERS

Two input parameters select the computing options to be used.
Limiter option (1lim) = 1, O corresponds respectively to pumping during
the burn and pumping between burns or initial pumpdown. If lim = O,
there is no limiter considered and the vacuum system is sized for torus
pumpdown between burns, If 1im = 1, there is a limiter and the code
sizes a vacuum system for conditions either during burn or between
burns, whichever requirement is the greater.

Other key parameters input by the user are the number of bends in
the vacuum duct, the duct diameter, the duct length, the number of
vacuum ducts desired and/or acceptable, the pressure at the first wall
during the burn, the outgassing rate, the preburn vacuum vessel gas
pressure, the vacuum pump capacity and speed, the fraction of plasma
recycled, the regeneration time for cryosorption pumps, the postburn gas
temperature, the unit cost of vacuum duct shielding, and the volume
fraction of vacuum duct shielding that is not stainless steel. Other
parameters are input from the FWSDAT, TRTDAT, and PHYDAT modules. A

complete listing is given in Table 38.

EQUATIONS USED (VACUUM CODE)

w©
H

Gas Constant (8.3143 Pa m3)

vl
i

= Initial Pressure (Pa)
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Table 38. Parameters for torus vacuum equations

Symbol Description Units Source®
bnum Number of bends in each duct
diam Diameter of vacuum duct m
dien Duct length [default is 2 x v¢ (major m
radius) within code — must be removed
if not applicable.]
dnuin Number of vacuum ducts — initial guess 8]
(Suggestion is to use number of
sectors)
dpp Pressure desired at first wall during the Pa U
burn
dsho Outboard shield thickness i FWSDAT
duclim  Maximum number of ducts U
b Fractional burn including recycle TRTDAT
gsout Outgassing rate (5.3 x 107%) Pa m3/s U
ipump Option for type of vacuum pump ("turbo" 8]
or "'cryo')
1im Limiter option ("1" - limiter used during U
burn; "0" - ducts used between burns)
i ITon density No. /m3 PHYDAT
pburn Preburn vacuum vessel gas pressure Pa U
pcap Vacuum pump capacity (2000 to 20,000) Pa m3/s U
PSP Rated speed per pump (5 for '"turbo') m3/s u
(25 - 100 for "cryo')
reflt Fraction of escaping plasma recycle
regen Pump regeneration time (0 for '"turbo') h
(<1 to 2 for "cryo'")
thurn Burn time s PHYDAT
tdiff Tritium removed by vacuum during each g TRTDAT
burn cycle
tg Postburn gas temperature K U
tqnch Plasma quench time ] PHYDAT
tyamp OH ramp (charge) time s PHYDAT
ucduct Unit cost of shield on vacuum duct $/kg U
viduct  Volume fraction of vacuum duct shielding U
that is not stainless steel
vol Plasma volume m> PHYDAT
vtors Volume of torus m3 FWSDAT

Source: U = input 1is supplied by user



w
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Px = Pressure at Given Conditions (Pa)
V = Volume (m3)

T = Temperature (k)

n = Number of moles of gas

t = Time (s)

During a Burn

— Gas Load Per Second (GL)

GL = nRT _ RT (Tritium Pumped) Pa n3
7 "t Burn Time (3.0) s
— Total Pumping Speed Required Per Second (ST)
. GL 3
5S¢ = P _at First Wall (m?/s)
— Total Speed for Deuterium/Tritium Per Second (SDT)
SDT = § (1 - Fractional Burm) (m3/s)
— Total Speed for Helium Per Second (SHe)
SHF = § (Fractional Burn) (3/s)
Between Burns
— Postburn Gas Pressure in the Vessel (Px)
p = RT (lon Density) (Plasma Vol.) (1 + Fractional Burn) (Pa)
x 2.0 (6.023 x 10%23) (Torus Vol.)
-~ Postburn Helium Pressure in the Vessel (PHe)
= F i D
PHe Fractional Burn (Px) (Pa)

-~ Speed Needed to Handle Outgassing

S1 = Outgassing Rate/Pi (m3/s)
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— Speed Needed to Handle the Gas Load from the Burn (Sj3)

(Torus Vol.) 1n (P_/P.)
Sy = : - (m/s)

t = time allowed for pumping

1. It is assumed to be the sum of the times to quench the plasma
and to ramp up for another cycle.
2. The maximum time would be that for initial pumpdown. The code

would have to be modified to handle this.

— Total Speed (ST)

Sp = S1+ Sy (m3/s)

— Total Helium Speed (SHe)

Sy = (Torus Vol.) {In [P /P, (0.25)]}/t (m3/s)

® Vacuum Duct Sizing

— Speed Needed for Each Duct and Pump to Handle Gas load (Se)

SE = ST/Number of Ducts (m3/s)
— Helium Speed Needed for Each Duct and Pump (SEHe)
= 3
SEHe SEHS/Number of Ducts (m>/s)

~ Conductance of Each Duct (C) for D/T

Y = Duct Conductance Constant (0.86)

EL = Effective length

EL = Length + 1.33 (Number of Duct Bends) (Duct Diameter)
Mass = 5 - Fractional Burn

C, = Aperture Effects
C, = 0.059 (Duct Diameter)? (0.31) [T = 373/mass]}/2 (m)

CL = Main Conductance
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_0.079 (Duct Diameter)?® (Y) (0.31) T \1!/? 3
CL = (m?)
EL Mass
Lok
L A
Conductance of Each Duct (CHe) for Helium
= C 1/2 3
CHe C (Mass/4.0) {(m=)
Speed of Duct and Pump Assumed as Reference [SA)
VPA = Vacuum Pump Speed Assumed
1 1 1 3
el (1/m3)
SA VPA C

Vacuum Pump Speed Needed for Reference Number of Ducts to Handle

Gas Load (VPN)
A1 1 3
VP, - 5. T (1/m")

Load (CR)

== g (1/m?)
C, is determined by an iterative routine.

Vacuum Pump Helium Speed Needed for Given Number of Reference

Ducts to Handle the Gas Load (SVPH)

1 - 5 1 C1 (l/mg)
VPH EHe He

S
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the Major Vacuum System Components (1983 dollars)

-~ Turbomolecular option

@]
4

Vo

[
0O < < "X o<
"

—=H - O 0 0O

(¢l

Vacuum Pump Cost

(VPN/S.) (Number of Ducts) ($100,000)

Backing Pump cost

[VPN/S.(Z)] (Number of Ducts) ($200,000)

Large Metal Valve Cost

(Duct Diameter)!:® (Number of Ducts) (2) ($180,000)
Total Cost

CV + CR + CV

— Compound Cryopump Option

C
v
CR =

C
v

n

&  (Cost of

(VPN/ZS,) (Number of Ducts) (2) ($100,000)
[VPN/ZS,(Z)] (Number of Ducts) (2) ($200,000)
(Duct Diameter)1-8 (Number of Ducts) (4) ($180,000)

Vacuum Duct Shield (CS)
Volume of Shield

= Void Fraction

= Weight of Stainless Steel in Shield

(V) (7800 kg/m®) (1 - Vp)
Unit Cost of Shield
(W) (Number of Ducts) (107%) [Cu)

SAMPLE MODULE OUTPUT (VACUUM CODE)

The vacuum

given. The two

the same system rvequirements. The only difference is cost.

The area brackted on Table 39 has the follewing usefulness.

a given speed for the vacuum pump on

Using this

diameter, twe bends and 10.01-m long

12.9 m3/s.

, the needed speed of each

$)

($)

($)

H
$
$

(n13)

(kg)

(kg)

($M/kg)
$M

system output for two examples (Tables 39 and 40) is

tables compare cryopumps and turbomolecular pumps for

First,
cach duct is given as 20 m3/s.
of the ten ducts specified at 1.Z2-m

(boxed items) plus their pumps is

The actual speed is only 12.2 m3/s. Therefore, the system

will not be able to rewove the total gas load (12.9 Pa m3/s) maintaining
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Table 39. Torus evacuation system parameters (cryopumps)

~

# - .

gezs load-divertor (sa- m##;xs:
divertor sume rreszsure (20
divertar rumes seeed (m**wrs)
divertor pums :}eed dt (mE%3I/s
divertor rume speed-he (m¥¥3/5)
ot burn dgas luau (ra-mEk3)

o

Yy

totzl sumping sreed needed (mX¥3/3)
totzl He Pum%lrﬁ sreed ne ded {(m¥%3/s2
s zcwstion volume ix##

sost burn gas t@mperature (k2

FOst burn gas rressure {(rs)

Freburn Fressure {(Fal

ost bDdrn he sressure (#as)
sreburn he rressure (ea)d
Fumpe caracity (Fa-m¥¥3)
sums losding fazcector

duct conductance constant
outdas rate (ra-m%k¥X3/3)
outdas sreed (mEx3I/ sl
mimbier of ducts

nesded sreed of duct and rume (m¥E3/s5)
duct diameter (m)

number of duct bends

duct length (m)

duct conductsnce (m¥¥x3/s5)
rated sreed/pPume (m¥X3/s)

£
P

schieved zreed of duct asnd rume (mXE3I/s5)

minimum Fums sreed rer duct (mXX3/s)
miviimum duct dismeter (m)

tot He rumring sreed needed (m¥%3/3)
minimum He rFume sreed rer duct (mk%3/s)
mimimum surface ares rer rFume (mXE2)
fixed redgenervation time (hours)
rerd. sumye ceracity {(Fa-mEE3I)
redeneration reriod {hours)

cost - main vacuum FURFS (%)

cost - backing rumes (%)

o5t —~ hard sesl metal valves (3}
totel vacuum swstem cost ($)

4

it

10400 =
+ 13403
¢.12e1+0G3
O.11edd
O0.14+03
129.088
10.541
375.7
S573.00
3.67e-01
103u -3
0.30e~01

La e 2 5

0.0

16,60
1.2%2+01
1.2

a
a e

10.01
31.11
20.0
1”;17”
._. 00\,)
1.28
1.052401
1.09e100
2.1747
1.00
2462402
127.24
1.740+06
1.74e4+0é
1.002407
1.uqé40f

29240l =—
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Table 39 (continued)

+

outrut
dgoverning mode of oreration is sumring the limiter during burn

Fume ture = CTHO
485 load-divertor (ra-mX¥3/s) = 12.90%9
divetor rumr rFressure (ra? = 0.100
ost burn gas losd (ra-mX%3) = 0.000
total pumring sreed needed (mXE3/s) = 129,088
rumber of ducts needed = 10.000
conductance of esach duct (m¥X3/s) = 31.114
rated sreed/ pumpr (mEXI/s) = 20,000
needed sreed of duct and rume (0X%3/s) = 12,9209
achieved sreed of duct and rume (pX%X3/5) = 12:174
minimum rumr seeed rer duct (mkk3/s) = 22,062
minimum disameter with rpsp sreed (m) = 1.275 |
cost of vacuum sustem (%) = 1.352407
totsl He sumring sreed needed (m¥%X3/s) == 10.541
mirimum He rump sreed rer duct (mE%3/s) = 1.087
minimum surface area rer rune (REE2D) = 2.175
shielded vacuum duct outrut?
duct length (m) = 10.01
shield thickness (@) = 0,40
snielded duct cost (m$) = 24,49

2ll done




321

Table 40. Torus evacuatiou system parameters (turbopumps)
das load-divertor (rFa-m¥X¥X3/s5) = 1+.2%9e+01
divertor rumr rressure (ra) = 0,10e+00
divertor pump sreed (m¥¥3/s) = 0.13e+03
divertar rumr sreed-dt (mXk3/3) = 0.12e+03
divertor rume sreed-he (mXXk3/s) = 0,11e4+02
~ost burn g3s losd (ra-m¥X3) = 0.14e4+03
total rumrind sreed needed (m¥%k3/s) = 129.088
total He rumprind sreed needed (m¥XX3/s5) = 10,541
evacuation volume (m¥%3) = 375.7
~ost burn sas temrerature (k) = 573.00
ost burn das rressure (£a) = 3.67e-01
Freburn rressure (#8) = 1.33e-03
ost burn he rressure {(#3) = 0.30e~01
sreburn he rpressure (#3) = 0.33e~03
Frumr caracity (rFa-mk%x3) = S5.00e+03
umge loading factor = 0.83
duect conductance constant = 0.86
outgss rate (ra-mk%k3/s) = Q.
outdass sreed (m¥¥3/s5) = 0.0
riumber of ducts = 10.00
needed sreed of duct and rpumer (mXX3/5) = 1.2%e401
duct diameter {(m) = 1.20
number of duct bends 2= 2,
duct length (m) = 10.01
duct conductance (m¥k%k3/s) = 31.11
rated sreed/rumr (mX%X3/s5) = 20.0
schieved sreed of duct and rums (mX%3/5) = 12.174
mirimum Frumr seeed mer duct (mXX3/35) = 22.062
minimum duct dizmeter (m) = 1.28
tot He rumring sreed reeded (m¥%3/s) = 1.05e+01
mirnimum He rumsr sreed rer duclt (m¥XX3/s) = 1.0%9e+00
minimum swurface area rer rumyr (MXX2) = 2.1747
fixed redeneration time (hours) = 1.00
reagd. Fump caracity (ra-m¥x3) = 0,
redgeneration reriod (hours) = 0.00
cost - main vacuum rumFs  (§) = 4.41e+04
cost ~ backing sumps (%) = 4,41e+06
cost ~ hard seszl metal valves (%) = 5.00e+06
total vacuum sustem cost ($) =

1.38e407




Table 40 {continued)

outeut

governing mode of orerstion is rpumeing the limiter during burn
rumr Lure turbo

gas load-divertor (ra-mf¥%3/5) 12.90%9

divetor rumr rressure (pa) = 0,100

i

1t

o8t burn das load (e3-m¥%3) = 0.000
total rumring sreed needed (mAk3/s) = 129,088
number of ducts needed = 10.000
conductance of gach duct (m¥%XE/s) = 31.114
rated sreed/ rume {(m¥¥3/s5) = 20,000
needed sreed of duct and rumes (DEX3/s) ®= 12.9209
achieved sreed of duct and sume (m¥%X3Ffs) = 12.174
minimum Pump seeed rer duct (m¥%3/s) = 22.062
minimum diameter with rsr sreed (W) = 1.275
rost of vacuum sustem (%) = 1.382+07
total He rumrind sreed needed (m¥k3/35) = 10.541
minimum He rume sreed per duct (m¥%3/s5) = 1,087
minimum surface ares rer rume (MEED) = 2+175
shielded vacuum duct ocutrut?

duct length (m) = 10.01
shield thickrness (@) = 0.40
shielded duct cost (m$) = 24.49

311 done
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a pressure of 0.1 Pa. (These items are denoted by arrows.) If one does
not increase the number of ducts, there are two options available to
remove the gas load.

The first is to increase the vacuum pump speed. The minimum speed
of each vacuum pump needed with the given ducts (boxed items) is >22 m3/s.
The other option is to increase the vacuum duct size by increasing the
diameter. The minimum diameter needed is 1.275 m = 1.3 m. These two
options are noted in the bracketed sections.

Some words of caution are advised. One, no redundancy is present in
this system which gives the minimum system needed for pumping. Two, the
shielding for the ducts does not include the shielding needed for the
pumps, nor dees it include the magnetic shielding nceded on the turbo-
molecular punps.

The cost is calculated bhased on the specified number of ducts at the
increased pump speed (holding the diameter constant).

Figures 78 and 79 show the vacuum code flow diagram.
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FLOW DIAGRAM
{(VACUUM CODE)

ORNL-DWG 84-3890 FED

TEST (I'):

DETERMINE IF TOTAL SPEED/s DURING A BURN = TOTAL

SPEED/s BETWEEN BURNS

MODE =1 (DURING}

!

CALCULATE GAS LOAD
PER SECOND

MODE = 0 (BETWEEN)

!

CALCULATE POST BURN
PRESSURE

T <
.

NO

CALCULATE 1 TOTAL SPEED/s NEEDED
2 TOTAL He SPEED/s NEEDED
3 SPEED NEEDED PER DUCT
4 He SPEED NEEDED PER DUCT
5 DUCT CONDUCTANCE

l

TESTS (11} 1 He SPEED PER DUCT > DUCT CONDUCTANCE
2 SPEED PER DUCT > LUCT CONDUCTANCE
3 SPEED PER DUCT > VACUUM PUMP SPEED

INCREASE DUCT NUMBER BY 2;
TEST IF DUCLIM IS REACHED.

YES NO

DEFAULT:
DIAMETER IN INPUT.

INCREASE DUCT

Fig. 78.

COST MAIN VACUUM
COMPONENTS

COST vACUUM DUCT
SHIELD

Flow diagram (vacuum code).
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ORNL-DWG 84-3892 FED

PROCESS FLOW DIAGRAM
(VACUUM CODE)

[ 1 |
LARGE VACUUM
LIMITER VALVES SMALL
VALVES
VACUUM
CHAMBER VACUUM LARGE
DUCT VACUUM SECONDARY
PUMP PUMPS
L j —_—

Fig. 79. Process flow diagram (vacuum code).

-
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12. TRITIUM PROCESSING MODULE

The tritium model determines mass flow rates for the primary D-T
fuel cycle.l 1In a neutral beam section an option of using these beams
before the burn or before and during the burn is included. Tritium
inventories in all major systems are calculated. The cost of the
tritium needed per year is calculated. An atmospheric tritium recovery
system is assumed in four areas (reactor hall, hot c¢ell, tritium building,
and rad-waste building). Capital costs for the major tritium systems are
calculated in 1983 dollars, using information supplied by LANL, Mound,

and TFTR.

MAJOR ASSUMPTIONS AND CONSTRAINTS (TRITIUM CODE)

® ‘Tritium neutral beams are not used. (If they are, a total neutral
beam gas efficiency, NBTEFF, is needed.)

® Impurities are a fraction of the tritium flow.

® The plasma is recycled at the edge.

*  The maximum credible tritium release is 10 g.

# (Costs for tritium systems can be based on costs of units at the
Tritium System Test Assembly (TSTA), LANL, Mound, and TFTR.

® The cost of tritium is $1/curie.

® The tritium in storage is set equal to 30 days of burn. For many
designs, this is not appropriate, so care is advised. A default
value for a low-availability reactor is <100 g.

® The reactor cycle consists of the burn time plus the quench (plasma
quench plus minimum startup duration). The quench is usually <100 s.
The reactor day consists of an uninterrupted sequence of these cycles.

® The tritium in the plant can be approximated by that found in the
major processing units.

¢ Tritium needs per year are approximated by the above total plus
decay expected. (This does not account for any tritium in structural
components or lost to the environment.)

# A decontamination factor of 107° is assumed for the atmospheric

tritium-recovery units. It is 1072 for most systems now operating.
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MODULE INPUT PARAMETERS (TRITIUM CODE)

Key parameters (Table 41) input by the user are the cost of tritium,
the removal efficiency of the atmospheric tritium recovery units, and
the desired cleanup time for each building that has an atmospheric

tritium-recovery unit.

Equations Used (Tritium Code)

@ Tritium Mass Flow Rates with No Neutral Beams

A
R

It

Availability

Tritium Fraction Recycled
T = Confinement Time

Quench = Time Between Burmns
— Tritium to Fill Chamber Each Cycle (TS)
TS = <l9E—Q§B§iEX> (Plasma Vol.) (5.0 x 1072%) (g/cycle)

— Tritium Removed at the Plasma Edge During Each Cycle (TD)

. -24% 1.
T, = (Burn Time) (lgﬂ_ggﬂiiﬂx> (Plasma Vol.) <5'0 - lOT (1-R)
(g/cycle)
— Tritium Burned Each Cycle (TB)
— _ (Burntime) (Fusion Power) -6
B (Energy Per Fusion) (4.99 = 107°) (g/cycle)
— Total Tritium Input (TT)
TT = TS + TD + TB (g/cycle)
— Fractional Burn (FB)
PB = TB/TT
— Tritium Exhausted Per Cycle (TEX)
TEX = TT - TB (g/cycle)
— Burn Cycles in Z4-Hour Day (Cy)
Cy = 24 (3600)/(Burn Time + Quench)
— Tritium Burned Each Day (TB/D)
T (g/d)

B/D ~ Oy (Tg)
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Table 41. Module input parameters (tritium code)

Symbol Description Units Source?
avail Machine availability (annual) FWSDAT
bblm Tritium breeding blanket mass kg U
br Breeding ratio for breeding blanket U
ctrit Cost of tritium $/Ci 4]
cueff Removal efficiency for atmospheric tritium U

recovery unit
cuthc Desired cleanup time/hot cell hr U
cutrb Desired cleanup time/reactor building hr U
cutrw Desired cleanup time/rad-waste building hr U
cuttb Desired cleanup time/tritium building hr U
dnun Number of vacuum ducts (initial guess) VACDAT
ductx Duct width/neutral beams cm NBDAT
ducty Duct height/neutral beams cm NBDAT
eb Neutral beam energy keV PHYDAT
fwsur First-wall surface area (outer wall) m? FWSDAT
hef (4) Inner volume of hot cell m3 u
nbgeff Gas efficiency of deuterium neutral beams NBDAT

(Source eff. times neutralizer eff.)
ni Ton density number/m3  PHYDAT
nnb Number of deuterium neutral beams PHYDAT
npf Number of pellet injectors FUEDAT
ntnb Number of tritium neutral beams U

{(default = 0)
paux Auxiliary heating required MW PHYDAT
pb Neutral beam power MW PHYDAT
powfmw Fusion power MW PHYDAT
radwa (4) Inner volume of rad-waste building m3 U
reb(4) Inner volume of reactor building m3 U
reflt Fraction of escaping plasma recycled VACDAT
regen Pump regeneration time hr VACDAT
stkcon Tritium concentration in stack effluent uCi/m3 U

Particle confinement time s PHYDAT

taup
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Table 41 (continued)

Symbol Description Units Source?
thcon Tritium concentration in breeder blanket ppm U
theanm Startup heating duration s PHYDAT
thurn Burn time s PHYDAT
tfrac Fraction of tritium in plasma D-T mixture U
tohs OH solenoid swing time S PHYDAT
tgnch Plasma quench time S PHYDAT
tramp OH ramp (charge) time s PHYDAT
trithl(4) Inner volume of tritium building m? U
vol Plasma volume m? PHYDAT
wclean Water cleanup L/d U

“Source: U = input is supplied by user; C = input flows in from other
modules.
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~ Tritium Burned Each Year (TY)

Ty = (Ty,p) (365) (A) (e/y)
- Tritium Exhausted Per Day (TFX/D)

Texn = &y (Tgy) (g/d)
— Tritium Fueled Pexr Cycle (TF)

TF = TT - TS (g/cycle)
— Tritium Fueled Per Day (TF/D)

TF/D = CY (lF) (g/d)
— Tritium Fueled Per Year (IF/Y)

TF/Y = TF/D (365) (A) (g/y)
— Tritium to Fill Chamber Each Day (TS/D)

Tgp = € (Tg) (g/d)
— Tritium to Fill Chamber Each Hour (TS/H)

To/m = Ts/p/ 24 (g/h)

(Do similar computations for exhaust/h, fuel/h, burn/h.)

— Tritium Input Per Hour (TT/H)

Top = Texym * Yo/ (g/h)
— Tritium Input for Day (TT/D)

I/ = Tex/n * Ta/p (8/d)

® TImpurity Mass Flow Rates

The assumption is made that the impurity mass flow rates are a

function of the helium mass flow rates.

— Helium Exhausted Per Day (He)

He = Tp,p, (4/3) (g/d)
— Protium Exhausted Per Day (H)

H = (He) (0.031) (g/d)
~ Carbon Exhausted Per Day (C)

C = (He) (0.18%6) (g/d)

~ Oxygen Exhausted Per Day (O)
0 = (He) (0.015) (g/d)
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— Nitrogen Exhausted Per Day (N)

N = (He) (0.013) (g/d)
— Argon Exhausted Per Day (Ar)
Ar = (He) (0.124) (g/d)

® Neutral Beam/Deuterium Mass Flow Rates

— Deuterium Burned Per Day (DB/D)

Dp/p = (2/3) Ty (g/d)
— Deuterium Burned Per Cycle (DB)

Dy = (2/3) (Tp) (g/cycle)
— Deuterium Burned Per Year (DB/y)

— FRAC = Fraction of Tritium Versus Deuterium in Plasma

— Deuterium Input Per Day (DI/D)

1 - FRAC
Dpjp = /3) (Ty,p) (“’?ﬁiﬁ“’)

Option 1: Are Deuterium Neutral Beams Being Used? (Yes/No)

(g/d)

Option 2: Is Auxiliary Power (AUX) Needed During the Burn? (Yes/No)

— Deuterium Injected Into the Plasma Per Day (DJ/D)
D _ (1793) (Beam Power) (Beam Time) + (Burn Time) (Aux) (2/d)
J/D (Beam Energy) (Burn Time + Quench) &
— Deuterium Fueled to the Beams Per Day (DF/D)
D (1 - Beam Efficiency)
D, = LD — (g/d)
F/D Beam Efficiency
Option 3: Tt = Time Neutral Beam Used
Tt = (Burn time) + (Beam Time) (s)
Tt = Burn time if Aux = 0 (s)

— Tritium Flux From the Plasma to the Neutral Beams (T

(Ton Density) (Plasma Vol.) (T¢) (5.0 x 1072%)

T = 4
DB 2 (Surface Area First Wall) () (g/cycle)

DB)

— Tritium Pumped by the Deuterium Neutral Beams Per Day (TP/DB)
SA = Surface Area of Each Neutral Beam Aperture
) (SA) (Number of Deuterium Neutral Beams) (Cy)
(g/d)

Tp/pp = (Tpp
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— Deuterium Fueled Per Day (DF/D)
' (D Trn) 1 - FRAC
ID "FD
Dy = |(2/3) (Tg,) - T (g/d)
F/D FD (Trp * Ts/p) FRAC

— Deuterium Needed Per Day

P»p = P1/p * PR/p (g/d)
— Deuterium Needed Per Cycle

DN = DN/D/Cy (g/cycle)

® Tritium Inventories

— Tritium in All Cryopumps (TVP)
RG = Regeneration Time (hr)

Typ = (Tgyyp) R/24 (2)
— Tritium in Storage (T

!

ST)
This is an assumption of 30-day storage. It may not be appropriate

for all designs.

Tgp = 30 (Tp,p) (e)
— Tritium in Surge Tank (TSR)

. TVp (1.2)

SR = (1 + Number of Ducts) (8)
— Tritium in Fuel Cleanup Unit (TFC)

TFC = 40 + 0.01 (TEX/D) (g)
— Tritium in Isotope Separation System (TIS)

TIS = 50 + 0.1 (TEX/D) (g)
— Tritium in Breeder Blanket (TBL)

TBL = 0.001 (Breeder Mass) (Unit Tritium Concentration) (g)
— Tritium in Blanket Tritium-Recovery Unit (TBR)

TBR = (Breeding Ratio) (TB/D) (0.05) (g)
— Tritium in Pellet Fuelers (TPF)

TPF = (Number of Fuelers) (10 + TF) (g)
— Tritium in All-Deuterium Neutral Beams (TDNB)

I'ong = (Tpypp) RG/24 (2)
— Tritium in Tritium Neutral Beams (TTNB)

Tong = (Op/p) RG/24 (2)

— Total Tritium in Major Processing Units (TT)

T =T *Tee * Tis * Ty * Tpr * Tpp * Tpng * Tong

(g)

vp * Tor * Tgr
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Tritium Needs and Costs

— Tritium Decay Per Year (TDC)
TDC = 0.056 17T (g/y)
— Tritium Needed Per Year (TVY)
1
TNY = (365.24) TBU (1 - Breeding Ratio) (A) + Toe (g/y)
— Cost of Needed Tritium Per Year (CTN)
CTN = TNY (9600) (Unit Cost - Tritium) ($/y)
— Tritium Bred Per Year ([BRY)
TBRY = (365.24) (Breeding Ratio - 1) (A) TB/D (g/¥)
-~ Doubling Inventory (T2T)
T2T = 2.0 (TT) (g)
— Doubling Time (TDT)
- -1 . 1BRY - 0.056 T2T
DT = 0—‘6~5~6- 1In T (y)
’ BRY
— Tritium Bred Per Day (TBRD)
TBRD = (TB/D) (Breeding Ratio) (g/d)

Atmospheric Tritium-Recovery Systems (Detritiation)

The following equations are used for each area in which tritium
will be handled: teactor hall, hot cell, tritium facility, and

rad-waste building. Lach area is considered separately.

— Tritium Concentration After Release of 10 g (TC)

_ 9.6 x 10% (10) o
Tc ™ V1T oF Area (Ci/m3)

K = Tritium Concentration Released From Stack (uCi/m3)
CE = Cleanup Efficiency
Cu = Desired Cleanup Time (hr)
DC = Decontamiunation Factor
— Processing Rate of Atmosphere (V)
o 13
100 (1(,
= > 19 .
Vo 7 GEY Cwy 607 AR ) (vol %/min)

— Processing Rate of Atmosphere (Vpp)

= 3
Vop ™ Vs (Bldg. Vol.) (0.01)/60 m3/s)
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— Rate at Which the Building Atmosphere is Vented (RVB)
, . Fraction Bldg. Vol. Per Day 3
Ryg = 24 (3600) (m*/s)
— Tritium Vented From the Stack (T,,.)
VS
K (Fup
T,. =101 - == }1DC {7~] 9600 (Ci)
'R i v
¢/ \'pp
— Tritium Released After Cleanup to 50 uCi/m3 (TRR)
Tpg = 107% (Bldg. Vol.) (K) (Ci)
® (Costs of Major Tritium Systems
- Cost of Receiving Glove Box (CRS)
-~ 6
Crs 0.2 x 10 %)
— Cost of Shipping Containers (CSH)
Cgy = 0.012 x 105 (10) $
- Cost of Tritium Storage (CTS)
A~ 6
Crg = 0.25 x 10 (TST/IOO) (%
— Cost of Contaminated (Tritium) Deuterium Storage [CDS)
= 5 6 ;
CDS 0.25 x 10 (TST/IOO) (2/3) ($
— Cost of Fuel Cleanup Unit (CFC)
= 6 0.2 S
CFC = 1 x 10° (1.67) (TT/D/1160) + 0.2 x 10 (%)
-- Cost of Isotope-Separation System (CIS)
= 6 0.4
CIS = 2.9 x 10° (1.67) (TT/D/116O) ¢ty
— Cost of Analytical Equipment (CAN)
- - 6
Cog = 1-6 x 10 €))
— Cost of Tritiated Waste Treatment (CTWT)
= 1. 6
Cryp = 1-2 % 10 (%)
-~ Cost of Glove Box Detritiation Unit (CGB)
= > 6
Cop = 1.6 % 10 $)
— Cost of Tritiated Water Recovery Unit (CWR)
Vol\0:6 (Vol\o-5
- = 6 I el
LWR 0.2 x 10 (15 ) 7+ 0.4 x 10 TE 0 ; ¢))
vol Y- ! (Vol) : 5
6 6 (YO () 6
0.1 x 10 (15.7) + 0.05 x 10 1T + 1 x 10° + 3 x 10

- Cost of Solid Waste Processing (CSW)

Coy = 1.3 x 109 (%)
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— Cost of Atmospheric Cleanup (CAT)
This cost is computed independently for each area using this equation.
[
= 6 s / 0.7
CAT 2.3 x 10 [Vpp (60)/28.4} €3]

— Cost of Monitors (CMON)
This cost is computed for each area (four assumed) using this
equation.
- 6
CMON = 0.5 x 10 ($)
— Cost of Data Acquisition (CDAT)
Cpar = 16 (0.02 x 10%) + 7 (0.2 x 10°) + 3.7 x 10® + & (0.05 x 10%)
($)
— Cost of Blanket Tritium Recovery (C,,)
. BR
5000 (1 )
Cap - = (5)
BR (Unit Tritium Concentration)!/2 + 0.0001
— Cost of Miscellaneous (CMISJ
C = 1.1 x 108 ($)

MIS
— Total Cost (Summation of Above Costs)

SAMPLE MODULE OUTPUT (TRITIUM CODE)

Tables 42 and 43 (Cases 1 and 2) are presented in which the plasma
recycle at the edge 1s decreased, thus decreasing the fractional burn.

This, in turn, increases the throughput rates between processing units.

PROCESS FLOW DIAGRAM (TRITIUM CODE)

Two examples of the flow paths in tritium systems needed for a
fusion reactor are shown in Figs. 80 and 8l1. These are not all-inclusive.

Figure 82 is the tritium code flowchart.

REFERENCE

1. R. G. Clemmber, TCODE — A Computer Code for Analysis of Tritium and
Vacuum Systems for Tokamak Fusion Reactors, ANL/FPP/TM-110, Argonne
Natl. Lab., 1978.



Table 42, Fuel processing system (Case 1)

inrFut

4+
+

fusion rower {(mw)
#article confinement time (sec)
rarticle recucle

ourn
time

trit,

time (sec
between cucles {(sec)
fract, in d-%

ion density {(ions/mXXx3)
#lasma volume (m¥XX3)

CTHO

rume reden reriod (hr)

assume. Fost burn teme. (k)

rost
beam
beam
beam

burn rFrress. {torr)
ind., time (sec)
rower (mw)

enerdgyw {(kev)

results ¢

cycles/dayq
availability

trit,
trit,
trit,
trit.

burn Praction (including recwcle)

burned/cwc (d/cuc)
burned/day (g/d)
in das chrd/cue {(d4/cwce)

| T T | S N SN N | N N | B I

Wowonon i

448,927
1.983
0,000 «—

100.0G0

52,000
0,500
1.207e+20

267,142
1,000

573,000

1,330e-03
65,000
54,834
0,000

S68.421
0,169
0,019 «—
0.079
45,162
0,081

IA%S



Table 42 (continued)

trit,
trit,
trit,
trit,
Lrits
deaut.
deut.
deut.
deut.,
deut.
deut.
deut,
deut.

imeut 3

max Cr

results

fueled/ocwe {(g/cuc)
fueled/day (g/d)
fueled/ur (d/wr)

decay loss/vesr {(dg/ur)

consumed/2ear (&€/vrl
burned/c=cle {(g/9v)
burned/dag {(g/d)
consumed/gr (#/er)
indes{beams){g/4d;
rumred dn nbh/d {(d/d)
inrut/day {d/d)
nesded/day (d/d)
needed/cucle (d/cue)

atmossheric

edetrit, relesse(g)

+
*

4,144

it

14352946,310
103,900
1497.727
6,033
30,259
1846.502
0.000C
0.000
1408.857
1408.857
2.839

L2 { I B

L T | S TR T | B

detritiation sustem

= 16,000

355,454 «—

8¢¢



Table 42 {continued)

resctor hot cell tritium raduwastie
buildins fapility srocessing puilding
bullding

puilding volume {(m¥X3) 125714, B42465, 52200, 146000,
gllow. trit, conc. {(uli/mxk35 20. 506, S50 50,
ds removal eff. D.99 .29 D.9% 0,99
time for removal {(hr} 72.0 72:0 24,0 72,0
a3t vols flow (¥ bld.vol/min)d D225 0.234 0.737 0.273
cleanur flow rate (mXII/sec) 4,720 3,320 b.414 0,729
trit. vented during eroc. (Ci) 0.000 0,000 0.009 G000
trit, released sfter sroc. (Ci 5.284 4,248 2:6190 0,800
detrit, sus, cost (K$7 11504.0 BR93.2 14261.9 3112.%
Totel detrit, swstem cost {(K$) = I78720.7

tritium inventory

Fumes (8D = FE.17
storage (=) = 1354.,84
surdge tank (4 = 10.71
fuel cleanur (4) = 63,54
seraration unit (&) = 285,461
breeding blanket (&7 = 0,00
blanket recovery {(g) = 0,00
rellet fueler (4} a2 42,43
trite neutrzl beam () = 0.00
deut. neutrzl beawms (4) = 0.00

total (4) 1855.35

6¢¢



Table 42 {continued)

cost summary (K$2

tritium receiving sustem = 200,06
shirring contsiners = 120.90
deuterium storadge = 22469 .4
tritium storade = 3387.2
fuel cleanus = 2131.6
isotoric seraration sustew = 64790
analusis sustem = 1600.0
tritium waste itreatment sustem = 1200.0
dlove box detrit, sustem = 1400.0
tritisted walter recovery unit = 4000.,0
tritium waste rrocessing sus, = 1300.0
building detrit. ssstems = 37870.7
tritium monitors = 2000.0
tritium systems control = S5820.0

Totasl tritium sustem cost {(R$2 = 7i077.8

all done

ore



Table 43. Fuel processing system (Case 2)

inrPut

fusion rower (mw)

#article confirnement time (sec)
rarticle recucle

burn time (sec)

time between cucles (sec)
trits fract, in d-t

ion density (ions/mXX3)
#lasma volume (mXk3)

cryo erumP reden reriod (hr)
gssum. FOost burn temr. (k)
rost burn rress. (taorr)
beam inJd. time (sec)

beam rower (mw)

beam enerdy {(kev)

results

cucles/day

availability

trits burn fraction (including recwcle)
trit, burned/cyc (d/cuc)

trit. burned/day (g/d)

trit, in dgas chrd/cuc {(g/cuc)

Ho#g 8w uH N

0o o#own i

448,927
1,983
0.800

100.000

52.000
0.500

1.207e420

267,142
1.000
573.000

1,330e~03

4.000
54.834
0.000

568.421
0.169
0,082
D.079

45,162
0.081

1829



Table 43 {continued)

trit. fueled/cue {(g/cuc) = 0,892
trit. fueled/daw {(8/42 = S07 4221 &«
trit, fueled/ur (g/9r) = J1287.921%
trit, decaw loss/year {(d/9r) = 87.18%
trite consumed/uear (g/9r? = 1481,013
deuts burned/cucle (8/9r) = 0.053
deut, burned/daw (&#/4) = 30,259
deut.,. consumed/wr {(d/9r) =  1B&6.502
deut. ind.{beams) {d/d? = G000
deut. rumred in nb/d {g/d) = 0,000
deut., inrut/day (4/4) = 370,540
deut. needed/day {(g/4) = 3705490
deut. needed/cycle {(d/cyc) = 0.4652

atmosrpheric detritiztion svsten

+

inFut

12.000

i

max oradetrit,s relessel(d)

regsults

re



Table 43 [continued)

regetor hot cell Ltritium raduaste
building facilitz rrocessing building
bullding
building volume {(m¥X%3) 125714, B4945, 52200, 16000,
sllows trit, conc. {(LuCi/m¥%3) S0 S0, 506, %0,
ds removal eff. 0,99 .99 0.79 Q.99
time for remowval {(hr) 72,0 72.¢ 24,0 72.0
at. vol, flow (% bld.vol/mind 0.225 0.234 0.737 0.273
cleanur flow rate (m¥XXk3/sec) 4,720 Fe320 4,418 0,729
trit. vented during sroc. (Ci) 0,000 D.000 0,009 0,000
trit., released after eFroc, (Ci) b.288 4,248 2:610 0.806
detrit. sds. cost (K$) 11504.0 89%2.2 14261 .9 3112.,5
Total detrit, suystenm cost (K$) = 37870.7
tritium inverntory
FruUmPrs (g = 2118
storasge (g) = 1354.84
suurdge tank () = 2,31
fuel clesnup (=) = 45,08
seraration urit (4) = 100.79
breseding blanket (g) = 0.00
planket recoverwg (#) = 0.00
rellet fueler (43} = 32,54
trits neutral beam () = 0,00
deut. neutral beswms (=) = .00

total {g)

15546.88

ehe



Table 43 {(continued)

cost summarwe (K$)

tritium receiving sustem = 200,00
shirring contaziners 120.0
devyterium storasde 22469.4
tritium storase 3387.2

fuel cleanus
isptoric seraration sustem

1640.,0 =

36011 ——

[ T T B B | B

anaslvsis sgsten 16460,0
tritium waste Lreaitment swstem 1200.0
flove box deirit. susten 14500.0
tritisted water recoverwy unit = 4000.90
tritium waste rrocessing sus., = 13006.¢
tpilding detrit, sustems = I7870C.7
tritium monitors = 2000.0
tritium sustems control = 5820.0

Totel tritium sssitem cost (K$) = 47708 .4

all done

vve
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fig. 81. Sample flow path in tritium systems needed for a fusion
reactor.
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FLOW DIAGRAM
(TRITIUM CODE)

CALCULATE 1 TRITIUM MASS FLOW RATES IF NO TRITIUM NEUTRAL BEAMS
2 IMPURITY MASS FLOW RATES

CALCULATE 1 DEUTREIUM MASS FLOW RATES WITH AND WITHOUT
NEUTRAL BEAMS

2 TRITIUM WITHIN DEUTERIUM BEAMS

CALCULATE TRITIUM INVENTORIES IN COMPONENTS

CALCULATE 1 TRITIUM DECAY
2 TRITIUM NEEDS AND COST
3 TRITIUM BRED

CALCULATE TRITIUM RELEASES TO THE ENVIRONMENT FROM ACCIDENTS IN
REACTOR HALL, HOT CELL, RAD WASTE BUILDING, TRITIUM
BUILDING

CALCULATE 1 COSTS OF TRITIUM FUEL PROCESSING
2 COSTS OF ATMOSPHERIC TRITIUM RECOVERY UNITS
3 COSTS OF OTHER UNITS

Fig. 82. Tritium code flowchart.
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13. FUELING SYSTEM MODULE

The fuel system code calculates pertinent design requirements and
cost data for the pellet injectors, gas injectors, and supporting
systems. The code reads the user's data file and selected data from the
physics code, fuel processing code, Tf coil code, and the first wall and
shield code. These data are used to compute requirements for pellet
velocity, pellet weight, pellet rate, vacuum power, helium refrigeration,
nitrogen refrigeration, and cost of major equipment. The printout

includes pertinent input and calculated output data.

CODE BASIS

The code is based on having a combination of a gas injection system
similar to that shown in Fig. 83 and a pellet injector system similar to
that shown in Fig. 84. The gas injection system provides for selecting
the gas composition and controlling the flow of the gas to a number of
injector nozzles. Selector valves are provided to utilize any combina-
tion of the injector nozzles. The total number of nozzles provided,
NONOZ, is a user-input number. The pellet injecting system is based on
a two-channel centrifugal injector, whose system flow diagram is given
in Fig. 84. The injector has the capability of injecting mixed D-T
pellets or alternating deuterium and tritium pellets. The pellet
injector includes the pellet rate controller but not the computer that
controls it, which is a part of the I§C subsystem. The pellet injector
includes other equipment such as the interfacing pellet drift tube,

isolation valves, and support structure shown in Fig. 85.

CODE INPUT/OUTPUT DATA

The fueling code uses the input data defined in Tables 44 and 45.
The user-input data, defined in Table 44, list the mnemonic, the principal
use of the data, the expected range, and the mnemonic description. A
cylindrical pellet is assumed with the length equal to diameter of the
pellet. The transmission efficiency, EFFT, is the ratio of the frozen

pellet mass to the total mass of the fuel needed to make the pellet and
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Table 44. User-input data description

Code Expected
mnemonic Code use range Mnemonic description
FPEN Calculate pellet velocity 0.260 Pellet penetration, fraction of the
0.300 plasma minor radius, A
MWT Calculate pellet velocity, 2.0 Molecular weight of the fuel pellet
mass, refrigeration, and 6.0
vacuum
NPF Calculate pellet injector 1 Number of fuel pellet iniectors
cost 3
NGNOZ Calculate gas puffer 4 Number of fuel gas injector nozzles
system cost 16
DISPR Calculate pellet injector 0.2 Pellet scatter angle, deg
isclation valve and 1.0
drift tube cost
EFFN2 Caliculate liquid nitrogen .3 Liguid nitrogen cooling effective-
refrigeration 6.7 ness
EFFHE Calculate liquid helium 0.2 Liquid helium cooling effectiveness
refrigeration 0.6
EFFT Calculate vacuum require- 0.1 Vacuum system transmission
ment 0.9 efficiency (fraction of the focal
feed that enters the drift tube
as a frozen pellet)
EFFV Calculate vacuum power 0.3 Efficiency of the vacuum system
requirement 6.7
DPMM Calculate mass of the 2.0 Peilet diameter, mm
pelilet 4.9

Zs¢e



Table 45. Input data from other systems code
Code Expected
mnemenic Code use range Mnemonic description
A Calculate pellet penetration and 0.5 Plasma minor radius, m
velocity 2.0
NI Calculate pellet velocity 0.5E20 Line-averaged plasma
4.0E20 density, atoms/m>
TI Calculate pellet velocity 5.0 Line-averaged plasma
20.0 temperature, keV
TFULC Calculate pellet rate 5.0 Tritium injected per burn
40.0 cycle, g
TBURN Calculate pellet rate 20.0 Cycle burn time, s
2000.0
TFTHK Calculate pellet drift tube 0.5 TF coil radial thickness,
length 1.5 m

£se
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inject it into the drift tube. The number is low (0.2) for a pneumatic
injector, where a large part is needed to accelerate the pellet, but
comparatively high (0.8) for a centrifugal injector, where losses are
attributed only to the pellet formation. The diameter of the pellet,
DPMM, is a user input. The mass of the pellet should be about 10% of
the plasma mass. For TFCX the corresponding pellet diameter is about

3 mm. The pellet penetration, FPEN, should bhe selected so that the
pellet velocity is within the state of the art.

The other inputs given in Table 45 are selected outputs of other
codes. This table lists the mnemonic, principal use, the expected
range, and description in the same format as the user Table 44. The
plasma temperature, density, and radius are data needed to calculate the
pellet velocity. The fueling rate depends on the tritium needed per
burn cycle, the cycle time, and the fuel composition, which is assumed
to be 50% deuterium atoms and 50% tritium atoms. Geometry data are
read from the TF coil and the first wall and shield code data files.
They are neceded to determine the cost of the pellet drift tube and its
support structure.

The fueling code calculates and prints out the data given in
Table 46. The format of this table is similar to Tables 44 and 45. Only
the total cost CFUELS is an input to another tokamak systems code. The
total electric power and refrigeration requirements could also be inputs
to the ac power and cryogenic codes, but they are small compared to
other power and cryogenic loads and are, therefore, ignored as inputs to
other codes.

Table 47 contains input data for three cases whose outputs are
given in Tables 48-50. Key differences in the input data are
underlined for ease of comparison. The output tables contain enough
input data to identify each case clearly. Note that the pellet injector
velocity is strongly dependent on the pellet penetration into the plasma

and the plasma temperature.



Table 46.

Calculated printout data

Code Expected
mnemonic Code use range Mnemonic description
TDPM Print out 1.0E-3 Pellet mass, g
5.0E-2
PERATE Print out 2.0 Pellet rate, s7!
30.0
VELOP Print out 500.0 Pellet velocity, n/s
3,000.0
PPEN Print out 0.20 Pellet peretration into the plasma, m
0.30
LPTUBE Print out 3.0 Length of pellet drift tube, m
5.0
PINJ Print out 1.0 Peak power to centrifugal pellet injector,
10.¢6 kW
VAC Print out 2,000.0 Centrifugal injector vacuum requirement
16,0006.0 kW
PVAC Print out 1.0 Electric power to vacuum system, kW
10.0
LN2 Print out 106.0 Liquid nitrogen refrigeration, ¥W
1,000.0
LHE Print out 56.0 Liguid helium refrigeration, W
300.0
PTOT Print out 20.0 Total electric power requirement, kW
200.0
CFUELS Print out 1.0 Total cost of fueling system, $ million
input to 5.0

cost code

§s¢
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Input data for three cases showing the influence of

pellet penetration depth and plasma temperature on

injection velocity

Case 1 Case 2 Case 3

FPEN = 0.210 FPEN = 0.230 FPEN = 0.210
MWT = 5.0 MWT = 5.0 MWT = 5.0
NOINJ = 2.0 NOINJ = 2.0 NOINJ = 2.0
NONOZ = 1.0 NONOZ = 1.0 NONOZ = 1.0
DISPR = 1.0 DISPR = 1.0 DISPR = 1.0
EFFHE = 0.5 EFFHE = 0.5 EFFHE = 0.5
EFFN2 = 0.5 EFFN2 = 0.5 EFFN2 = 0.5
EFFV = 0.5 EFFV = 0.5 EFFV = 0.5
EFFT = 0.8 EFFT = 0.8 EFFT = 0.8
DPMM = 3.2 DPMM = 3. DPMM = 3.2
A=1.1 A=1.1 A=1.1

NI = 2.000E+20 NI = 2.000E+20 NI = 2.000E+20
TI = 12.0 TI = 12.0 TI = 15.0
TFULC = 11.5 TFULC = 11.5 TFULC = 11.5
TBURN = 187.0 TBURN = 187.0 TBURN = 187.0
DAGO = 2.2 DAGO = 2.2 DAGO = 2.2
TFTHK = 1.0 TFTHK = 1.0 TFTHK = 1.0

Output data
in Table 48

Qutput data
in Table 49

Output data
in Table 50
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Table 48. Fuel system code output data for Case 1

Plasma minor radius, m (A)

Plasma ion density, No./m?3 (ND)

Plasma ion temperature, keV (TI)

Burn time, s (TBURN)

Tritium injected per cycle, g (TFULC)
Distance between shield and coil, m (DAGO)
TF coil thickness, m (TFTHK)

Number of injectors

Number of nozzles

TD pellet diameter, mm

TD pellet weight, g

Pellet rate, No./s

Pellet velocity, m/s

Pellet penetrations, m

Pellet dispersion angle, deg

Shielded pellet tube length, m
Electric power for injectors, kW
Vacuum requirement, L/m

Electric power for vacuum, kW

Liquid nitrogen refrigeration, W (LN2Z)
Liquid helium refrigeration, W (LHE)
Total electrical power, kW (PTOT)
Total fuel system cost, $ million (CFUELS)

1.100
2.000E+20
12.00
187.0
11.50
2.200
1.000
2.000
10.00
3.200
6.6683E-03
15.40
1958.0
0.2310
1.000
4.200
4.833
4042.0
6.063
501.2
125.7
75.75
2.710
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Table 49. Fuel system code output data for Case 2

Plasma minor radius, m (A)

Plasma ion density, No./m® (NI)

Plasma ion temperature, keV (TI)

Burn time, s (TBURN)

Tritium injected per cycle, g (TFULC)
Distance between shield & coil, m (DAGO)
TF coil thickness, m (TFTHK)

Number of injectors

Number of nozzles

TD pellet diameter, mm

TD pellet weight, g

Pellet rate, No./s

Pellet velocity, m/s

Pellet penetrations, m

Pellet dispersion angle, deg

Shielded pellet tube length, m
Electric power for injectors, kW
Vacuum requirement, L/m

Electric power for vacuum, kW

Liquid nitrogen refrigeration, W (LN2)
Liquid helium refrigeration, W (LHE)
Total electrical power, kW (PTOT)
Total fuel system cost, § million (CFUELS)

1.100
2.000E+20
12.00
187.0
11.50
2.200
1.000
2.000
10.00
3.200
6.6683E-03
15.40
2572.0
0.2530
1.000
4.200
7.617
4042.0
6.063
501.2
125.7
78.54
3.545




Table 50. Fuel system code ouput data for Case 3

Plasma minor radius, m (A)

Plasma ion density, No./m® (NI)

Plasma ion temperature, keV (TI)

Burn time, s (TBURN)

Tritium injected per cycle, g (TFULC)
Distance between shield § coil, m (DAGQ)
TF coil thickness, m (TFTHK)

Number of injectors

Number of nozzles

TD pellet diameter, mm

TD pellet weight, g

Pellet rate, No./s

Pellet velocity, m/s

Pellet penetrations, m

Pellet dispersion angle, deg

Shielded pellet tube length, m
Electric power for injectors, kW
Vacuum requirement, L/m

Electric power for vacuum, kW

Liquid nitrogen refrigeration, W (LNZ2)
Liquid helium refrigeration, W (LHE)
Total electrical power, kW (PTOT)
Total fuel system cost, $ million (CFUELS)

1.100
2.000E+20
15.00
187.0
11.50
2.200
1.000
2.000
10.00
3.200
6.6683E-03
15.40
2861.0
0.2310
1.000
4.200
9.186
4042.0
6.063
501.2
125.7
80.11
4.016
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PRINCIPAL FUEL SYSTEM CODE EQUATIONS

The code reads the input data given in Tables 44 and 45 and uses
the following equations to calculate design requirements data and cost

given in Table 46.
Total tritium/deuterium mass fueling rate, TDMDOT, grams cycle:
TDMDOT = 1.67 TFULC/TBURN, grams/second
TFULC, tritium injected per burn cycle, grams
TBURN, cycle burn time, seconds
The equation for TDMDOT assumes that the fueling consists of injecting
an equal number of deuterium and tritium atoms.

Mass of a tritium deuterium pellet, TDPM, grams (cylindrical) pellet
geometyy with D = H:

TDPM = density (volume of pellet) = p(n/4)D3

(i/4) (p/5) (MWT)D3 = (w/4)(0.259/5) (MWT)D3 ,

TDPM = 0.0407 (MWT) (DPMM/10)3

MWT = molecular weight of the pellet = 5 ,
DPMM = diameter of the pellet {(miliimiters)
Vacuum requirement, VAC, liters/minute:
VAC = (1-EFFT) TMDOT/DENSITY at 100 X, 1 x 1072 torr
DENSITY = 3.95 x 107> MWT
VAC = 1.52 x 10° (1.0-EFFT) TMDOT/MWT

EFFT is the fraction of the fuel feed that enters the drift tube as

a frozen pellet.
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Electric power required for the vacuum system, PVAC, kW:

PVAC = 0.0015 VAC/EFFV

where EFFV is the efficiency of the vacuum system.

Liquid nitrogen requirement to chill room temperature (300 K) fuel gas to
77 K, LHZ, watts:

LN2

it

12,200 (TDMDOT)/[(MWT) (EFFN2)]

MWT

]

molecular weight of the fuel = 5.0 for D-T |,

EFFN2 = liquid nitrogen cooling effectiveness, 0.5

Electrical power for mitrogen refrigeration, PLNZ, kW:

PLN2 = 4(LN2)/1000

Liquid helium requirement to convert 77 K fuel to 10 K frozen pellet,
LHE, watts:

LHE = 3060 (TDMDOT)/[(MWT) (EFFHE)] ,

EFFHE = liquid hydrogen cooling effectiveness, 0.5
Electrical power for helium refrigeration, PLHE, kW:

PLHE = 0.5 (LHE)

Pellet velocity needed to penetrate the plasma to FPEN, a fraction

of the plasma minor radius:

VELOP = 2.1E-SA(TI)!*7 (FPEN)3 (NI)O-33 (vwt)?-22/(T