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Systems analysis code named NEW-TORSAC (TQkamak Reactor Systems
Analysis Code) has been developed by modifying the TORSAC which had been
already developed by us. The NEW-TORSAC is available for tokamak reactor
designs and evaluations from experimental machines to commercial reactor
plants, It has functions to design tokamaks automatically from plasma
parameter setting to determining configurations of reactor equipments
and calculate main characteristics parameters cof auxiliary systems and
the capical costs. In the case of analyzing tokamak reactor plants,
the code can calculate busbar energy costs.

Some output of this code such as a reactor configuration, plasma
equilibrium, electro-magnetic forces, etc. are graphically displayed as
well as numerical output.

The code has been successfully applied to the scoping studies of

the next generation machines and commercial reactor plants.

Keywords : Systems Analysis, NEW-TORSAC, Plasma Parameter Setting,
Automatic Design, Experimental Reactor, Power Reactor Plant,

Capital Cost, Busbar Energy Cost
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1. Intreduction

Importance of the system studies for the fusion reactors have been
increasing. Scale of the next generation fusion systems has rapidly
increased and would exceed that of fission power plant in some respects
such as weight and cost. Therefore, system optimization should be
carried out for the rational research and development. On the other
hand, accumulation of the knowledges on the fusion reactors and rapid
development of computers have made it possible to carry out an effectual
system optimization.

We have started to develop a system analysis code at the end of
1979 and the final version of the code : TORSAC (ICkamak Reactor System
Analysis Code) was completed at the summer of 1981 [1]. Although
several stages of improvements [2] have been applied, the TORSAC is
characterized by two basic functions : (1) generation of new tokamak
design based on the reference design, and (2) computation of design
characteristics of the generated design. As easily understandable from
above two functions, the TORSAC is essentially a tool for rapid design
and evaluation of tokamak systems. User of the TORSAC has to specify,
at first, an appropriate reference design and a way of design
modification to generate a target system design. Second task of the
user is to optimize the design according to the resultant design
characteristics. User oriented system optimization described above was
chosen from the reason that the code was prepared feor any kind of
tokamak from a small experimental device to a commercial reactor. From
this reason, it was difficult to implement a specific procedure of
system design and optimization.

During these several years, plasma physics has been developed and
an interest has been focussed on D-T fusion reactors. According to
these changes in situations, fundamental improvement of the TORSAC to
the NEW-TORSAC was planed at march 1986. Here, an object is restricted
to the D-T fusion tokamak systems, from experimental to commercial
reactors, using super-conducting magnets. Further, automatic design and
optimization algorithm are implemented in the program. In other words,
a lot of design knowledge which have been acquired by designer has been
transfered to the NEW-TORSAC and remained task for system designer is
to apecify basic parameters as input data.

The NEW-TORSAC was completed at the summer of 1986 and some
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computational results were presented at the last INTOR workshop [31].
Small scale improvements has been continued but the main frame of the
NEW-TORSAC has been fixed. Therefore, structure and capability of the
code is presented here. The results of the INTOR scoping study L[3] by
the NEW-TORSAC will be helpful to understand the capability of it.

In the section 2, main structure and characteristics of the
NEW-TORSAC are described. The typical results computed by this code are
shown in the section 3, and the summary of this paper is described in

the section 4.
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2. General Description on System Code

The TORSAC systems analysis code was revised to design and evaluate
tokamak reactors (from the next generation experimental reactors to
commercial reactor plants). The NEW-TORSAC consists basically of four
parts : (1) plasma parameter setting, (2) tokamak system design,

(3) magnetic field calculation, and (4) others. Firét of all, plasma
parameters are caleulated so that the performance objectives (e.q.
ignition margin, burn time, wall loading, fusion output power, etc.) can
be obtained. Then, the radial and vertical buidls of tokamak machine

are defined based on the calculated plasma parameters and other necessary
input data (thickness of clearances, blanket, shield, vacuum vessel,
etc.). The configurations of the first wall, blanket, shield, vacuum
vessel and toroidal field (TF) coils are automatically generated in

this code. The optimal poloidal field (PF) coil ldcations are determined
based on plasma equilibrium calculations with taking into account the
prohibited regions against the PF ceoil arrangement. The operation
patterns of the PF coil currents are obtained by superposing Ohmic
heating {(OH) flux component on plasma equilibrium component, according

to the assigned and calculated (OH flux comsumption, etc.) operation
scenario data. The PF coil sizes are determined so that the current
densities in the PF coils do not exceed the assigned value. In

determing the PF coil current patterns, the peak magnetic fields in the
PF coils are calculated and are limited to less than the assigned value.
This limitation on peak magnetic fields in the PF coils determines burn
time and/or available OH flux change. Based on the operation patterns

of the PF coil currents, the key parameters on the PF coil power supply
are calculated (Max. Ampere x Max. Volt, stored energy, peak power, etc,).
Other parameters such as pumping requirements, cooling requirements,
requirements for tritium processing system, and cost of reactor equip-
ments are also calculated. In Fig. 1, the flow diagram of the NEW-TORSAC
is shown. In the following paragraphs, brief descriptions are provided

for the main routines of this systms code.
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START]

INPUT DATA

Plasma performance objectives,
Confinement Scaling,
Heating/Current Drive Method,
TFC support method,

Remote maintenance access, etc.

—_—— e———— e e e —_, e L e ]

Igniticn margin, Temperature,
Plasma configuration
(limiter/single-null/double-null,
elongation, triangularity)
Safety factor, Impurities, TF ripple,
Operation scenario, etc.

Thickness (blanket, shield,
Clearance (between components),
5C coil current density, Peak fields,

Stress limits (TFC, PFC, center cylinder),
Materials, etc.

cees)s

Unit costs, Spare parts allowances,
contingency allowances, etc.

Physical Constraints

Confinement Scaling
Beta Limit

Safety Factor
Plasma Resistivity

PLASMA PARAMETER SETTING
TO SATISFY
PERFORMANCE OBJECTIVES

Engineering Constraints

Fig. 1

Major and Minor Radius,

Plasma Current,

Beta, Densities,

Confinement Time,

Burn time/OH flux,

Plasma Resistance,

Fusion Power,

Wall Loading,

Heating and current
drive Power, etc.

Maximum Fields
Thickness, Clearance
Coil Current Density
Stress Limit, etc.

Schematic Flow Diagram of the NEW-TORSAC
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MACHINE CONFIGURATIONS

Plasma Equilibrium
OH Flux Supply
Peak Poleidal Field

|

Radial Build

Vertical Build

TF Coil Configuration
(Vertical/horizontal cross~section)

Configurations of First Wall, Blanket,
Shield, Vacuum Vessel, etc.

PF Coil Location

PF Coil Current and Size

Burn time

Volumes and Weights

Passive Property or Torus System

Feasibility Check of Plasma Vertical
Position Control, etc.

AUXILIARY SYSTEMS

SC Coil Power Supply
(peak power, power supply capacity,
stored energy, coil voltage, etc.)
Exhaust system
(He, D, T pumping speed, etc.)
Heating System
Cooling System
{main heat transfer,
other heat transfer)
Cryogenic System
(LHe/LN; refrigerator load)
Fuel Handling and Storage Systems
{fuel circulating rate,
tritium production rate)

MAGNETIC FIELD CALCULATION (2)
Toroidal Field Ripple

Peak Toroidal Field

Centering Force of TF Coils
Hoop Force of TF Coils

Hoop Forces of PF Coils
Mutual Forces between PF Coils

Fig. 1 Schematic Flow Diagram of the NEW-TORSAC (continued)
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COST ANALYSTS
Capital Cost (Direct ost)
(land and land rights,
structures and site facilities,
reactor plant equipments,
turbine plant equipments,
electric plant equipments,
miscellaneous plant equipments,
special materials)
Capital Cost (Indirect Cost)
Operating and Maintenance Cost
Scheduled Component Replacement Cost
Fuel Cost
Total busbar Energy Cost
(constant and current economic
analysis modes)

QUTPUT

Output Lists

Graphic Display
{machine configuration,
plasma equilibrium,
magnetic fields,
electro-magnetic forces,
PFC current pattern, etc.)

END

Fig. 1 Schematic Flow Diagram of the NEW-TORSAC (continued)
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2.1 Plasma parameter setting

The flow diagram of the procedure to determine plasma parameters
are shown in Fig. 2. Main input parameters for plasma design calculation
are temperature, elongation, triangularity, operation scenario and
various engineering parameters such as blanket and shield thickness,
peak fields are current densities in TF and PF coils, stress limits in
TF coils, TF coil casings, PF coils, and center cylinder, and so omn.

The plasma temperature can be either input data or calculated in
the code so as to maximize fusion power density under given beta value
and toroidal field by option.

The plasma elongation k, and triangularity, v, are key parameters
for plasma vertical instability. These parameters also affect the burn
time [3]. However, it requires detailed analyses to determine the
plasma shape parameters, taking into account these problems. So these
shape parameters are given as input data in this code based on the
design experiences.

In single-null divertor cases, upper and lower plasma elongations
and triangularities are determined in the code. The elongation and
triangularity of null point side (lower side in our code) are set to be
larger than the averages by 20 % so that the average elongation and
triangularity are equal to the input cnes [4].

After plasma size (RP, ap) is determined, the positions of upper
and/or lower null points are calculted for plasma equilibrium calcula-
tions based on the assigned elongation and triangularity.

The thickness of blanket and shield can be modified from input
thickness according to the neutron wall loading in calculating plasma
parameters, by using the reference neutron wall loading and the attenua-
tion factors in the blanket and shield regions.

We prepare four representations of the safety factor [51, [6], [7]
which are shown as fcllows.

2
man<h
q% = _“p 7t {]_ + KZ(l + ZYZ)}

HolpRp
EEBEEE 2 2 L.
Qeff = TR, (3 + <1+ 1/7Ap°(1 + 5A%) 3
Ap = Rp/ap, £ = 1.25 - 0.54c + 0.3(k2 + v2) + 0.13y
1
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1 _ uoIpRp

V- /A Y 201/(1 + «2) - 0,08y} - 0.07{1 -1
T 2’”3132]31:( / p ) {1/¢( K<) v} {1+ (k )y}

2
Tan“ B
- p °t 2 1/2 1.5
= —— (1 + 1 + £1/A 1 + fo/A -

f1 = 0.16 + 0.633y, £, = 0.45 + v

One of these safety factors can be selected by option and be fixed
to given value (input data) at plasma parameter setting.

Iroyon type scaling is used for determing critical toroidal beta.
Energetic o and NBI particle pressures are estimated by using analytical
solution of the Fokker-Plank equation (the lowest order solution of
Legendre expansion) L8], [9] : the fast ion pressure Py is estimated by

the following equation.
Pg = SfTSEfGEIB

Here, 5S¢ is the energetic ion source rate, Ef is the initial
energetic ion energy, tg is the Spitzer ion-electron momentum exchange
time, and G, is the fraction of the energy which goes to electrons.

Since the neutral beam deposition profile and -shine through rate
can not be calculated unless the plasma geometrical parameters (Rp, ap)
are defined, the pressure of the fast neutral beam ions is roughly
estimated by the approximate method to set plasma parameters in the case
of steady state operation with non-inductive current drive by neutral
beam injection. In order to confirm the energetic ion pressure of the
neutral beam, the neutral beam depositionprofile is numerically calculated
after plasma parameter setting. If. this NBI energetic ion pressure by
detailed calculation is different from that obtained by rough estimation,
the calculation of plasma parameter setting should be carried out again.

Plasma parameters can be chosen to satisfy one of the following
combinations of performance objectives in our systems code, 1.e.

(1) ignition margin and burn time/available Ohmic heating (OH) flux
aupply, (2) ignition margin and location of TF coil inner leg, (3) igni-
tion margin and neutron wall loading, (4) ignition margin and fusion
power, (5) burn time/available OH flux supply and fusion power, and

(6) neutron wall loading and fusion power. The simplified relation is
used to provide the assigned burn time or available OH flux supply in the

step of plasma design. The second option of the performance objective
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set is prepared for analyzing reactors operated in steady state.

The power balance in a plasma is calculated by a zero dimensional
steady state model. Plasma ion temperature, T;, and electron temperature,
Tas are assumed to be equal to each other.

The ignition margin, Cyg, is defined as Cyg = Qy/Qipggs Where Qg
is the a-heating rate and Qi,55 is the total energy loss rate. The
transport energy loss, the Bremstrahlung loss and the synclotron
radiation loss are taken into account as the energy losses in our code.
Various 1p scaling can be chosen, e.g. (1) INTOR-ALCATOR/Neo-ALCATOR
scaling for electrons and neoclassical scaling for ions, (2) Mirrnov
scaling, {(3) ASDEX H mode scaling, etc.

Space distributions of plasma parameters can be taken inte account

by the following formulae,

i(r) = £,{1 - (r/ap)m}n for density, temperature and
toroidal current.
= f, + (fg - fo)(r/ap)z elongation.
where, £, : value at plasma center

fa ¢ value at plasma boundary

ap ! plasma minor radius.

As for plasma toroidal current profile, the safety factor at plasma
axis can be set to one by optiocn.
One turn plasma resistance, Rgg, is calculated by using the

following relation.

Reslpz = fvnp(r)ipz(r)dv

where, np(r) : plasma resistivity distribution
ip(r) : plasma torecidal current distribution
IP i plasma total toroidal current

Plasma resistivity, np(r) is calculated by using plasma temperature
profile. Classical resistivity or neo-classical resistivity can be
chosen by option. The OH flux consumption due to plasma resistance are
calculated for start up and burn phase according to the assigned opera-
tion scenario. The OH flux consumption at break down phase is estimated
by using the empirical scaling [10], [Ll].

In designing the next generation tokamak reactors, the burning time

_9_
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or Ohmic heating (OH) flux supply is sometimes specified. The simplified
model is used to estimate how much flux the PF coils can supply to plasma,
since the detail calculations such as plasma equilibrium and poloidal
fieid calculation are required to calculate the possible OH flux supply.
The infinitive cylindrical solenoid model is used to estimate the amount
of the PF coil flux supply. The thickness of the central solencid coils,
Apgs is determined so that both current density and tensile stress by
hoop force are set to less than the assigned values (input date) : Agy

is determined as follows.
oy = Max. (Aj, AS)

Here, Aj and Ay are the thickness of the solenoid coils required to
satisfy the assigned restrictions on the current density and hoop stress,

respectively.

83 = Bppr/ (uoJonFor)

Book? | B2
bg = B/ Sﬁ + Fonoou)

2g

Bppk : allowable peak poloidal coil field
Jog : allowable solenoid coil current density
gog ¢ allowable solencid coil stress

Fog * occupation factor of OH coil solencid

The correlation must be obtained between this simple calculation
and the detailed one. The correlation coefficient is provided as an
input datum in our code. Our code has the function to calculate the
possible burn time and/or the suppliable OH flux to plasma by the
detailed method at the calculation of time dependent PF coil current
patterns. If there is a large difference between the simpiified cal-
culation and the detailed one, the correlation coefficient must be
modified and calculation must be redone all over again.

In the case of steady state operation by non-inductive current
drive, the center solenoid colls can be eliminated by option.

The radial thickness of TF coils, ATy, affects the suppliable OH
flux and/or the bore radius of the central solenoid as well as other
radial build parameters. We have three options to determine the Aypp.

In the first option, the Arp is determined as follows.
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¥

TF
ATF = Max. (Aj Y &S )

TF
}F and Ag are the minimum TF coil thickness determined by

Here, A
the restriction of overall current density, jfeazy, including TIF coil
casing and of overall tensile stress, respectively. The analytical

solution of TF coil hoop force, FEF, is used to calculate AEF.

TF Ho
F, = g} Itin(Ro/RI)

Here, [+ is the total current of one TF ceil, Ry is the radial
position of the inboard TF coil leg, and R, is that of the outboard TF
coil leg. The R, is determined in the code so as to satisfy two con-
straints : (1) toroidal field ripple at plasma outer boundary, and
(2) radial clearance between shield and TF coil legs.

The toroidal field ripple, Grpl(R), is calculated by the following
approximate equation [12].

1 L
(Srpl(R) = frpl{ + }

®REARDNTE - 1 ®y/R)VTF - 1

Here, the frpl is the correction factor given as an input datum,
and the Npp is the number of TF coils. The detailed ripple calculation
can be done in the code teo check whether the correction factor is
adequate or not after all of plasma and machine parameters are determined.
If the correction factor is found to be inadequate, the correction factor
should be modified and calculation should be redone again.

In both second and third options on the design of TF coil radial
thickness, Arp, the Arp is not determined by overall current density
and/or overall hoop stress like the first option, but determined so as
to satisfy the conditicns that the stress in the TF coil structures such
as TF coil casing and the current density in the TF ceil conductor are
equal to the assigned values. The difference between the second option
and the third one comes from the difference of the support system for
the TF coil centering force : (1) by center cylinder and (2} by wedge.

In the second option, the centering force of TF coils is supported by
the center cylinder, and only hoop force is taken into account in
calculating the stress in the TF coil structures. On ther other hand,

the third optien takes into account not only hcop force but also the

_11 j—
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compressive force in the inboard TF coil casing (inner vault) and the
bending force at the corners of inner vault.

The thickness of the center cylinder, Agy, is simply determined so
that the compressive stress is less than the assigned value. The
analytical solution is used for the centering force of the TF coils

as shown by the following equation.
2Tr2 /___—
Fontr = 5 (RpBe) #(1 - Ryp/YRrp? - ary?)
o

Here, Ry and a7y are major and minor radii of the TF coils,
respectively.

The required input power for plasma heating and current drive are
calculated after plasma parameters are set. As for the plasma heating
power, the required heating power is defined as 1.5 times of the saddle
point power in the equi-contour map.

The resistively and inductively consumed OH fluxes and burn time
are also calculated when the options to specify burn time are not used,

Finally, the deposition profile of neutral beam (NB), the amount
of shine though and the pressure of energetic NB ions are calculated to
check whether the pressure of energetic NB ions given by approximate
method is correct of not when the scenario of steady state operation by

neutral beam injection is used.
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| START OF PLASMA PARAMETER SETTING |

O,

PRE-PROCESSING CALCULATIONS
Profile effects

(fusion reaction, radiation,

plasma resistivity, etc.)

Energetic o particles pressure
Energetic NBI ion pressure
(approximation)
Fuel Beta, etc.

SELECTION OF PERFORMANCE OBJECTIVE SET
Ignition and Burn Time/OH Flux,
Ignition and Wall Loading,

Tgnition and Fusion Power,
Fusion power and Burn Time/OH Flux,
Wall Loading and Fusion Power)

SETTING MAIN PLASMA PARAMETERS
TO SATISFY
THE FIRST PERFORMANCE OBJECTIVE
(e.g. Ignition)

DO THE
PLASMA PARAMETERS SATISFY
THE SECOND PERFORM. OBJEC.?
(e.g. Burn Time)

| OTHER PARAMETERS AND PERFORMANCE OBJECTS
Null Point Position Setting

Q-Value, Ignition Margin

Plasma Self-Inductance

Confinement Times by Various Scaling
Density Limit

Fusion Power

Wall Loading, etc.

Fig. 2 Schematic Flow Diagram of Plasma Parameter Setting
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l

HEATING/PLASMA CURRENT DRIVE POWERS

Selection of Methods

Heating Power for Ignition

Current Drive Power for Start-up,
Re-charging and Steady State Phases

OPERATION SCENARIO*
Selection of Resistivity Model
(Spitzer or Neo-classical)
Resistive OH Flux Consumptiouns
Inductive OH Flux Consumptions*#
Burn Time (Approximation)*¥*

NEUTRAL BEAM DEPOSITION
IF STEADY STATE OPERATION BY NBI
Beam Deposition
Shine Though
Energetic NBI Ions Pressure
Compariscon with Approximate Method
(see pre-processing calculations)

OUTPUT OF PLASMA PARAMETERS

GO TO
SURVEY OF MACHINE
DESIGN ?

yes

| TO MACHINE CONFIGURATION CALCULATION |

* When the options to specify burn time, these calculation are already
calculated at plasma parameter setting.

*% The detail calculation is carried out at determing PF coil currents.

Fig. 2 Schematic Flow Diagram of Plasma Parameter Setting (continued)
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2.2 Tokamak system design

Radial and vertical builds are defined based orn the calculations
of the plasma parameter setting. Poloidal contour of toroidal field
colls is represented by one straight line (wedge part of TIF coil)} and
three arcs in this code. The central angle of these arcs is set to 60
degrees. The radii and the co-ordinates of the arc centers are

calculated by the following equations.

/3 1
hy = ————— (2hy = —= by, - ARTyp)
2 203 - 1) M 73 L TF
2
P1 = =hy +p
1 /3 2 2
P2 = hy - hp h
T\ "
p
2 hy, 3
= — (h; - hy) +
p3 = = (hy = hy) +p;
2 B
AR : diameter of TF coil bore T
my ¢ TF coil height
] ) e ARpp
p{ : radius of the i-th arc

hy; ¢ height of the second arc center

Poloidal field (PF) coils are located at the effective positions
along the line outside the TF ceil contour, based on the plasma
equilibrium calculations. The prohibited regions against the PF coil
arrangement are determined based on the radial and vertical builds.
There are three options in determing these prohibited regions, : (1) no
restriction, (2) prohibited regions for radial maintenance access and
support of torns, and (3) prohibited regions for oblique maintenance
access and support of torus. The PF coil currents are calculated, based
on the calculaticns of plasma equilibrium, PF coil current distribution
for Ohmic heating (OH) magnetic field, and magnetic fields in the PF
coils as described in the section 2.3. Cross-sectional sizes of the PF
colls are determined so that the current density in each PF coil does
not exceed the maximum allowable value (input data). When the minimum
distance between some PF coil and TF coil is shorter than the assigned

one, this PF coil is moved outwards so as to keep the assigned distance
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from TF coils.

The stabilizing property of the torus structures for the plasma
vertical instability 1s estimated in the code by using simplified model,
and the feasibility of highly elongated plasma is roughly checked
together with the decay index n~value obtained by plasma equilibrium
calculations.

Cross—sectional view of the first wall, blanket, shield and vacuum
vessel are defined so as to match with a plasma configuration and TF
coll shape.

The volume and weight of each reactor equipment are calculated, and
the weights are summarized in the "Material Table" for each material and
each reactor equipment as shown in Table 1. The weight of TF coil shear
panels are calculated based on the configuration of TF ceils and the
prohibited regions against the PT coil arrangement, and summarized in
the item of TF coils in the "Material Table'. The weight of supper-
conducting (SC) coil vacuum chamber is also calculated based on the
reactor height and outer radius. The weight of torus spport system is

simply defined as some fraction of total tokamak machine weight.
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2.3 Magnetic field calculations

The code has two types of magnetic field calculations : (1) omne is
the calculations necessary to design reactor equipments such as PF coil
system, and (2) the other is that to provide only information on design
features. As the latter type of calculations, the code numerically
calculates the magnetic fields such as toroidal field ripple, peak
toroidal field, etc. and the electro-magnetic forces such as over
turning force and centering force of TF coils, hoop forces of TF and PF
coils, etc. We can skip this kind of calculations to save CPU time by
option. As the former type of calculations, plasma equilibrium, current
distribution among PF coils for OH field, peak magnetic fields in PF
colls are calculated. We can not skip the former type of calculations.

The scenario for time dependent magnetic flux consumption is
defined by a plasma current ramp up scerario (input data) and resistively
consumed magnetic flux calculated in the step of plasma parameter setting.
Poloidal field coil currents are provided by summing up two components,
i.e. those (1) for plasma equilibripm and (2) for OH flux supply,
according to the scenario of magnetic flux consumption. In superposing
the latter component on the former one, magnetic fields in all of PF
coils are calculated. The time dependent PF coil current patterns are
determined so that the peak magnetic field in all of PF coils are less
than the maximum allowable field (input data). The cross-sectional
sizes of PF coils are determined after the maximum PF coil currents are
determined so that the current densities in the PF coils are limited
within the assigned value. since the peak magnetic fields in the PF
coils depend on their cross-sectional sizes, this procedure is repeated
twice to converge the PF coil sizes.

Through these calculations, a possible burn time and/or an available
OH flux supply is obtained. 1If the burn time and/or available OH flux
change is significantly different from the assumed burn time/available
OH flux suﬁply calculated in plasma parameter setting, calculation must

be redone all over again.
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2.4 Others

Based on the time dependent PF coil current patterns, the power
supply requirements are calculated such as power supply capacity,
maximum poloidal magnetic store energy, peak power, etc.

The cooling system is. assumed to consist of several subsystems
(1) divertor/limiter plate cooling subsystem, (2) first wall/blanket
cooling subsystem, (3) shield cooling subsystem, and (4) plasma
heating/current drive system cooling subsystem, The mass flow rate of
each subsystem is calculated based on heat load, inlet/outlet tempera-
tures and other data.

The characteristic parameters are calculated for the exhaust system
(required pumping speeds, etc.), cryogenic system (cryogenic loads,
etc.) and tritium system (tritium consumption/circulation rates, etc.),
based on the date such as plasma densities, fusion power, neutron wall
loading and so on,

The capical costs are calculated by using the characteristic
parameters of each system. The cost of land, some buildings such as
control room and plasma diagnostics, etc. are assumed te be constant
independently on the reactor design. On the other hand, the ccst of
some buildings such as reactor building, etc. are assumed to be functions
of reactor size, thermal or electric output power, neutron wall loading,
etc. In the case of reactor power plant designs, the total busbar
energy costs are also calculated. The method to evaluate reactor plant

economy is basically same as the PNL reports [13], [14].

—— Igi
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3. Typical examples of calculations by NEW-TORSAC

In the previous chapter, the structure of the code is described.
Here, the capability of the code is described by showing the typical
applications. However, it is not so long since the code was developed
that all functions of this code have not necessarily been checked
enough. 5o the examples in this chapter are basically come from the

INTOR scoping study reported at the previous session [3].

3.1 Automatic design of the next generation tokamak reactor

The NEW-TORSAC automatically designs tokamak reactors from plasma
parameter setting to tokamak configuration design, and calculates main
characteristic parameters of reactor equipments and auxiliary systems.

Figures 3(a), 3(b) and 3(c) show the typical example of the next
generation tokamak reactor designed by this code. The shaded zones in
Fig. 3(a) are the PF coil prohibited regions for reactor maintenance
access and machine supports. Main characteristic parameters of this
reactor are summarized in Table 2. Plasma parameters are determined
so as to satisfy two conditions in this example : (1) the ignition
condition with margin one, and (2) the assigned burn time (~1000 sec).
ASDEX type 1 scaling is used to calculate the ignition condition, and
Apitzer resistivity is assumed to evaluate burn time. The coefficient
of Troyon type critical beta scaling is set to 3.5. The thermal a
particle density is assumed to be 5 % of D-T fuel density. The energetic
a particle pressure is calculated as ~9 % of fuel pressure which is
defined as the summation of D-T fuel pressure and corresponding electron

DT DT
pressure : (npr + ng )T, (opr = ng ).
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Table 2 Main Characteristic Parameters of the Next Generation
Tokamak Reactor Designed by NEW-TORSAC.

Plasma major radius (m)
Plasma minor radius (m)
Aspect ratio

Elongation
Triangularity

Plasma temperature (kev)

Electron density (1/m®)

Ton density (1/m?)
Fuel density (1/m3)
leff

Plasma current (MA)

Energy confinement time (sec)
Safety factor qp

Total toroidal beta

Fuel toroidal beta

Toroidal field in plasma center (T)
Peak toroidal field (T)

Overall TF coil current density (A/mm?)
Peak poloidal field (T)

PF coil current density (A/mm?)
Fusion output power {(MW)

Neutron wall loading (MW/m®)

Burn time (sec)

Operation scenario

Reactor maintenance access

4.87
1.60
3.05
1.8
0.35
10
1.27 x 1020
1.17 x 1029
1.11 x 1029
1.5
11.6
2.33
2.1
6.13
5.16
4.16
12.0
13.0
10.0
25.0
655
1.08
1000
Quasi steady state

radial access
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Fig. 3(a) Cross sectional view of the next generation
tokamak reactor designed by NEW-TORSAC.



JAERI —M 87—103

vl

aseyd ®B31®Q MOT

*uofleaIndrJuod wnraqriinbs euselgd (2)g 9141
00 30001 =730
00 3J€5S6°L =xyH
10 3S801* [-=NIH
(W) Y
€1y g1 110 6 8 £ 9 S8 ¥ € ¢ 1
T VT T T 7 T T P T vV T T T F T VP 7 T T T T 7T

aseud e39q Yy3ITY

‘uoTieandryuod untiqirrnbs ewserg (q)¢ 814
00 30001 =734
00 3viE-8 =Xuu
[0 3630 [-=NIMW
{HY d
viET 2T 1T O 6 8 L 9 § ¢ €& ¢ |
AL I B L A M AL St I L L B




JAERI — M 87— 103

3.2 Analysis of tokamak power reactor plant

In designing power reactor plants, the total -output power had
better be able to be specified. For these situations, the code has
options to specify the total fusion power, and neutron wall loading or
burn time. Here, we show an example of parametric study on tokamak
power reactor plant. The option to specify total fusion power and
neutron wall loading is used in this analysis. TFigure 4 shows the
dependence of plasma size (Rp, ap) on neutron wall loading. The value
of plasma current and toroidal field at plasma center are shown at each
calculation point. The totoal fusion power is fixed to 3500 MW. The
plasma temperature and the peak toroidal field are 10 keV and 12 T,
respectively. The coefficient of Troyon critical beta scaling is set
to 3.5. It should be noticed that there is a limit on the obtainable
neutron wall loading and there can be two solutions for a given wall

loading less than this limit value,

40.6M4 11.8MA
2.1T 7.27 N
: Major Radius Rp \
8'- 13-61“5.@;\
34.6MA 6.6T l
-6
< zg'g;m 17.9M4
’ 5.47
56— E
3 o
2 s B
huad -
= T
] e
& e
41 5
e c
] -l
= =
© ®
E E
& 7]
" o
= Pk
2 = o
Plasma Temperature : 10 keV
Trovon Coefficient : 3.5
Fusion Power : 3500 MW
0 b ! ¥ 0
1.0 2.0 3.0

NeutTon Wall Loading (wamz)

Fig. 4 Dependence of plasma major and minor radii
on neutron wall leading.
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3.3 Calculation of a possible burn time

Since a possible burn time is automatically obtained through the
calculations for determining the time dependent PF coil current patterns,
we can survey the dependence of a possible burn time on plasma parameters
such as elongation, triangularity, plasma current and so on. As an
example of this capability, Figure 5 shows the difference in a possible
burn time, Atpypeps between a quasi-steady state operation and an
inductive operation as functions of plasma elongation and triangularity.
The peak poleidal fields in the PF coils are limited to less than 10 T.
The possible burn time of the inductive operation case, T%Egn, is fixed
to v500 sec In this figure. The check calculations are also carried out
to survey the T%ﬁgn dependence by changing T%ﬂfn from ~50 sec to ~700

sec and the result shows that the Atp;pp does not strongly depend on

Ind
Thurn*

Li

1500 -

1000

500 ) [

Burn Time Difference Atpyrn (sec)

. Y= 0.20
Y= (.30
o] Y = 0.40
0 1 ] 1
1.6 1.8 2.0

Flasmz Elongaticn k

Fig., 5 Difference of possible burn time between quasi steady
state operation and inductive operation as functions
of plasma elongation and triangularity.
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3.4 Restriction on PF coil arrangement for remote maintenance access

As described in chapter 2, the PF coil locations are selected by
taking into account both the effective PF coil positions for plasma
equilibrium and the prohibited regions against PF coil locations for the
remote maintenance access. As an example of this capability, Figure 6
shows the PF coil arrangements of the reactors with radial and oblique
access maintenance scenario., Table 3 summarizes main parameters of

these two reactors. The possible burn time is ~1500 sec in both designs.

Table 3 Comparison of Access Directions
(k = 1.8, v = 0.35)

Radial Access Oblique Access

Plasma Major Radius (m) 4.97 5.01
Plasma Minor Radius (m) 1,52 - 1.50
Plasma Current (MA) 10.9 10,7

Toroidal Field (T) 4,43 4.51
Total Weight (ton) 11350 10990
T¥ Coil Weight (ton) 3030 2750
PF Coil Weight (ton) 1150 1020
Peak Stored Energy (MAT) 11.865 * 7.84
Power Capacity (MVA) 787 675
Total Ampere Turm (MAT) L15 101

Relative Capital Cost 1.0 0.970



JAERI - M 87— 103

107392821 adA] ssod0®
oanbITqo JC MOTA TRUOTIDSES-SS0IN

(9)9 "311

¥l

*10312e2x adA) ss8o0®

TeTPel JO MITA [RUOTIDOS-Ss501D (B)9 "8B14
(W) o
gr gr 1ot 8 8 £ 9 S v E 2
Ty T T e Ty 1_ﬁwg__ i T ]
.
-
.
.




JAERT—M 87— 103

3.5 Central 0OH solencid

In the case of steady state operation by non-inductive method for
plasma current drive, the OH solenoid coil is not necessarily required
to be installed. TFor these steady state operation scenarios, the code
has an option to eliminate central solenoid coils. Figure 7 shows the
cross—sectional view of the reactor without the central solenoid coils
and plasma equilibrium configuration at high beta phase. No restriction
is imposed on the PF coil arrangement for simplicity. Table 4 summarizes
regsuits of comparisen study on the methods of full current drive for
two PF coil arrangements : (1) with central solenoid coils, and (2)

without central solenoid coil.

(M)

Fig. 7 Cross-sectional view of the reactor without
central solenoid coils.
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3.6 Operation scenarios

Three types of operation scenario can be treated in the code
(1) fully inductive operation, (2) quasi-steady state operation and
(3) steady state operation. $o the comparison studies can be done arong
these scenarios, Figure 8(a) and 8(b) show an example of the trade off
study between full-inductive operation and quasi-steady state operation
scenarios. ASDEX tp scaling with ignition margin 2.5 is used in the
calculation of Fig. 8(a), and Mirnov type Tp scaling is used in Fig. 8(b).
The dependence of the relative capital cost on plasma major radius is
considerably different between these two parametric studies. This
difference comes from the dependence of Tg scaling on plasma size : 1
of ASDEX scaling depends on major radius, however, that of Mirnov type

scaling depends on minor radius,

180 s
180 s 950 s
— 580
Relative Capital Cost
550 s
2 =
- A 2
s 3
(=9 =
S —1 ’6
w N /’ =
- - -
= 0.95} _ , . -1
= Relative Capital Cost
= (common use in Iy drive
& heating)
Opened : Quas? Steady State Operation
Closed ; Inductive Operation
0.90 L L L 0
4.7 . 4.B 4.8 5.0

Plasma Major Radius (m)

Fig. 8{(a) Major radius dependences of the relative capital cost
and minor radius for both inductive operation and
quasi steady state operation scenario.

ASDEX Type T Scaling
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Fig., 8(b) Major radius dependences of the relative capital cost

and minor radius for both inductive operation and
quasi steady state operation scenario.

Mirnov Type Tg Scaling
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4, Summary

New systems analysis code "NEW-TORSAC" has been developed based on
the TORSAC. The NEW-TORSAC is planned to be available for analyzing
tokamak reactors from experimental reactors to commercial reactors with
supper-conducting coils, and to have a function of automatic design.

Main characteristics of this code are summarized as follows.

(1) The code determines plasma parameters so that the set of plasma
parameters provides the desired performance objectives, such as ignition
margin, burn time, neutron wall loading, total fusion power, which are
assigned by option data. The code can check the performances of the
reactor designed by another code or designer.

(2) Though a zero-dimensional model is used in determining plasma
parameters, the profile effects are taken into account by specifying the
profiles of plasma parameters such as density, temperature, etc. based
on 1-D transport simulation and/or experimental results. The profile of
plasma toroidal current can be determined so that the safety factor at
plasma axis is set to one.

(3) The pressures of the energetic ions (a particles, NBI ions) are
calculated in the code by using analytical solution of the Fokker-Plank
equation as shown in the reference [7].

(4) The thickness of blanket and/or shield can be consistently
determined with the calculated neutron wall loading at plasma parameter
setting.

(5) The locations of poloidal field coils are selected at effective
places for plasma equilibrium. In determining the poloidal field coil
locations, the prohibited regions are defined in the code to ensure the
spaces for the torus support structures and the access at remote
maintenance.

(6) In the case of steady state operation by non-inductive current
drive, the code can design the PF coil system without central solenoid
coils and calculate plasma equilibrium under such a PF coil arrangement.

(7) The operation pattern of the poloidal field coil currents are
determined by summing up the currents necessary for plasma equilibrium
and OH flux supply so that the peak poloidal fields in the poloidal coils
are less than the allowable value assigned by input data. Through this

calculation process, the burn time and/or available OH flux are also
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obtained.

{8) The capacility of plasma vertical position control is roughly
evaluated in the code for the designed plasma with assigned elongation.

(9) In order to provide the information on design features, the code
has the routines to calculate the magnetic fields (e.g. toroidal field
ripple, peak toroidal field, etc.) and the electro-magnetic forces on
TF and PF coils (e.g. over turning force, centering force, hoop forces
on TF¥ and PF ceils, etc.).

(10) Graphical displays are available for many output of this code
such as tokamak configuration, plasma equilibrium configuration,
electro-magnetic force distributions, etc. as well as numerical output.

(11) Main characteristic parameters are calculated for auxiliary
systems such as plasma heating system, coil power supply systems, vacuum
system, cryogenic system, cooling system, fuel handling and storage
systems, and so on.

(12) Based on the tokamak system design and the characteristic
parameters of auxiliary systems, the capital cost of the tokamak reactor
is calculated. In the case of analyzing reactor power plant, the busbar

energy cost is also calculated.

— 33_
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