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INTRODUCTION AND SUMMARY

1.0 Introduction

The potential of the high field tokamak for production of very high values of
n7 and fusion power density makes possible DD-DT operation which can be used
to reduce tritium breeding requirements. In DD-DT operation, neutrons from
both the D(T,n)Hes and D(D,n)Hes reactions are used to produce the tritium.

The plasma tritium breeding requirement vy where

rate of fused tritons from external source

1= rate of fusion neutron production

is between zero (DD operation) and one (DT operation). The tritium/deuterium
ratio (nr/np) in the plasma is < 1 (DT operation) but greater than that
“in DD operation where tritium produced by the D(D,p)T reaction is burned
(n7/np = 0.003). A continuous range of tradeoffs between reduced tritium
breeding requirements and reduced fusion power density together with increased

n7 requirements, is possiblel.
The advantages of DD-DT operation include:
e Insurance of self sufficiency in tritium production

o Increased flexibility of blanket and first wall design due to decreased

neutron economy requirements

¢ High tritium burn-up in the plasma




o Increased availability of neutrons for fissile fuel breeding, tritium produc-

tion for makeup or startup fuel for DT reactors and synfuel production

In this report we discuss trade-offs between breeding and plasma perfor-
mance and present illustrative design features for two types of high field tokamaks
which use DD-DT operation. One device is a relatively near term machine of
moderate size (major radius = 4.8 m, minor radius = 1.2 m). It would serve as an
engineering/materials test reactor with self sufficiency in tritium production?:3.
We refer to this device as an Advanced Fusion Test Reactor (AFTR ) device.

An AFTR device fnight also be used to produce tritium for other reactors or to

produce fissile fuel.

The second device is a larger machine (major radius = 9.6 m, minor radius
= 2.4 m) which would use superconducting magnets. It is a commercial reac-
tor which would produce electricity using blankets which are optimized for con-
siderations other than neutron economy. ‘We refer to this device as an Advanced
Fuel Commercial Reactor (AFCR ). AFCR might also be used to produce excess

- tritium. Another possible application is synfuel production.




1.1 Tradeoffs Between Breeding and Plasma Performance Requirements

An important tradeoff between neutronics and plasma performance require-
ments can be expressed in terms of the dependence of nrg required for ignition
upon 1 — 1. We refer to 1 — v as the "plasma tritium breeding margin” since
it represents the difference between the required breeding ratio for DT plasma

operation and that for plasma operation in a DD-DT mode.

Using the empirical scaling 7z ~ na? for the electron energy confinement
time, n7g ~ n%a? ~ 2B*a® where § is the ratio of plasma pressure to magnetic
field pressure, a is the minor radius and B is the magnetic field on axis*. Figure
1.1 shows the dependence of A2B%a? required for ignition upon 1 —~. B?B%a?is
given in terms of meter2-Tesla®. At each value of 1 — « the plasma temperature
is chosen to give the lowest value of 32B%a?. Parabolic temperature and density
profiles are assumed. For DT operation, 82B%a? = 1.3 m2T* for a central ion
temperature of 12 keV. It is assumed that all of the tritium produced in the
D(D,p)T reactions is burned and that none of the Hes produced in the D(D,n)Hes

reactions is burned.

It can be seen from Figure 1.1 that the nrg requirement for ignition increases
strongly with 1 — «. Thus if most of the advantages of DD-DT operation can
be realized at low values of 1 — ~, operation at higher values of 1 — 7 can be

disadvantageous.

In DD-DT more than 50% of the neutrons are 14.1 MeV neutrons. When
v = 0 (DD operation), half ther neutron are 2.45 MeV neutrons produced by the
D(D,n)Hes reaction and half are 14.1 MeV neutrons produced by the D(T,n)He,4




reaction which burns the tritium produced by the D(D,p)T reaction. For v > 0,
additional 14.1 MeV neutrons are produced by burn up of the tritium which is
provided externally. For 1 — v ~ 0.3, 70% of the fusion neutrons are 14.1 MeV
neutrons. The 14.1 MeV neutrons are more effective than the 2.45 MeV neutrons

for the purpose of breeding tritium.




1.2 Advanced Fusion Test Reactor (AF'TR ) Device

The AFTR device utilizes water cooled, copper toroidal field (TF) magnets
of Bitter construction. The advantages of quasi continuous Bitter plate magnet

construction includes:
o Capability of high field operation using presently available technology

e Substantial reduction in resistive power losses due to maximization of

conductor area

e Minimization of ripple by ﬂexiBility of choice of conductor geometry

around a port

e Longer magnet insulation life (stresses are mainly compressive; planar

insulators can be used)

Figure 1.2 shows normalized values of the stored energy in the toroidal field
TF coil, the resistive power for the magnet, the fusion power and the plasma
performance as functions of 1 —+ for AFTR -type Reactors. A constant neutron
“wall loading of Pyuu = 4 MW/m2 is assumed. The size and stored energy
increase strongly with increasing value of the plasma tritium breeding margin,
1—n.

Table 1.1 gives the main parameters of the illustrative AFTR device. With
a field on axis of 8.5T the resistive power requirement of the TF' magnet is 600
MW. The 0.36 m thick inboard blanket should provide sufficient shielding of the
magnet insulation to allow for > 3 years of integrated operation. This assump-
tion of insulator lifetime is based upon recent results of irradiated polyimides

which indicate that fluences of 102 — 1025 n/m? may be possible®.




As shown in the table, 1 — v can be increased at the expense of decreased
fusion power and @, (@, = fusion power/auxilary heating power) for fixed beta,
magnetic field and size. A value of 1 —~ = 0.16 can be obtained at ignition

(@p = 00). 1 —~ = 0.25 can be obtained with @, = 20.

Table 1.2 shows operating characteristics of the AFTR device at a reduced
field of 6.6T. The resistive power requirement of the TF magnet is 350 MW.

Figure 1.3 shows an elevation view of the plate design that would be used

in the AFTR device.

The AFTR device would serve as an engineering/materials test reactor of
moderate size which would be self sufficient in tritium production because of
its substantial plasma tritium breeding margin and also would produce some
electrical power. It might also be used to produce tritium or be used for fissile

fuel breeding.

The nonelectrical applications capability of AFTR device is illustrated in
_ Table 1.3. Operation at a toroidal field of 6.6T and 1 — v = 0.1 is assumed. A
LiAlO, blanket with a ZrsPbs multiplier is used. The overall tritium breeding
margin (TBM) = k — ~ where k is the blanket breeding factor; k = M#% where
M is the blanket neutron multiplication factor and 7 is the blanket breeding
efficiency (7 = no. of tritons/neutron absorbed in the blanket). For M = 1.2
and 7 = 0.9, TBM = 0.18. The number of excess neutrons is given by the
product of TBM and the fusion neutron generation rate. The 4.5 X 101° excess
neutrons generated per second could be used to generate 7.2 kg of excess tritium

per year at 100% availability.

Figure 1.4 shows R,/ Pyes, the ratio between the rate of production of excess




neutrons 2, and the resistive power nceded to drive the reactor P, as a function
of 1—+. It is assumed that the neutron wall loading and the main stresses of the
toroidal field system are kept fixed. It can be seen that there are advantages in
operating with increasing values of 1 — «, in terms of larger neutron generation
rate per unit power dissipated in the magnet system, although the reactor size

increases.

If some form of non-inductive current drive were not used on the AFTR
device, its pulse length would be limited to ~ 100 s by the drive of the ohmic

heating transformer.

For 1 — 4 = 0.1, the ratio of fusion power to TF magnet power would be
~ 1 for a value of average beta of ~ 0.06 and a magnetic field on axis of 6.6
T. Even if power producing blankets were used in AFTR device it would still
consume a substantial amount of electricity. Hence the capability the AFTR
device would provide in terms of tritium breeding margin and self sufficiency in
tritium production comes at a substantial price. If higher values of 8 could be

--achieved the attractiveness of the AFTR device would, of course, increase.




1.3 Advanced Fusion Commercial Reactor (AFCR ) Device

The use of superconducting toroidal field magnets removes the problem of
a large resistive power requirement. However, a device with superconducting
magnets will be substantially larger (due to increased magnet shielding require-
ments) and will have significantly higher capital cost. Furthermore, whereas the
technology for resistive toroidal field magnets is presently available, a substantial
amount of time is necessary to develop reliable large, high field superconducting
magnets. Because of the high cost and increased time for implementation, a su-
perconducting DD-DT device would best serve as a demonstration or commercial

reactor.

Table 1.4 gives parameters for an illustrative Advanced Fueld Commercial
Reactor (AFCR ) device. The parameters for the AFCR device have been
extrapolated from the HFCTR design®.

This AFCR device would operate with 1 —~ = 0.20 at igﬁition. The fusion
--power would be 3100 MW and the neutron wall loading would be 2.2 MW/m?.
Table 1.5 shows the dependence of the fusion power, the wall loading and the
plasma @ as functions of the plasma tritium breeding margin 1 — 5. Figure 1.5

shows an elevation view of the AFCR device.

The AFCR device uses niobium tin toroidal field magnets. The field at the
magnet is 11.9 T. The superconducting magnets would be in separate dewars and
could be individually removed. The tokamak would be completely modularized.

Each module would consist of two TF magnets, blanket and shield and first wall.

The TF magnets do not touch each other in the throat of the tokamak.




A bucking cylinder is used to support the inward force. The load from the
cold structure in TF' magnets would be transferred to the warm structure by
G-10 struts. Calculations of the heat leak through the struts indicate that it is

sufficiently low.

At 1 — v = 0.20 the plasma is operated at an average temperature of 15
keV. At this temperature the OH transformer has sufficient voltsecond capability
to provide pulse lengths > 1 hour.

Figure 1.6 shows normalized values of the stored energy in the toroidal field
TF coil, the fusion power, the plasma major radius and the plasma performance
as functions of 1 —~ for AFCR -type Reactors. A constant neutron wall loading
of 2.2 MW/m? is assumed. The size and fusion power of the reactor increase

with increasing value of the plasma tritium breeding margin, 1 — +.

If AFCR is operated as an electricity producing reactor, LiAlO5 would be
used for the tritium breeding blanket. LiAlO, has potential safety advantages
relative to liquid breeding materials and could be superior to LiO3 and other
“solid bréeding materials in terms of chemical release, tritium holdup, allowed
temperature range for operation, and compatibility with structure and coolant.
A major disadvantage of using LiAlO; in DT reactors (a marginal tritium breed-
ing ratio even with a neutron multiplier) is removed by DD-DT operation with
1 —+ = 0.20. Without a neutron multiplier, a LiAlO, blanket should be self-

sufficient in tritium if operated with 1 — v = 0.2.

An additional possibility would be to use a ZrsPbs multiplier, leading to a
large overall tritium breeding margin. With this larger margin the need for a

blanket in the inboard region would be removed. Another possibility is to use




the substantial overall breeding margin to produce excess tritium which could
be used for start up or make up fuel for DT reactors with a blanket breeding
ratios less than one. Table 1.6 shows how AF'CR device could be used to produce
excess tritium. 47 kg of excess tritium can be generated per year with 100%

availability if the space surrounding the plasma is completely utilized.

Figure 1.7 shows R, /Erp, the ratio between the rate of production of excess
neutrons I2,, and the stored energy in the toroidal field magnet E7r as a function

of 1 — « for AFCR type devices.

The substantial tritium breeding margin might also facilitate use of this
device for synfuel production, since the absorption of neutrons in high tempera-

ture blankets could be accommodated.
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1.4 Conclusions

High field tokamaks with average betas of ~ 0.06 and sizes not very much
larger than DT reactors can be operated in the DD-DT mode with substantial
reductions in tritium breeding requirements. Operation with plasma tritium
breeding margins (1 — ) in the range of 0.1 to 0.3 could lead to significant
advantages in blanket design and to a substantial increase in the availability of
neutrons for excess tritium production. The increased availability of neutrons
could also be used to increase fissile fuel production and to facilitate synfuel

blanket design.

The benefits from operation at high values of 1 —~ (> 0.4) may in general
be outweighed by increases in machine size for average betas which are less than

0.06.

An AFTR device with resistive magnets could serve as a relatively near term
engineering/materials test reactor which would obtain tritium self sufficiency at
a relatively early stage in fusion power development. This device might also be

used for tritium production.

A device with superconducting magnets, illustrated by the AFCR design,
could be used for commercial electricity production with substantial tritium
breeding margin (1 — v = 0.20). The major radius of the AFCR device (R =
9.6 m) is not significantly larger than that of contemporary DT reactor designs.
Furthermore, the AF'CR device has the capability of producing pulse lengths >
1 hour with the OH transformer. By going to somewhat larger values of major

radius it should be possible to obtain substantially longer pulses. The AFCR

11




device design thus illustrates the potential of tokamak as a commercial reactor

with reduced blanket requirements and very long pulse lengths.
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TABLE 1.1

MAIN PARAMETERS OF

ADVANCED FUSION TEST REACTOR (AFTR ) DEVICE
FULL PERFORMANCE

Major radius (m)

Minor radius (m)

Elongation (b/a)

Average beta

Magnetic field at plasma axis (T)

B2B%a? (m? TY)

Power requirement of resistive
TF magnet (MW)

Inboard blanket/shield
thickness (m)

Outboard blanket/shield
thickness (m)

1—1~ 0.07
Fusion Power (MW) 2840
Neutron Wall Loading (MW/m?2) 8
@p o0

14

4.8
1.2
1.5
0.062
8.5
28

600

0.36

0.66

0.16 0.25
1200 750
4.2 2.7

160
0.6




TABLE 1.2
PERFORMANCE OF
ADVANCED FUSION TEST REACTOR (AFTR ) DEVICE
REDUCED FIELD

Magnetic Field at Plasma Axis (T) 6.6
B2B*a? (m? T*) ' 10
Power Requirement of Resistive TF Magnet (MW) 360

1— 1 0.1 027 058
Fusion Power (MW) 650 260 110
Neutron Wall Loading (MW /m?) 2.3 0.9 0.4

Q, 50 3 1
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TABLE 1.3
TRITIUM PRODUCTION IN

ADVANCED FUSION TEST REACTOR (AFTR ) DEVICE

(LITHIUM ALUMINATE BLANKET WITH Zr;Pb; MULTIPLIER)

Magnetic Field at Plasma Axis (T)

Power Requirement of Resistive TF Magnet (MW)
1—n

Fusion Power (MW)

M

n

k

Tritium Breeding Margin (k - %)

Excess Neutrons (n/s)

Net Tritium Production
(100% Availability) (kg/yr)

16

6.6

360

0.1

650

1.2

0.9

1.08

0.18

4.5 X 1019

7.2




TABLE 1.4
MAIN PARAMETERS OF
ADVANCED FUEL COMMERCIAL REACTOR (AFCR ) DEVICE

Major Radius (m) 9.6

Minor Radius (m) 2.4
Magnetic Field at Plasma Axis (T) 7.0
Plasma Elongation 1.5
Magnetic Field at TF Magnet (T) 11.9
Superconductor Nb3Sn
Average Beta ' 0.063
B*B*a? (m? T4) 55.5
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TABLE 1.5
DD-DT TRADEOFFS FOR
ADVANCED FUEL COMMERCIAL REACTOR (AFCR ) DEVICE

1—+~ Fusion Power Neutron Wall Loading @

(GW) (MW /[M?)

0.0 (DT) 40.7 29.1 0
0.10 5.9 4.3 0
0.20 3.1 2.2 0
0.35 1.8 1.3 | 10.0
0.75 0.72 | 05 - 2.0

1 (DD) 0.50 0.36 1.25

18




TABLE 1.6
TRITIUM PRODUCTION IN
ADVANCED FUEL COMMERCIAL REACTOR (AFCR ) DEVICE
(LITHIUM ALUMINATE BLANKET WITH Zr;Pb; MULTIPLIER)

Fusion Power (MW) 3100

M 1.2

i ‘ 0.9

k 1.08
Tritium Breeding Margin (k — ) 0.28
Excess Neutrons (n/s) 3.1 X 10%0

Excess Tritium Generation
(at 100% Availability) (kg/yr) 47
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Figure 1.1 Plasma Performance Parameter P =
B2a2B* at Ignition as a Function of the
Plasma Tritium Breeding Margin, 1 — 4.
Using the empirical scaling 7. ~ na? for
the electron energy confinement time, nr, ~
B2B%a?.
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Figure 1.2  Trade-offs for AF'TR devices. Depen-

dence upon 1 — « of normalized values of
plasma performance P = (%a%B*; stored
energy in TF magnet, Er; resistive power
requirement of TF magnet, P,.,; and fu-
sion power Pr. A constant neutron wall

loading of 4 MW /m? is assumed.
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Figure 1.3 Elevation view of AFTR device
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Figure 1.4 Ratio between Excess Neutron Genera-
tion Rate and Resistive Power Dissipated
in TF Coil as Function of 1 — v for AFTR
type devices. k is the Effective Tritium
Breeding Ratio.
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on View of AFCR Device.

Elevati

Figure 1.5



Figure 1.6  Trade-offs for AF'CR devices. Depen-
dence upon 1 — ~ of normalized values of
plasma performance P = 2a2B*; stored
energy in TF magnet, Err; major radius,
R; and fusion power P;. A constant neutron

wall loading of 2.2 MW/m? is assumed.
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Figure 1.7 Ratio between Excess Neutron Genera-
tion Rate and Stored Energy in the Toroidal
Field Magnet as Function of 1 — # for
AFCR type devices. k is the Effective Tritium

Breeding Ratio.
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2 DD-DT OPERATION

_ PSSR

DD-DT operation refers to the fuel cycle which lies between the deuterium-
tritium (DT) and semi-catalyzed deuterium (SCD) cycles in terms of the amount
of external tritium required [1,2]. The DT cycle is at one extreme of the range of
operation involving the DD and DT reactions, requiring all of the tritium burnt
in the plasma to be supplied externally. This cycle has the smallest plasma
requirements in terms of nr where n is the plasma density and 7 the energy
confinement time, operating temperature, plasma pressure at ignition and also
achieves the largest fusion power density. In SCD operation, the tritium to
deuterium ratio, n;/ng, is determined by the balance of tritium production from
the D(D,p)T reaction and consumption by the D(T,n)Hey4 reactiou; where the
He3 produced in the reaction D(D,n)Hes is assumed to leave the plasma before

it is burned. Thus, no external tritium need be supplied in SCD operation.

.. Although the DT fuel cycle is considered to be the first that will be uti-
lized in commercial fusion applications, the stringent tritium breeding require-
ment sufficiently complicates design in terms of blankets, safety, and main-
tenance, to at least partially offset the advantages of improved power density
and confinement characteristics compared to SCD. SCD, at the other end of the
spectrum, appears attractive from the point of view of the lack of a tritium
breeding requirement, at the price of a significantly reduced power density, in-
creased ignition requirements, and higher required operating temperature — on

the order of 50 keV [2]. The essence of the DD-DT option is to operate between
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these two bounds, supplying a fraction of the tritium needed in the DT cycle

but with a higher power density and easier confinement than that available from

SCD.

In the DD-DT cycle, some tritium is supplied to the plasma externally 50
that n;/ng is gréa‘cer than the equilibrium value in SCD but is less than one.
This amount of tritium is determined by the paramater «, representing the ratio
of tritium from the external source to the number of DT and DD fusion neutrons.

Thus, gamma ranges from 1 for DT operation to 0 for SCD operation.

This range of trade-offs available from DD-DT operation between plasma
performance and tritium breeding can be significant in the development of fusion

systems for a number of reasons:

¢ DD-DT operation could help to insure that the first generation of fusion

reactors are self sufficient in tritium production.

- o Since the requirements on neutron economy are reduced, the design of the
blanket/shield can be more readily optimized to satisfy criteria such
as safety, low activation, low tritium inventory, ease of maintenance,

and reduced size.

¢ DD-DT operation could be used to produce make-up fuel for fusion reac-

tors that have a tritium breeding ratio less than one.
» Low values of n;/n4 result in an increased tritium burn-up fraction.

o The availability of neutrons for non-electrical applications such as fissile
fuel breeding and synfuel production can be significantly increased.

It may be possible to obtain very high thermal support ratios for
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fissile fuel breeding applications. (Thermal support ratio is the power
==~ produced by the supported fission reactors minus fusion reactor power
consumption, all divided by the fusion reactor thermal power produc-

tion.)

In this chapter, the plasma properties required for operation in DD-DT mode
are described. In section 2.2, the optimum temprature for operation in DD-DT

mode is obtain. Both fusion power density and ignition criteria are considered.

In section 2.3, the plasma requirements for operation in DD-DT mode are
studied as a function of 1—+, that is the plasma tritium breeding margin. In the
first section, the plasma performance P is held constant and the fusion power Py
and wall loading P4 are allowed to vary. This corresponds fixing a machine
and allowing to vary the fusion power as the fuel mixture is varied. In section
2.3.2, the parameter P, X a is kept fixed, and the required plasma performance
(which is related, for a given 8 scaling, to the machine parameters) is allowed to
vary. This corresponds in practice to varying the machine dimensions. A more
complete study where the wall loading is kept fixed requires information about

the machine dimensions and is delayed until chapters 4 and 7.

Finally, in section 2.4 the advantages of usin DD-DT for neutron applica-

tions are described.
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2.1 Parametric Analysis

~In order to make an assessment of the DD-DT fuel cycle, a parametric survey
was performed for operating temperature, performance (defined as ﬂ2a2B4),
and various system powers, versus the range of plasma tritium breeding ratio
7 between 0 (SCD) and 1 (DT). Values of gamma were calculated on the basis of
a given ratio of tritium to deuterium concentration, n;/ng4, using the following

balance equation for the relative reaction rates:

1 , ng?

'Q‘ndz(o'ddv)p + ’Y(T<Uddv>n + ndnt<0dtv>) = ngni(o4sv) (1)
which describes the equilibrium tritium balance where (0g4;:v) is the reaction
parameter averaged over the velocity distribution for the DT reaction and (addv)p
and (0gqv), are the associated reaction parameters for the DD tritium branch

and DD proton branch, respectively. ~ represents the overall external tritium

requirement per neutron reaction

rate of fused tritons from external source

1= rate of fusion neutron production

Equation (1) is the equilibrium condition for tritons in the plasma. The left
hand side represents the source of tritons and the right hand side represents the

burn-up rate of the tritons. Then

%(Udtv> — 3{04av)p
’7 provanesd
${odav)n + %(%v)

30




Therefore, the value of «y is determined by the ratio n;/ng and the plasma

temperatuie.

-At equili.britnlm, the electron and ion temperature are derived from electron

energy and ion balance equations,

1 dne T,;o 1 ng Tio 3 Ne Tio — Te
R e 2)

2 T 5 Tes

and
ldn.T.  1nT 3 ne(T —T

)
2 dt - 2 T + Tei + We Pb'r Pcycl (3)

where T, and T, are the electron and ion temperatures, 7. and 7; are the electron
and ion energy confinement times, n, is the electron density and n; = n, + ng.
Parabolic electron and ion density and temperature profiles have been assumed.
W, and W; represent the electron and ion heating rates by the charged fusion
products. W; and W, are calculated using the results of reference 18], Peya

represents the energy losses due to cyclotron emission.

It is assumed that the energy confinement time for the different ions is the

same, and that the different ion species are at the same temperature.

It is assumed that 7, is determined by the empirical scaling law [4]
e = 1.9 X 10_21nea2

where 7, is in s, n. is in m™3 and a is the plasma minor radius in m. For the ions
it 1s assumed that neoclassical transport governs their behavior. If this is the
case, then for most of the parameter space of interest in this report 7; > > 7, and

the main ion energy loss channel is through energy transfer with colder electrons

[5].
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Theregion of interest, determined by ~ (or alternatively by n;/ng), is further
characterized in terms of the fusion power density and the plasma performance,
P = B%B%a%. Assuming empirical scaling for the electron energy confinement

time, the performance parameter is written as:

2
n ——
~ (nere)(Te + Ti0— + Efpnfp)

Te
where 3 is the ratio of plasma pressure to magnetic field on axis pressure and B is
the magnetic torbidal field. Note that the performance parameter is proportional
to the n7 product and a function of the temperature. This proportionality holds
for INTOR scaling. For other scalings, however, the proportionality may not

hold. P, on the other hand, is a good figure of merit for machine sizing. This

will be described in the next chapter.

The fusion power density can be written as:

Py ~ E kN (0V) ke mEk,m

species

2p4 P
~ ’ > PePm{v)Bem = — (T, )

2
Es . n .
Tene f»™fp species
(T,-o+ e

1

where (0v)k m is the reaction parameter for the species k, m. E,, is the energy
released per fusion reaction and Espnyp is the contribution of the fast fusion
products to the plasma preassure. r = 0.5 for like species (k = m)and r = 1

for unlike species (ks£m).
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f(T,~) is a function of the plasma temperature and of the plasma com-
position~(waich is related to 7). f(T,) is a weak function of temperature, as

%{%)2‘ ~ T}, with o ~ 0 for DT and o ~ 1 for DD. By introducing a specific

10
machine geometry, thermal fusion power and wall loading are also written in

terms of performance as:

Pyip, NPRf(Ti'Y)

and

- P
Pwall ~ Ef(Ty’Y)

Therefore, the parameters P,,; X a and P, /R depend only on the parameter
P, the temperature and the ion composition. This holds true irrespective of the
scaling law assumed for the electron energy confinement. Therefore P is clearly

related to fusion power and wall loading.

In summary, we are interested in a parametric survey of operating tem-
perature, performance, and fusion power in the range of gammas for DD-DT
operation from v = 1 (DT) to v = 0 (SCD). A performance parameter can be
defined proportional to the fusion system powers, and for Alcator scaling, to the

nt product.
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2.2 Operating temperature

The first step in the analysis was to determine the optimum ion temperziture
at which to operate the DD-DT cycle. This was accomplished by varying perfor-
mance P and fusion power/R (fusion power divided by major radius) versus 1—-~
for fixed temperature. Throughout the analysis the ”tritium breeding margin”,
TBM = 1- ~, was used to identify the particular DD-DT regime of interest.
This quantity represents the fraction of excess neutrons available for uses other
than tritium breeding, assuming the bred tritium is perfectly recirculated, and

that the effective tritium breeding ratio of the blanket k is 1.

Figure 2.2.1 shows the plasma performance versus tritium breeding margin
for temperatures ranging from 10 to 30 keV. Each constant temperature curve
represents the performance required to achieve a range of breeding margins at
ignition at that temperature; Thus, it is desirable to operate at the tempera-
ture that corresponds to the lowest required performances in the breeding mar-
gin range of interest. Note that between breeding margins of 0 and 0.3, this
téinperature is approxiﬁla’cely 20 — 25 keV. For breeding margins greater than

1 —~ > 0.3, optimum temperatures increase to 30 keV.

Figure 2.2.2 shows the function f(7T,~) vs. the tritium breeding margin
1—1. f(T,) = Pyau/P, or equivalently, f(T,~) ~ P;R/P. At low values of
1 —~ f(T,~) has a weak dependence on temperature, but at the higher values
of 1—+, f(T,~) is almost independent of T;,. The optimum fernperature is that
that minimizes P at ignition (figure 2.2.1). Temperatures of 20 keV and greater

offer breeding margins in the range of interest with ignited plasma (assuming
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the INTOR empirical scaling law) [4,5]. Due to limitations in extrapolating
presentscdiing laws to the larger temperatures and sizes required in this type
of reactors, it is more important to use, as much as possible, the fusion power
and wall loading constraints, and leave the ignition requirement as a secondary
consideration.

Ps/R

The value of

is maximized at Tj, ~ 10 — 15 keV for 1 — 4 ~ 0 (DT
operation). At higher values of 1 — v the optimum temperature increases. The

optimum temperature for SCD operation occurs at T;, ~ 40 keV.

A similar analysis was perforrné‘d for driven operation at @ = 5 . Figure
2.2.3 is the resulting figure for performance versus tritium breeding margin. As in
the ignited case, the constant temperature curve at 20 keV requires the minimum
performance for the range of breeding margins of interest (7 < 0.35). In fact,
the range over which this is the case extends to breeding margins of 0.5, due to

the lower performances required for driven operation.

On the basis of this analysis, 20 keV was chosen as the reference temperature

for further analysis for both ignited and driven operation.
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2.3.1 Trade-offs For Fixed Performance

i srmemet ¥

Operation with the DD-DT cycle has two major consequences. A decrease
in the tritium required externally, and a decrease in the fusion power density
relative to DT. Both of these issues must be addressed in a consistent manner in
order for this mode of operation to be evaluated and possible regimes of operation
identified. In this section, the fusion power density tradeoffs will be examined
with the question of increased availability of neutrons being dealt with in a later

section.

For constant temperature, the breeding margin possible is a direct function
of the achievable performance. Figure 2.3.1 is-a plot of performance versus
breeding margin for the ignited case at T;, = 20 keV. Note, as suggested in the
results of the previous section, that the needed performance for a given value
of 1 — ~ increases rapidly past a tritium breeding margin of 0.1. Curves of
fusion power versus breeding margin for fixed P have been selected to analyze
the trade-offs since performance can be expressed both in terms of fusion power
density and specific machine design requirements (3, a and B?). For example, if
P ;vere not held fixed, it would be possible to choose an operating regime based
on fusion power trends that corresponds to a performance parameter beyond
that possiblein a given reactor. The wall loading on the other hand, is allowed
to vary. In Section 2.1.3, the wall loading is held fixed and P is allowed to vary.
Therefore, P = constant relates to fixed machine size, while P, = constant

allows for varying machine dimensions.

Curves were generated for fixed perfomances of P = 15, 30, and 50 m?

T4 and for the geometries corresponding to the AFTR device (R = 4.8 m,
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a = 1.2 m) and the AFCR superconducting version (R = 9.6 m, a = 2.4
m). Performance was held fixed by varying plasma Q (fusion power /auxilliary
heating power) for subignited operation and increasing artificially the electron
loss channel for the overignited cases. Throughout this analysis, curves with
breeding margin-as the abscissa will be used. It will be usefull to divide the

curves into three segments:

Segment 1: 0L0<1l—vy<0.1
Segment 2: 0.1 <1—v<03
Segment 3: 03<1l—y<1.0

Figure 2.3.2 shows the fusion power density as a function of 1 — # for the
case P = 30 m? T% and T}, = 20 keV. Figure 2.3.3 shows the Q ratio between
the fusion power to required auxiliary heating power as a function of 1 — « for
the same case as Figure 2.3.2. Figure 2.3.3 assumes empirical scaling for the

electron energy confinement.

Some observations can be made regarding possible operating regimes with
analysis of figures 2.3.2 and 2.3.3. In segment 1, the fusion power density
decreases very rapidly, dropping by a factor of 6. For breeding margins in
segment 2, fusion power density decreases more moderately, dropping by about
50 percent per 10 percent increase in breeding margin. In segment 3, a 10 percent
increase in breeding margin brings only a 10 percent drop in fusion power density.

For P =30 m® T4, Q ~ oo for v > 0.8.

Such low tritium breeding margins brings up the question of how much
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margin is desired in terms of the increased availability of neutron and decreased
breeding-rtquirements. This will be dealt with in the Section 2.4. For the first
half of segment 2 (Figure 2.3.2), the plasma remains ignited and the fusion power
density decreases moderately. The remainder of segment two, 0.2 < 11—y <03
has plasma @ dropping sharply. Finally, for segment 3, the fusion power density

and plasma () decreases gradually.

The cases corresponding to performances of 15 and 50 m2?T* exhibit the
same trends as noted above. The major impact of increasing performance is
an increase in the magnitude of the fusion power density and an increase in the
range of breeding margins that are ignited. A plot of fusion power density" Py for
P=50 m? T* (Figure 2.3.4) shows that the boundaries separating the segments
described earlier occur in roughly the same spots. The net effect, then, is a

widening of the breeding margin range in which the plasma is ignited.

Having identified these possible ranges of operaticn, based on the fusion
power tradeoff, it remains to determine the tradeoff between an increase in

available neutrons and decreasing fusion power density. This is done in Section

2.4.
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2.3.2 Parametrics for Constant Wall Loading

In the previous section, P and the ignition criteria are held constant and
the plasma composition is allowed to vary. As P is related to the machine
parameters for a given 8 scaling with aspect ratio, (P = f?a?B* ~ a*B%/R?),
keeping P fixed is equivalent to keeping the machine dimensions fixed. The
fusion power and neutron wall loading, on the other hand, are decreasing rapidly
with increasing values of 1 — 7. From the reactor application point of view,
however, it may be more important to keep the wall loading fixed; in this case,
however, the machine dimensions are varying, and the scoping study has to allow
for changes in machine parameters. In this section the tradeoffs between plasma
physics requirements and plasma tritium breeding margin are performed for fixed

Pyan X a. In chapters 4 and 7 the wall loading Py is kept constant.

As derived in Section 2.1, Pyay ~ P;f(T,v)/a. Therefore, the product
Pyann X a depends only on the plasma performance P, and on the plasma
temperature and ion composition (that is, 4). The product Pyey X a is held

constant in the parametric analysis described in this section.

It should be noted that the neutron wall loading P,y is an important
parameter in terms of the first wall, blanket and economics of the machine.
The plasma performance P, on the other hand, is more relavant to ignition
(for empirical or similar scaling laws) and machine requirements (and, therefore,

cost).

The analysis is carried simularly as that in Section 2.3.1 with the difference

that the plasma performance P is not held fixed. The value of + is determined,
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and then the value of plasma @ that results in a given wall loading are calculated.
There-are tases in which the plasma would have to be overignited. In this case,
a loss mechanism is introduced in the electron balance equation. It should be
noted that in most cases the addition of the electron loss term does not alter the
electron-ion temperature separation. This separation is determined from the ion
energy balance, and thus it is not affected by electron loss. The plasma n.re,
however, is determined from the electron energy balance, and thus is affected by
additional electron losses. It is assumed that the additional electron loss does
not affect the other parameters as would be the case for radiative losses from

high-Z impurities.

Figure 2.3.5 shows n.7, as a function of the tritium breeding margin 1 — ol
for constant values of Pyai X a. The ion temperature is assumed to be T, ~ 25
keV, and is kept constant as 1 — ~ is varied. For 0 < v < 0.4, the optimum

temperature of operation is T;, ~ 20 — 25 keV.

nte increases strongly with 1 — 4. Thus, for a tritium breeding margin of
1—~ = 0.2 and for Puau X a = 4MW/m, the n.7, required is a factor of 6 larger
than the n.7, required for DT operation at the same value of P,,; X a. The
scaling of n7. with 1 — « is approximately linear. It can be seen that because
nete ~ n? (for INTOR scaling) and P; ~ n?, then P; ~ nr, for constant value

of ~.

Figure 2.3.6 shows P as a function of 1—+ for the cases of figure 2.3.5. It can
be seen that in order to keep the wall loading constant, it is necessary to increase
P as the regime of operation gets close tp SCD due to reduction in specific power

dimensions Pf/ﬂ2B2 as the operating regime approaches SCD. The curves for
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P and n.7, show the same general trends because the ion temperature is held

constant.

Figure 2.3.7 shows @ as a function of 1 — ~ for the same cases as Figure
2.3.5. Empirical electron scaling law is assumed in Figure 2.3.7. The values of
¢ decreases with increasing values of the tritium breeding margin. For the case
of Pyau X a = 4 MW/m?, the plasma is ignited for 1 — ~ < 0.25. As seen in
the previous section, there is a minimum value of P required for ignition. For
low values of Pyay X a, P ~ Pyau X a/f(T,~) is lower than the minumum
required for ignition. This conclusion holds true also for DT operation (the
plasma @ is highest for this case: v = 1 in figure 2.3.7). That is, for the empirical
electron scaling law, the ignition requirement (at the optimal temperature) can

be exressed as

(Pwall X a)ignitio'n - 26MW/I11

Figure 2.3.8 shows the minimum value of P,y X a for ignition at the
optimum temperature as a function of 1 — 4. As 1 — v increases, the value of

P required for ignition increases along with the value of P, X a. For ignition

with 1 — v = 0.2, Pyan X a ~4 MW/m.

The range of operation with constant wall loading is wide with the use of
DD-DT. However, there are increased requirements (both in terms of decreased Q
and /or increased plasma performance) as the operating point moves away from
DT. The increased requirements result in larger machine sizes and increased cost.
Chapters 4 and 7 deal with the changes in machine sizes for a resistive machine

(AFTR ) and a superconducting machine (AFCR ) as the fuel mixture is changed
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for fixed wall loadings.
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Figure 2.3.1  Performance vs Tritium Breeding Margin, Base Operation
(Ignited, T, = 20 keV).

46

o4




650 T T T T T T T T

OG3 1 1 ] J ] | L A

Figure 2.3.2  Fusion Power Density vs Tritium Breeding Margin
(P =30m?T4, Ti, = 20 keV).
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Figure 233 @, Ratio of Fusion Power Density to Auxiliary
Heating Power vs Tritium Breeding Margin, Base Operation
(P = 30 m?T", T;, = 20 keV).
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Figure 2.3.6  Plasma Performance P for Constant Py, X a Products
vs Tritium Breeding Margin (T, = 25 keV).
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2.4 Neutron Availability

et

Calculations were performed to determine the number of excess neutrons

made available by operating in the regime with v < 1. The benefit gained in a

particular DD-DT region due to an increase in available neutrons must outweigh

any penalties associated with the loss in fusion power density.

First, it will simplify the subsequent analysis to express the reaction rates in
terms of 4. Let the DT, DD proton branch, and DD neutron branch reaction rates
be specified by Rpr, Rpp,p and RbD,n respectively. The DD proton branch,
although not directly producing a neutron, produces energetic tritons. These
tritons fuse with the deuterium background, yielding a 14 MeV neutron. The

plasma tritium breeding is then:

__ Rpr —FEppy
Rpr 4+ Rppn

But, with Rpp p =~ Rpp,n,

Py

Rpr — Rpp,n

= Rpr + Rpp,n
or
1—n
Rppn= Rpr
1+~

Using this expression we can find a simple expression for the fraction of 2.45 :

MeV (DD neutron branch) neutrons produced,

"Rpp,n
Rpr + Rppn

fo.45 =~
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then

1
fous = ‘2'(1 - ’7)

Thus, even at the far end of the DD-DT spectrum (y = 0,1 — v = 1), half of

the neutrons generated are still DT.

The total number of neutron production rate multiplied by the tritium
breeding margin, designated ”available excess neutrons”, is plotted versus breed-
ing margin in figure 2.4.1 for P = 30 m? T* and for an effective tritium breeding
in the blanket of ¥ = 1.0. Available excess neutrons is an indication of how
many neutrons are available for uses other than to breed the tritium needed to
sustain the plasma — assuming no loss of neutrons or tritium and no neutron
multiplication. Note that the number of available neutrons increases rapidly in
segment 1. Throughout segment 2 and up to a gamma of 0.4 in segment 3, there

is a slight increase in available neutrons with little of no gain after 1 —~ > 0.4.

This behavior is essentially what one would expect since the neutrons per
second directly translate to fusion power, which is decreasing rapidly in this
- .region and more gradually beyond. Some deviation from this behavior might be
e)%pected due to the fact that the average energy per fusion neutron in the plasma
is decreasing for increasing breeding margin due to the larger DD component.
However, in figure 2.4.2, the fraction of neutron power from the DT component
is plofted versus breeding margin and this shows that even for 1 — v & 0.85,
88% of the neutron power is still derived from the DT component. Thus, there
seems to be questionable gain in terms of the increased avaiiability of neutrons
past a breeding margin of 0.3 to 0.4 for ¥ = 1 and with the assumptions for

Figure 2.4.1.
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The possible use of the DD-DT cycle for blankets with marginal tritium
bvr‘eé‘dfﬁ‘g’ Tatios is illustrated next. First, note that the rate tritons are burned
is Rpr. The rate at which externally supplied tritium is burnt in the plasma
is Kpr — Fpp,p while the rate at which fusion neutrons are produced is Ry =
(Rpr + RDD,;L). Now the prodﬁction rate for tritons is kR where k is the
number of tritons in the blanket per fusion neutron generated in the plasma. |

Therefore, a quantity ”Net Tritium Production Rate” (NTR) can be defined as;

NTR = (Rr + Rr)k — (Rpr — Rpp.n) =

= (k—)Rr

This quantity represents the rate of production of excess tritons made
available for purposes other than fueling the DD-DT plasma, taking into account
the tritium breeding ratio of the plant blanket system. NTR is plotted in figure
2.4.3. The case shown corresponds to P = 30 m? T4 and shows several curves,
each representing the net available neutrons for a given value of k. Note that
- -for.k = 1, the-expression for NTR reduces to (1 — v)R7 and the corresponding
cﬁrve in figure 2.4.3 corresponds to figure 2.4.1. As expected, for tritium breeding
ratios k less than one, operation in DD-DT mode increases the effective breeding
ratio and eventually produces an excess number of neutrons. For example, for a
blanket with a k¥ = 0.9, DD-DT can make the blanket self sufficient in tritium
while operating at 1 — v > 0.1. From Table 2. we note that the penalty paid is

a factor of six drop in the fusion power density.
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Figurc 24.]1 Available Neutrons versus Breeding Margin
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Figure 24.2  Fraction of Neutron Power Duc to DT Reactions
versus Tritium Breeding Margin (P = 30 m2T%, Ty, =
20 keV).
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Figure 2.4.3  Net Neutron Production Rate for Fixed Values of k
(cffecttive tritium breeding ratio in the blanket) versus
Tritium Breeding Margin (P = 30 m?T%, T;, = 20
keV).
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3 MODEL OF RESISTIVE MAGNET

In this chapter, the assumptions used in the parametric code are discussed.
Section 3.1 discusses the engineering assumptions for the magnet systems. The
toroidal field coils are analyzed in terms of stress levels, electrical power require-

ments and cooling.

In section 3.2 the plasma assumptions are analyzed. The plasma require-
ments developed in the previous sections (such as v, P, ,BaB?‘) are incorporated

into a machine sizing code.

Finally in Section 3.3 the assumption with respect to the neutronics of the
blanket and shield and the insulator are analyzed. The influence of the blanket
and shield region on the magnet are discussed. Detailed neutronic calculations
have not been performed on these machines, but previously reported results

provide information of use in assessment.

Throughout this chapter it is assumed that the magnet is built with BIT-
TER coils that surround most of the plasma, as in the ALCATOR machines 1)
and in ZEPHYR [2]. However, the requirements and parameters derived are in

most cases directly applicable to other types of magnet structures.

The parametric scans as function of the engineering, neutronics and plasma
requirements are presented in next chapter. Although the purpose of a sizing
code is to evaluate the cost of different alternatives, the code only presents

scaling of the different factors that enter into the cost. Due to large unknowns
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in estimating the cost, we think that this is an attractive alternative to the
approach fnat looks at just one parameter that may (or may not) be related to

the true cost.
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3.1 Magnet Requirements

In this section the toroidal (Section 3.1.1) and poloidal (section 3.1.2) field
systems are analyzed. The discussions of the toroidal field coil are specific to
Bitter magnets. However, most of the discussion is relevant to alternate resistive

magnet systems.

It is estimated that, although not the largest element of the cost, the poloidal
field system is important in calculating the cost of the total system. Therefore,
a simple model for the poloidal field system (one that does not require running
an equilibrium calculation for each case) is necessary. The simple model was
obtained by doing a numerical fit to a large number of runs of the equilibrium
field code. The fit is then used to analyze the main characteristics of the poloidal
field system. Although not as precise or as general as the equilibrium field code
(the main characteristics of the geometry are assumed), the numerical fit is a

powerful tool. The procedure is described in Section 3.1.2.
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3.1.1 Toroidal Field Magnet

o g

The requirements of the toroidal field magnet imposed by plasma considera-
tions are probably the largest driver of the cost of the total machine, as many of
the systems scale with the characteristics of the TF magnet (such as the power
supplies, the stored energy and the shielding). In this section the stresses in the
magnet, the power supply requirements (both steady state power requirements

and energy stored in the magnet) and the heating in the TF coils are discussed.

In a Bitter type configuration, there are several stresses that dominate the
design. These are the tensile stresses (that is, the principal stress of the magnet)
in the throat, the circumferential (or hoop) stress in the throat due to the
wedging action of the magnet, the bending stresses in the horizontal legs, and
the shearing stresses in the outer leg of the magnet (those resisting the action
of the overturning moments due to the interaction between the TF current and

the equilibirum fields).

The throat principal stresses determine the maximum field at which the

- machine can operate. The only way to increase the loading capacity of the throat
(Without changing the composition of the throat) is by making the machine

larger. The bending stresses of the horizontal leg can be decreased by increasing

the machine height, and therefore are not limiting. The shearing stresses in the

outer legs of the magnet determine the size and concentration of the keys used

to control the torsional forces. In order to reduce the requirements on the keys,

the thickness of the outer leg of the magnet can be increased. However, because

this region carries most of the material in the machine, the weight of the reactor

is strongly dependent on this thickness.
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Assuming that the tensile stresses in the throat of the magnet are uniform
(this is approximately true for the ALCATOR C [1] and ZEPHYR [2]), the

average tensile stresses in this region are given approximately by

1 R — R}

AMp— =2 bR
2m T 7 R2 — R2 T
Orp = R _ 13 3.1.1
R3I-R3 o “bp2_  p?
a ) Rg__Rg( a z)

where F'r and M7y are respectively the total upward force and the moment due

to the magnetic field. kFT is given by

TBZR? B 1 B \? 1R \R:
— = “l1— 2 el Pl
= (m@n>+4@ m) (0 &m)&) (&.1.2)

and Mr is given by

WB%-:RZ _ 1 R. 2 1R R ]
M (R"“R““R““R")(E(l‘ﬁ;) T (O R

R, and R; are the outer and inner major radii of the toroidal field coil. By

is the toroidal field at the location of the plasma major radius K. R, and R,
are given by

R=R—a—6

and

Ry=R+a+6,
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where K and a are the major and minor radii of the plasma. §; relates to the
plasma-T+¥ coil distance in the inner side of the torus. This distance includes the
plasma scrape-off distance, the thickness of the first wall, the support structure
of the first wall and the inboard blanket /shield thickness. Similarly, é, refers to
the plasma- TF coil distance in the outer side of the torus. It is assumed that
the vertical distance between the plasma and the horizontal legs of the toroidal

field coils is given by 67 (See Figure 3.1.1).

In deriving equation (3.1.1) It has been assumed that the magnetic field
increases linearly in the throat of tl;e magnet and that the forces generated in
the outer limb of the magnet are small (the results change by ~ 3% when they
are included). Also, the horizontal magnetic férces and the moments on the
midplane of the machine were ignored. It is not clear how to include these forces
and moments analytically. This is due to the fact that the model fo- the toroidal
field coil is indeterminate. However, it is estimated from calculations using shell
theory and from finite element calculations that the effect of the couple caused

by these forces is a net increase of the tensile stresses in the throat of the magnet

-of ~ 30%.

The BITTER geometry does not have a bucking cylinder that supports the
centering forces. The centering forces on the TF coil result in face pressure on
the individual plates, resulting in hoop stresses. The compressive stresses in the
throat resulting from these forces are important. They add to the total and
von Mises stresses, and in some cases, can be larger than the tensile stresses in
the throat. The face pressure o, is calculated assuming that the throat of the

magnet behaves as a thick cylinder. The circumferential streses are given by:
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where Fj is givén by

o]2 Rfi — R’?
Fp=" == — R¥R, — R)) 1 (3.1.4)
2m 3 (R2 — R?)2

I7p is the current in the toroidal field coils,

27TRBT

Ho

Irp =

It has been assumed that the current density in the throat of the magnet is
uniform and that the throat of the magnet behaves like a thick cylinder. Results

from finite element calculations agree with calculations using equation 3.2.2.

A shell method has been used to calculate the stresses in some of the cases.

The results from the code can be summarized as follows:

e The average tensile stresses in the throat of the magnet can be accurately

described by 1.3 X opp.

e There can be significant bending in the throat of the magnet. This bending

has to be calculated using the shell model.

¢ The circumferential compressive stresses (or hoop stresses) in the throat

of the magnet can be accurately described by o..

The bending stresses in the horizontal legs are determined by calculating
the bending moments in the horizontal legs of the magnet and then calculating
the corresponding bending stress using elementary theory if beams. Using this

approach it is found that the bending stresses are relatively flat in the thin section
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of the horizontal legs. The height of the magnet that results in a maximum
bendingstfass of 70 MPa (10 kpsi) is then determined. Because the corner regions
are ignored, this method of calculating the bending results in an overestimate
of the stresses by about ~ 50%. However, the factor by which the bending
stresses are overestimated is about constant over a wide range of parameter
space. Furthermore, in order to decrease the resistive losses, it is necessary to
increase the height of the machine beyond what is strictly necessary to restrain
the applied forces. Increasing the width of the horizontal legs of the magnet has

a significant effect in decreasing the resistive power losses.

There is an additional source of concern in BITTER magnets. That is, the
out of plane forces, usually called ”overturning”. lThese forces are the equivalent
of putting the magnet under torsional loads. In BITTER magnets, the out of
plane forces are resisted by shear in the outside section of the TF coi'. This shear
can be carried in different regions. In the case of ZEPHYR |2] and ALCATOR 1],
the shear occurs between the plates of the toroidal field magnet. The plates are
joined by bonding, by keying, or by the friction resulting from the wedging force

“from either the foroida‘l field action or from a girth band around the machine.

The resulting structure resembles that of a cylinder subject to torsion loads.

The out of plane forces are generated by the interaction between the equi-
librium field and the toroidal current in the toroidal field magnet. The acting
torque is calculated by simplifying the magnet geometry representing it as el-
liptical sectors, as shown in Figure 3.1.2. The TF current density is assumed
uniform in sectors that are normal to the inner wall of the TF coil. The equi-

librium field is calculated from the equilibrium field coil locations and currents.
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The method for determining the coil locations and coil currents is described

below in the poloidal field section. The torque is then determined by

TR = /(j X Bpoloid)RdV

where j is the current density in the TF coil, Bpoioia is the poloidal field (in
the direction normal to the toroidal direction), and R is the major radius. The
integral is over the volume of the TF coil, approximated by the shape shown
in Figure 3.1.2. The shearing force in the outer leg of the TF coil necessary to

prevent the torsion is then given by

B 2W(Ro - tout/2)2tout

R

Here to,: refers to the radial width of the outer leg of the TF field coil at the
midplane. Finite element calculations indicate that the value of 75 calculated
using the above formula underestimates the peak shearing stresses. Approximate
agreement 1s obtained when 7r calculated using the above formula is multiplied

by a factor of 3.5

The stored eilergy and resistive powers in the toroidal field and poloidal field
n{agnets are calculated. The power supply requirement for the. TF magnet scales
with the resistive power of the machine. The stored energy in the TF magnet
is related through the Virial theorem to the amount of material required. The
stored energy and resistive energy in the poloidal field coils mandate the power

and energy handling capability of the poloidal field power supplies.

In order to calculate the stored energy in the toroidal field, the energies

in the bore of the magnet and in the conductor of the TF coil are calculated
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separately. The energy in the bore of the toroidal field coil is calculated by
iﬁﬁég?ﬁffﬁé the toroidal field, with a 1/R dependence, over the volume of the
bore. To calculate the energy stored in the conductor, the geometry of Figure
3.1.2 is used. The volume of the coil is divided in several poloidal sectors. The
stored energy in each sector is calculated from the current density, and the
integration is performed radially. Then the sectors are added together. The
spatial distribution of the current density has a small effect on the total energy
stored in the TF coil, and is assumed uniform. In typical BITTER magnets, the
energy in the conductor of the TF:coil is 20-40% of the energy stored in the

toroidal bore of the magnet.

The resistive power of the TF coil is calculated assuming the geometry shown
in Figure 3.1.2. The current density is the same as the one used to calculate
the energy in the conductor and the torques. It is assumed that 10% of the
cross-sectional area of the throat is used for cooling and insulatioﬁ and that the
rest is conductor. In the outer leg of the TF coil, a larger fraction is allowed for
structure material. Steel wedges are placed between copper coils, and therefore
the conductor filling fraction is decreased. It is assumed that the copper filling
fraction at the outermost location is 60%. The steel wedges start at a major
radius equal to the plasma major radius. The conductor used is copper, cooled

with water.
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3.1.2. Poloidal Field System

The requirements for the poloidal field system are determined from plasma
physics calculations performed in section 3.2.2. The equilibrium field interacts
with the toroidal field magnet producing out-of plane forces. The field is cal-
culated from known coil locations and coil currents. The EF coil currents and
locations depend on the current density in the EF coils. This is due to the
presence of the TF coil which excludes the coils from certain regions in space.
The EF coil currents, on the other hand, increase with distance to the plasma.
Therefore, changing the current density in the EF coils affects the centroid of

the current, and this in turn affects the coil currents.

The stresses in the equilibrium field coils are small compared with the other
stresses in the system, and are not dealt with in the parametric code. The stresses
are not a driving term in the vertical field system because the resistive power
consumed in this system would be very large if the coils were to be determined

by a high-stress assumption.

The eﬁ"’ergy in the Iﬁoleidal field systems is calculated from the location and
currents of the equilibrium field coils. The coil locations and coil currents are
determined as indicated in section 3.2.2. The energy is important because the
peak power requirements in the equilibrium field power supplies is determined
by the energy swing during startup. Tradeoffs in the vertical field system (coil
location, stored energy, peak reactive power, and resistive power during burn)

are performed in chapter 4.

The OH system is analyzed. The contribution to the current drive from the
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vertical field system can be obtained by integrating the equilibrium field on the
midplane of the machine. The integration is performed from the center of the
machine to-the plasma axis. Not all the flux contributes to the plasma current
and a correction factor less than one is used to determine the contribution to the
inductive drive from the equilibrium feld system. In this report it is assumed
that 0.8 of the flux between the main axis of the machine and the plasma axis

contributes to the current inductive drive.

The available space for the OH transformer is determined by the TF coil.
The OH transformer has to provide the difference between the flux drive required

by the plasma and the flux provided by the vertical field system.

Once the flux requirements of the OH field system have been estimated,
then the stresses, power dissipation and stored energy in the OH system can
be calculated. It is assumed that the OH transformer is partially double swung
(from full field in the core of the OH transformer to half-peak field in the opposite
direction). The stresses are calculated assuming that the OH transformer behaves

‘like a cylinder with free floating shells. Then the stress is given by

o O.SB%H(ROH,a(R?JH,o — Rpg,;) — 0.33(R3 4,0 — R%H,i))
OH = ,U'of(ROH,o - }?OH',i)3

where f is the filling fra.cti}on of conductor/structure in the OH tranformer, Bog
is the peak field in the OH transformer, and Rog,, and Rog,; are the outer and

inner radii of the OH transformer, respe-ctively (see Figure 3.1.1).

Boy is determined from the flux swing required from the OH transformer,

PoH 2ROH,:‘ - 3ROH,o + R%H,DROH,O/Ron,i

”e




Here ¢o g is the flux required for the OH tranformer.

" ..-—The Lower handling requirements during startup dominate the power han-
dling requiréments of the power supplies for the OH transformer. The energy

stored in the OH field is an estimate for the peak inductive power requirements.
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Figure 3.1.1  Decfinition of Geometric Parameters
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Figure 3.1.2  Simplified Geometry of AFTR Device
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3.2 Plasma Characteristics

In this section, the plasma physics relevant to the machine are described.
The plasma requirements in terms of ﬂaB%, ~ and P are given in chapter 2.
Section 3.2.1 describes the plasma characteristics and the underlaying plasma
physics assumptions. Section 3.2.2 describes a novel method for determining the

poloidal field requirements.
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3.2.1 Plasma Scaling

The plasma 3 is defined as

[ 3(n:kTi + nekT.)dv
B% /240

where Br is the toroidal magnetic field at the plasma major radius (geometrical

ﬁ:'-_—

axis), the integral is performed over the plasma volume, n; and n. are the
ion and electron densities and T; and T, are the ion and electron temperature,

respectively.

It is assumed that the maximum achievable toroidal beta 3 scales as
K
= 1.06—
B A2
where A is the aspect ratio, ¢ is the safety factor at the limiter radius, and
x = b/a is the elongation. Although experimental determination of this scaling

has yet to be proven, MHD balloning-mode theory predicts this scaling.

Low values of g are desireable because of the large leverage that ¢ has on
.. B. Although ¢ < 2 has been achieved in some machines, the regime ¢ > 2 is
miore reachable. Therefore, it is assumed that ¢ = 2.5 for the illustrative design

point.

In terms of the elongation, the poloidal field system becomes complex as the
elongation increases, not only because the currents are increasing with elongation
(see next section), but because the plasma becomes more unstable against vertical

‘instability. This requires larger power supplies with faster response time to
control the disturbances. An elongatioh of S = 1.5 has been choosen for the

illustrative design.
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As mentioned in Chapter 2, the energy confinement time is determined by

ALCATOR empirical scaling {3]
(Te)emp = 0-5(TE)¢mp = 3.8 X 107! o2

Wﬁere n is the ‘average electron density in m—2, a is the minor radius in m and
Te 1s in s. The factor of 0.5 in this equation is due to the fact that (TE)emP is
defined as the global energy confinement time, even though most of the heat flux
is due to the electrons. It is assumed that the ion energy confinement time, 7;
is given by neoclassical theory. In this case 7, is generally much greater than 7.
The ALCATOR-empirical scaling law implies that the minor radius required for
a given value of P is

1 VP

A e N ——

Gign n " sB2
The heating power required for ignition is determined from the empirical
scaling law. It is assumed, hbwever, that the plasma composition is near DT,
so that the alpha energy from the DT reactions help the plasma heating early
in_the startup, t}}us reducing the required heating power. The tritium fraction
ﬂ W(;u_ld theﬁ be lowered by allowing it to burn or by pumping it out. Note that
th-e fraction of tritium need not be 50% for the plasma reactivity close to that

of DT. A 10 — 90 D-T plasma has ~ 40% of the reactivity of a 50 — 50 DT

plasma. With the empirical scaling law, the heating power scales as P,z ~ kR.

The machine allows for significant access through ports located at the outer
leg of the TF coil, and for some rather small vertical access in the horizontal
legs. As the access area for BITTER scales as Apyre ~ akR, (R, is the outer

radius of the T coil, a is the plasma minor radius and  is the elongation), then
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the heating power density Py, is

Pouz R 1
Pde'n. = ~ ~ —.
Aport Roa' a

R,/R ~ constant when the aspect ratio is varied for fixed plasma and engineer-
ing requirements Therefore, from an access point of view, large minor radius

(low aspect ratios) are desirable.

In a tritium-rich start-up, the densities recjuired for ignition are not different
from those for DT machines. Coﬁsequently, the heating mechanism used for
DT plasmas would be sufficient. Ho;Never, if a tritium-lean startup is desired,
then higher plasma densities are required. This would probably rule out neutral
beams based on positive ions. This may also rulé out some methods of heating

using RF .

The neutron wall loading P, is defined as

Pne'u.t'rons
Pwa,ll - =

Aplasma.

where Prevutron 1s the fusion power carried by the neutrons and Apjosma is the
plzé,srna surface. There is a difference between Pyqy; and the first wall average
neutron loading due to shape considerations of the first wall and to finite scrape

off distance between the plasma and the first wall.

In these designs, it is assumed that a pump limiter is used to provide
impurity and ash control. The BITTER magnet is compact, and the possibility

of a divertor in the machine has neither been analyzed nor ruled out.

The burn pulse is ultimately determined by the flux swing limitations of the

OH transformer. The flux swing requirements are determined by the inductive
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and resistive volt seconds for the plasma. The inductive volt-seconds required

are calculated using the results from section 3.2.2.

“The resi'stiv—e ﬂux swing requirements are calculated assuming that the
plasma is relatively free of impurities (Z.;; = 1.3) and including finite aspect
raﬁio corrections. High temperature operation results in longer burn times be-
cause of reduced plasma resistivity. However, higher temperatures result in more

stringent ripple requirements. The operating electron temperature is assumed to

be T, = 20 keV.

The burn pulse length in the base case is 7yy,, = 100 s. Longer burn times
can be achieved.by either increasing the stresses in the OH transformer or by
going to a larger OH transformer. The tradeoffs between machine size and burn

pulse length are indicated in chapter 4.
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3.2.2 Equilibrium Field Calculations

ATt

In this section a method for estimating poloidal field requirements is described.
The usual procedure to calculate poloidal field requirements requires the use of
sofisticated codes that solve the plasma equilibrium [4]. In ore scheme of sizing
the equilibrium field, a fixed boundary solution is obtained, and then coil cur-
rents in specified location are estimated to reproduce the fields in the boundary.
Then a free boundary solution is calculated. The procedure is straight forward

but time consuming, and only a very-limited number of cases can be analyzed.

An alternative to this method is that of running a relatively small number
of cases that span most of the parameter space in which we are interested, and

then perform a numerical fit to the results.

It has been assumed that the parameters in the poloidal field system depend

on the following parameters:

R (major radius of plasma)

BT ) (toroidal field at R)

A=R/a . (plasma aspect ratio)

k=bja (elongation)

q (plasma safety factor)

B, ~ pAg® (poloidal beta)

R, " . . . . th
5l (normalized major radius of poloidal field j%* coil)
Z; :

p” (normalized height of poloidal field 5** coil)
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Here Z; is the height above the midplane of the 5" coil, and R; is the major

radius location of the 5t coil. g is the safety factor of the machine, defined as
qg=—
L

where ¢ is the rotational transform of the plasma.

The dependence on plasma pressure should be on §,, not on . For values

of f, < A and for A > 2, B, scales as

Bp ~ BAG* [k
Through 8Aq?/k, the parameters in the vertical field system depend on .

The functional dependence on the coil currents is assumed to be

ﬂqu R‘i Rn Zl Zn
I, =I,(R,Br,A e ey Ty e ey —
J J( y PT, A, K, G, IC ;R; ,R’CLK,’ 7a’c)
where I; is the current in the 7" poloidal field coil. There are n coil pairs.

Similarly, the plasma current can be expressed as
BAg*
Ip = IJ'(R)BT) A, K, q, T)

The contribution of the vertical field .system to the inductive drive of the plasma
can be described by

BAg

K

¢E_F = ¢EF(R3 BT) A’ K,q,

)

In the calculations that have been performed with the full equilibrium

calculations, it is found that two set of coils gave enough flexibility to produce

82




the desired equilibrium. Therefore, we have limited the analyzsis to two sets of
cbil"s",”’lgé'ét;zd symmetrically about the midplane. The coil approximate location
is shown in Figufe 3.1.1. Coil set 1 is the main equilibrium field coil pair (dipole

field), while coil set 2 is the shaping coil pair (quadrupole field).

The numerical calculations with the equilibrium field code have been per-

formed by varying one of the variables at a time, and then finding a numerical

fit to the solution. It was assumed that

Ij=f1(R)fz(BT)f3(A)f4(f<)f()fe(ﬁAq )f( )f( )f( )f( )

that is, the function is separable on the variables. For a limited variation in

parameter space this form of the fit is mathematically justifiable.

The numerical fits for the current in the main equilibrium fi-1d coil I; is

given by

R B
I =5. 59 106 —
' X (3 03)(5.7)X

( A )—1.48+0.095(A—3.36)

3.18
1.5/ \0.2(3.18)2/1.5

(__JQ:L )0.9( Zl )0.7( R2 )0.5( Z2 )0.25
Rl,base Zl,base RZ,base Z2,ba.se

and for the current in the shaping field coil I5,

g )—0.88(1.+0.2(q'—3.1))

Bk X
3.36
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R \(/ Br
I, = —3.39 x 108 — }{ =L
2 X (3.03)(6.7) X

(A )-1.88+0‘13'(A—-3.36)

g \—0-4(1.04+0.3(g—3.1))
536 )

3.18
0.08

" (—0.54 + 156(*6/1-5)4)(0,2(?38)/2/71.5) *

( Zl )0.8( 22 )2.25
Zl,base ZZ,base

I; refers to the current in the main equilibrium field coils (the dipole coils)

and I, refers to the current in the shaping coils (the quadruple coils).

Here it has Been assumed that

B =cp/A,

and that ax
21, base :1'851—,—;%’

aK
23, base :3'53135’

R
R base =6.72§-0—3,

R
R pose =330 0.

‘The plasma current is approximately given by

_ 0.17
R\(Br\ A\ ' g/ k\115/ cpq?/k
I, =659 X 108 — [ = }{ =— — o T e
P X (3.03)(6.7)(3.36) (3.2)(1.5) 0.2(3.2)2/1.5

The contribution due to the vertical field system to the inductive drive of

the plasma is calculated using the locations of the coils and their currents, and
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then integrating the field on the midplane from the major axis of the machine
to thé plasma axis. The numerical fit for the inductive volt seconds from the

vertical field éysﬂeiﬁ is approximately given by

‘ ) ' . 2
1.5 €p9 2 X 3.22
= 0.8 X 18.[ 1. + 1.43 —
ber X ( T (3.3 X 3.22>( K 1.5 X

: —1.69
exp(0.28(1. 4 (k — 1.5))(x — 15))(—é—) X

3.36

(_q_)—l.le(l.:{-.zs(q—&z)) " Br y R 1.9
3.2 6.7 3.03

The specific numbers that appear in the fit correspond to the numbers of
the base case that has been used in the calculations with the equilibrium field

code. The linear dimensions are in m, By isin T, I, is in A and ¢gF isin T m?,

The position of the coils are determined by the location of the TF field coil,
with a clearance distance between the toroidal field coil and the poloidal field
coils and by the cﬁimension of the poloidal field coils. The current density in
- th_e poloidal field. coils determines the coil dimension, which in turn determines
thelocation of‘ the coils and their current. This procedure is repeated until the
coil locations and‘currents are self consistently determined. The procedure is
very simple, and fhst sizings of the equilibrium field system can be obtained in
this manner. Although the number of coil sets has been limited to two, this is
not a fundamental limitation, and the procedure can be altered to increase the
number of coils. However, the main characteristics of the system have to remain
constant (the method probably can not be expanded to encompass both divertor

and divertorless cases, for example).
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In the parameters of the next chapter, it is assumed that Rshaping = Ra,
hmain = Ka -+ 0.5 m. The clearance between the TF coil and the EF coils is

assumed to be 0.10m.
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3.3 Neutronics

PUSRURERSES o

_At least three
design. First, the
reactor fuel self-su

to magnets, and t

considerations are important for good fusion reactor neutronics
breeding of tritium in the blanket must be large enough for
fliciency. Second, the neutron damage to blanket components,

o other equipment must be compatible with design lifetimes.

Finally, as a corollary to the other two items, the neutronics treatment must be

adequate for speci

al regions adjacent to beam heating ducts, limiters, etc. (to

assure that appropriate local adjustments to breeding and neutron damage are

adopted).

In the AFFTR

have however, exa

studies, we have not performed neutronics calculations. We

mined neutronics results reported for STARFIRE [5] and have

compared pertinent reactor features.

3.3.1 Breeding

“» We have conck

ntrated on the STARFIRE results for a blanket module with
|

the following com}l)osition:

e The first wqﬂl is Be-coated austenitic stainless steel
|

e The neutrdﬁ multiplier region is zirconium lead (Zrs Pbs)

|

¢ The secondiwall is austentic stainless steel
|

o The tritiurrj} breeder is 60% effective density lithium aluminate (LiAlOj)
with the ];ithium enriched to 60% Lig (with a fine grain size and bimodal

pore distfibution)
|
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¢ The reflectg
e The coolant

e The sweep |

The thickness
mation relating S’

3.3.2

Some features

higher than that d

e The duct 4

r is graphite
in all regions is pressurized water
ras for on-line tritium removal is helium

of each blanket region is given in Table 3.3.1. Other infor-
[ARFIRE parameters to those of AFTR is supplied in Table

in Table 3.3.2 imply that the AFTR breeding ratio may be
f STARFIRE:

nd inner blanket area percentage is lower, giving a greater

percentage of the high breeding outer blanket
o The AFTR aspect ratio is higher, resulting in more neutrons going to the
outer blanket

Other feature
lower than that of]

¢ The neutron

higher, T¢

e The AFTR

inner bla

¢ Some of the

ing) may

to D-shaj

It is not clear

1.04 given for ST}

s in Table 3.3.2 imply that the AFTR breeding ratio may be
STARFIRE or that the direction is uncertain:

wall Joadings (and surface heat deposition rates) are significantly

'quiring more space for cooling components

elliptical plasma has high power density regions closer to the

nkets

effects mentioned (i.e. inner blanket area and plasma center-
be modified if the AFTR plasma evolves from elliptical shape

ve during detailed design work.

whether the k value for AF'TR is smaller or larger than the
ARFIRE. It is also not clear whether the k value of 1.04 is
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sufficiently large f¢
uncertainties, for ]
losses during fuelj
that the AFTR v
0.93).

3.3.2 Neutronic 1

The neutron
blanket in AFTRH
essentially no dam

which satifies:

It is likely that d

- . fluence:

The AFTR inner
field coil to protec

r the DT case (y = 1). Allowances are required for calculation
psses during tritium recovery from the blanket, and for tritium
ng and plasma rejuvenation. However, it seems quite likely

lue for & will be sufficiently large for DD-DT operation (v =

Damage

lamage to the insulation of the magnet coils within the inner
must be kept acceptably low. There is evidence that [6]

\age will occur for a fast neutron (> 0.1 MeV) fluence, Np,

Np < 1024n/m2

amage will be acceptably small for at least a decade higher

Np < 10%n/m?

blanket has no shield between the blanket and the toroidal

t the magnet insulation.

89




3.3.3 Special Reg

No special re

breeding and local

rion Effects

gion calculations have been completed to assure that local

| neutron damage are adequately treated. The problems in

these AFTR regions seem generally similar to those in STARFIRE. The shielding

associated with ne
bulk shielding is e
difficult.

utron streaming may require special care in AFTR since no

mployed. Special region problems do not appear to be unduly
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Table 3.3.1
Blanket Region Thickness (mm)

STARFIRE  STARFIRE  AFTR  AFTR

Region Outer Inner Outer Inner
First Wall 10 10 10 10
Multiplier 50 \ 50 50 50
Second wall 10 10 10 10
Breeder 460 280 - 440 290
Reflector 150 0 150 0
Total 680 350 660 - 360
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Radius Cavity C
Radius Inner Fir
Difference (m)
Aspect Ratio

First Wall Area
% Outer Blanket
% Inner Blanket
% Ducts, Etc.

ID Breeding Ratj
ID Breeding Ratj
k (3D Breeding F

Neutron Wall Lo
Fusion Power (M
Blkt Life (full po

1P o is defined as neutron power over plasma surface.

correspond

Notes

(2)

These values
actual first

(b) An elliptical

L (m)
st Wall (m)

m?)

o Outer
o Inner
tatio)

ading (MW /m?)
W)

wer years)

wall position.

Table 3.3.2

Breeding-Related Information

STARFIRE  AFTR Line
7.00 4.82 (1)
4.81 3.48 (2)
2.19 1.34 (3)=(1)-(2)
3.20 3.60 (4)=(1)/(3)
773 332 (5)
77.5 82.3 (6)=100-(7)-(8)
18.7 10.5 (7)

3.8 7.2 (8)
1.21 1.20 (9)
1.15 1.16 (10)
1.04 - (11)
3.6 6.9 (12)
3480 2910 (13)
4.5 2.3 (14)

The number here

s to actual average neutron loading on the first wall.

are based on a multiple straight line representation of the

representation of the AF'TR plasma, allowing 0.14 m for scrape

off, has an area of 288 m? (hence 8.0 MW /m? X 288 : 332 = 6.9 MW /m?).

(c)

No simple
(d) Blanket life

The 3D breeding ratio (line 11) was calculated by STARFIRE personnel.
extrapolation method was found for AFTR .

line (14)) is based on equal exposures, 16.2 MW - y/m?.
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In this chapts
previous section i
mixture (i.e., 1 —
plasma- TF coil dif
is not a cost code|
series of numbers 1

tradeoffs performe|

In section 4.1
implications of opé

As stated before, :

In section 4.2
is analyzed using
* thickness and Ted
are discussed.

Section 4.3 pr
of 1 — ~. The m;

SCOPING STUDIES: INTRODUCTION

’r, a scoping study is performed. The code described in the
5 utilized. Variations discussed are with respect to the fuel
7, the allowable stresses, pulse length, aspect ratio and the
stance both in the inboard side and outboard side). The code
and the output is not a single number indicating cost but a
that should enter into the cost equation. There is a number of

d in selecting the base case.

, a scoping study is performed as a function of 1 — ~. The
rrating in DD-DT fuel mixtures on the reactor size is analyzed.

1 single number describing the cost is hard to derive.

, the influence of the blanket and shield size on the reactor
the parametric code. The tradeoffs between reduced blanket

iced tritium breeding requirements due to DD-DT operation

esents the results of the parametric variations for a fixed value

Ain engineering and physics constraints are varied to look at

their impact on the machine design.

Elongation tr
elongation involve

provided by the si

adeoffs are discussed in section 4.4. The tradeoffs involving
better calculations of the stresses in the magnet than what is

mple analysis presented in chapter 3.
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Section 4.5 presents an attempt to optimize the toroidal and poloidal field
systems dround the base case. The plasma is kept approximately constant while
the location and current density of the poloidal field coils are varied, and specific

parameters of the |toroidal field coil are changed.

In chapter 5 & short discussion of the engineering problems of the magnet

1s given.




4.1 Parametric Analysis - Breeding and Engineering Tradeoffs

In this s’ection; the tradeoffs between the plasma tritium breeding margin

and plasma and dé¢vice parameters is studied.

In order to cofnpare machines that have similar properties, the neutron wall

loading is kept cor
determines the co
from the plasma
irradiation). As of
of specific fusion 'p

at constant wall lo

The main pu

istant. The wall loading (related to the neutron wall loading)
oling required for the first wall, heat removal requirements
region and lifetime of the first wall (if limited by neutron
eration with DD-DT fuel mixtures results in large variations
hwer density Pf/ﬂ2B4 as the value of 1 —~ changes, operating

pding insures that the machines being scoped are comparable.

rpose of this machine is that of being an engineering test

reactor, sell sufficient in tritium production. The objectives of an engineering

test reactor would
the neutron wall 1
scoping studies in

e

' Pyay = 8 MW/m

to the plasma surf{

smaller.

However, the
for utilization in fy
breeding fissile m4
be operated at lov

larger than the va

be that of materials testing. In order to achieve this mission,
hading has been chosen to be relatively high. In fact, for the
this section, the neutron wall loading has been chosen to be
g This wall loading corresponds to the neutron power divided

ace. The average neutron loading of the first wall would be

AFTR device can also achieve the goal of producing tritium
1sion reactors that are not self sufficient in tritium, or that of
terial. For these latter applications, the AFTR device could
ver wall loadings by operating with values of 1 — ~ that are

ue required for a materials test reactor (see chapter 2).
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Table 4.1.1 s}
section:A; and A
region. The elect
lowest value of nr,

accordance with t

Table 4.1.2 sh
breeding margin 1
machine is allowed
density P;/3?B*
parametric scan. ]
ratio (chosen to b
the major and mij
is the plasma curr
B2B4a?, P; is the
torque due to thei
Choop TEPresents t
~“forte present in td
ETF is the energ:}
the toroidal field §
Pop are the energ
and Egp, Ppr, W
Ampere-turns of t

Also shown i

that the machines

lows the assumptions for the scoping study presented in this

‘on temperature is 12 keV in DT, which correcponds to the
gnition, While the peak temperature is increased in DD-DT in

1e results in chapter 2.

ows the result from the parametric code as the plasma tritium
— ~ is varied. The neutron 'wall loading is kept fixed, and the
to increase in size to balance the reduced specific fusion power
with increasing 1 — ~. Table 4.1.2 shows the results of the
— ~ increases from 0 (DT operation) to 0.21. A is the aspect
> A ~ 4; this choice is justiﬁea in section 4.3). R and a are
or plasma radii, B is the magnetic field on the plasma axis, I
:nt, P is the plasma performance defined in chap*er 2 as P =
fusion power, Wrp is the magnet weight, Tr is the applied
nteraction between the toroidal field coil with the vertical field,
he hoop stresses in the throat of the magnet (the centering
roidal magnets is taken in Bitter magnets through wedging),
in the toroidal field system, Prpz is the power dissipated in
ystem, Whyianket is the weight of the blanket/shield, Egz and
y and power dissipated in the ohmic transformer at peak field,
rr and M Agp are the energy, dissipated power, weight and

he vertical field system.

| Table 4.1.2 are the fusion power and wall loading assuming

were operated in DT. Operationg at 1 — v = 0.21 results in
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a net decrease of fusion power by a facfor of 10 relative to DT operation. Note,
however, that the machine designed for DD-DT operation cannot be run with
DT due to the large wall loadings with DT operation. This restriction does not
apply if the field in the machine or the plasma 3 are downgraded.

Figure 4.1.1 shows the normalized stored energy, the normalized resistive
power of the TF magnet, the normalized fusion power and the normalized value
of required plasma performance as functions of 1 — ~ for fixed wall loading.
The values of P and Erp required for operating at fixed wall loading increase
very. fast with increasing 1 — 5. The fusion power and the resistive power of
the magnet increase slower. There is a large price to pay for operating at large
values of 1—y at fixed wall loading. Operating at lower values of 1 — (~ 0.05)

still results in a moderate increase in machine size.

Figure 4.1.2 shows the main parameters of the vertical field system as
function of 1 — 4. The overall machine size and associated systems increase

rapidly with increasing values of 1 — #.

If the mam goal of the AFTR device is that of tritium self sufficiency, then
the value of 1 —_ that results in this tritium self sufficiency should be chosen,

as gomg to larger values of 1 — ~y results in larger than necessary machine size.

If the goal is for neutron applications (tritium or fissile breeding, for ex-
ample), the situation is different. Figures 4.1.3 through 4.1.5 show the ratios
of the excess neutron production to the resistive power dissipation, the stored
energy in the toroidal field coil and the weight of the toroida'xl field coil as func-
tions of 1 — « for constant wall loading (for the designs in Table 4.1.2). The

excess neutron generation rate K,is defined as
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R, ~ 3.6 X 10*°(k — ~)P;

where R, is in neutrons per s, k is the effective breeding ratio of the blanket and

Py is the fusion power in GW. The generation of excess neutrons becomes more

efficient (as defined by R, /Erp, Ry/Pres and R, /Wrp) with increasing value

of 1 —xfork <
1—n.
Although the

1.1 For k > 1.1, the ratio R, /Err decreases with increasing

unit size is increasing, the rate of production of excess neutrons

increases faster than the unit size, resulting in more efficient excess neutron

generation.
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Table 4.1.1

Constraints for Scoping Study

Pyou (MW /m?)
A

orr (MPa)
¢cp=pPr XA

q
k=bla

Teo (keV) DT
DD-DT
burn pulse lengths (s)

O’OH(IVIPa.)

100

150
0.25

2.5
1.5

12
20
100

150
0.36

0.66




Qe
A

R (m)

a (m)

B (T)

I (MA)

P (m? T%)
Py (GJ)

DT equivalent operation
Pwa.ll (M\N/mz)
P; (GJ)

Ohoop (MPa)
Wrr (Gg)

- Tr(GNm)
. Err (GJ)

- Prp (MW)
Whianket (Gg)
Eom (GJ)
Poy (MW)

Table 4.1.2

4.09
3.27
0.8
7.09
6.13
6.05
1.26

8.0
1.26

0.125
2.71
0.91
4.62
307.
0.0825
0.774
55.0
0.934
0.156
0.312
21.7

0.035
3.08
3.98
1.0
7.61
8.47
13.2
1.93

14.0
3.37

0.136
4.13
1.75
8,68
417.
0.118
1.21
52.9
1.55
0.213
0.428
24.5

Parametric Scan of Device vs 1 — v

" Pyou = 8 MW/m2, o7 = 150 MPa

0.068
4.07
4.89
1.2
8.5
11.1
28.4
2.84

25.0
8.8A

0.149
6.49
3.65
17.5
610.
0.167
1.96
55.2
2.7
0.298
0.599
27.9

0.12
4.05
6.28
1.55
9.21
15.6
65.9
4.7

45.0
26.5

0.163
11.7
8.25

38.8

928.
0.264
3.52
56.5
5.33
0.454
0.915
33.6

0.21

4.07
8.27
2.03
9.97
22.0
154.
8.1

80.0
81.2

0.179
23.3
2.00
92.7
1463.
0.438
6.6
58.1
11.4
0.73
1.47
41.6
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“igure 4.1.1  Normalized Values of Prr, Py, Epp and P as
Functions of 1 — ~ for Py = 8 MW/m2,
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Figurc 4.1.2 Normalized Values of Egp, Pep, Wi and MAgr
as Functions of 1 — ~y for Pyat = 8 MW/m?,
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Isigure 4.1.3  Ratio of Generation Rate of Excess Neutrons and

Resistive Power in TF Coil as Function of 1 — ~ for
Pouoit = 8 MW/m?. (arbitrary units)
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-igurc 4.14  Ratio of Genceration Rate of Excess Neutrons and
Stored Energy in*TF Coil as Function of 1 — ~ for -
Pai = 8 MW/m?, (arbitrary units)
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-igure 4.1.5  Ratio of Generation Rate of Excess Neutrons and
Weight of TF Coil as Function of I — ~ for Pyay = 8

MW/m?, (arbitrary units)
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4.2 Scoping of the Effect of Blanket/Shield on Reactor Size

st S

In this section the effect of the blanket/shield on the reactor is studied.

The effect of the blanket size on the tritium breeding ratio is outside the
scope of this report. The effect of varying the thicknesses of the blanket region,
the first wall, the multiplier and the reflector on the tritium breeding is hard
to estimate. An attempt to reach a model for the tritium breeding ratio as a
function of some of the parameters that describe the blanket/shield region was
unsuccessful. However, some comments can be made in the tradeoff between
blanket size (which determines the tritium breeding) and the plasma tritium

breeding margin 1 — 7.

Table 4.2.1 shows the parametric scan for a resistive tokamak with fixed wall
loading of Pyeu == 8 MW/m? (y = 0.93), and orp = 150 MPa as a function
of the thickness of the blanket thickness in the inboard side of the tokamak A;.
The scrape off, first wall, second wall and multiplier region is ~ 0.21 m. The
thlckness of the bl anket/shleld region is varying in Table 4.2.1 from 0.19 to 0.39.
N As A; is decreased from the base case of A; = 0.29 m to A; = 0.19 m, the net
result in the machine size is a ~ 10% reduction in major radlus and resistive
power and ~ 25% decrease in fusion power, weight of toroidal field magnet and
stored energy. Increasing A; to A; = 0.39 m has approximately the opposite
effect.

On the other hand, reduction of A; has a fairly large effect on the tritium
breeding ratio. Ir. a cylindrical one dirnensional calculation, assuming STAR-

FIRE blanket [1] with 60% solid density, the tritium breeding ratios are k =
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1.090, 1.134 and 1

Table 4.2.2 st

region (including r
Similarly, Tal
of the blanket at

location of the plas

on the main mach

The paramete

8 MW /m? with ~
are changing as th

From Tables ;
inboard blanket h:
of whether it is ad
in DD-DT mode is

For calculatio
. occurs in the inboa
biénket dées n_ot_»‘
siie of the blanket
0.15 X (1.134 — 1,
of the blanket by

~ 10% (Table 4.2,

In order to b;
is necessary to inc

From Table 4.1.2,

165 for A; = 0.19, 0.29 and 0.39 m, respectively.

ows the results of varying the thickness of the outer blanket

>flector), A,. The influence of A, on the design are very small.

)le 4.2.3 shows the machine designs when A, the thickness
the location that corresponds to a major radius equal to the

ma major radius, is varied. There are very small perturbations

ine parameters.

rs in Tables 4.2.1-4.2.3 have been calculated assuming Pyan =
= 0.93. The tritium breeding characteristics of the machine

e thickness of the blanket at different locations is varying.

1.2.1-4.2.3, is can be concluded that only the thickness of the
1s a relatively strong effect on the machine size. The question

rantageous to reduce the size of the inner blanket by operating

addresed.

nal purposes, assume that about 15% of the tritium, breeding
rd side of the blanket. Also assume that the size of the inboard
iffect significantly the breeding done elsewhere. Then if the
is reduced by 0.10 m, the net tritium breeding is reduced by
090) = 0.0066. For AF'TR type devices, reduction of the size
0.10 m results in a reduction in major radius of 0.44 m, or
1).

'ing the tritium breeding back up to whe're it was before, it

rease the plasma tritium breeding ratio by the same number.

108




Avy/y

~ 2.8
. AR/R

In order to increase the plasma tritium breeding margin by 0.0066, the major

radius has to increase by approximately

AR~ L27%  0.90m
2.8 ~

Therefore, it is advantageous to decrease the breeding in the throat of the
magnet, as the increase due to larger required ~ is smaller than the decrease
of the magnet due to decreased disﬁénce between the plasma and the toroidal
field coil. This result is due to the relatively minor contribution to the total
breeding from the inner blanket. However, reducing the size of the inboard
blanket would have implications for the lifetime of the insulation of the magnet.

The implications are beyond the scope of this work.
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Table 4.2.1

¢ Scans vs. Thickness of Inboard Blanket/shield, A;
ol = 8 MW /m? (y = 0.93), o7r = 150 MPa

"lanket(GE)
or(GJ)

o (MW)
er(GJ)
er(GW)
er(Gg)
{Apr(MA-turn)

0.19
4.05
4.45
1.1
8.66
10.4
2.0
2.37
0.148
3.03
5.23
13.6
550
0.12
1.73
57.6
2.28
©0.223
0.649
26.4
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0.29
4.07
4.89
1.2
8.5
11.1
28.4
2.84
0.149
3.65
6.49
17.5
610
0.167
1.96
55.2
2.73
0.253
0.733
28.2

0.39
4.06
5.28
1.3
8.32
11.8
30.7
3.33
0.148
4.31
7.86
21.7
664
0.223
2.26
56.1
3.22
0.284
0.82
30.1




Table 4.2.2
" Parametric Scans vs. Thickness of Outboard Blanket/Shiled, A,
" Pyt = 8 MW/m? (y = 0.93), 075 = 150 MPa

A, (m) . 0.39 0.59 0.79
A 4.0 4.07 4.0
E (m) 4.8 4.89 5.0
a (m) 1.2 1.2 1.25
B (T) 844 - 85 8.34
I (MA) S 11.2 11.1 11.5
P (m* T%) 28.5 28.4 29.5
P; (GW) 2.80 2.84 3.02
0 hoop(MPa) 0.152  0.149  0.144
T=(GN m) 3.16 3.65 4.17
Wr(Gg) 5.92 6.49 7.33
Err(GJ) 16.3 17.5 18.8
Prp(MW) 606 610 614
Whianket(Gg) 0.135  0.167  0.209
 Eon(GY) 1.96 1.96  2.11
- Pou(MW) 56.4 55.2 57.3
Epr(GJ) 248 27 2.99
Per(GW) 0.283  0.298  0.318
Wer(Gg) 0.567  0.599  0.641

MAgp(MA-turn)  27.4 27.9 28.7
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Table 4.2.3
Parametric Scan vs. Thickness of blanket

at, Location of the Plasma Major Radius, A¢op
Poait = 8 MW/m? (y = 0.93), 075 = 150 MPa

Aviop (m) 0.14 0.29 0.43
Tr(GN m) 3.65 3.65 3.65
Wrr (Gg) 6.31 6.5 6.7
Err (GJ) 11.2 11.9 12.7
Prp (MW) 587. 610. 628.
- Woianket (Gg)  0.14 0.167  0.195
Eoy (GJ) 1.94 1.94  1.94
Poy (MW) 54.1 54.1 54.1
Egr (GJ) 2.51 2.7 2.9
Per (GW) 0.284  0.298  0.313
Wer (Gg) - 0.573 0.6 0.626

MAgp (MA) 264 279 293
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4.3 Parametric Analysis for Constant v = 0.93
In this section, parametric scans are performed to illustrate the different

tradeoffs The ass Jmpt1ons in the parametnc code are shown in Table 4.3.1.

The stresses in the throat of the magnet are orp = 150 MPa. The stresses
in the ohmic heating central transformer are ooy = 140 MPa, with the OH
transformer at the end of the burn pulse biased half way in the opposite direction
than prior to initiation. The burn pulse length of the base case is assumed to be

100 seconds, limited by the OH transformer, with a peak electron temperature

of 20 keV.

The plasma elongation has been chosen to be kK = b/a = 1.5 and the plasma
safety factor ¢ = 2.5 at the plasma edge and ¢ = 0.9 — 1 at the plasma center.
The plasma triangularity resulting from the poloidal field system i¢ 0.05 < § <
0.2.

The parameters of the equilibrium field system are calculated using the
) method descrlbed in sectlon 3.3. The same parameters that optimize the vertical

ﬁeld sys’cem are as sumed (section 4.5.2).

The distance between the toroidal field coil and the plasma in the midplane
in the throat of the magnet, §; is assumed to be §; = 0.50 m. This allows for 0.36
m of blanket, shicld, first wall and multiplier space plus 0.14 m for scrape-off
region . On the outboard side of the plasma, the distance between the plasma
and the toroidal field coil is §, = 0.80 m. The larger distance allows for ~ 0.66
m of blanket/shield modules located between the toroidal field coil and the first

wall.
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In this section, the tradeoffs between the different parameters of the machine
engineering and plasma physics are done keeping the neutron wall loading and
1 — .7 constant.” This is to keep the nuclear characteristics of the machines
constant (with constant thickness of the blanket/shield region and with constant

wall loading, the ruclear properties of the machine should remain constant).

Keeping the “wall loading constant means that the plasma performance P
has to vary. This is because a single parameter, either P, or P, plus the aspect
ratio A determines the design parameters. The fact that P is varying implies
that for fixed v and for fixed wall loading Pyq; the plasma Q = Piusion/Pheating
is varying (or, if the plasma is overignited, the amount of biasing required for
thermal equilibrium according to the empirical scaling law described in chapters
2 and 3). However, due to the unknowns in the scaling of energy confinement for
plasmas of this size and operating at these temperatures, keeping the wall loading
fixed is a better base for the parametric scans than the plasma performance

parameter P. Although P is varying, v and P,.;; do not vary.

The lifetime of the magnet is determined by the survivability of the in-
sﬁﬂlation in the iriboard- side of the magnet. The allowable fast neutron fluence
(séétion 3.3.2) is 10%* to 10?5 n/m? [2]. The fast neutron flux at the inner edge
of the inner blanket is required for an estimate of magnet lifetime. That flux

has not yet been cetermined.

Table 4.3.2 shows the results of the parametric scan vs. aspect ratio. The
tensile stresses in the throat of the magnet are kept constant and the neutron wall
loading is also kept constant. This table therefore shows the possible variations

in machine characteristics for fixed engineering and nuclear properties. The
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aspect ratio for the machine is varied between A ~ 6 to A ~ 3. The magnetic
field oni the plasme axis varies between 11.5 and 7 T. If the designs in Table 4.3.2
where run in'DT, the neutron wall loading would be Pq; = 25 MW/mz. For
v = 0.93 the corraéponding wall lda,ding would be 8 MW/m? and for v = 0.8
the c;)rrkebsi)‘ondirig» wall loading would be Puoi = 2.8 MW/m?. In Table 4.3.2,
I is the plasma current, Wrp is the weight of the TF coil, Prp is the resistive
power of the TF ccil, Epp is the stored energyin the EF coil, Pg is the resistive
power of the EF coils, Egp is the stored energy in the EF coils, MAgr is the
Ampere turns of the EF coils and WEF is the weight of the EF coils. Tg is the
torque due to the interaction between the poloidal field and the current in the

TF coil. Py is theitotal fusion power determined for v = 0.93.

The fixed wal! loading and fixed constant stresses result in varying values of
the plasma perforraance P. Thus the machines in Table 4.3.2 (and in subsequent
tables) do not have constant margins of performance. Fcr fixed wall loading, the
performance P increases with decreasing field (or increasing minor radius). From
Table 4.3.2, the p%lasma performance P for a fixed wall loading is decreasing
-~ with increasing asfpect ratio A. The reason for this is that the wall loading is

dé_termined by

n?Ra? n2a? p2a?B* P
‘Pwa”N Ra o e a

Therefore, for smaller minor radius a, (larger aspect ratio), the plasma perfor-
mance P has decreased. The fusion power decreases with increasing aspect ratio,

as

Pf ~ 7’L2RCL2 ~ (P)R
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and the major radius R remains approximately constant while P decreases.

The plasma major radius remains approximately constant because of the
constraint oﬁ the é‘presses in the throat of the magnet: as the aspect ratio in-
creases with apprpximately fixed plasma major radius, the throat cross sectional
area increases suff ciently (due to smaller minor radius) to balance the increased

loads due to the increased magnetic field necessary to keep P, constant.

The major radius is minimized at a ~ 1 m. The stored energy in the magnet

is also minimized for @ ~ 1 m.

The weight cf the magnet Wrp increases monotonically with decreasing
aspect ratio. The resistive power decreases with aspect ratio for A > 4 and
remains approximately constant for A < 4. The EF system characteristics
(weight, stored energy, resistance power and Ampere turns) remain approximately
constant over the ~ange A > 3.5, but the requirements increase for aspect ratios
lower than A ~ 3.5. The optifnum aspect ratio results, therefore, from a tradeoff
between the weight of the magnet and the resistive power dissipation. An aspect
_ ratio of A = 4 has been chosen as a compromise between minimum resistive

| péﬁWer diss-ipation: and slowly increasing weight of the magnet.

The choice o aspect ratio is reached in order to minimize the operation
costs and capital cost of the plant. With Qrp ~ 3 — 4 (@rr = Fusion
power/electricity required for driving the magnet systems), it is unlikely that
this type of device would be a commercial machine for selling fusion power. (The
applications of this type of device are as a materials test re:actor or as supplier
of tritium for other DT reactors.) It is possible, however, to obtain larger values

of @7r by operating at even lower aspect ratios. For A = 3.3, for example,
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@rr = 4.5 (as op
of the-macline wi
(weight of TF inc
1.13 while the resi
requirements in th

The nuclear c

approximately con

shield and/or blan

Tables 4.3.3 a1
values of P, th
v = 0.93 and Tal
most of the paran
5 < A < 3.5 with
Py, the weight of
Prp are optimizec
A >~ 5 Agan A
re?i‘s’cive pév&er% aJn
18 A ~ 4,

Table 4.3.5 sk

varying wall loadi

increasing wall loai

vs. 8 MW /m? for
~ 1.75. The stor

increases by a fact

posed to Qrr = 3 at A = 4). However, the capital expense
th A = 3.3 is significantly larger than the base case A = 4
reases by a factor of 1.35, stored» energy up by a factor of
stive power remains approximately constant due to increased

e EF system).

1aracteristics of the machine designs, shown in Table 4.3.2 are
stant, as the neutron wall loading and the radial builds of the

kets have been kept fixed.

1d 4.3.4 show the results from the parametric scans for different
an Table 4.3.2. Table 4.3.3 is for Pyqy = 4.8 MW/m? for
le 4.3.4 is for Pyey = 11.2 MW/m? for v = 0.93. Again,
1eters describing the system are approximately constant for
the exception of the plasma performance P, the \usion power
the magnet Wrp and the resistive power Rrp. Py, P and
| with decreasing aspect ratio, while Wy is optimized with
~ 4 is a compromise between minimum weight, minimum

d inéreasing P and Py aspect ratio for varying wall loadings

iows the results from the parametric scan with A = 4 and
ngs. This table indicates the increase in machine size with
ling. For a factor of 1.6 increase in wall loading (12.8 MW /m?
v = 0.93 the weight of the machine increases by a factor of

>d energy increases by a factor of 2 and the resistive power

or of 1.4.
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Alternatively, the machines in Table 4.3.5 can be considered as machines
with constant wal loading and varying 7. This is shown in Table 4.3.5.b. The
value of «y can be varied to alter the specific fusion power density P¢/B?B* and
keep the wall loadiiﬁg fixed. The value of the tritium breeding ratio 1 —  over
the rénge of these parametric scan varies from 1 — ~ = 0.035 for the smallest
machine (R = 4.03m, Prp = 43TMW, Ezp = 9.3 GJ) to 1 — v = 0.11 for the
largest machine (F. = 6.1m, Prr = 830 MW, Erp == 34.2 GJ). There is a very
large increase in machine size with moderate increases of 1—+. This is due to the
fact, shown in Chapter 2, that the fusion power density decreases very fast with
increasing 1—+. ‘It should be noted that the neutronic or breeding characteristics
of the designs iﬁ Table 4.3.5.b are not comparable, as the blanket /shield thickness
and P,y are kept constant while ~ is allowed to vary. In Section 4.2 the inner
blanket would be cecreased in size to indicate the relaxed requirements in tritium

breeding.

Table 4.3.6 stows the machine design as the burn-time is allowed to vary.

“- It is assumed tha: the current drive is provided by an OH transformer. The

wall loading is. Pian = 8 MVV/m2 for v = 0.93. There are small effects on
the machine size when the requirements for an OH transformer capable of up
to 100 s of burn plus all inductive requirements. The OH transformer starts
to be affected by the resistive volts seconds for a burn-pulse of ~ 10% s and
the reactor itself increases substantially in size for 10* s of burn. Between no
resistive volt seconds for the burn and up to 10* s of OH ‘transformer driven
burn, the machine weight and stored energy in the TF magnet in the TF system

increase by a factor of ~ 3, and the resistive power by a factor of 2.
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Table 4.3.7 sl
(Puair="5 MW/

1ows the results of the parametric scan for fixed wall loading

m? for v = 0.93) for varying the plasma S scaling. The

parameter cg = [/ X A is varied between 0.15 to cg = 0.30. As cg is increased

from cg = 0.15 to ‘cﬁ = 0.25, the stored energy in the magnet decreases by a

factor of ~ 4, the
by a factor of ~
of cg lower than 0
(cg ~ 0.25) is opt
ratio.

Table 4.3.8 s
loading (Pyan =
throat of the magr
tensile stress in th
For o7 = 150 N
For orp = 115 M
not increase as fa

- . fTactor of 3. .

weight decreases by a factor of ~ 3 and the resistive power
2. The fusion power decreases by a factor of ~ 2.5. Values
.15 result in very large machine dimensions. The choice of cg

mistic, resulting in values of beta poloidal close to the aspect

hows the results of the parametric scan with constant wall
8 MW/m? for v = 0.93) vs. varying tensile stresses in the
et. The size of the machine is strongly affected by the assumed
e throat. If opp = 240 MPa, the major radius is under 4m.
Pa (the base case), the major radius increases to under 5m.
[Pa, R =~ 6.6 m. The resistive power of the TF magnet does

st, while the stored energy and weight increases by about a
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Table 4.3.1

Constrains for the Parametric Scans

BrA 0.25
q 2.5
k=b/a L5

burn pulse lengths (s) 100

orr (MPa) 150
ocon(MPa) 150
6;(m) 0.50
bo(m) 0.80
Teo 20
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A

R (m)

a (m)

B (T)

I (MA)

P (m? T%)
Pr (GW)
Prr(MW)
o hoop(MP&:’
Tr(GN m)
Wrr(Gg)
Err(GJ)
Whtanket(Gg)
Eor(GI)

Por(MW)

Prr(GW)

Wer(Gg)
‘MAEF (MA—turn)

6.11

4.89
0.8
11.5
6.4
18.9
1.89
860
0.164
4.63
5.47
22.0
0.12
1.45
59.6
3.53
0.286
0.812
31.6

Table 4.3.2

4.74
4.74
1.0
9.6

. 8.82
23.6
2.29
667
0.153
3.7
5.67
17.8
0.139
1.66
56.7
2.62
0.288
0.577
27.6
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4.07
4.89
1.2
8.5
11.1
28.4
2.84
610
0.149
3.65
6.49
17.5
0.167
1.96
55.2
2.7
0.298
0.599
27.9

Parametric Scan for o7 = 150 MPa and

Pyoit = 8 MW/m? (at vy = 0.93)

3.64
5.1
1.4
7.73
13.3
33.0
3.46
590
0.145
3.79
7.53
18.2
0.199
2.38
57.9
3.01
0.322
0.649
29.2

3.37
5.38
1.6
7.19
15.4
37.7
4.16
587
0.144

4,10

8.74
19.8
0.236
2.83
58.9
3.47
0.355
0.716
30.9




A

R (m)

a (m)

B(T)

I (MA)

P (m? T%)
Py (GW)
Prp(MW)

O hoop(MPa)
Tr(GN m)
Wrr(Gg)
Err(GJ)
Whianket(Gg|
Eon(GJ)

-~ Pog(MW)~
- Egr(G))

Pep(GW)

Wer(Gg)

MAgr(MA-

Table 4.3.3

Parametric Scan for orp = 150 MPa

turn)

7.1
4.26
0.6
11.7
4.15
8.51
0.74
729
0.158
2.98
3.8
14.6
0.0853
0.912
58.2
3.13
0.308
0.6
32.7

" "and Py = 4.8 MW/m? (at vy = 0.93)

4.89 4.03
3.91 4.03
0.8 1.0
9.07 7.79
6.45 8.55
11.3 14.2
0.91 1.17
488 437
0.141 0.137
2.04 1.88
3.67 4.25
9.76 9.31
0.0974  0.12
1.07 1.28
58.7 55.9
1.63 1.64
0.215 0.22
0.428 0.44
24.7 24.8
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3.56
4.27
1.2
7.0
10.6
17.0
1.49
428
0.135
1.98
5.02
9.87
0.148
1.55
55.2
1.85
0.241
0.483
26.1

3.26
4.56
1.4
6.44
12.5
19.8
1.85
429
0.134
2.15
6.09
10.83
0.179
1.88
55.3
2.18
0.27
0.541
27.9




o T

A

R (m)

a (m)

B (T)

I (MA)

P (m? T%)
P; (GW)

O hoop(MPa)
Tr(GN m)
Wrr(Gg)
Erp(GI)
Pre(MW)
Whtanket(Gg)
Eon(GJ)

POH(MW}
Egr(GT)
Per(GW)
Wer(Gg)

MAgr(MA-turn)

7.86

6.29
0.8
14.2
5.99
26.5
3.39
0.192
10.8
8.62
49.4
1536
0.153
1.84
56.9
9.37
0.595
1.16
43.8

Table 4.3.4

5.49
5.49
1.0
11.2

. 8.78
33.1
3.71
0.169
6.48
7.43
30.3
967
0.16
2.0
55.6
4.12
0.377
0.749
31.4
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4.55
5.46
1.2
9.78
11.3
39.7
4.45
0.161
5.47
8.01
27.5
820
0.186
2.34
55.7
3.73
0.36
0.723
30.3

Parametric Scan for o7 = 150 MPa and

 Pyou = 11.2 MW/m? (at v = 0.93)

4.03
5.64
1.4
8.85
13.6
46.3
5.34
0.157
5.78
9.1
97.4
764
0.218
2.75
55.5
3.97
0.379
0.762
31.0

3.68
5.88
1.6
8.18
15.9
52.9
6.37
0.154
6.04
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28.9
746
0.256
3.25
56.9
4.44
0.41
0.826
32.4




Table 4.3.5

(a) Parametric Scan vs. Pygy for v = 0.93, o7p = 150 MPa

Pyau (MW, m?) 12.8 10.4
A - : 3.84 3.93
R (m) 6.14 5.5
a (m) 1.6 1.4
B (T) 8.64 8.58
I (MA) 16.0 13.6
P (m? T*) 60.5 43.0
P; (GW) - 7.58 4.83
O hoop(MPa) 0.159  0.154
Tr(GN m) 7.23 5.23
Wrp(Gg) 11.4 8.7
Err(GJ) 34.2 25.0
Prr(MW) 830 720
Whianket(Gg) 0.266  0.213
Eow(GJ) 3.39 2.67
Por(MW), , 54.5 56.8
Egr(GJ) 4.95 3.71
Per(GW) 0.437  0.364
Wer(Geg) 088  0.733

MAgr(MA-turn) 33.1 30.6

(b) Values cf v for Constant P,y

Puon(MW/2?%) 8 8
5 | 0.89 0.91
1—~ 0.11 0.09
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8.0
4.07
4.89
1.2
8.5
11.1
28.4
2.84
0.149
3.65
6.49
17.5
610
0.167
1.96
55.2
2.7
0.298
0.599
27.9

0.93

0.07

6.4
4.05
4.45
1.1
8.19
9.84
20.8
1.89
0.142
2.71
5.28
13.0
522
0.142
1.65
58.6
2.13
0.257
0.517
26.3

0.95
0.05

4.8
4.03
4.03
1.0
7.79
8.55
14.2
1.17
0.137
1.88
4.25
9.3
437
0.12
1.28
55.9
1.64
0.22
0.44
24.8

0.965
0.035




\’tbu'nnr(s)

B (T)

Table 4.3.6

Parametric Scan vs. Burn Time of

for-FPypau = 8 M“"/I'ﬂ2 (')’ = 0.93), orp = 150 MPa

0 100
4.0 4.07
4.8 4.89
1.2 1.2
843 85
11.2 11.1
8.4  28.4
279  2.84
0.145  0.149
351 365
6.36  6.49
16.9  17.5
597 610
0.165  0.167
1.86  1.96
581  55.0
266 2.7
0.295  0.298
0.594  0.599
98.1  27.9
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1000
4.06
5.48
1.35
8.24
12.1
31.9
3.58
0.168
4.59
8.08
213
681
0.206
3.56

57.1

3.09
0.327
0.659
27.5

10000
4.06
8.72
2.15
7.33
17.2
50.8
9.06
0.229
12.01
20.1
51
1082
0.485
16.8
58.9

6.04

0.519
1.05
28.1




g %

Table 4.3.7

Parametric Scan vs. ¢g = f X A for

" Puou = 8 MW/m? (y = 0.93), opr = 150 MPa

P (m? T%)
P; (GW)

O hoop(MPa)
Tr(GN m)
Wrr(Gg)
Erp(GJ)
Prr(MW)
Whlanket(Gg)
Eon(GJ) -

 Pou(MW)

Egr(GI)
Pep(GW)
Wer(Gg)

M Ag;»(MA-turn)

0.15
3.97
7.54
1.9
9.66
18.8
44.9
6.94
0.168
12.3
18.9
70.9
1260
0.378
4.99
58.0
6.99
0.558
1.12
35.4
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0.20
3.93
5.89
1.5
8.83
14.4
35.4
4.26
0.156
6.07
10.3
31.5
812
0.242
3.0
56.7
4.04
0.389
0.781
30.9

0.25
4.07
4.89
1.2
8.5
11.1
28.4
2.84
0.149
3.65
6.49
17.5
610
0.167

1.96

55.2
2.7
0.298
0.599
27.9

0.3
3.93
4.33
1.1
7.8
9.97
26.0
2.30
0.141
2.48
4.99
11.3
480
0.139
1.58

~56.2

2.13
0.257
0.516
26.9




' TF(MPa)

M % Q

> (m)

(m)
H(T)
(MA)

' (m2 T4
1 (GW)
Ohoop(MPa)
Tr(GN m)
Wrr(Gg)
Hrp(GJ)
Frp(MW)

- Vhianke(Gg)

- Fou(GJ)
For(MW)

. Eer(GJ)
Fepr(GW)
Wer(Gg)
MAgr(MA-turn)

I T s

Table 4.3.8

Parametric Scan vs. opp for
Fixed Wall-Loading
Pyait = 8 MW /m? (y = 0.93)

210 150
4.07 4.07
3.86 4.89
0.95 1.2
9.02 8.5
9.31 11.1
22.5 28.4
1.78 2.84
0.205 0.149
2.37 3.65
4.09 6.49
11.2 17.5
548 610
0.111 0.167
1.35 1.96
55.5 55.2
2.2 2.7
0.258 0.298
0.515 0.599
30.2 27.9

127

100
4.12
6.59
1.6
7.96
13.7
37.9
5.12
0.107
6.53
12.2
31.9
741
0.285
3.29
57.7
3.91
0.385
0.778
27.2




4.4 Elongation Tradeoffs

T gt

In the previous sections the plasma elongation has been kept fixed at k =
b/a = 1.5. In this section the elongation is allowed to vary, while keeping the

neutronics and magnet engineering constant.

In discrete coil reactor designs, the height of the magnet is determined from
the use of D-shape coils [3] or bending free coils [4]. The location of the outer
leg of the TF is determined by either ripple or maintenance requirements. The
height of the coil lis such that incréased plasma elongation does not affect the

location of the coil.

For a contimﬁtous magnet (such as the Bitter magnet that is being con-
sidered), the coil contour follows the outer periphery of the blanket /shield reflector.
That is, it is located as close as possible to the plasma. Elongating the plasma
has a direct consequence on the shape of the TF magnet and on the stresses.
In this section a elongation scan is performed to find the optimum plasma elon-
gation. As noted in Chapter 3, the plasma elongation increases the allowable

_plasma pressure. 1t is assumed that

1
ﬂT’VfCZ

The machine size is varied while keeping the wall loading and the stresses in
the throat of the magnet constant. The stresses are calculated using thick shell

theory [5].

Table 4.4.1 shows the results of the-parametric scan for Pyqy = 8 MW/rn2

with v = 0.93 and Opmembrane = 260 MPa. Ommembrane are the von Mises
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membrane stresses in the throat of the magnet. The bending in the throat of
the magnet is approximately the same in the three cases. The aspect ratio has
been' kept apbroﬁilﬁately the same. As can be seen, the energy and the weight
df_thg TF magnet, ﬁave increased by ~ 309% when the elongation is decreased
frérn 1.5 to‘ 12 Ti.e total resistive power (EF plus TF resistive powers) however,
has remained approximately constant (908 MW for x = 1.5 and 934 MW for
k= 1.2).

The vertical feld system is very significantly simplified by operating with
k = 1.2. In Table 4.4.1 Igipoie and Iguadruple Tepresent the currents in the
main equilibrium 3eld coil (dipole coil) and the shaping coil (quadruple coil).
Tgipote and Igyqdrupote have been calculated using the results from Chapter 3.
For k = 1.2 the quadruple coil has very little current (Ijuadrupote = 1.2 MA).
Furthermore, the dipole current also carries ~ 25% less current than for k =
1.2 than for kK = 1.5. The total number of Ampere-turns, the stored energy, and
the resistive power of the EF system have decreased by a factor of 2, making

this system simpler and less expensive.

Figure 4.4;1;'~shows‘a schematic view of the TF and EF coils for the cases
with & = 1.5 and ¢ = 1.2, The TF magnet is slightly larger in size for the case
k = 1.2, while the EF coils have decreased substantially.

The specific tiadeoffs between the EF and TF systems are beyond the scope
of this report. The energy, weight and resistive power of the toroidal field system
decrease with increasing elongation, while the poloidal field system becomes more

complex with increasing elongation.
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Table 4.4.1
Parametric Variation vs. Elongation

Puai = 8 MW/m?, v = 0.93, 0rmembrane = 260 MPa

ok 15 135 1.2
A 408 408 40
R (m) 489 5.1 5.4
a 'm) 1.2 - 1.25 1.35
B (T) 851 899 941
I (MA) 1L 10.8 10.9
P (m? TY) 28.4 31.1 35.7
P; (GW) 2.84 292 3.6
Tr,(GN m) 3.65 4.40 5.30
Wrr (Gg) 6.5 7.06 8.08
E;qp (GJ) 175 205 24.9
Prr (MW) 610.  670.  754.

Wotanket (Gg) 0.167  0.17 0.8
Eon (GJ) 1.94 202 215
Poy (MW) 541 561 579
- Epr (GY) 2.7 1.96  1.35
Ppr (GW) 0.298  0.243  0.18
Wer (Gg) 0.6 0.498  0.385
MAgr (MA-turn)  27.9 20.9 13.0
Ly pote (MA) 6.62 594 526
L adrupoie (MA) 731 -45 -1.27
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Figure 44.1  Schematic View of EF and TF Systems for AI'TR
with Pyan = 8 MW/m? (v = 0.93) fork = 1.2 and
k= L1.5.
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4.5 Magnet Optimization

e

In this sectioa, the tradeoffs for the TF and EF coils for fixed plasma

requirements are analyzed.

In section 4.5.1 the toroidal field is analyzed. The height and the thickness

of the outer leg of the machine are varied, and the tradeoffs are discussed.

In section 4.5.2 the poloidal field system is analyzed. The location of the EF

coils and the current density in these coils are varied, and the tradeoffs discussed.
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4.5.1 Toroidal Field Magnet

~In this sectio1 the toroidal field magnet, for fixed plasma conditions, is
analyzed. The plisma properties are described in sections 4.1 and 4.3 for the
case referred to as base case.

Table 4.5.1 shows the main parameters of the magnet system when the
width of the outer leg of the toroidal field coil, t,y; is varied. The plasma varies
somewhat due to the fact that changing the thickness of the outer leg varies the
stresses in the throat of the magnet. In order to keep these stresses fixed, the
plasma changes slizhtly. The main consequence of increasing the thickness of the
outer leg of the magnet from 1 m to 2 m is that the weight of the toroidal field
coil, Wrr increases by ~ 409, the stored energy and fusion power increase by
~ 10% while the resistive power of the toroidal field coil decreases by ~ 15%.
The detailed tradeoffs be’cweep increased capital costs (increases in Epp, Py, and

Wrr) and decreased operating costs (decreased Prr) is beyond the scope of this

work.

Table,-4.5.—_2 -shows-the main parameters of the magnet system when the
héight of the toroidal field coil is varied. The main variations occur in the weight
of the magnet anc the resistive power dissipation. Increasing the height of the
magnet by 5% increases the weight of the maghet by 7% and decreases the
resistive power of the magnet by 5%, while increasing the power dissipation of

the EF system and its weight by 5%.
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Table 4.5.1.1
Parametric Scan vs. Thickness of Outer Leg, t,.¢

Puati = 8 MW/m? (y = 0.93), o7p = 150 MPa

. tewe(m) .10 1.5 2.0

A 4.0 4.07 3.98
F' (m) 4.79 4.89 4.98
a (m) 1.2 1.2 1.25
5 (T) 842 8.5 8.32
I (MA) ©11.2 11.1 11.6
F (m? T*) 28.4 28.4 29.5
F; (GW) 2.78 2.84 3.01
0 100p(MPa) 0.152  0.149  0.143
Tz(GN m) 3.4 3.65 3.84
"rr(Gg) 5.49 6.49 7.72
Erp(GJ) 16.3 17.5 18.5
Frp(MW) 656 610 573
Whianket(Gg) 0.164  0.167  0.176
. Eon(GJ) 1.95 1.96  2.14
" Fop(MW) 561  55.2  59.6
Egr(GJ) 2.48 27 2.98
Fer(GW) 0 0.283 0298  0.317
wr(Gg) 0.567  0.599  0.64

MAgr(MA-turn) 27.7 27.9 28.5
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Table 4.5.1.2
Parametric Scan vs. Height of Toroidal Field Coil
" Puay = 8 MW/m? (y = 0.93), orr = 150 MPa

~ hrr (m) 6.33  6.63  6.93
Wrr (Gg) 6.05 6.5 6.95
Err(GJ) 166 175 185
Pre(MW) - 645 610 530
Egr(GJ) 2.51 2.7 2.9
Per(GW) 0.284  0.298  0.313
Wer(Gg) 0.573  0.60  0.63

MApr(MA) 264 279 293
Tr (GNm) 365  3.66 3.5
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4.5.2 Equilibrium Field System

PRIl |

In this section, an optimization of the vertical field system for a specific
TF design is performed. The geometry of the TF coil used in the optimization
studies of the EF system are shown in Figure 3.1.1.

The optimiza:ion study has been performed as follows: for a given set of
plasma parameter: and a boundary for the TF coil, the optimum coil location is
determined. Wher. that location is determined, the current densities in the coils

are varied. The design point for the illustrative parameters is then chosen.

It would in principle be possible to calculate the vertical field system using
an equilibrium field coil for each particular case. [6]. This procedure would be

tedious and time consuming. The approach used has been described in chapter

3.

There are four parameters of interest in performing the optimization study

of the EF system. These are:

o Resistive losses during the plasma burn
. Eriefgj7 s?qored at peak current

e Mass of t.bé é;ils

e Ampere turns.

Figures 4.5.2.1 through 4.5.2.4 show the resistive loses, at peak conditions
for Pyau = 8MW, m?, the stored energy at peak field, the weight of the coils and
the number of A-turns as functions of the locations of the EF coils for the TF coil
outer envelope shcwn in Figure 3.1.1. These Figures show contours of constant

resistive power, stored energy, weight and MA-turns of the vertical field system
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as the locations o’ the main and shaping EF coils are varied. The coordinate
hmain Tepresents the lowest point of the main EF coil, and the ordinate Rshaping
represents the point of minimum major radius of the shaping coil (see Figure
3.1.1). It is assumed that the current density in the coils is j; = 7o = 1.2 X 107
A/m2 InF1gure< 4.5.2.1 through 4.5.2.4 it is assumed that the major radius
of the main coil, R; and the height of the shaping coil h are such that the
clearance between the TF coil and the poloidal field coils is 0.1 m. The coil

locations are then self-consistently determined from hmqin and Rshaping and the

current density in the coils.

As can be seen from the figures, the optimum location of the coils is such
that hmqin is as sriall as possible, that is, the main equilibrium coil should be as
close as possible to the midplane. The parameters of the system do not depend
strongly on the location of the shaping coil. h,,q;n is determined from access
considerations: th: coil should clear the access openingé in the TF coil, and it
should have sufficient clearance. From engineering considerations (described in
the structures section), the clearance should be ~ 0.5 m. As the port half height
1505 m, t_hén 't,h»é height of the lowest point of the main EF coil is Aypgin = 1.0
m The location éi"thé shaping coil is such that it clears the inner corner, that is,
Rihaping ~ Ro (where R, = R—a—§;). Reducing Rshaping has the advantage
of giving the plasma a significant amount of triangularity without increasing the
requirements of the EF system considerably. Access to this area without havivng
to place the coils inside the toroidal field system is one of the advantages of

resistive versus superconducting magnets.

Next, the optimum current density in each coil is determined. Figures
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4.5.2.5 through 4.5.2.8 show contours of constant peak resistive power, peak

e g X

stored energy, weight and number of MA-turns as functions of the current
densities in the main EF coil (s1) and in the shaping coil (3) for hmein = 1.5
m. The optimum iﬁ this case is nbt as clear: as the resistive power decreases,
the s-tvoretni‘iene»rgj. and weight incréase. The point 73 ~ jo ~ 1.2 X 10" MA/m?

has been chosen a; a compromise.
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Figure 4.5.2.1  Contours of Constant Resistive Losses in EF Coil
vs Locations of Coils for §) = j, = 12 MA/m?.
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Figure 4.5.2.2  Contours of Constant Energy in EF Coil vs Locations
of Coils for j) == j» = 12 MA/m?,
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_A hmoin(m)

Figure 4.5.2.3  Contours of Constant Weight of EF Coil vs Locations
of Coils for 5; = 7, = 12 MA/m?,
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Figure 4.5.2.4  Contours of Constant Ampere-Turns in EF Coil vs
Locations of Coils for j; = 7, = 12 MA/m?.
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J, (MAIM?)

Figure 4.5.2.5 Contours of Constant Resistive Power Losses in
EF Coil vs Current Densitics in the Coils
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J, (MAIM?)

J; (MA/mM?)

Figure 4.5.2.6  Contours of Constant Magnetic Stored Energy in
EF Coil vs Current Densities in the Coils
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J, (MAIM®)

Figure 4.5.2.7 Contours of Constant Weight in EF Coil vs Current
Densities in the Coils
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Figure 4.5.28  Contours of Constant Ampere Turns in EF Coil vs
Current Densities in the Coils
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5 ILLUSTRATIVE DESIGN

RS

In this section, the base case is described. The purpose of this chapter
is to summarily describe the engineering aspects of an illustrative design of a
resistive magnet reactor AFTR using DD-DT fuel cycle. A thorough analysis
of the engineering of this device is outside the scope of this work. However,
analysis of the magnet system of a smaller machine with similar characteristics

(FED-R2) has been carried out and is reported in reference [1].

In Section 5.1 the base case is illustrated. In Section 5.2, the engineering

concepts of the AFTR -type device are described.
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5.1 Base Case

" Table 5.1.1 shows the main characteristics of the base case for the full
perfomance (full ﬁe‘ld). Figure 5.1.1 shows an elevation view of the machine.
The ;nainmdimens‘ion of the reactor are shown in the figure. The poloidal field
coils are shown. The port geometry is illustrated. Figure 5.1.2 shows a top view
of AFTR . There are 16 modules, each with a port. Figure 5.1.3 shows a cross
sectional view of AFTR . The first wall and the blanket/shield are not shown.

The machine can operate at full performance with 1 — 4 = 0.07. Table
5.1.2.a shows thé tradeoffs of fusion power, wall loading and 1 — ~ for the case
of full performance. Operation at 1 — ~ < 0.07 at full field is ruled out due to
wall loading limitations. Operation with increased values of 1— -~ result in lower
wall loadings at full field. For 1 — ~ as large as 0.3, the neutron wall loading is
Pyeu > 1.8 MW/m?2. Alternatively, for 1 — 4 = 0.07 the reactor can operate
at a neutron wall loading of Py = 1 MW/m2 by operation at lower plasma @
and reduced field (B = 5.1 T). This is shown in Table 5.1.2.b. In this case, the
T rééistive power. ( TF plus EF resistive powers) is reduced to 320 MW, while the
fusion power has been decreased to 350 MW.

Note that the fusion power decréases faster with decreasing magnetic field
than the resistive power. This is due to the fact that the fusion power scales with
the fourth power of the magnetic field, the resistive power scales as the second
power of the magnetic field. Therefore, if the goal is to increase the value of

@rr = Ps/Prp, then the highest possible fields should be used.

The peak magnetic field on axis is 8.5 T, the major radius of the machine
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is 4.8 m, the aspect ratio is 4. The safety factor ¢ is 2.5. The burn pulse in the

machinéis 100 seconds.

-‘The ene»rgy_ in the toroidal field system is 17.5 GJ. The energy in the
equ1hbr1um field system (with small OH fields) is 2.7 GJ. The peak resistive
power dlssmatlon in the magnet is 610 MW, not including the vertical field
system (another 300 MW).

The plasma TF coil distance is 0.50 m in the inboard side of the machine,
while the distance in the outboard is 0.80 m. The space allowed for the plasma
scrape-off distance is 0.14 m, leaviﬁg about 0.36 m for an inboard blanket,
multiplier and the first wall. The outboard blanket can be substantially larger.
There is no space in the throat of the magnet for shielding to reduce neutron

streaming into the TF coil.

The weight of the machine, inluding TF coil plus blanket/chield, is 6.6
ktonnes. The tensile stresses in the inner throat of the magnet are orp = 150

MPa. The circumferential stresses are Ohoop = 150 MPa.

The neutron wall loading P,y is 8 MW/mz. The corresponding fusion
- pé\'ver is 2.8 GW. The allowable value of Nisy = 0.93 for Pyoy = 8 MW /m?2.

waer values of v can be obtained by operating at lower values of P,q
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Table 5.1.1
AFTR -TYPE DEVICE MAIN PARAMETERS

et el

~ : PLASMA
MAJOR RADIUS (m) : 4.8
MINOR RADIUS (m) 1.2
SCRAPE-OFF LAYER (m) 0.14
PLASMA ELONGATION (m) . 1.5
PLASMA TRIANGULARITY 0.2
ASPECT RATIO _ 4.0
PLASMA TEMPERATURE (keV) 25
1—n 0.07
D-T ION DENSITY (m™—3%) 1.8 X102
SAFETY FACTOR 2.5
PLASMA CURRENT (MA) | 11.1
EFFECTIVE CHARGE , 1.2
PEAK-TO-AVERAGE
RIPPLE AT EDGE (%) 0.8
TOTAL BETA (%) 6.2
FIELD ON AXIS (T) 8.5
.. D-T FUSION. POWER (MW) _ 2800
NEUTRON WALL LOADING _
-~ MW/m?) 8
PLASMA HEATING (DT)
RF POWER (MW) 50
MODE 2weq
FREQUENCY (MHZ) 130
BLANKET/SHIELD
INBOARD BLANKET THICKNESS (m) 0.29

OUTBOARD BLANKET /SHIELD
THICKNESS (m) 0.59
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-~ V-s FROM EF COILS (Wb

AFTR -TYPE DEVICE PARAMETERS (continued)

PLATE SIZE (m?)

NUMBER OF TF PLATES
NUMBER OF MODULES
MAXIMUM TF FIELD (T)
MAXIMUM CURRENT DENSITY (kA /cm?)
RESISTIVE LOSSES (MW)

TF POWER (START-UP) (MW)
TF STORED ENERGY (MJ)
TF WEIGHT (ktonnes)

TOTAL CURRENT (MA)

COIL CURRENT (kA)
CHARGE TIME (s)

EF COIL A-TURNS (MAT)
_ )

V-s FROM OH COILS (Wb)

TOTAL V-s FROM PF (Wb)

FIELD (OH SOLENOID) (T)

CURRENT RISE TIME (s)

CURRENT DENSITY (EF COILS) (MA/m?)

PEAK RESISTIVE POWER (EF COIL) (MW)

PEAK RESISTIVE POWER (OH COIL) (MW)
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TF COIL |
6.7X6.6
384
16
13
0.97
610
800
17.5
6.5
200
520
60
PF COILS
27.9
42
125
167
15.1

12.
300
70




Table 5.1.2
(a) Peak Performance Trade-Offs

B 8.5T
Prr (MW) 610
Per (MW) 300
1— Y Pwau(MW/mz) Pf(GW)
0.0 (DT) 25 8.8
0.07 8 2.8
0.2 2.7 0.95
0.3 1.8 0.63

(b) Reduced Performance

~ = 0.93
"B(T) Puan(MW/m?)  P;(GW) -
85 8 2.8
7.1 4 1.4
6.0 9 0.7
5.1 1 0.35
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Pres(MW)
900
636

450
320
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Figure 5.1.1  Elevation View of AFTR .
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Figure 5.1.2  Top view of AFTR.
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5.2 Engineering Concepts for AFTR

"

~ The AFTR type of tokamak reactor is modeled after Alcator. The basis of
the machine is a toroidal field coil made of tapered Bitter plates. But a majof
difference between Alcator and AFTR is the means by which forces generated
in the copper plates are transmitted to the reinforcing steel and by which the
overturning torque of the vertical field is restrained. In Alcator A these are
both accomplished by friction between plates of the TF coil which, in turn, is
achieved through adequate circumferential clamping. In Alcator C keying is
used additionally. Because of the much higher in-plane and overturning forces
in AFTR either very high circumferential stress is needed to provide sufficient
friction or a positive support for each copper turn is needed. For reasons outlined

below, the latter concept is adopted.

The TF coil of AFTR is operated continuously and cooled accordingly.
Except for pulsed operation, cryogenic cooling provides no net economy over
water-cooling. For pulses as short as one minute, liquid nitrogen pre-cooling
-, might result in decreased capital cost. It cannot decrease operating cost however

and has not been: considered in the present conceptual design.

The choice of structural principle is influenced predominantly by emer-
gencies and maintenance. Modularity has been adopted as a sine qua non of
maintenance. It allows the removal of an octant (or possibly smaller unit) of
the combined TF coil, blanket, first wall system. In order to fully exploit the
advantages of modularity, a simple method of breaking and remaking a vacuum
joint in the first wall is needed. The present design assumes that this will be done

by means of differentially pumped, unwelded flange seals. This would eliminate
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the most complicated step in a change-out procedure and is considered to be

feasible with some development. It is described below.

"The magnetic fields of a tokamak are generated by four current sources;
ﬁh__e toroidal ﬁg]d coil, the vertical field coils, the induction coil and the plasma.
These fields and currents interact to produce Lorentz forces of which by far the
most significant are the in-plane and overturning torque in the TF coil. The
design of the TF coil system to withstand these forces dominates the conceptual

design and is therefore considered exclusively in the present study.
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5.3 The Toroida)

PRSIV B

5.3.1" Forces and

It is well kno;
TF coil system.
plane. The in-pla
the current in the
the interaction of

and by the lateral

The in-plane
vertical componen
the size of the mag
Mises or Tresa) td
of the material i in

: plates must be sh1
ﬂow. This preven

That force must t

Also, in the
prevents the copp

load also must be

The general
in figure 5.3.1.

Field Coil

Constraints

vn that forces of two rather distinct origins act on a tokamak
These forces are characterized by being in-plane or out-of-
ne forces arise from the interaction of the toroidal field with
toroidal field magnet, the out-of-plane forces are generated by
Lhe poloidal fields with the current in the toroidal field magnet

reaction to the inward net radial force.

forces consist of vertical and horizontal components. The
it in the throat combined with the lateral compression dictates
hine, which must be large enough for this combined stress (von
be an appropriately small fraction of the tensile yield stress
the throat. In the outer vertical leg of the TF coil, the copper
along the horizontal mid-plane to allow turn-to-turn current

s the copper from carrying the vertical load in the outer leg.

herefore be transferred from the copper to the reinforcement.

puter leg, the Lorentz force is radially outward and the slit
br from taking any of that loading in bending. Therefore that

transferred to the reinforcement.

grrangement of the plates and the direction of forces is shown
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ne forces are reacted by tensile or compressive stresses, as is the
y contrast, the out-of-plane forces due to the overturning load
)‘shear. Figure 5.3.2 shows the disposition of the overturning

hr stresses that react it.

ess in the horizontal mid-plane of the TF coil is reacted by the
inless steel wedges). This mechanism is the same as that in

pe TF coils, such as Alcator. It is necessitated by the break

fhe outer leg where current transfer between turns is effected.

nis break, the vertical load in the outer leg of the copper must
d to the reinforcement. This is mediated by insulated keys,
lly in Figures 5.3.2 and 5.3.3. Figure 5.3.2 indicates their
ngth; Figure 5.3.3 schematically shows their arrangement with
ling channels. These keys also serve to transmit vertical and

rces in the vertical plane that are generated by the overturning

arrangement of the EF and TF coils, ports and plasma is
.3.4. An enlarged view of the TF coil plates near the port
nown in Figure 5.3.5. The corners of the plates are removed
pending stiffness. This prevents. large bending moments from
down the throat of the TF coil. It also offers the advantage
lacement. Both the induction coil and the vertical field coils
| as closé to the plasma as possible: the space made available

the corners of the TF coil can profitably be occupied by those
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5.3.2 Cooling

" The cop‘perfﬁfates of the TF coil are water-cooled to allow steady state

operation. The cd

oling channels are formed close to one surface of each copper

plate by a lost wak process. The side chosen for the cooling channels is dictated

by the shear fordes due to vertical load transfer and overturning movement.

These add on one

side of the copper plate and subtract on the other. Thus there

will be an asymmeptry in the keys which react the Shear. The cooling channels

will be located on

the face of lowest shear load.

The cooling srface area of the channels is distributed throughout the plate

in proportion to

the thermal dissipation density: about 40% of the heat is

generated in the tihroat region and 60% everywhere else. The channels are dis-

posed so as to rem

rise in the copper,

~5.3:3 Insulation”

hnd Electrical Interconnection

pve this distribution of heat with roughly uniform temperature

The reinforcgment between copper plates is fully insulated and at ground

potential. This a
TF coil and the 1

copper plates and

planket or shield and first wall.

lows the reinforcement to be used as structure for both the

The insulation between the

reinforcement is in the form of plane sheets in all locations.

Inorganic or organfc based insulatin may be used, such as mica or glass polyimide,

depending on the as yet unresolved cémpromise needed between mechanical

toughness and radiation resistance.
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It is useful t

outward from reg

b note that deterioration of the insulation proceeds radially

ons closed to the plasma, the rate of deterioration decreasing

by a-factor 10 for dach 15 cm of distance through the TF coil. More is said about

the properties of {
The copper j

fer (see figures 5.

Conduction coolir

he insulation under neutron irradiation in section 3.3.

lates are split at the outer mid-plane to allow current trans-
8.2 and 5.3.3). The interconnector is shown in Figure 5.3.6.

g alone limits the temperature of the interconnector.

The copper plates and reinforcement are specifically shaped to span the

various flange op{

and vertical load

5.3.4 Topology

nings. Two effects result from these spaces, TF field ripple

reaction. (The latter is described above).

The copper

non-standard uni

!

lates, insulators and reinforcements consist of standard and

according to their positions in the 22 1/2° modular sub-unit.

=. The standard copper plates, reinforcement and keys are shown in plan view in

Figur_e 5.3.7.

Fach module
flanges. The latte
Each half-flange 1

is a 45° sector containing a central port flange and two end
- form the vacuum seals by which the vacuum vessel is linked.

hates to the corresponding half-flange in the adjacent module.

The method of dlosure of these flanges is either by external welding or by

demountable met
vacuum in the ve

mirror images in f

] seals, differentially pumped to give the required quality of
bsel. The module thus consists of two sub-modules which are

he central port flange. This is shown in Figure 5.3.8.
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Each sub-moflule is in turn divided into parts in which the copper plates
are either left or rjght handed. The left and right handedness of the plates arises
from the method pf fabrication (see Figure 5.3.7). Recourse to higher strength
is needed in the thfoat, and the cdpper in that region is work-hardened to an
ap.propriége désgfe-e by cold rolling. ~This process restricts plate size. Consequently
the plates are mahufactured in three parts. The throat section is machined to
the required tapef and electron beam welded to top and bottom sections of
constant thicknes and of softer grade as shown in Figure 5.3.4. One face of
the tapered sectiop is in line with ofie of the other faces of the other sections.
Hence the left ang right-handedness. Half way between a closure flange and a
port flange the orjentation of the copper plate is reversed by means of a double
steel reinforcemert (see Figure 5.3.7). This results in the juxta position of a
plane copper face{to the adjacent flange face. This, together with the double

reinforcement, requces toroidal field ripple to a very lov level.
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Higure 5.3.1  Direction of Applied Forces in AFTR
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igure 5.3.2  Applied Torsional Forces and Reacting Shear in the
BITTER Plates.
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Schematic Arrangement of Keys and
Cooling Channels in the BITTER plates of

AFTR.

Figure 5.3.3
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Figure 5.3.4  General Arrangement of the TF and EF Coils, Ports
and Plasmain AFTR .
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igure 5.3.5

Schematic Diagram of the Plates of the BITTER TF
Coil in the Vecinity of a Port.
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Higure 5.3.6  Conncctor for Plate-to-Plate Transfer of Current.
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Ii"igure 5.3.7 Sub-module Arrangement Showing Double Steel
Reinforcement
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Figure 5.3.8  Module of Toroidal Field Coil. 16 Modules Constitute
the BITTER maghet. Plasma Access is Gained through
the Middle of the Module,
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6 SUPERCONDUCTING MACHINES

PRS2

Resistive toreidal field coils represent both a high operating cost and, through
power conditioning equipment, an appreciable capital cost. Furthermore, in the
economics of a fusion reactor devoted to ele_ctricity production, recirculating
power requirements may represent a significant part of the capital cost and hence
drive up the cost per unit of electricity produced. Superconductive toroidal field
coils solve or mitigate these disadvantages while presenting others. In order to
determine the advantages and problems of superconducting toroidal field coils,
a brief parametric study has been undertaken for their applications to AFCR
(Advanced Fusion Commercial Reactor). This study has been carried out using a
simple code, REACTOR, which designs the smallest tokamak reactor consistent

with a set of input parameters.
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6.1

and the engineering constraints of conductor and structures.

The REACTOR Program

. This code sizes a tokamak from data describing the physics of the plasma

Input data is the following:

e plasma parameter
¢ aspect ratio
e burn time
o first wall, blanket/shield and scrape-off distance
e tensile stress allowable in
toroidal structure
bucking cylinder
induction structure
stabilizing copper

e current density in toroidal and induction winding coils

. ¢ fraction of copper in the windings

. e maximum induction coil flux density

¢ number of TF coils
¢ beta constant
¢ plasma elongation

¢ peak electron temperature

ﬂ2B4a2
R/a

Tourn

Ains Aout

orp
Obuckpost
O0oH

OCu

JTF,c; JOH ¢
FC'u.
BOH,maz
Ncoils

¢cg = BR/a
b/a

T.

Using these, together with a guessed initial value of major radius, the pro-

gram sizes the toroidal field coils, bucking cylinder and ohmic heating trans-

former for the smallest possible machine. The output data is the following:
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-+ major radius - R
o‘ minor radilus : a
- ¢ toroidal field, at the plasma and at the TF winding B, Bz
¢ toroidal current I
¢ induction coil radii , Roy
¢ bucking cylinder inner and outer radii Ry puck and Ry pyck
e TF coil inner and outer radii of inner leg Ry,rr and Ry rp

o TF coil, shape factor and inner radius of outer leg
e centering and tensile forces in TF coil

o fraction of cross sections devoted to windings

e average current densities in cross sections Jrr and jon
¢ length of TF conductor in ampere-meter ’ Leond
e fusion power and wall loading Py and Py

The code is simple and short. It is intended for parametric survey. A greater
range of input variables than those listed can be achieved by manipulation of
the input'd‘atz‘i'.riFor iﬁstahce, spacing between TFAcoils can be simulated by
déﬁreésing inputstr.e;ses and current densities. Resistive OH transformer can
be simulated by changing the maximum induction coil lux density. Copper TF
coils can be simuliated by increasing the copper fraction in the windings to 100%
and decreasing the TF structural stress to zero. This even allows copper-stainless

steel composites to be simulated.

The program has been used to investigate the probable sizes and parametric

dependences of AFCR type systems with superconducting toroidal and poloidal
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field coils. The results are shown in the next chapter.

" The assumptions of the code are given in Table 6.1. Some of the parameters

shown in Table 6.1 are varied in the scoping study presented in the next chapter.

Chapter 8 describes the engineering features of an illustrative design.

176




Table 6.1
Assumptions for the Reactor Code

_TF ripple on-axis, &, 0.1%
number of TF coils, N.oiis 16
tensile stress in TF structure, orp (MPa) 270
tensile stress in OH structure, ooy (MPa) 300
tensile stress in TF copper, o¢, (MPa) 135
bucking cylinder compressive stress, Obuckpost (MPa) 300
TF winding current density, jrr (MA/m?) 18
OH winding current density, jon (MA/m?) 18
EF winding current density, jer (MA/m?) 15
OH field strength, Boy,maz (T) 7
fraction of stabilizing copper

in TF windings, fou : 70%
cg=p XA 0.25
peak electron temperature, T,,(keV) 35
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7 SCOPING STUDIES OF AFCR

In this'section, parametric scans of the AFCR (Advanced Fusion Commercial

Reactor) are performed to illustrate the tradeofTs.

The device we are considering, AFCR , is an advanced applications com-
mercial reactor. Its goal would be to be a net generator of electricity, coupled
with self-substaining tritium produétion. The reactor could be designed in or-
der to optimize the blanket/shield region and the first wall with self sufficiency
in tritium. The blanket/shield and first wall would be optimized in terms of
activation (either short term or long term), lifetime of first wall under sputter-
ing or disruptions (which may require thicker walls) or for applications other
than direct production of electricity. These applications could be s:ynthetic fuel
production, breeding of fissile material or breeding excess tritium production to

be used in smaller reactors that do not have tritium self sufficiency.
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7.1 AFCR with DD-DT fuels

~ In this section; reactor characteristics of an AFCR operating with DD-DT
fuels are described. There is a wide range of operation with DD-DT as fuel.
Where to operate in DD-DT fuels could depend on the reactor size required for
sufficiently large wall loadings. In this section, the main engineering and plasma
physics parameters are kept fixed, and the parameter 1 — ~ which identifies the
regime of operation in DD-DT is allowed to vary. In the following sections of this
chapter, specific tradeoffs and parametric studies are performed for fixed 1 — 4.
There it is found that an aspect ratio A ~ 4 optimizes AFCR . Therefore in this
section it assumed that A ~ 4. The other important parameters used in this
section are described in Table 7.1.1. A is the aspect ratio, P4y is the average
neutron wall loading in the plasma surface, ¢ is the plasma safety factor, ¢ =
B X A, k = b/a is the plasma elongation, T, is the electron central temperature,
Tpurn 18 the length of the pldsma burn, orp is the tensile stress in the throat
of the TF magnet, Obuckpost 18 the stress in the buckin post, §, is the ripple at
g thle plasma edgez Neoits 1s the number of toroidal field coils, and Bo i maz is the
peak field m tf-l_ezOH tr#nsforme:.
| Table 7.1.2 shows the main reactor parameters of an AFCR device as a func-
tion of 1 — ~. The parametric variation is performed assuming the constraints
in Table 7.1.1. The wall loading is kept fixed in order to compare reactors with
similar problems relevant to the first wall (impurity control, life-time and cool-
ing). '
The magnetic field on axis B is varied between 4.0 T and 8.0 T. The

corresponding values of 1 —  vary between 0 and 0.4. The aspect ratio is kept
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constant at A ~ 4. The wall loading is also kept also constant at P, = 2.2
MW /2% 1he value of the plasma performace P defined in chapter 2, increases
very-fast with in—cyéasing value of 1 —~. This is due to the fact that the specific
fusion power densit}} Pf/ﬂzB4 decreases rapidly as the mode of operation moves

aWay»-frorri‘DT.\ N

In Table 7.1.2 R is the plasma major 'radius, a is the minor radius, J
is the plasma current, Erp is the energy stored in the TF coil, £.ong is the
conductor length times the conductor current for the TF coils, BrF maz 18 the
peak field at the conductor of the toroidal field coil, Wyanket is the weight of
the blanket/shield, Eoy is the energy stored in the magnetic field of the OH
transformer when it is up to full field and Ipy is its corresponding current, and
Erpr and Wgr are the energy stored and the weight of the vertical field system
and M Agp is the Mega Ampere turns in this system.

1 — v = 0 corresponds to DT operation. (There is a small deviation from
1 — v = 0for DT, because of the small contribution to the neutron production
by.the deuterium reactions D(D,n)Hes which produces a neutron and D(D,p)T,
whlch préduce-s- é‘.friton; these reactions are pres—ent in a 50-50 DT fuel mixture).
The machine for 1 —y = 0 (DT operation) is somewhat larger than typical
fusion designs which operate on DT. The reason for the larger size is that the
pulse length is 3600 s. The pulse length for typical DT reactor designs is a
few minutes. The largest machine has a plasma performance P = 155 m? T*,
which results in 1 — 4 = 0.6, or about half way between DT and DD in terms
of tritium breeding required in the blanket for self-sufficiency in tritium. The

operating temperature varies for the different cases in Table 7.1.2. For a fuel
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mixture close to DT, the fusion power is maximized for T; ~ 20 keV, while for
DD-DT operation for 1 —~ > 0.05, the temperature for minimizing the value of

P required for ig'nj“tion occurs at higher temperatures. Note, however, that the
| specific fusion powei" density does not vary significantly with temperature in the
teinp;:ratgfe r'antgve 25 < T; < 35 keV in the range of 1 —  considered in Table
7.1.2 as shown in Chapter 2.

The OH transformer has a significant consequence on the machine design
due to the relatively long pulse length. High temperature is favored by the OH
transformer due to decreased resistivity during burn with higher temperatures.
The lower température in the DT case is a tradeoff between decreased fusion
power density and decreased OH drive requirements at the higher temperatures.
The lower temperatures result in a more attractive design for DT, while the
higher temperatures are favoured by DD-DT operation. This is due to the fact
that the specific fusion power density is relatively flat with temperature in the
case of DD-DT operation, while the higher temperature reduces the required volt

seconds from the OH transformer.

zu-;‘AISO's.howh in Table 7.1.2 are the fusion power and neutron wall loading if

the re'actors are 6pérated with DT fuel.

From Table 7.1.2, it can be seen that there is a factor of ~ 10 reduction in
fusion power for 1 — v = 0.2 due to the lower reactivity of DD-DT relative to
that of DT. The equivalent DT wall loading increases very fast with 1 — =, with
the consequence that DT bperation cannot be used in a reac'tor desinged to run
DD-DT, unless the reactor is underrated (the magnetic field or the plasma § can

be dropped to decrease the fusion power).
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The results in Table 7.1.2 are shown in Figures 7.1.1 through 7.1.3 as a
function of 1 — . Figure 7.1.1 shows the normalized values of the plasma
par:afmeters P, I; R, P; and B as functions of 1 — «. Figure 7.1.2 shows the
parameters of the téroidal field sys’bem Erp, BrF,maez and £eong as functions of
1——-'7 Fi-g‘ﬁre 7.1:3 shows the parafneters of the vertical field system as functions
of 1 — «. There are large increases in the main parameters of the reactor as the

fuel mixture moves away from DT towards SCD.

The value of 1 — « for operating an electricity producing reactor is the
value necesary to obtain tritium self sufficiency. The tritium breeding ratio is
determined by the neutronic characteristics of the blanket. Therefore, the overall

tritium breeding ratio is determined by both 1 — v and the blanket.

Although the reactor increases in size, it is interesting to note that the
availability of excess neutrons (neutrons not requivred for tritium *»reeding) in-
creases as fuel mixture moves away from DT. The number of excess neutrons

(see chapters 2 and 4) scales as

R, ~ 3.6 X 10%°(k — v)P;

where R, is the excess neutron rate in neutrons per s, k is the effective breeding
ratio of the blanket and Py is the fusion power in GW. Due to the fact that Py
increases with increasing 1 — ~ while « decreases, F,, increases. The question
is whether the increase in R, is large enough to compensate for the increase in
machine size. Figures 7.1.4 and 7.1.5 show the ratios R,,/Err and Ry /fcond as
function of 1 — v for k varying from 0.9 through 1.1. The use of the AFCR

device for neutron applications becomes more attractive with increasing value
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of 1 — ~. The ratios R,/Err and R,/ onq increase with 1 — ~ for k < 1.05.
For k ~ 1.1, the ratio R,/Erp remains approximately constant, while the
ratio Rn/fco,;d increases with increasing 1 — ~. However, the device size also
increases substantiaily. The point of operation is a tradeoff between more efficient
exlces“s n‘ehu‘ﬁroh' géneration rate and increased plant size. This tradeoff has not
been analyzed in the work reported here. From the point of view of neutron

applications, operation in DD-DT fuels is attractive.

For illustrative purposes, it was chosen to do engineering analysis on the
machine with 1 — « = 0.8, that is, R = 9.6 m. This machine would be able to
produce a substantial amount of excess neutrons, or, equivalently, would be able
to be self sufficient in tritium production in a blanket that has been optimized
for purposes other than tritium breeding (maybe without an inboard blanket, or

with a solid blanket without multiplier).

The remaining of this chapter deals with parametric optimization and scop-
ing of the AFCR device. Chapter 8 deals with some engineering issues of the
AFCR device.
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Table 7.1.1

Assumptions for Scoping Study

vs 1 — 7

A : 4
Puon (MW /m?) 2.2
q 2.5
cp ' 0.25
b/a ’ 1.5
T. (keV) (DT) ° 18

(DD-DT) 35
Tourn (8) (Zefr = 1) 3600
orrp (MPa) 270
Obuckpost (MPa) 300

fraction of stabilizing

copper in TF windings 70%

8o 0.1%
Ncoils 16
B_OH,ma:z: (T) ,7
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Parametric Scan vs 1 — v

for Pwall = 2.2 :[\’I“I/III2

1—x

A

E (m)

a (m)

B (m)

I (MA)

P (m?2T*%)

P; (GW)

DT-equivalent operation

Pwall (MW/IIIZ)
Py (GW)

Err (GJ)
econd (GA m)

- Brp,maz (T)

- Wianker (Gg) - -~
Eom (GJ)

Iog (MA) -

Egr (GJ)

Wer (Gg)

MAgr (MA turns)

Table 7.1.2

0.005
4.01
6.61
1.65
4.06
7.4
2.88
1.54

2.2
1.54

13.5
7.22
7.76
1.43
8.03
89.8
2.15
0.466
16.4
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0.125
4.0
8.4
2.1
6.45
15.0
29.8
2.34

17.8
18.0

55.9
18.6
11.2
2.14
12.0
113.
9.12
1.07
31.2

0.20
4.0
9.6
2.4
7.05
18.7
55.6
3.1

29.1
40.7

89.2
26.5
11.9
2.69
17.5
125.
14.2
1.4

36.4

0.275
3.99
10.7
2.69
7.52
22.4
90.7
3.9

42.3
74.2

131.
35.5
12.3
3.27
24.2
137.
20.4
1.75

" 41.3

0.375
3.99
12.3
3.07
8.0
27.2
151.
5.2

61.7
141.

206.
49.3
12.7
4.13
35.2
152.
30.7
2.25
47.2
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Figure 7.1.1  Normalized Valuesof P, I, R, B and Py as Functions
of 1 — ~ for AIFCR Type Devices with Py = 2.2
MW/m? '
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Figure 7.1.2 Normalized Values of Epy- and £.,,9 as Functions
of 1 — « for AFCR Type Devices with Py = 2.2
MW /m?
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Figure 7.1.3  Nommalized Values of Erj- and M Ag;- as Functions
of 1 — « for AFCR Type Devices with Py = 2.2
MW /in?

188

0.4




Rn/Eqe

Figure 7.1.4  Ratio of Excess Neutron Generation Rate and Erp
as Function of 1 — « for AFCR Typc Devices with
Puau = 2.2 MW/m? ks the Effective Tritium Breeding
Ratio (arbitrary units)
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Figure 7.1.5 Ratio of Excess Neutron Generation Rate and {.ong
as Function of 1 — ~ for AFCR Type Devices with
Puoil = 2.2 MW7m? k is the Effective Tritium Breeding
Ratio (arbitrary units)
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7.2 Scoping Studies of the AF'CR Device

~ In this section; scoping study of the AF'CR device is performed for a fixed

" value of 1 — . 1 — = 0.2 has been chosen for the illustrative case.

In order to keep the nuclear characteristics of the machine designs constant,
the neutron wall loading of the first wall is kept constant in most of the param-
terics scans performed in this chapter. The effect of changing the wall loading,
however, is also analyzed. The radial build of the blanket/shield region is also

varied to study the effect on the main machine parameters.

In order to maximize the burn pulse length, it is assumed that the OH trans-
former is double swung (the magnetic field in the OH transformer is reversed).
The illustrative case has a burn pulse of 3600 s, that is, one hour of operation.
The effect of different pulse lengths and the possibility of current drive is analyzed

in section 7.4.

The plasma elongation has been chosen to be k = b/a = 1.5 and the plasma
safety factor ¢ = 2.5 at the plasma edge and ¢ = 0.9— 1.0 at the plasma center.
" .-For these conditions, it is assumed that the value of the average toroidal beta

(5) 18 -determineaf by- -

_ 0z

P=7

The parameters of the equilibrium field system are calculated using the

method described in chapter 3.

The distance between the toroidal field coil and the plasma in the midplane

in the throat of the magnet, §; is assumed to be §; = 1.50 m. This allows for 1.2
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m of blanket/shielding in the inboard of the magnet, plus 0.10 m for first wall
and 0:20'm for the plasma scrape-off region. On the outboard side of the plasma,
the distance between the plasma and the toroidal field coil is the larger of 2.0
m or the value reciuired to reduce the ripple in the magnetic field to acceptable
levels. The larger distance allows for 1.5 m of blanket/shield modules located

between the toroidal field coil and the first wall.

The assumptions in the parametric codé are shown in Table 7.2.1. Table
7.2.2 shows the results of the parametric scan vs. aspect ratio for a fixed neutron
wall loading of Pyay = 2.2 MW/mz. In Table 7.2.2, I is the plasma current, Py
is the total fusion power, £.,,.4 is the length of the conductor of the TF coil times
its current, Erp is the stored energy in the EF coil, Egp is the stored energy
in the EF coils and MAgpr is the Ampere turns of the EF coils. Brp maz 18
the maximum field at the conductor. Table 7.2.2 shows that for a f.xed neutron
wall loading there is a maximum aspect ratio, above which the peak field at the

conductor would be larger than the maximum allowable.

. --. Figure 7.2.1.shows the plasma current I, the magnetic field on axis B, the
p}la_s;'rla rﬁajor —raidius. R, the plasma performance P, and the fusion power Py as
functions of the aspect ratio. The plasma major radius remains approximately
constant because of the constraint on the stresses in the throat of the magnet:
as the aspect ratio increases, the throat cross sectional area increases sufficiently
to balance the increased loads due to the increased magnetic field necessary to
keep Pyq.u constant. Furthermore, the thickness of the blanket/shield region
remains constant, and this is a significant driver in the size of the reactor. The

fusion power, however, increases very significantly. This is due to the constraint
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of constant wall loading, coupled with the approximately constant major radius,
resulting in increased wall area as the aspect ratio is decreased. The plasma
current, the peak field at the conductor, the field on the axis and the energy
stored in the toroidé.l field coil are also monotonically increasing with decreasing
asbeéﬁ ratio.

Figure 7.2.2 shows the parameters of the toroidal field coil Erp (stored
energy in the toroidal coil), and £.,,4 (length of the conductor in the toroidal
field coil times the conductor current) as functions of the aspect ratio. There is

a minimum in both Erp and £.ong for A ~ 4. The minimum is fairly narrow.

Figure 7.2.3 shows the parameters of the equilibrium field system Egp
(stored energy), MAgp (Ampere turns) and Wgr (weight of the coils of the EF
system) as functions of the aspect ratio. The parameters of the vertical system

also show a relatively narrow minimum for an aspect ratio of A = 4.

For the illustrative design, the case with aspect ratio A == 4 has been chosen.
The optimum is narrow for the toroidal field and vertical field systems. The
maximum field at the conductor implies a maximum aspect ratio allowable.
: Due to thvé -lafgé“varia-tioﬁ of fusion power with aspect ratio, the maximum
aliéwéd fusion po.err' ‘lzimits the minimum aspect ratio permissible. For the case
of P;ua” = 2.2 MW/m?, these regions (for Py < 3000 MW, Brp maz < 12—13

T for Nb3Sn and optimum toroidal and poloidal systems) are reduced to a region |

near A = 4.

In order to further study the effect of varying aspect'ratio, Tables 7.2.3
and 7.2.4 show the results of the parametric study for different neutron wall

loadings. Table 7.2.3 is for Pyay = 4.4 M\’\’/rn_2 and Table 7.2.4 is for Py =
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1.1 MW/mz. As for the case of Table 7.2.2 with P,y = 2.2 MW/mz, A~4

minimizes the requirements on the toroidal and vertical field systems.

For A =.4,‘£hé maximum field at the conductor ranges from Brp mez =11
T foruthg case of lovx; wall loading, té BrF maz = 12.7 for the case with high wall
]oéding. 'l:he ‘fu‘s'ivon power, on the. other hand, has varied from 1.1 GW for the
case of low wall loading to ~ 10 GW for the high wall loading case. Therefore,
although the minimum in the vertical and toroidal field systems occur at about
the same value of aspect ratio (A ~ 4), the fusion power output varies widely
with varying wall loading. P; ~ 3 GW is reachable in the case of low wall
loading with very low aspect ratios A ~ 2.5 while it is not accessible with high

wall loadings.

The fusion power increases with increasing A in Table 7.2.3 (for A > 6) due
to the fact that the major plasma radius is increasing. The incre~se in major
radius more than balances the decrease in minor-radius for A > 6, resulting in
an increase in the first wall area and fusion power. For the high wall loading

case, the minimum fusion power is about Py = 7.25 GW for an aspect ratio of
A~ 6.

- Table 7.3.5 shows the results of the parametrics code when the parameter
¢g = B X A is varied while keeping the wall loading fixed. cp is varied between
0.15 and 0.35, and corresponds to values of beta that are pessimistic (§ = 0.0375
for g = 0.15) and optimistic (f = 0.0875 for ¢s = 0.35) for an aspect ratio of

A = 4. The scaling in the energy of the toroidal field system with cg is

Erp ~ C,a-z
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As cp increases, that is, the 8 limits are more optimistic, the energy in the
toroidal field system decreases but at a reduced rate (AE7rr/Acg ~ —1/cp).
For the illustrative design in this study, it has been asumed that c¢g = 0.25,
| corresponding to ﬁ = 0.0625 for A = 4.
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Table 7.2.1

Assumptions for the Parametric Study

11—~ 0.2
q _ 2.5
b/a L5
T, (keV) 35
Thurn (8) - 3600
Ajp (m 1.2
Aoyt (m) L5
orr (MPa) 270
Obuckpost (MP2) 300
Neoits 16
Bo# maz (T) 7
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Table 7.2.2

Parametric Scan vs Aspect Ratio for 077 = 270 MPa and

Pyan = 2.2 MW /m? (at v = 0.80)

A

R (m)

a (m)

B (m)

I (MA)

P (m2T4)

P; (GW)
Err (GJ)
Leong (GA m)
Brp,maz (T)
Whianket (Gg)

Eox (GJ)
Ion (MA)

Epr (GJ)

MAgp (MA ‘turns)

8.0

11.4
1.42
11.4
8.32
32.7
2.15
178.
60.7
15.3
2.19
11.3
108.
41.5
2.51
59.7
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5.99
9.82
1.64
9.51
11.1
38.3
2.18
111.
37.8
14.0
2.09
12.0
109.
18.3
1.58
42.5

4.0

9.6

2.4

7.05
18.7
55.6
3.09
89.2
26.5
11.9

2.69

17.5
125.
14.2
1.4

36.4

3.0
11.2
3.75
5.46
31.1
86.8
5.65
115.
28.1
10.2
4.49
34.9
160.
22.3
1.9

40.9

2.49
14.2
5.7

4.48
47.6
132.
10.8
186.
36.7
9.1

8.1

77.8
213.
43.7
2.95
50.1




Table 7.2.3

“Parametric Scan vs Aspect Ratio for o7 = 270 MPa and

Py = 4.4 MW/m? (at v = 0.80)

A 799 60 40 30 25

R (m) 156 127 120 142 186
a (m) 1.95 212 3.0 4.73 7.43
B (m) 125 106 791 611 5.0

I (MA) 126 159 263 439  69.0
P (m2T*) 89.4 987  138.  217.  345.
P; (GW) 807 7.6 956 178 371
Err (GJ) 466.  260.  190.  255.  464.
feong (GAm) 126. 706 468 502  70.1
BrF maz (T) 159 148 127 109 9.6

Wiianket (Gg) 369 322 397 685 134
Eox (GJ) 210 218  33.0 716  182.
Ior (MA) 132. 131 149,  195.  270.
Egr (GJ) 89.9  39.2 291  48.0 10
Wgr{Gg) 415 255 218  3.04 511

MAgr (MA'turns) 714 527  46.3 535  68.3
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Table 7.2.4

Parametric Scan vs Aspect Ratio for o7 = 270 MPa and

e
R (m)

a (m)

B (m)

I (MA)

P (m2T*)

P; (GW)
Err (G))
Leond (GA m)

BTF,maz (T)

- MAgr MA turns)

Pyon = 1.1 MW/m? (at v = 0.80)

8.02
8.9
1.11
10.2
5.83
13.0
0.668
80.2
33.3
14.4
1.48
7.27
92.7
22.3
1.68
51.5

6.0
7.98
1.33
8.42
7.94
15.4
0.713
55.2
22.0
13.0
1.49
7.57
94.8
9.82
1.08
35.2
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4.0
8.0
2.0
6.2
13.7
23.1
1.07
46.6
16.1
11.0

1.97 .

10.4
109.
7.67
0.965
29.3

3.0

9.32
3.11
4.81
22.8
36.0
1.94
57.5
16.9
9.5

3.21
19.2
137.
11.5
1.26
32.0

2.5

11.5
4.6

4.0

34.2
54.2
3.61
86.9
21.3
8.5

5.46
38.9
177.
20.8
1.87
38.3




Table 7.2.5
- ~-==—=<. Parametric Scan vs ¢g for o7r = 270 MPa and

Puon = 2.2 MW/m? (at v = 0.80)

T 015 020 025 030  0.35
R (m) 13.3 109 9.6 874  8.16

a (m) 332 273 24 219 2.04

A 4.0 3.99 4.0 399 4.0

B (m) 839  7.63 105 66 6.21

I (MA) 28.3 222 187 165 149
P (m?T%) 76.8 63.4 55.6 51.4 47.4
P; (GW) 5.9 40 309 26 2.24
Erp (GJ) 2718,  139.  89.2  63.9 487
Leona (GA m) 608 372 265 205  16.9
Brr.maz (T) 13.1 125 119 114 11.0
Whtanket (Gg) 476 336 269 229  2.04
Eox (GJ) 4.2 245 175 138 115
Tox (MA) 163.  139.  125.  117. 110
S B 9.03  -857 815 -T.87  -7.54
" Egp (G- 3.8 19.2 142 115  9.63
Wer (Gg) 238 171 14 122 1.09

MAgp (MA turns)  46.4 40.0 36.4 34.0 32.0
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Figure 7.2.1  Values of I, R, B, /P = faB? as Functions of
Aspect Ratio for AFCR Type Devices with Py = 2.2
MW/m? (v = 0.80).
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Figure 7.2.2  Values of Erp, £eong and BrF maz as Functions of
Aspect Ratio for AFCR Type Devices with P,y = 2.2

MW/m? (y = 0.80),
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Figure 72.3  Values of Wrr, Ezr and MAgr as Functions of .
Aspect Ratio for AFCR Type Devices with Pygy = 2.2
MW/m? (y = 0.80).
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7.3  Optimization of the Toroidal Field Coil

" In this section, the effect of varying several parameters of the toroidal field
system are analyzed. The parameters in Table 7.2.1 are used in the analysis.

The aspect ratio is assumed to be A = 4.

Table 7.3.1 shows results of the parametric analysis as the stresses in the
toroidal field coil, o7, are increased. The stresses are varied from 200 MPa to
350 MPa. Increasing the stresses in the throat of the magnet from 200 to 350
MPa results in a reduction of the plasma major radius of 0.60 m, or about 5%.
The main machine parameters do not vary strongly with orp, in contrast to the
machine with resistive magnets, where the machine size was strongly affected
by the stresses in the throat of the magnet (see Chapter 4). It is chosen that
orrp = 270 MPa.

In the illustrative design discussed in chapter 8 it is assumed that there is
a bucking post and that the coils are separated in the throat of the magnet.
The reason for this choice is discussed in the next chapter and has to do with
- maintenance requirements.. Table 7.3.2 shows the results from the parametric
af_liaLlysis ;rvhen thé »vst-r'esses in the bucking post used to carry the centering loads
of the TF magnet are varied. The stresses in the bucking post are varied from
150 to 1000 MPa. This last case simulates the absence of a bucking post. In
this case, the centering forces would be carried by the legs in the throat of the
magnet through wedging, or by the OH transformer directly. The presence and
size of the bucking post ‘has a significant consequences on the machine. The
plasma major radius increases from 8.1 to 12.5 in the case of no bucking post to

the case of one with a bucking post with o7 = 150 MPa. Significant increases
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are also observed in the equilibrium field and toroidal field systems. opyckpost i8

choseii'to be 300 MPa.

‘Table 7.3.3 shows the results of the parametric code when the thickness
6{_ the inboard blanket/shield is varied from A;, = 0.9 m to A;, = 1.5 m.
The major radius of the machine R increases by approximately 0.8 m for every
0.30 m increments in A;,. The AFCR device is not strongly dependent on this
distance (in contrast of the AFTR design) due to the large section used in the
throat region by the OH transfofmer. For the illustrative design case, it has

been assumed that A;, = 1.2 m.

Table 7.3.4 shows the main parameters of the AFCR device as the ripple
requirements on the plasma axis are varied. The main effect of decreasing the
allowable ripple is that the outer leg of the toroidal field magnet moves away
from the plasma. This has the effect of increasing the equilibrium and toroidal
field system requirements. However, removing the outer leg of the magnet away
from the plasma increases accessibility for maintenance. For §, = 0.19%, the
locatlons of the outer leg of the coils is determined by the blanket requlrements
: Thls rlpple reqmrement has been chosen for the illustrative case and for the rest

of the scoping study

Finally, Table 7.3.5 shows the main machine parameters as the number of
coils is varied for fixed ripple on axis. For N, s = 16 the outer leg of the
coil is determined by the blanket/shield requirements. Ncois = 12 results in
a significant increase in the amount of conductor required for the toroidal field
coil, plus increases in both the energies in both the toroidal field system and

the vertical field system. The latter effect due to the change in the location of
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the main equilibrium field coil as the outer leg of the magnet is pushed away
from the plasma. A lower number of coils facilitates maintenance operations, at

a p;rice of inérea-sec‘i coil size. For the study performed here, it is assumed -that

Neoits = 16.

206




P

Parametric Scan vs o7 for

Pyoi = 2.2 MW/m? (at v = 0.80)

orTp (MPa)

e
B

I (MA)

P (m?T%)

Py (GW)
Erp (GJ)
cond (GA m)
Brp,maz (T)
Whianket (Gg)
Eon (GJ)
Iog (MA)

o EEF (GJ)
~ Wer (Ge)

Table 7.3.1

200.
9.96
2.49
4.0

7.0

19.3
58.2
3.35
95.4
28.3
11.7
2.87
18.7
128.
14.9
1.45

MAgp (MA turns)  36.5
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270.

9.6

2.4

4.0

7.05
18.7
55.6
3.09
89.2
26.6
11.9
2.69
17.5
125.

14.2
14

36.4

350.

9.35
2.34
4.0

7.1

18.4
54.5
2.95
85.5
25.3
12.0
2.57
16.7
124.
13.8
1.37
36.5




Table 7.3.2

Parametric Scan vs 0pyckpost for orp = 270 MPa and

Puan = 2.2 MW/m? (at v = 0.80)

* Obuckpost (MPa)
R (m)

a (m)

A

B (m)

I (MA)

P (m2T*)

Py (GW)
Err (GJ)
Leonad (GA m)
Brr,maz (T)

150.
12.5
3.12
4.01
6.6

22.8
71.9
5.2

147.
42.4
10.5
4.27
28.9
147.
20.8
1.84
37.1
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300.

9.6

2.4

4.0

7.05
18.7
55.6
3.09
89.2
26.5
11.9

2.69

17.5
125.
14.2

14

36.4

450.

8.83
2.21
4.0

7.2

17.6
51.4
2.63
77.7
22.9
12.4
2.33
15.2
120.
12.9
1.31
36.6

1000.
8.14
2.03
4.01
7.34
16.5
46.5
2.19
67.5
19.8
13.0
2.02
13.3
114.
11.7

1.22

36.8




Table 7.3.3
""" Farametric Scan vs Inboard Blanket/Shield Thickness A;,
: B for opp = 270 MPa and
' Paan = 2.2 MW /m? (at y = 0.80)

Ay (m) 0.9 1.2 1.5
R (m) 8.7 9.6 10.4
a (m) 2.18 2.4 2.6
A 0 3.99 4.0 4.0
B (m) | 721 7.05 6.9
I (MA) 17.4 187  19.8
P (m2T%) 50.4  55.6  59.7
P; (GW) 2.54  3.09 3.6
Err (GJ) 712 89.2  108.
Leond (GA m) 224 265  30.6
BrF maz {T) 1.8 11.9 120
Whtanket (Gg) 2.19 269  3.21
Eon (GJ) 146 175  20.7
Iog (MA) 117.  125. 133,
Esr (GJ) 124 142 158
Wer (Gg) 128 14 1.5

MAgr (MA turns) 36.1 36.4 36.7
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Table 7.3.4
Parametric Scan vs Ripple Requirement on Axis 6,
V \“ for opp = 270 MPa and
 Puan = 2.2 MW/m? (at 4 = 0.80)

5 01%  .05% 1%
R (m) 977  9.65 9.6
a (m) 2.44 2.41 2.4
A 4.0 4.0 4.0
B (m) 702 7.05  7.05
T (MA) 18.9 188 187
P (m?2T%) 56.4 55.9 55.6
P; (GW) 319 312  3.09
Erp (GJ) 106.  91.8  89.2
leong (GAm) 314 279 265
Brr maz (T) 11.8 118 119
Witanke: (Gg) 277 271 2.69
Eog (GJ) 181 177 175
- Iow (MA) 127.  126. 125
. Egr (GJ) 173 146 142
Wer (Gg) 159  1.43 14

MAgp (MA turns) 380  36.6 364
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Table 7.3.5
Parametric Scan vs Number of Coils N,
for orp = 270 MPa and
Pyant = 2.2 MW/m? (at v = 0.80)

Neoits 12 16

R (m) 9.78 9.6

a (m) 244 24

A | 401 4.0
B (m) : 7.01  17.05
I (MA) 18.9  18.7
P (m?T*%) 55.9  55.6
Py (GW) 3.17  3.09
Err (GJ) 107.  89.2
Leond (GA m) 31.6 265
Brrmaez (T) 11.8  11.9
Whianke: (Gg) 2.77  2.69
Eon (GJ) 18.1 175
~ Ion (MA) 127. 125,
~ Egp (G)) 174 14.2
Wer (Gg) 1.59 1.4

MAgp (MA turns)  38.0  36.4
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7.4 Pulse Length Tradeoffs

In this section the pulse length of the plasma is varied. The implications for
fh__e design of the AFCR device and for the requirement for the OH transformer

are analyzed.

As discussed previously, the plasma temperature that optimizes the machine
design results from a tradeoff between the fusion power density (which is op-
timized for a temperature of T; ~ 20 keV for DT and for a wide range of
temperatures for DD-DT), the requirement for the ohmic transformer (the resis-
tive volt seconds required for the plasma burn decrease with increasing tempera-
ture), and the ignition criteria. The ignition criteria for plasmas operating at
these temperature and of these sizes cannot be estimated with any degree of
confidence. Therefore, in this section, and through most of this report, the im-
portant parameters have been wall loading, fusion power density, and, in this

section, resistive voltage requirements.

- Table 7.4.1 shows the results of the parametric code for varying peak fields
in the ohmic I.leﬂal’.ci_ng‘..solenoid (the stresses of fhe solenoid are kept constant).
The peak field is varied from Bog maz = 7 t0 BoH,maz = 11 T. The machine
decreases with increasing Boy,mez at the experise of increased energy stored
and increased current in the ohmic heating transformer. The illustrative case
has a peak field of Box,mez = 7 T, as would be the case if NbTi were used for
this transformer. The gaihs in size reduction probably do not warrant going to
a higher field ohmic transformer. This conclusion changes if the pulse length is

increased beyond the 74,,, = 3600 s assumed in Table 7.4.1.
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Table 7.4.2 shows the results of the parametric code as the pulse length is

“varied:” The first entry in this Table corresponds to the case of current driven

operation, both for the inductive part and for the burn (that is, there is no OH

- transformer). - The other entries refer to the case with an ohmic transformer

providing the inductive and resistive fluxes. The last entry in Table 7.4.2

corresponds to a pulse length of half a day (43200 s).

The absense of an ohmic solenoid reduces the size of the machine substan-
tially. Once the solenoid is there to provide the required flux, not much effect
on the machine size is experienced‘vas the pulse length is increased from 0 s to
10800 s (that is, 3 hours). Further increases in the burn pulse result in significant

increases in the size of the machine.

As a conclusion, it is possible to provide for long pulse lengths (in the order
of hours) in reactor devices by slightly increasing the reactor size 5 accomodate

a larger ohmic heating solenoid.
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Table 7.4.1

for opp = 270 MPa and

Poan = 2.2 MW/rn2 (at v = 0.80)

Bo#,maz (T)
A

R (m)

a (m)

B (m)

I (MA)

P (m?T*)

P; (GW)
Err (GJ)
Leond (GA m)
Brr,maz (T)
Whlanket (Gg)
Eoy (GJ)
.~ Ion (MA)

- -Err (GJ)
Wer (Gg)

MAgr (MA turns)

214

7.0

4.0

9.6

24

7.05
18.7
55.6
3.09
89.2
26.5
11.9
2.69
17.5
125.
14.2
1.4

36.4

9.0

4.0

9.16
2.29
7.13
18.1
52.9
2.81
82.3
24.4

12.1

2.48
20.7
157.
13.4
1.35

- 36.5

Parametric Scan vs Peak Field in the OH Transformer Bog, maz

11.0
4.0

8.93
2.23
7.19
17.7
51.8
2.68
79.1
23.4
12.3
2.37
24.1
189.
13.1
1.32
36.6




R

Tourn (8)

R (m)

a (m)

A

B (m)

I (MA)

P (m?T%)

Py (GW)

Err (GJ)

eond (GA m)

Brp,maz (T)

Weianker (Gg)

Eon (GJ)
)

Table 7.4.2

for orp = 270 MPa and

Pyan = 2.2 MW/m? (at v = 0.80)

No OH
6.84
1.71
4.0
7.7
14.6
40.2
1.59
52.0
14.6
14.5
1.52
0.473
105.
10.2
1.1
38.5

0
8.71
2.18
4.0
7.23
17.5
50.8
2.56
76.0
22.4
12.5
2.28
10.0
119.
12.8
1.3
36.7
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3600
9.6
24
4.0
7.05
18.7
55.6
3.09
89.2
26.6
11.9
2.69
17.5
12.5.
14.2
1.4
36.4

Parametric Scan vs Burn Pulse Length 74y,

10800
10.9
2.72
4.0
6.83
20.6
62.9
3.96
111.
33.1
11.1
3.34
32.5
135.
16.6
1.57
36.4

43200
14.4
3.61
4.0
6.36
25.4
83.3
6.96
199.
54.6
9.8
5.53
102.
161.
26.9
2.19
38.3




Y

s~éIf-'Sufﬁc-ié.nt. :

8 ILLUSTRATIVE DESIGN OF AFCR

In this chapter, the illustrative design of an AFCR device is described.

The purpose of an AFCR type device is to be a net electricity producer
sell sufficient in tritium production. It would do this with a blanket optimized
for purposes different from only tritium breeding. The relaxation of the tritium
breeding ratio could result in

¢ blankets that are optimized for safety

e blankets optimized for low activity

o removal of the need of breeding tritium in the inboard region of the reactor

¢ optimization of the first wall that would result in decreased breeding (such

as locating thick armor for disruption protection of the first wall).

Alternatively, the AFCR device could be used for breeding fissile material

or additional tritium to be used in other fusion reactors that are not tritium

-

Section 8.1 decribes the illustrat}ive device.

Section 8.2- describes some of the most salient engineering features of the

illustrative design.
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8.1 Hlustrative Design

~ Table 8.1.1 lists the main machine parameters for the illustrative AFCR

device for the full performance operation.

Figure 8.1.1 shows a cross sectional view of the AFCR device. The poloidal
field coils are located outside the toroidal field coils. The plasma major radius is

9.6 m. The bucking cylinder supports the toroidal field coils against the inward
force due to the toroidal field. |

Figure 8.1.2 shows a top view of the reactor. There are 16 toroidal field
coils. Each toroidal field coil is removable to facilitate remote maintenance. It

is not necessary to warm up any of the structure in order to remove a toroidal

field coil.

The machine operates with 1 — v = 0.2 and a wall loading Pyqy = 2.2
MW /m?2. The peak ion temperature is 45 keV, while the electron temperature
is Te = 35 keV. The high ion and electron temperature are needed not because

of the use of DD- DT fuels (lower temperatures result in slighty increased spec1ﬁc
: fusmn power den51ty Pf/ﬁzB4) but are used in order to save in the resistive

volt seconds in the OH transformer.

Table 8.1.2 shows the performance of the illustrative design as a function
of 1 — ~. Very high wall loadings would result if the machine were operated
with DT fuels (1 — 5 == 0). The advantages of DD-DT are best exploited in
the cases where the wall loading in DT operation is beyond what the wall can
tolerate. Although the machine can be underrated (reduced field and or reduced

B), a machine that has been optimized for DT operation with these constraints
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would be significantly smaller.
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Table 8.1.1
AFCR -TYPE DEVICE MAIN PARAMETERS

PLASMA
MAJOR RADIUS (m) 9.6
MINOR RADIUS (m) 2.4
PULSE LENGTH (s) | 3600
SCRAPE-OFF LAYER (m) | 0.20
PLASMA ELONGATION (m) 1.5
PLASMA TRIANGULARITY 0.2
ASPECT RATIO 4.0
PEAK ION TEMPERATURE (keV) 35
1—+x 0.2
SAFETY FACTOR 2.5
1— -~ 0.20
D-T ION DENSITY (m—3) 1.2 X 1020
PLASMA CURRENT (MA) 18.7
EFFECTIVE CHARGE 1.2
PEAK-TO-AVERAGE RIPPLE
AT PLASMA AXIS(%) | 0.08
“TOTAL BETA (%) ‘ 6.25
FIELD ON AXIS (T) | 7.05
D-T FUSION POWER (MW) 3090
NEUTRON WALL LOADING
(MW /m?) 2.2
BLANKET /SHIELD
INBOARD BLANKET THICKNESS (m) 1.2

OUTBOARD BLANKET /SHIELD
THICKNESS (m) - 15
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AFCE -TYPE DEVICE PARAMETERS (continued)

N | TF COIL
- NUMBER OF TF COILS 16
MAXIMUM TF FIELD (T) 11.9
WINDING CURRENT DENSITY (MA/m?) 20
TF STORED ENERGY (GJ) 89.2
TF CONDUCTOR LENGTH (MA m) 26500
TOTAL CURRENT (MA) 340
CURRENT (kA) 520

PF COILS
EF COIL A-TURNS (MAT) 36.4
V-s FROM EF COILS (Wb) 120
V-s FROM OH COILS (Wb) | 480
TOTAL V-s FROM PF (Wb) 600
FIELD (OH SOLENOID) (T) 7
- CURRENT RISE TIME (s) 4
* 'CURRENT DENSITY (EF COILS) (MA/m?) 15
" PEAK ENERGY (EF COIL) (GJ) | 14.2
PEAK ENERGY (OH COIL) (GJ) 17.5
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TABLE 8.1.2
DD-DT TRADEOFFS FOR
- ADVANCED FUEL COMMERCIAL REACTOR (AFCR) DEVICE

1—7 Fusion Power Neutral Wall Loading @y

(GW) (MW/M?)

0.0 (DT) 407 29.1 00
0.10 5.9 ' 4.3 %
0.20 3.1 2.9 o
0.35 1.8 | 1.3 10.0
0.75 0.72 0.5 2.0

1 (SCD) 0.50 0.36 1.25
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Figure 8.1.1  Cross Sectional View of AFCR
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Figure 8.1.2 Top View of AFCR
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8.2 Reactor Design Principles

- The design cf the superconducting machine is dominated by the support of
~ the TF coils against the overturning moment of the vertical field and against
the centering force, in a manner compatible with modular disassembly of the

system.

The key principle for the solution of these problems and other slightly
less difficult structural constraints is the use of a compression member of low
thermal conductivity between the low temperature region of the coils and room

the temperature structure.

Such a material is G-10, a composite of epoxy resin and glass fiber. It
can support 200 MPa in compression with adequate margin and has low thermal
conductivity integrals, especially at low temperatures. The thermal conductivity
integral is f:lz kd9 and for G - 10 it has the values, 0.49 W m™! in the tempera-
ture range 20 K to 4.2K, 2.37 (77K to 20K) and 18.4 (300K to 77K).

Figure 8.2.1 shows the principal use of G-10 spaces between heat sinks
-refrigerated to:2C{K and 77K in the vacuum space surrounding the TF coil. The
pta:t;es aré 1/2” i}hickv-and of sufficient area to l'irnit compressive stresses in the
G-10 to 200 MPa. In Table 8.2.1 are compiled the characteristics of the G-10

constraints for the centering and overturning forces.
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Table 8.2.1
-~ " Effect of G-10 Supports in Thermal Load of TF Coil

Centering Forces  Overturning Moments

Total Force (GN) 14 —
Total Moment (GN m) — 17
Required Area (m?) 1 45
Heat loads
to 4.2 K (kW) LT 2.7
to 20 K (kW) 13.8 21.6
to 77 K. (kW) 105 167
Total Room-Temperature
Heat Load (MW) 1 3.7 5.8

ot EAésumihg 20% :b_f Carnot efficiency.
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Figure 8.2.1  Cross Scctional View of the Toroidal Field Coil. G-
10 Struts are Shown.




8.3 Modularity and Maintenance

- RNt

The use of G-10 compressive supports obviates the need for cold structure
~ between the TF coils. This is the feature which allows the unfettered removal
and replacement of a module comnsisting of a TF coil, blanket, first wall and
vacuum flanges. In order that the matching faces of a vacuum flange should
separate {reely the line of withdrawal of a module must make a positive angle
with the pla.ne of the flange as shown in Figure 8.3.1. Furthermore, no part
of a module must interfere with an adjoining flange face as it moves along the
line of withdrawal. These conditions limit the positioning of the flanges but
nevertheless allow them to be located between an access port and a TF coil so

that large ports can be accommodated between TF coils.

The proposed vacuum flange design is shown schematically in Figure 8.3.2.
It is a weldless flange, requiring essentially no preparation either for disassembly
or reassembly. The principle of the flange is the use of a set of concentric
galleries, separately pumped and sealed from adjacent sections. At the inside of
) _t_hp flange in hjg}l radigtion regions the seals would Abe metallic; at the outsidé
-- tl;;seals'c-ouldbe of _silicone or other radiation resistant flexible polymer. An
in.lporvtant feature »of the flange is the use of a gallery close to the outside as a
controlled leak of low Z gas such as helium or deuterium. This ensures that any
leak inwards past the galleries is of a benign species and not oxygen, nitrogen or

other high 7 impurity.
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Figure 8.3.1

Modulaﬁzation Schemc for AF°'CR . Toroidal Field
Coil and Shear Pannels of one Module Have Been
Removed.
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Figure 8.3.2  Scheme for Vacuum Seal.
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