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1. SUMMARY
CFFTP Pilot is representative of a class of machines that, like NPD in the CANDU
development program, could test the key reactor core technologies on an integrated power
reactor relevant system (materials, conditions, configuration). But in order to reduce costs,
the machine would operate at reduced neutron flux relative to a power reactor, would not
produce electricity, and would not test superconducting magnets.
The intent was to develop a general scoping design, with emphasis on those areas of most
interest to CFFTP (fuel cycle, blanket, maintenance, balance of plant). Scoping concepts
for the magnet and plasma systems were developed with the assistance of a US systems
code (the design is complimentary to other such studies, which have tended to emphasize
the magnet and plasma systems). The results are neither complete nor optimized, but are
sufficient to indicate general costs, key issues, and development requirements.
The CFFTP Pilot concept, shown in Figures 1.1 and 1.2, was based on several reactorrelevant design choices. It is a steady-state H-mode tokamak with double-null divertors,
and ion cyclotron heating and current drive. The fuel cycle uses low-tritium-inventory
options, including compact toroid fuelling. The mechanical design is based on helium
cooling, radial blanket maintenance, and a ceramic pebble breeder blanket. To reduce cost
and risk, Pilot was designed with a driven plasma and water-cooled copper magnets. The
reactor is expected to operate for 1 full-power-year with a 0.25 MW/m2 average neutron
wall load.
The selected design point produces 20 MW of fusion power with 40 MW of auxiliary
power. The 2.7 MA plasma current is ramped up inductively, and sustained in steadystate by the bootstrap current (32%) and fast wave current drive (68%). The plasma is
roughly the size of the TFTR plasma, but is elongated with double-null divertors and an
aspect ratio of 5. The electric power consumption by the Pilot plant is around 450 MWe,
with over 300 MWe used by the copper toroidal field coils. The overall direct
construction cost is estimated at 1.1 BSCdn, with a total project cost of 2.3 B$Cdn.
There is no intrinsic difficulty in siting CFFTP Pilot in Canada. The tritium supply
requirements are only 0.8 kg. The cost and power consumption are large but within
Canadian resources. The basic nuclear technologies of interest to CFFTP, and capabilities
of Canadian industry (fuel cycle, maintenance, blanket, heat transport, balance of plant),
are generally applicable.
The design was not completed in enough detail to assess all potential issues, and
extrapolates beyond present capabilities in some key areas. Areas particularly needing
design attention are the divertors, toroidal field coil joints, poloidal field system, neutron
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shielding, and vacuum vessel and coil support structure. Some aspects of maintenance
would be very difficult, so alternative designs should be considered, including eliminating
the toroidal field coil joint and moving the poloidal field coils outside the toroidal field
coils.
The most critical R&D tasks (i.e., affecting basic feasibility) are plasma-related: achieving
steady-state H-mode plasmas, reducing divertor heat loads, and demonstrating ion
cyclotron current drive at high power densities. These issues are also of interest to ITER
and are being widely addressed in the world fusion programs.
With respect to future design iterations, the following major changes to the basic design
concept should be considered:
- very low aspect ratios;
- single-null divertor;
- non-demountable TF coils;
- external or demountable PF coils.
These could have a strong impact on the machine cost and maintainability.
With respect to overall conclusions, this design shows research directions towards a
machine that could provide integrated nuclear testing (but not ignition physics) at a cost of
about 1/3 ITER CDA. The test volume - the outboard blanket volume - would be
comparable to the test port volume on ITER CDA, while the fluence and power density
would about 1/4 ITER CDA.
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2. DESIGN POINT

2.1 Introduction
As fusion proceeds from physics research to engineering development, the critical
technologies for safe and economic power plants must be demonstrated. The present
world fusion program is focused on a next-step machine generally called ITER. This
machine will ignite, demonstrate net fusion energy production at reactor-relevant powers
(1500 MWf), and explore the behaviour of reactor-grade plasmas. It will also serve as a
test bed for most power reactor subsystems. However, its requirement for ignition and for
near-term design means that some power reactor technologies may not be used if they are
not sufficiently proven now or are not necessary to meet the physics testing goals. And in
any event, there will be at most one or two such machines built around the world, each
operating at low availability. In the development of fission power, by comparison, there
were many engineering test facilities around the world, which explored a variety of
nuclear core concepts [2.1]. Similarly, it would be desirable to provide more nuclear
testing capability for fusion if this could be accomplished at reasonable cost.
A range of fusion facilities have been proposed to provide this nuclear testing. Physics
research is not required. One approach is a "materials test facility", which provides highfluence and/or accelerated irradiation lifetime testing of materials (typically within a 1 L
test volume). Another approach is a "blanket test facility" or "volume neutron source",
which would provide nuclear testing of individual components such as blankets (e.g., 1 m3
at 1 MW/m2). A third approach is the "pilot-class" reactor which provides integrated
nuclear testing and demonstration of the entire nuclear core, although on a reduced scale
in some manner - e.g., cost, wall load, non-core systems.
In the context of the CANDU program, ITER CDA is roughly equivalent to the Canadian
NRU reactor - a high-flux test facility based on the essential power generating features of
CANDU (e.g., self-sustaining UO2-fuelled core). NRU demonstrated fission power
operation at the hundred megawatt level while providing a test bed for CANDU nuclear
components (e.g., fuel bundle tests, high-temperature heavy water and organic coolant test
loops). Using this analogy, Pilot can be compared to NPD, the first reactor with a full
CANDU reactor nuclear core (design, materials and operating conditions). NPD provided
integrated testing and demonstration of the CANDU core concepts, rather than specific
components. During its lifetime, part of the NPD nuclear core was changed to explore
new configurations (60Co production, alternate pressure-tube material) and the heat
transport system were modified to test boiling water cooling. Some proposals for ITER
EDA effectively seek to cover both the functions of NRU and NPD in a single machine.
The next fusion program step would be a demonstration facility (equivalent to the Douglas
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Point CANDU reactor), that would emphasize electricity production at acceptable cost and
reliability under utility operation.
The present study considers a fusion pilot plant that could be built in Canada to
demonstrate reliable operation of hot, nuclear technologies in a moderate cost and
relatively conventional physics machine. Specifically, all the plasma handling and nuclear
systems should be based on reactor-relevant concepts, materials and operating conditions.
But, in order to reduce costs and focus the testing, the machine would not require reactorrelevant plasma conditions (i.e., driven tokamak at reduced wall load), would not produce
electricity, and would not require reactor-relevant superconducting magnets (which can be
tested in ITER and non-nuclear facilities).
This design was conducted as an independent effort, largely carried out by industry.
However, it has been assisted by related studies underway in the US [2.2-2.5]. The intent
was to develop a general scoping design, with emphasis on those areas of most interest to
CFFTP (fuel cycle, blanket, remote maintenance, balance of plant). Concepts for the
important areas of magnet and plasma engineering were developed with the assistance of a
US systems code. The results are neither complete nor optimized, but are sufficient to
indicate general costs, implications and issues for Pilot-class (10-100 MW DT) machines.
2.2 Design Point Selection
The design point was selected with the assistance of the TETRA code [2.6]. This code
produces a self-consistent tokamak design under specified constraints and an optimization
figure-of-merit. The physics models are based on a 0-D plasma model and ITER CDA
tokamak physics scaling models [2.7]. The engineering models provide simple estimates
for sizing, power and cost; but do not calculate, for example, stresses or temperatures.
The general constraints and starting assumptions are indicated in Table 2.1. Within these
constraints, the design point was selected on the basis of minimum capital cost. Several
cases were also considered where parameters were adjusted from the reference values.
These sensitivity results are summarized in Table 2.2, according to the main parameter
that was varied (but note that other parameters were also different in several cases). One
general conclusion is that the design point corresponds to a relatively flat minimum in
machine cost.
The selected design point is summarized in Table 2.3 in more detail. Table 2.4 provides a
rough comparison with other Pilot-class machines. Note that since subsystem design was
conducted while the design point was still changing, the subsystems described later in this
report are not entirely consistent with the final design point (e.g., CAD drawings are based
on a major radius of 2.3 m, rather than the final 2.2 m).
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2.2.1 Physics
The reference design generally relies on relatively conventional, non-ignited plasma
physics. However, it makes some optimistic physics assumptions in order to reduce the
coil and auxiliary heating power - particularly with respect to long-term H-mode operation,
reduced-load divertors, high-aspect-ratio and high-elongation plasmas, and fast wave
current drive. However, these conditions are of active research in the world tokamak
community, and it is expected that they can be verified for a 2010 Pilot startup time
frame.
A machine similar to the reference design but with more proven ITER CDA physics
conditions (e.g., K95=1.8, H-mode=2, A=4, fiat plasma profiles, 15 MW/nf peak divertor
load) would cost 2 BSCdn, consume 470 MWe in the TF coils, and require 60 MW of ion
cyclotron power, 2.7 m major radius and a 3.2 MA current.
A low-aspect ratio tokamak was not considered since the physics differences at low aspect
ratios (A < 2) were not included in the systems code used for this study. However, other
studies indicate that a low-aspect ratio could significantly reduce costs [2.4], so this is
worth considering in future machine design.
2.2.2 Engineering
The key engineering choices for the CFFTP Pilot plant were the low neutron wall load,
use of copper magnets, and reliance on ion cyclotron power.
Tokamak power reactor designs typically optimize at average neutron wall loads of 2-4
MW/m2 (e.g., 2.5 MW/m2 ARŒS-I [2.8], 3.0 MW/m2 SSTR [2.9]). In order to scale
reliably from a test reactor to power reactor conditions, a minimum neutron flux of about
20% to 30% of a power reactor or roughly 1 MW/m2, is thought to be required [2.10].
However, it seems likely that only one machine could be built at this power level due to
cost, which severely limits the amount of nuclear testing that can be carried out. An
alternative or parallel philosophy, considered in the CFFTP Pilot design, is to carry out
integrated testing at a more "affordable" lower wall load.
CFFTP Pilot's particular average wall load of 0.25 MW/m2 is somewhat arbitrary, but
represents an order-of-magnitude scaling relative to DEMO [2.11]. The peak outboard
flux would be around 0.4 MW/nf - a factor of five from DEMO average conditions. The
results would be scalable to 2-4 MW/m2 machines with additional component tests at
around 1 MW/m2 in ITER or a Volume Neutron Source. For this copper coil CFFTP Pilot
reactor, cost does not decrease significantly at lower wall loads (Table 2.2) [2.2].
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Table 2.1 CFFTP Pilot reactor initial specifications

General:
Driven DT tokamak
Relatively conventional plasma physics (e.g., H ~ 2)
Double-null divertor
Ion cyclotron heating and current drive
Steady-state water-cooled copper magnets
Inboard shield only
Outboard hot blanket
Helium-cooling of in-vessel components
Sited at existing nuclear facility
No electricity generation
Power supply from grid
Quantitative:
Minimize capital cost
Peak divertor heat load < 15 MW/m2
Average neutron wall load > 0.25 MW/m2
Aspect ratio 2 < A < 5
Vertical elongation < 2
H-mode factor < 2.2
Troyon coefficient < 3
Sufficient shielding for magnets > 1 full-power-year operation
Magnet current density < 1.5 kA/cm2
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Table 2.2 Effects of varying key constraints on the final design point
(TETRA code, minimum capital cost, other parameters may vary besides those shown)
Réf.*

Hmode
factor
=3

Hmode
factor
=2

10 TF
coils

0.5
MW/m2
wall
load

0.1
MW/nr
wall
load

Flat
plasma
profiles

A=4

K>r~1.8

High
div.
load

0.75
kA/cm2
OBTF
coil

50 cm
IB
shield

Direct cost,
MSCdn

1400

1300

1400

1400

1700

1200

1400

1600

1400

1400

1400

!400

TF power,
MWe

304

280

430

340

420

230

340

340

410

330

370

330

Aux. power,
MWe

38

27

36

44

58

30

43

44

41

47

37

51

Divertor load,
MW/m2

14

7

12

13

20

15

13

13

16

21

13

20

Major radius,
m

2.2

2.2

-

2.3

2.3

2.1

2.3

2.3

2.3

2.1

2.2

2.3

Fusion power,
MW

20

20

23

22

45

7

22

29

21

19

21

22

Plasma
current, MA

2.7

-

-

-

-

1.9

-

-

-

-

6.0

5.2

* Reference case: 0.25 MW/m2 neutron wall load, H-mode factor=2.15, 12 TF coils, Aspect ratio = 5, vertical
elongation Kg5=2, 40 cm inboard shield thickness, 0.5 kA/cm2 outer TF coil leg current density.

Table 2.3 Reference CFFTP Pilot plasma parameters

Plasma geometiv:
configuration
major radius (m)
minor radius (m)
aspect ratio
elongation, x-point
elongation, 95% surface
triangularity, x-point
triangularity, 95% surface

double null divertor
2.21
0.44
5.00
2.24
2.00
0.35
0.28

Plasma conditions:
operating mode
plasma current (MA)
field on axis (T)
edge safety factor
plasma beta (%)
poloidal beta
fast alpha beta (%)
beta limit (%)
Troyon coefficient

steady-state
2.71
5.92
3.00
2.47
1.79
0.29
3.11
2.39

Temnerature and densitv (volume averaged):
7.00
electron temperature (keV)
ion temperature (keV)
7.00
electron temp., density-weighted (keV)
10.0
electron density (/m3)
9.97E+19
8.98E+19
ion density (/m3)
3
8.55E+19
H,D,T density (An )
1.26E+18
high Z impurity density (/m3)
2.99E+18
cold alpha ash (An3)
0.50
tritium fraction of DT
0.00
hydrogen fraction of HDT
1.42E+20
density limit (m3)
1.60
effective charge
0.08
v* at 80% surface
1.00
density profile factor
temperature profile factor
1.50
n-tau-T (keV.s/m3)
2.60E+20
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Table 2.3 Reference CFFIP Pilot plasma parameters (cont.)

Plasma power balance:
total fusion power (MW)
DD fusion power (MW)
DT beam target power (MW)
neutron wall load (MW/nf)
ohmic heating power (MW)
auxiliary heating power (MW)
brehmstrahlung radiation power (MW)
synchrotron radiation power (MW)
ion transport (MW)
electron transport (MW)
scrape-off line radiation power (MW)
power to divertor (MW)
Confinement:
H-mode factor
base confinement scaling
global energy confinement time (s)
bum-up fraction (%)
peak-to-average ripple (%)
Volt-sec information:
total volt-sec required (Wb)
inductive volt-sec (Wb)
start-up resistive volt-sec (Wb)
flat-top resistive volt-sec (Wb)
loop voltage (V)
plasma resistance (ohm)
plasma inductance (H)
Heating and current drive:
Steady-state IC power (MW)
IC heating only power (MW)
inductive current fraction
bootstrap current fraction
non-inductive current fraction
current drive efficiency (AAV)
current drive FOM (1020 A/W-m2)

20.5
0.02

0.0
0.25
0.0002
38.3
12.7

0.2
14.0
15.5

0.5
29.0
2.15
ITER L-mode Power Law

0.3
6.5
0.06

65.3
15.5

3.0
46.8
0.047
2.53E-08
5.70E-06

38.3
12.5
0.00
0.32
0.68
0.072
0.16
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Table 2.4 Comparison of CFFTP Pilot with other pilot-class machines
CFFIP
Pilot

SFDP
(baseline)
[2.5]

DTFC
[2.14]

NST
[2.15]

Fusion power.
MWf

20

22

100

10

Avg neutron wall
load, MW/m2

0.25

0.5

1.4

0.6

Major radius, m

2.21

1.54

1.6

0.6

Minor radius, m

0.44

0.43

0.59

0.35

Max on-axis field,
T

5.9

4.4

11.

-

Confinement

2.2 x ITER
Power Law

2 x ITER
Power Law

1-3 x KayeGoldston

-

Pulse length

Steady

Steady

Steady

Steady

Peak divertor
load, MW/m2

14

7.5

3.7

-

Divertor type

Double null

Single null

Double null

Double null

Fluence limit,
MW-yr/m2

0.3

5

0.7-1.4

0.2

Total power,
MWe

450

350

480 TF

80 TF

Auxiliary power,
MW injected

38 FWCD

25NBI
@ 200 keV

20ICH
15 LHCD

10

TF coil current
density, kA/cm2

1.5

2.5

5

-

Inboard shield, cm

50

30

0

0

TF insulation

-

Ceramic

Alumina

-

As-reported direct
cost, B$Cdn

1.1
1992

1.1-1.2
1990

0.7-1
1986

-
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One consequence of the low neutron wall load (and minimum cost) constraint on Pilot was
a small plasma, which required relatively more auxiliary power to maintain its
temperature. On the negative side, this results in a higher divertor heat load. On the
positive side, the plasma heating power is consistent with that needed to provide full
steady-state current drive.
The choice between superconducting and copper coils is largely a capital versus operating
cost choice. Analyses for a similar but neutral-beam heated pilot plant indicate that, at
0.25 MW/nf, the superconducting version is roughly 40% more expensive (due to an
increased shielding requirement) but uses 50-70% less overall power [2.2]. In the present
scoping study, it was assumed that a pilot plant would be more constrained by capital cost
than operating cost, so copper coils were favoured Furthermore, there is greater overall
experience with copper coils; copper coils are expected to be more reliable than
superconducting coils in the near term; and reactor-relevant superconducting coils can be
adequately tested in ITER, non-nuclear tokamaks, and non-plasma test facilities.
The overall power consumption for CFFTP Pilot is around 450 MWe. This is comparable
to present large tokamaks (e.g., 600 MWe peak JET [2.12]), proposed tokamaks (e.g., 600
MWe peak CIT, ITER CDA) and some Canadian industries (e.g., 200-500 MWe at steel,
nickel and aluminum plants in Ontario, Quebec and BC). However, it is still large. When
the CFFTP Pilot plant design was minimized against TF coil power, rather than overall
cost, the design point selected by the systems code had -20 MW lower magnet power, but
-20 MW greater plasma heating power. So it is felt that the present design represents a
minimum power point as well as a minimum cost point, within the given design
constraints.
The choice between ion cyclotron (fast wave) and neutral beam heating is also important
to Pilot. The key advantage to neutral beams, for a Pilot-class machine, is the beamplasma fusion reaction which can double the fusion reaction rate. That is, for the same
tokamak core (and therefore cost), the neutron wall load can be roughly doubled by using
neutral beams. Some increase in fusion is possible in principle with ion cyclotron heating,
but not much is expected for Pilot with its fast wave current drive and high aspect ratio.
The main argument for ion cyclotron heating is that it is more relevant to power reactors
[2.8] because:
no density limit as in lower-hybrid current drive;
source technology is less expensive than neutral beams (2-4 times [2.13]), much
less complex and more proven in steady-state;
predicted current drive efficiency is similar to negative-ion beams;
nuclear boundary is confined to the tokamak hall; and
RF ports should have less neutron streaming.
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The major technical issue for ion cyclotron heating in Pilot is the antenna; development of
a more robust, steady-state antenna is required for reactor-relevance. The major physics
issue is that (fast wave) current drive has not yet been proven. Both of these issues are
being addressed by world fusion research.
If ion cyclotron heating is preferred for power reactors, then this technology should be
used in Pilot, even with the significant penalty in neutron wall load, since integrated
testing of the nuclear technologies must include the heating and current drive system.
Other Pilot-class machine studies have relied on neutral beams and can be examined for
comparison [2.2].
Another broad engineering issue for Pilot is the small amount of shielding, especially on
the inboard side (50 cm), to keep the machine small. Although the peak fluence is only
0.3 MW-yr/rn2 (inboard), the use of helium cooling makes the shielding less effective.
Therefore, unless the neutronics and shielding can be optimized, it may be necessary to
use ceramic insulation, at least on the inboard side.
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3. PLASMA

3.1 Plasma Engineering
As Pilot is a driven tokamak, the main physics issues are similar to those for other longpulse non-nuclear tokamaks. The primary physics assumptions for Pilot are:
H-mode and peaked profiles compatible with long-pulse operation;
ITER scaling models apply up to an aspect ratio of 5;
ion cyclotron heating and current drive;
double-null divertor to minimize peak divertor heat load.
Within these assumptions, a self-consistent plasma configuration was selected with the
TETRA systems code [3.1]. The main plasma conditions are summarized in Table 2.3.
The choice of an elongated plasma with a double-null divertor reflected the ITER CDA
design [3.2] and recent reactor design studies [3.3]. Key issues include the increased
disruption risk (e.g., from pieces of the top divertor falling into the plasma), the difficulty
in balancing the plasma equally between the two plates, and the increased maintenance
complexity. The main advantage for double-null divertors is the larger surface area for
heat removal. However, the limiting heat load on the divertor is the peak value,- not the
average, and it is not certain how much advantage is actually gained. It is certainly less
than a factor of two because: 1) the plasma cannot be centered accurately at all times, so
it could oscillate between the two plates in an effective single-null geometry; and 2) the
parallel plasma transport path length between plates is reduced by half in the double-null
case, so the width of the power channel (set by cross-field diffusion in the edge) is also
reduced by about half, resulting in an increased peak heat load at the divertor plate. The
behaviour of single and double-null divertors is presently of major experimental interest,
and future versions of Pilot should reconsider this choice.
H-mode behaviour has been observed in several machines, with confinement of up to 3
times better than normal L-mode operation. The improved energy confinement
considerably relaxes the machine requirements, and has been assumed in recent designs
including BPX (1.8 x L-mode), ITER CDA (2 x L-mode), and ARIES I (2-3 x L-mode).
The particular value adopted for Pilot, 2.2 x L-mode, is consistent with these designs,
planned long-pulse experiments such as TPX, and a CFFTP Pilot time frame of 2010 for
startup. The L-mode scaling has been assumed to follow the ITER CDA power-law
scaling [3.4]. Table 3.1 compares the required confinement time and equivalent H-mode
factor with other scaling models.
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Table 3.1 Comparison of energy confinement time with several scaling models
(ion confinement assumed equal to electron confinement)

Confinement
time
scaling
model

Predicted
confinement
time
fat H=2.15)

ITER Power (reference)
ITER Offset
Neo-Alcator
Rebut-Lallia
Merezhkin-Muhkovatov
Kaye-Goldston
Goldston

T10
JAERI-88
Kaye-Big
ITER H-new
ITERH-old
Shimomura H-mode
Mirnov H-mode

H-mode factor
(for same
confinement time)
2.151
1.940
0.651
7.550
1.826
2.162
2.253
1.824
3.032
2.793
1.062
1.348
0.447
1.026

0.311 s
0.310
0.401
0.086
0.143
0.290
0,280
0.354
0.215
0.240

_
—

An important issue for Pilot is whether impurities and helium accumulate in the plasma
center and therefore prevent long pulses. Both H-mode operation and peaked density
profiles (c^=l), as assumed in Pilot, are associated with some impurity accumulation in the
plasma center. And H-mode operation is generally associated with flat density profiles.
However, the database on impurity accumulation, peaked discharges and H-mode is not
large and the parameter dependence is not established "Steady" H-mode operation (Hmode factor ~ 1.7 with ELMs) has been maintained in JET for around 18 s, limited only by
machine constraints [3.5]. Peaked profiles with H-mode factors of about 3 have also been
maintained for 0.6 s on JET; with some shots showing continuing impurity accumulation
and others showing saturation [3.5]. Pellet fuelling and counter-neutral beam injection,
which are frequently used to produce peaked density profiles and/or H-modes, are
associated with loss of sawteeth, which eject impurities. Also, peaked temperature
profiles, plasma rotation, ELMs, and central ergodic fields appear to eject impurities [3.6].
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For Pilot, it is assumed that an acceptable long-pulse, H-mode, peaked density regime
exists.
With respect to aspect ratio, the systems studies were carried out over a range of 2-5,
somewhat larger than the main tokamak database range of 2.5-4. Existing high aspect
ratio machines include ASDEX-U (A=4), PBX-M (A=5.5) and JT-60U (A=4). The lowest
cost point was found at the highest aspect ratio (5), similar to observations for ARIES-I
(A=4.5) [3.3], ITER HARD (A=4) [3.7] and SSTR (A=4) [3.8]. Even higher aspect ratios
could result in somewhat lower costs, but would increase the physics risk, which was
assumed to be acceptable at A=5 in this study. Note that cost minimums at high-A
generally are driven by trade-offs between magnet and vacuum vessel costs, so the
optimization depends on the accuracy of these models [3.19]. General concerns with
increasing aspect ratio include the lower ripple tolerance (e.g., 0.5% limit in HARD),
greater vertical instability, and reduced stability of the alpha particle Toroidal Alfven
Eigenmode. The Troyon coefficient for the beta limit also decreases, but modestly in
peaked profiles, up to A=5 [3.7].
The Pilot plasma was defined to be vertically elongated with ^ = 2 , as in ITER CDA and
ITER HARD. A particular issue for high aspect ratio, elongated plasmas is vertical
stability. HARD (A=4,1^=2), ARŒS-I (A=4.5, K«=1.6) and SSTR (A=4,K*=1.8) have
considered this issue in some detail, and stabilizing shells and active control systems are
required. The vertical instability growth rate was estimated by the TETRA code as 210/s
for Pilot (24/s ITER CDA, 55/s ITER HARD [3.7]). However, the TETRA estimate
probably does not include the stabilizing plates assumed in the Pilot blanket. Furthermore,
the Pilot PF coils are inside the TF coils (unlike ITER and reactor designs), so faster
response times may be more practical. The peaked profiles assumed in Pilot may also be
preferred for stability at higher aspect ratios [3.7]. This is a serious issue for the present
design that requires attention, and possibly a reduced elongation.
Most other physics aspects of the device are conventional:
sufficient margin on density and beta limits (e.g., gTroyon=2-4);
adequate edge safety factor, (q95=3);
bootstrap current fraction (32%) well below the suggested limit ( f ^ t ^ < 60%);
adequate plasma shielding to prevent neutral particles from recirculating into the
plasma core (ne*a > 0.2e20/nf );
low on-axis field ripple (0.04%);
sufficient fast alpha confinement (I*A > 9 MA).
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3.2 Plasma Heating and Current Drive
Plasma heating and current drive are provided by ion cyclotron waves. Ion cyclotron was
selected primarily because of its relevance for power reactors. Current drive by ion
cyclotron has been considered in reactor design studies (e.g., ARIES [3.3]) because it
should have adequate efficiency; it avoids the density limit of lower hybrid current drive
(and can be used in combination to provide profile control); it avoids, at least in part,
avoids the reliability and cost issues of long-pulse negative-ion neutral beams; and the
same system can be used for startup ion heating. However, the efficiency of ion cyclotron
current drive - specifically Fast Wave Current Drive (FWCD) - has not yet been
established experimentally.
No detailed design of the ion cyclotron heating and current drive system was developed
for this study. The power level was set consistent with the plasma parameters calculated
by the TETRA systems code (using ITER CDA scaling models). A general layout of the
ion cyclotron system, Figure 3.1, was developed by analogy with published designs.
Table 3.2 summarizes the general characteristics of the Pilot ion cyclotron system, in
comparison with other machines. In Pilot, 38 MW of ion cyclotron waves are delivered to
the plasma; 70% of this power is used to drive current.
It is assumed that a frequency around 80-100 MHz would be appropriate, and that most of
the power would be deposited The ion cyclotron current profile may be strongly peaked
on-axis, as in ARIES (where lower hybrid current drive was also needed to drive edge
current), depending on the design and number of passes for absorption.
The ion cyclotron power is delivered by standard loop antennae. The power loading is
taken as ~1 kW/cnr - at the upper end of installed systems (see Table 3.2). Delivery of "40
MW of ion cyclotron power requires 4 m2 of antenna For a poloidal antenna height of
around 0.60 m and a port width of 1.4 m, each Pilot port provides 1.5 m2 of antennae
surface to the plasma. Therefore, 3 ports are required.
For efficient current drive, about 12 current straps are required. Then the power can be
coupled to the plasma through 12 pairs of center-grounded current straps. The power is
delivered to the antennae via 24, 1.7 MW coax lines (8 per port). Coax lines (230 mm
diameter) are used to avoid breakdown (-50 kV RF voltage), although smaller diameters
might be acceptable if needed to minimize neutron penetration. There is sufficient space
in the ports for a dogleg in the coax lines to reduce neutron streaming, but no neutronics
calculations have been conducted.
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PARI. PLAN

Figure 3.1 Ion cyclotron system: plan and elevation view

Table 3.2 Characteristics of the pilot ion cyclotron system in comparison with other systems

CFFIP
Pilot

JET
[3.5]

TFTR

DmD
[3.10]

JT-60
[3.11]

err

[3.9]

[3.12]

ASDEX
[3.13]

1TER
CDA
[3.2]

A1HES-I
[3.3]

Output power, MW

38

22

10

9

3.1

20

2

130

97

Frequency, MHz

-60-80

23-57

40-80

40-80

108-132

60-110

30-80

15-80

141

Power/source, MW

1.7

2

2

2.2

0.75

1

2

3

5

Duration, s

CW

-20

2.5

1-10

10

1-2

CW

CW

Antenna

Loop

Loop

Loop

Loop

Loop

Loop

Loop

Loop

Folded
waveguide

Antenna load,
kW/cm2

1

-0.3

<1

-

1.6

—1

-

-0.5

-

Efficiency, %
Wall plug to
plasma

50

-50

-50

-50

70

The vacuum coax lines would couple to gas-filled lines across ceramic windows. A
double-ceramic break with intermediate vacuum pumping would be used. The gas-filled
lines (1-3 bar) would then extend out the tokamak hall, through the tuning stubs (e.g.. 2
per line, ~4 m tall) and to the power supplies. Dry air, SF6 and N 2 have been used for the
gas; He has been proposed for reactors. A second window would probably be used at the
tokamak hall boundary, to minimize the chance of contamination spreading into the ion
cyclotron amplifier room
The coax lines, Faraday shields and current straps would all have to be cooled. On the
JT-60 antennae, about 0.6% of the injected power is dissipated in the Faraday shields
[3.11]. Plasma radiation, plasma particles and nuclear heating provide further loads on the
shield and strap. Nitrogen cooling has been used on JT-60 ion cyclotron antennae and
Faraday shields [3.11]. Helium-cooled ion cyclotron systems were considered for INTOR
at 0.7 kW/cnf for 10 s pulses [3.14]. The coax line heat loads should be much smaller,
but some cooling may be required in steady-state. The outer coax is at ground potential
and readily cooled, but the inner coax Une is more difficult to access if fill gas cooling
and conduction are not sufficient. Cooling lines would have to enter and leave the 140mm diameter inner conductor at its grounded points on the antennae and in the tuning
stubs.
Power amplifiers in the required frequency range and power are close to being available.
For example, klystrodes for UHF-TV stations provide steady-state 0.25 MW power at -300
MHz with 70-75% efficiency [3.3]; 2 MW sources at 23-57 MHz operated for 20 s on
JET; and 2 MW gridded-tube sources at 80 and 131 MHz have been tested for several
second pulses [3.13,3.15].
The fundamental questions for the ion cyclotron system are:
efficiency of the fast wave current drive;
design of steady-state, 1 kW/cm2 loop antennae.
Ion cyclotron current drive is theoretically possible at a few frequencies, but the fast wave
is generally preferred [3.3]. However, while initial tests at DIED, JET and elsewhere are
encouraging, there is as yet no definitive measure of the efficiency of this technique.
Nonetheless, there are efforts on several tokamaks to test ion cyclotron heating and current
drive [3.5,3.16,3.17] and in national labs and industry to develop better sources and
antennae.
Reliable loop antennae that can deliver 1 kW/cm2 to the plasma are not proven in steadystate. Antennae have been operated (JT-60 [3.11], TFTR [3.9]) at these levels for short
pulses (~1 s), but the best ion cyclotron heating results so far have been at lower loadings
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(e.g., 0.3 kW/cm2 JET). Improved antenna design, and possible better coupling in hotter,
denser plasmas could improve the performance.
The heat load and disruption forces on the faraday shields are high. Waveguides, such as
those used for lower hybrid current drive, would be preferred since they avoid the faraday
shield, and are generally expected to be more reliable with easier cooling and maintenance.
But conventional waveguides would be too large to fit tokamak ports at ion cyclotron
frequencies. Folded waveguides, which are under development (e.g., 1 MW at 80 MHz),
may be able to provide 3 kW/cm2 in a power reactor relevant antenna [3.3,3.18].
Although not assumed in this study, such an antenna would reduce the Pilot requirements
down to a single port.
In addition to these critical issues, specific design work on the following is required to
confirm the present Pilot design basis:
coupling of the ion cyclotron power to plasma;
thermal/mechanical design of the antenna;
neutron streaming through the coax lines.
The cost of the ion cyclotron system was obtained from the TETRA systems code and is
identified in Section 11.
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4. MAGNETS

4.1 General
No detailed magnet design effort was carried out in this study. Instead, we have selected
a general concept based on the TETRA systems code and on the TST [4.1] and SFDP
[4.2] magnets.
The starting design assumptions were:
- steady-state water-cooled copper magnets;
- demountable TF coils;
- current densities in TF coil < 1.5 kW/cm2.
Copper coils were selected (see Section 2.2.2) for easier reactor maintenance and lower
capital cost. However, the electrical power and cooling requirements for steady-state
operation are quite significant. For this study, copper magnets operating with low-pressure
water cooling were selected as they are proven technology. The water temperature is
around 60°C, consistent with the heat sink requirements and with minimizing the copper
resistivity. Organic or fluorocarbon coolants could also be used instead of water, as in
some fusion machines, for lower corrosion rates and greater leak-tolerance.
Demountable toroidal field (TF) coils were initially selected in order to simplify vertical
maintenance of in-vessel components relative to ITER CD A. Subsequently, a radial
maintenance approach was adopted for the higher risk divertor and blanket components, so
the importance of demountable joints has diminished. Furthermore, in order to have
access to the joints, they must be at a large radius and, consequently, the horizontal coil
legs trap much of the in-vessel components. While such joints are still useful for
assembly and for major repairs, it is not clear that the overall machine availability is
improved because the joints are likely to be the weakest part of the TF coil. This design
choice should be reconsidered in future design iterations.
The coil current density was limited to 1.5 kA/cm2 on the inboard leg. Higher values
(e.g., 2.5 kA/cm2 in SFDP [4.2]) would make the coils smaller, but would have required
greater attention to magnet design than was available for this scoping study.
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The coils are shown as somewhere between square and "D"-shaped. For their thickness, a
true tension-only shape would not exist. Detailed stress analysis would be required to
determine the best shape. The top and bottom joints are placed as far outboard as possible
without interfering with the coil supports. This gives the maximum access to the joints
themselves. However, this also traps the largest number of reactor components (PF coils
and inboard shields). This maintenance trade-off needs to be considered further.
Table 4.1 summarizes the main Pilot TF coil and joint parameters in comparison with
other magnets. The coils were assumed to be driven by a current of 250 kA/turn in a
single, series connection. This current was selected somewhat arbitrarily, but is not
outside the range of values used in magnets and resulted in a TF coil with about 11 turns
per pancake. The resulting joints were felt to be at the limit of what could be realistically
handled. A higher current would mean fewer joints but increased power supply losses and
increased stray fields from the conductor buses.
Three joints were used - top, bottom and outboard. The purpose of the outboard joint is
to simplify assembly by adding additional flexibility in aligning the different coil
segments. It is placed between the removable lower divertor and blanket cassettes, so it
does not need to be separated while replacing these components. Bolted lap joints are
used at all locations for load-carrying capability.
The basic coil manufacturing steps are assumed similar to those for SFDP [4.2]. A
relatively high-strength material, such as dispersion-strengthened copper, was assumed
This strength may be needed to handle the coil forces, but would make machining and
forming more difficult. The single-piece cooling tubes are brazed into the grooves in the
copper for good heat transfer. The coolant enters at the bottom of the magnet and exit at
the top. The turns are connected to the main supply headers by nonconducting hose. The
outboard leg is cooled separately from the inboard leg. The cooling lines on the outboard
leg middle-joint are connected by jumpering across the individual turn coolant channels at
the joint position. The joints between these hoses and the coolant channels are relatively
weak, and should be monitored for leaks.
Scoping 2-D thermal calculations were carried out for the inboard legs. The cooling
geometry shown in Figure 4.1 should be sufficient to keep coil temperatures within 30°C
of the water temperature (~40-60°C) with 9 m/s flow rate, although the innermost turn
needs a coolant line on its inner surface. In the baseline SFDP design, with up to 6 m/s
water flow rate, the coolant temperature rise was 40°C and the maximum coil operating
temperature was 120°C.
The coil temperature is compatible with the use of standard epoxy-glass insulation, which
can withstand ~2 x 109 rad [4.9, 4.10]. Polyimides can withstand somewhat higher doses,
possibly over 1010 rads [4.11]. Ceramic insulation can withstand ~100 times higher doses,
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Figure 4.1 Magnets: plan and elevation views

Table 4.1 Comparison of Pilot TF coils with other jointed magnets
CFFIP
Pilot

JET
[4.3]

Dim)

TdeV
[4.4]

CMC»
[4.51

ATF
[4.6]

ISX-B
[4.7]

Major radius, in

2.2

3.0

1.7

0.86

0.66

2.0

0.9

On-axis field, T

5.9

3.4

2

1.5

9

6

Peak power,
MWe

-310

380 TF
300 PF

-

-

-

Nbr coils
Turns/coil
Joints/turn

12
22
3

32

-

16
4
2

Joint type

Bolted
lap

None

Bolted
finger

Conductor

-

-

Current, kA/tum

250

Current density,
kA/cm2

1ST
J4.1]

SFDP
[4.2]

DTFC
[4.81

0.7

1.54

1.6

1.2

2

4.4

11

-

-

30

200 TF

480

120
1
4

2
14
12

5
3

8
18
4

8
16
3

16
11
2

Bolted

Sliding
vertical

Bolted
lap

Bolted
finger
and lap

Bolted
lap

Bolted
lap.finger

Sliding
vertical

-

CrCu
CDA182

CD107

B152

-

-

OFHC

BeCu,
OFHC

67

195

98

250

62/120

-

65

265

500

1.5 IB
0.5 OB

-

-

2.4 IB
4.0 joint

2
4.3 joint

1.2/2.5 at
joint

-

2.8 IB

2.5 IB
1.0 OB
0.8 joint

5 IB
1.6 joint

Total voltage, V

1300

13,000

-

100

-

-

-

45

-

4000

TF coil mass,
Mg

1600

360

-

-

-

-

-

-

320

850

0

but is not yet practical. Polyimide or epoxy-glass is assumed here, although preliminary
shielding assessment indicates that ceramic may be required.
The support structure needed for the TF coils has not been designed. Solutions proposed
for the roughly similar SFDP coils may be applicable [4.2]. The general assumptions
regarding mechanical support are as follows:
- TF coils out-of-plane loads are carried by supports between TF coils at the top and
bottom outboard sections;
- TF coil inboard legs are wedged into a continuous cylinder to resist the centering
force;
- TF coil outboard legs are self-supporting for in-plane loads;
- TF coil inboard legs are either self-supported for vertical forces or assisted by a steel
pin through the internal bore.
Estimates for some of the resulting loads are provided in Table 4.2. For comparison,
OFHC copper has a fatigue life of 100,000 cycles for an alternating stress of 90 MPa, and
the epoxy-glass insulation can tolerate over 300 MPa in compression but less than 20 MPa
in shear [4.2].
4.3 Poloidal Field Coils
The poloidal field (PF) coil system was not designed further than that outlined by thé
TETRA code. TETRA provided very approximate sizing for four coil sets: a central
solenoid for startup, two inner coils and two divertor coils for vertical and divertor
shaping, and two outer coils for vertical equilibrium. These coils have been roughly
checked by the BEQ equilibrium code, and it appears that the desired equilibrium plasma
profile can be generally achieved by a basically similar coil set. However, no analysis of
stability, control and startup has been carried out. In the present design, therefore, there is
a 50 cm region between the outboard TF coil leg and the back of the main shield where
more PF coils can be placed as needed
The coils are placed inside the TF coil since this reduces their current and the out-of-plane
forces on the TF coil (perhaps by a factor of two). However, these coils become trapped,
and cooling and maintenance are more difficult. The coils are placed where they do not
interfere with the regularly maintained items - the divertor and blanket cassettes. The PF
coils are assumed to be supported from the permanent shield structure.
The effect of moving the outer PF coils was explored with TETRA while maintaining the
other general design features. Table 4.3 summarizes the results. It can be seen that there
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Table 4.2 Toroidal field coil characteristics

Number of coils
Turns/coil
Current/turn
On-axis field
Inboard leg inner radius
Inboard leg outer radius
Outboard leg inner radius
Outboard leg outer radius
Coil toroidal width

12
22

Maximum field
Vertical force on inboard leg
Vertical force on outboard leg
Radial force on inboard leg
Radial force on outboard leg
Average inboard leg hoop stress
Average inboard leg vertical stress
Average outboard leg vertical stress

11 T
26 MN
18 MN
36MN/m
8.4 MN/m
72MPa
71MPa
16MPa

250 kA
5.9 T
0.25 m
1.20 m
4.22 m
5.94 m
0.64 m

Table 4.3 Effect of outer PF coil position
Coil position

Outside, low

Inside, Low

Outside, High

Inside, High

Radius, m

6.24

5.64

6.24

5.64

Height, m

±0.99

±0.99

±1.29

±1.29

Cost, M$Cdn

Reference

_g

~0

-9

Current, MA

1.5

1.3

1.5

1.4

Max current, kA

+11/-40

+11/-40

-

+12/-40

MaxMVA

41

28

-

30
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is only a moderate penalty in moving these PF coils outside the TF coil. However, in the
present design, they are not in the way of regular maintenance, are tolerably shielded
(although no analysis has been performed around the penetrations), and are replaceable via
the top TF demountable coils. Therefore, they are placed inboard to improve control of
the high aspect ratio, high elongation plasma.
The remaining PF coils must be wound in place as they are all located inside of the TF
coil joint. The solenoid, inner coils and divertor coils can be wound onto the central core
piece at the factory. Failure of any of these coils would require complete disassembly of
the machine. Alternatives such as moving some of these coils outside the TF coils, or
using demountable or "window-frame" [4.1] coils should be considered
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5. MAINTENANCE
5.1 Introduction
Maintenance considerations should have a large influence on machine design. At the
beginning of this scoping study, several maintenance-related choices were adopted.
Subsequently, their impact on maintenance was considered in more detail. Vertical and
horizontal views of Pilot are shown in Figures 5.1 and 5.2.
The key configuration choices related to maintenance were as follows:
demountable copper toroidal field (TF) coils;
radial replacement of divertor segments;
radial replacement of outboard blanket segments;
poloidal field (PF) coils placed inside the TF coils;
tokamak hall laid out with a "U" flow path;
two 180° ports for in-vessel maintenance access.
Demountable TF coils should make it easier to install and replace some internal
components, but they also require joints which inevitably weakens the magnet. The
selection of demountable coils was based on the design for a similar study, the Small
Fusion Development Plant (SFDP) [5.1].
The TF and PF coils were positioned to allow the replacement of the divertor and the
outboard blanket in "cassettes" by radial movement, as in SFDP [5.1]. In Pilot, however,
the blanket is removed as one segment. Directly inside the TF coils (and between
outboard blanket modules) is a section of permanent shield; it is not exposed to plasma.
Since Pilot has a vertically elongated plasma, the PF coils were assumed to be needed
inside the TF coils for fast stabilization of the plasma. This substantially complicates
replacement of inboard components (inboard shield, PF coils, TF coil inner leg). In order
to limit the need to replace the coils over the life of Pilot, the risk of failure was
minimized by the use of standard water-cooled copper coils with moderate current density.
The building layout has a "U" arrangement. (See Figures 9.1-9.3 for more layout
drawings.) Clean equipment is brought in from outside at one side of the tokamak hall,
and installed on the tokamak. Failed equipment is moved from the tokamak to the hot cell
entrance, and placed laterally beside the clean equipment entrance. This arrangement puts
walls near the tokamak on three sides, which allows for much of the auxiliary equipment
to be positioned close to the tokamak but well-shielded.
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Figure 5.2 Horizontal cross-section of Pilot.

Two radial ports (out of twelve) were reserved for in-vessel maintenance equipment. This
simplifies the equipment (e.g., reduces the required reach), allows for faster supply and
removal of parts, and provides backup in case one in-vessel manipulator fails.

5.2 Maintenance Considerations
The general maintenance options are:
Hands-cn. Use of conventional hand tools with personnel in contact with the
components, possibly wearing plastic suits with breathing air attachment.
Semi-remote. Personnel enter the work place, but special equipment is used to
reduce the radiation exposure. This equipment may include portable shielding,
long-handled tools, and remotely operated tools installed by hand.
Fully remote. Maintenance is performed with cranes and manipulators which are
controlled by personnel from a remote protected area
During hands-on maintenance, failures are usually repaired at the work site by trained
technicians. Maintenance procedures can be complicated and require a fair degree of
dexterity. On the other hand, remote maintenance tasks must be designed such that the
operations are straightforward and simple. Components requiring remote maintenance are
grouped into easily replaceable modules, which are repaired in a distant hot cell.
Transport corridors and doors must be provided. The components must be provided with
lifting attachments which can be easily engaged by remote means. Replacement by
vertical motion is preferred.
Remotely replaceable modules must be rugged. Consequently they have high design
safety margins, and are therefore larger units.
The configuration of the machine must provide enough clearance for assembly, and
consider both the limitations in the remote handling equipment and the general lack of
"presence". For example, where direct viewing is not possible, room must be provided for
the cameras and lights.
Remote maintenance equipment is normally far less efficient at maintenance than a
technician, so takes many times longer. Furthermore, because the equipment has lower
adaptability to unforseen circumstances, the results are less predictable. Back-up
procedures and redundant equipment are needed for recovery from a failed maintenance
attempt.
Overall, while hands-on maintenance is very much preferred, this choice will mainly be
determined by the radiation levels at the component location. Since the radiation analysis
has not yet been done for Pilot, it is assumed for this study that most maintenance
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operations near the machine are done remotely. If areas are well shielded and the vacuum
vessel remains intact, the requirement may be reduced to allow a less demanding form of
maintenance. Auxiliary equipment in another shielded room may allow hands-on or semiremote maintenance.
The influence of maintenance on the design of the components for the Pilot machine will
differ according to the reliability of the component and the consequences of its failure on
the machine's availability. Furthermore, when should the maintenance equipment be
provided? Since Pilot will become activated soon after it goes into operation, it may not
be appropriate to phase in the maintenance equipment over a long period of time as was
done for TFTR and JET. Therefore some guidelines should be available when deciding
the following:
what influence maintenance should have on the component design;
should the maintenance equipment be optimised for speed;
when should the maintenance equipment be available?
To answer these questions, each maintenance operation should be reviewed and assigned
to one of the following maintenance Classes.
Qass I: Class I operations involve components which will require routine maintenance to
keep the machine running under normal circumstances (such as plasma facing
components). These operations must be well defined and planned for completion in the
shortest possible time. Components must comply fully with the remote maintenance
requirements, if remote maintenance is needed. Any tools or equipment needed to carry
out a Class I operation must be demonstrated during assembly and commissioning of Pilot
plant. Backup methods must be planned and demonstr. ;d in case the planned procedure
turns out to be impossible. The time to complete an operation will play major part in
determining the design of the maintenance equipment.
Qass H: Class II operations involve rare or unlikely breakdowns which would shut down
the machine (such as pressure tubes in a CANDU reactor). The design of these
components must comply fully with the maintenance requirements. Because the tools and
handling equipment may be unique to the Pilot plant they may require extensive
development. Thus, to avoid a lengthy down time, they must be fully developed and
demonstrated before they are needed. This must be done before the machine is activated
and probably during the construction phase. Backup plans and procedures must also be
demonstrated at this time. Maintenance time to complete the operation must be minimised
but will not be the overriding factor.
Class HI: Class IH operations involve components that have the potential to shut down
the machine if they fail but may be regarded as established technology, ie. maintenance
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equipment already exists elsewhere or may be readily modified for use on Pilot. The
failure of components involving Class in operations is not expected to occur during the
life of the machine and the components are not routinely maintained The design of
components for Class HI operations may be influenced by remote maintenance
requirements, but will be the subject of a trade off between manufacturing cost, probability
of failure and down time saved. Written procedures and backup methods to recover from
an unscheduled failure must be available prior to the machine being activated.
Class IV: Components subject to Class IV operations are those components that may fail
but are not essential to the running of the machine (such as some diagnostics). In this
case the design is little influenced by maintenance considerations. Special tools and
procedures will be developed as and when required.
Class V: Maintenance may be accomplished using semi-remote or hands-on techniques
with standard tools.
At the present stage of Pilot, maintenance times cannot be estimated. However, based on
other more advanced studies, the following times would be typical:
Class
Class
Class
Class
Class
Class

I, Routine In-vessel Operations - 2-8 weeks;
I, Routine Ex-vessel Operations - 2-4 weeks;
II, Auxiliary Ex-vessel Operations - 3-8 weeks;
H, Basic Machine External Components - 6-12 weeks;
II, Basic Machine Internal Components - 12-25 weeks;
IE, Unexpected, Equipment Development Required - 25-52 weeks.

5.3 Remote Maintenance Infrastructure
Remote maintenance design practices have been developed over the past forty years,
mainly by the nuclear fission reprocessing community. It is not a widely practiced design
skill. It is important that guidelines illustrating good remote handling practice be set out
in a reference manual for use by all fusion system designers.
Basic components that will be routinely handled remotely should be standardised These
include fasteners, electrical and fluid connectors, pipe flanges, vacuum seals and so on.
Class I operations should be verified on 1:1 mockups. In some cases, reduced scale
models may be used to develop procedures or study theoretical models. However, they
have limited use because they cannot readily evaluate important parameters such as
equipment operating velocities, machine clearances and viewing angles.
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Hie use of 3-D CAD graphic simulation techniques is a powerful design tool. Used in
conjunction with a mockup, this can go a long way to validating remote maintenance
procedures at minimum risk or cost.
5.4 Assembly, Disassembly and Reassembly
5.4.1 Assembly
Following the laying of the foundations of the reactor site, the reactor building is
constructed and provided with conveniently located datum points against which the reactor
components are positioned and surveyed during assembly. Throughout the assembly, at
critical stages for remote operations, the conventional assembly techniques will be replaced
by "pseudo remote" techniques to check the remote handling procedures and equipment.
This may increase assembly time but is necessary.
The basic machine assembly is illustrated in Figure 5.3 and described below.
The tokamak assembly begins by placing the inner legs of the I F coils around the centre
core. The inner solenoid coils are wound in place. This operation (1) may be carried out
off-site, transported to the reactor hall and loaded onto the main support.
The inner wall of the vacuum vessel is assembled in a number of segments (the number
can be a minimum of two or up to twelve) and welded together (2). The permanent shield
is assembled around the inner vacuum vessel (3). Note that the permanent shield has full
poloidal coverage only directly inside the TF coils.
The inboard replaceable shield is assembled around the vacuum vessel and attached to the
permanent s'r *ld in such a way that the "dog leg" at the interface prevents neutron
streaming (4). The divertor PF coils are wound in place (5). The external segments of the
vacuum vessel, including the outboard permanent shield, are assembled and attached to the
inner wall of the vacuum vessel (6).
The lower outer TF coil leg is positioned (7), and the outer PF coils are lowered into place
(8).
The upper outer TF coil legs are lowered into place and fixed by horizontally mating the
upper joint and rotating the leg to mate with, the lower leg (9). Alternatively, the rotation
can be replaced be a horizontal translation which simultaneously engages both joints,
providing sufficient clearances can be achieved joints. To allow assembly but keeping a
close gap at the joints, the "fingers" must be curved or the gap must be widened and a

5-7

f

f

SPAR

RHP1LT52

a

Figure 5.3 General assembly sequence for Pilot.

second element added to take up the clearance. The upper and lower divertor cassette
housings are attached (10).
The outboard breeder blanket and shield modules (11), and upper and lower divertors
modules (12), are assembled and inserted into the machine. Auxiliary equipment such as
the compact toroid fueller, ion cyclotron heating, vacuum ducts, diagnostics and
maintenance ports are attached (13). Cooling headers are lowered in place and attached to
the first wall, blanket, shield, upper and lower divertors, TF and PF coils (14).
5.4.2 Disassembly and Reassembly
The dismantling operation must start with removal of contaminated dust and debris from
within the machine followed by a process of decontamination or of "fixing" the
contamination. If only a segment of the machine is to be removed it may be possible to
introduce temporary barriers to contain the contaminated volume.
The disassembly operation will be the reverse procedure of the assembly process. During
these operations precautions must be taken to avoid distortion of the machine due to the
release of internal stresses especially associated with welded components.
For reassembly of the basic machine, the shape and dimensions of the machine must be
accurately determined and either the shape corrected or the replacement component
manufactured to suit.
Measuring machine dimensions must be carried out remotely by a combination of jigs and
fixtures, and measuring devices using remote range finding techniques such as lasers or
infrared systems. Correcting a distorted shape may require remote machining operations
or the application of clamps, screw jacks, etc. Once the interface is accurately determined,
a hardware model or template is made of this interface and the replacement part checked
against this model before transferring the component to the assembly site.
Remote assembly must be followed by remote inspection. This is particularly difficult if
welded sections are to be inspected and normal radiographie techniques are excluded by
the presence of high radiation fields.
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5.5

In-Vessel Maintenance

5.5.1 Fust Wall
The first wall is assumed to be covered with protective tiles. It is assumed that they will
require routine maintenance where all or large numbers may be replaced. Unscheduled
maintenance may be required when local damage causes small numbers of tiles to be
replaced. Tile replacement is a remote maintenance Class I activity. The frequency of
first wall maintenance is not known at this time. It is assumed that scheduled maintenance
will be carried out during a general shut down.
Maintenance will be carried out using the in-vessel articulated boom carrying a dexterous
and/or a power manipulator with a range of end effectors. The articulated boom carries
the manipulators to the work location and can be made rigid so as to provide a stable
operating base for the manipulator. If a large number of tiles need to be exchanged, it
will be necessary to open the second maintenance port to act as a materials transfer port.
5.5.2 Radiation Shield
Shield modules are located close to the plasma to retain energetic neutrons within the
machine and to limit the neutron damage as far as possible. There are shield modules
internal and external to the vacuum vessel. The internal shields include permanent shield
modules located on the inner wall of the vacuum vessel and those attached to the breeder
blankets as described above (see Figure 5.4).
External shield modules do not require an active cooling system and are normally high
density concrete blocks.
Permanent shield modules are not expected to require maintenance during the life of the
machine. However, if they fail it will be necessary to shut down the machine to effect a
repair. These repair operations are therefore Class II operations.
Replacement procedures for shield modules will depend on the specific module. In
general, they will be replaced using a number of in-vessel and ex-vessel maintenance
tools. Typically, cooling supply lines will be cut and the fastening system disconnected.
Once disengaged the modules are removed. On reassembly, any rewelding must be
carried out using parent materials which are not significantly damaged by neutrons in
order to avoid embrittlement problems.
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5.5.3 Diveitois
The machine has a double null configuration with 12 top and 12 bottom divertors in the
form of cassettes. The divertors are assembled radially with respect to the reactor at an
angle of+/- 20 degrees to the horizontal in order to allow linear removal without
interfering with the outer poloidal field coils. Figure 5.5 shows the general arrangement
of the lower divertor; the upper divertor is similar but shorter and with a shield plug as it
does not connect to the vacuum system.
The divertor operating conditions are not well understood at this time. It is assumed that
divertors will be changed on a frequent basis and are a Class I operation.
To prevent the dispersal of radioactive contaminant into the vault, it will be necessary to
extract the divertors into a contained transfer unit. The exit to and from the cassette
chamber will be via double doors.
Before removal, the supply lines must be disconnected from the cassette. These joints can
be either welded or bolted. The welded arrangement has the advantage that the resulting
connection can be of high integrity. However, weld inspection will be difficult to carry
out in the high radiation environment. In the event that a weld has a fault, the resulting
failure could be in the form of a fracture with catastrophic consequences. Flanged joints
require more space around them for assembly and are more difficult to operate remotely.
However, failure is more likely to be a leak rather than a rupture. Also, it may be
possible to fix the leak by simply tightening the bolts.
5.5.4 Ion Cyclotron Heating - Faraday Shield
The plasma facing components of the ion cyclotron system are the faraday shields. These
are located inside the vacuum vessel and in close proximity to the plasma. These
components may be damaged on a routine basis and access to them it is more readily
achieved from inside the machine using the in-vessel manipulator.
The faraday shield itself is a series of toroidal cooling tubes near the plasma. To remove
the faraday shield, it is necessary to cut the cooling lines and pull the shield into the
machine. This is regarded as a remote handling Class I operation.
5.5.5 Compact Toms Fueller- Focus Cone
The Compact Toroid Fueller focus cone is assumed to erode during operation and
therefore may have to be replaced regularly. This is a Class I operation. It will be carried
out from inside the reactor using the in-vessel manipulator.
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5.5.6 Inspection
Two methods of in-vessel viewing will be employed. One will be by a TV with
stationary periscope which will penetrate the vacuum vessel and the second will be
mounted on the manipulator. For complete coverage of the vessel, there will be a
minimum of four cameras and periscopes deployed into the vacuum vessel via a vacuum
lock during maintenance.
The mobile in-vessel viewing system, mounted on the transporter, will also be used for
viewing during maintenance. The video feed back will be supplemented by graphic
animation.
5.5.7 Support During In-Vessel Operation
When replacing divertor cassettes, for example, it may be necessary to ensure the correct
positioning of the cassette by providing auxiliary viewing or physical assistance. This will
be achieved by the use of the in-vessel boom manipulator.
5.6

Ex-Vessel Maintenance

Maintenance close to the machine or on components where there is insufficient shielding
will be carried out remotely. Maintenance behind shielding or sufficiently far from the
machine will be done "semi-remotely" or "hands on".
5.6.1 Vacuum Pumps
The approach taken towards vacuum pump maintenance will be driven by the radiation
fields at the vacuum pumps and the need to prevent the spread of contamination. There
are three possible scenarios.
If there is little contamination and low radiation levels at the pump location, then the
vacuum pumps would be maintained by workers in protective bubble suits. Contamination
control would be limited to placing the components into sealed bags during transport and
erecting temporary tents. Components and tools must be designed to avoid sharp corners
that could tear protective suits, and to ensure that the lifting equipment can be readily
attached by personnel encumbered by a pressurised plastic suit.
In the second scenario, there are sufficient contaminated particles and medium radiation
levels at the pump location. The contaminated particles may be in the form of tritiated
first wall material (carbon dust) or activated metal (stainless steel). Protection against the
former can be achieved by a system such as a plastic glove box However, irradiated
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steels will produce gamma radiation which will require additional shielding with material
such as lead blocks.
For such situations, it is possible to provide a system employing "semi-remote"
maintenance techniques using operators with long-handled tools and through-wall gloves.
See Figure 5.6 for a typical arrangement involving a glove box and through-wall tools.
Contamination control during component transfer is achieved by standard glove box
"bagging" techniques or by use of transfer flasks.
The components of the vacuum pumping system will be arranged within the unit so that
all the disconnect points are accessible by the through-wall tools and all lifting points on
the equipment can be easily attached to the lifting equipment. The components of the
system will be provided with assembly and alignment aids such as those shown in Figure
5.7. These aids are typical of the remote handling features which may be included on
machine modules. They also assist semi-remote or hands-on operations. As designed, the
heavy vacuum system components are aligned horizontally. However, in general, it would
be easier to align the components vertically.
If the vacuum pump room is highly gamma active, then the vacuum pumps must be
maintained remotely. In this case, it may be more practical to consider regrouping the
pump sets so that they can be more easily serviced by remotely controlled equipments
[5.2]. For example, the pumps would be arranged so that there is free access above them,
and components are arranged for vertical assembly. An overhead crane and gantry
manipulator provides the basic remote maintenance equipment. Components such as the
pipe flanges and turbo pumps are provided with design features such as those described
above for the semi-remote maintenance.

5.6.2 Ion Cyclotron Heating
The antenna of the ion cyclotron system sits behind the faraday shield Depending on the
nature and failure of this component, two maintenance procedures can be envisaged for
this component. If the component is robust and does not become damaged on a frequent
basis, it may be designed such that it is removed horizontally into the reactor hall as part
of the port assembly. If, however, the faraday shield does not offer sufficient protection
and the antenna may also be frequently damaged, then it may be designed as a module
which is removed from within the vacuum vessel similar to that of the faraday shield.
Other system components requiring maintenance will either be removed as modules or be
part of the horizontal port assembly and be removed from the operating port for
maintenance in a hot cell.
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5.6.3 Compact Toroid Fueller
The compact toroid fuelling machine is located at one of the horizontal equatorial ports,
and fuels the machine in the form of a small plasma "donuts" injected radially at high
speed into the main plasma. Since this system will likely require routine maintenance and
will shut down the machine, it's maintenance is regarded as a Class I operation.
Radiation levels at the compact toroid fueller require all maintenance to be carried out
remotely. When disconnected from the machine, possible contamination in the form of
tritium or dust must be contained. Because there is a direct line of sight into the plasma,
a shield will be required around the fueller. These are expected to be self-supporting
blocks which can be readily removed and will not hamper access for maintenance.
The fueller is assembled and disassembled axially as shown in Figure 5.8. Special
features will be included in the design of the fueller modules to ensure that they may be
automatically aligned during remote assembly. The machine will incorporate lifting points
such that the unit can be removed for maintenance in a hot cell. The plasma end of the
central electrode may be subject to erosion requiring periodic replacement. This will be
carried out from within the torus using the in-vessel maintenance manipulator.
In the event of failure, the fuelling machine will normally be maintained in a hot cell and
be removed from the machine as follows:
Gas supply lines will be disconnected using jumper pipes and isolating valves
where tritium and other contamination needs to be contained.
Single core electrical power cables will be attached using captured fasteners.
Special "rest areas" will be provided for cables once disconnected
Instrumentation signal connectors will be of the quick disconnect type.
The machine attachment to the bed frame and reactor port will incorporate clamps
and captured fasteners for quick assembly and disassembly.
Alignment devices involving guides and dowels will ensure automatic alignment of
the central and outer acceleration electrodes.
The maintenance equipment will mainly involve the general purpose tools and ex-vessel
manipulator with overhead cranes. Special lifting frames will be required to remove the
unit from the operating location (see Figure 5.8).
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5.6.4 Breeding Blanket
There are five sectors of the machine reserved for outboard breeder blankets. These
blanket modules are not expected to require routine maintenance. Furthermore, although
the blankets will require periodic replacement in a power reactor due to fluence limits, it is
expected that they will last for the lifetime of the Pilot plant. For Pilot, blanket
maintenance is considered a Class II activity.
The blankets are removed horizontally (Figure 5.9) into a contained transfer unit in a
manner similar to that proposed for NET test blankets [5.3]. The equipment used to
achieve this exchange will be a combination of equipment dedicated to the contained
transfer unit and the general purpose ex-vessel maintenance equipment such as the crane
and bridge mounted manipulator.
5.6.5 Toroidal Field (TF) Magnets
There are twelve copper TF coils, each consisting of an upper outer leg, a lower outer leg,
and an inner leg. The sections are attached to one another by bolted mechanical lap joints.
Each section of the magnet is cooled by water. The coolant supplies are connected to a
main water ring header. Each joint is attached and insulated such that the copper coils
form a continuous winding which is attached to an external bus.
To remove the upper outer leg, both outer lap joints are unbolted and the upper leg rotated
in the horizontal plane about the upper lap joint until it is free from the lower lap joint.
The upper outer leg can then be withdrawn horizontally from the upper lap joint until it is
free. Alternatively, the entire upper out leg is moved toroidally such that both joints are
freed simultaneously. The first option requires that the lap joints be designed with some
tolerance for rotating the joints into contact, but only requires one joint to be aligned at a
time. The second option requires both joints to be aligned together, but the assembly and
disassembly is carried out with a direct translation motion using simple jacks.
To remove the lower outer leg, the upper outer leg must first be removed. The TF coil
and lower divertor coolant lines are disconnected and the lower outer leg plus its support
are removed radially.
The inner legs of the TF coils are "trapped" by a number of semi-permanent components
during the construction of the machine. To replace a single inner leg, it is necessary to
remove all of the upper and lower components of the TF coil as described above. In
addition, other major components must be removed: outer and inner PF coils; all in-vessel
components; vacuum vessel; solenoid; and upper magnet ring header.
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Figure 5.9 Removal of outboard breeding blankets.

5.6.6 Poloidal Field Magnete
There are a set of outer poloidal field (PF) coils, a set of inner poloidal field coils, and a
set of divertor poloidal field coils.
To replace the outer PF magnets, it will be necessary to gain access by removing the all
the upper outer TF coil legs, and all the upper divertors and their support housings. In
addition, the lower outer PF coil will require that all connections and auxiliary equipment
attached to the horizontal ports must be disconnected.
To replace a failed inner or divertor PF coil, it will be necessary to gain access to the coils
and provide space for an in-situ coil winding machine. To achieve this access the outer
PF coils must be removed as above plus the following major components:
- all in-vessel components;
- all lower divertor ducts;
- all auxiliary equipment and diagnostics;
- vacuum vessel.
The replacement times for the inner PF coils have not been detailed but it will certainly be
a very long procedure, probably exceeding one year.
5.6.7 Solenoid Coils
The solenoid coils are wound around the inner TF coil. If they have to be replaced, it will
be necessary to remove the vacuum vessel, the inner PF coils and the inboard permanent
shield Once exposed, the cooling system and bus connections are disconnected to allow
access for the coil cutting equipment or unwinding apparatus.
5.6.8 Vacuum Vessel
Vacuum vessel maintenance will involve either the insitu repair of a vacuum leak or the
dismantling of the vacuum vessel to replace trapped components such as inner PF coils.
The first type of repair will be carried out using in-vessel handling equipment and
conventional tools modified to suit the manipulators. The second type of remote operation
will require the progressive removal of external components to gain clearance to remove
the vacuum vessel.
For the purpose of this analysis, it is assumed that the vessel is made up from the least
number of parts, i.e. four - two inner halves of the torus and two outer halves. They are
connected together to form a toroidal vessel by making four semi-poloidal welds and two
toroidal welds at the top and bottom of the vessel. An alternative vacuum vessel
configuration is to fabricate the torus from twelve "D" shaped segments which are welded
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poloidally to form the vacuum vessel. The first option requires the least amount of insitu
welds, but does require equipment for both toroidal and poloidal welds and may make
inspection, repair and fit-up more difficult.
To remove the vacuum vessel, it is necessary to remove all in-vessel components, the
upper outer TF coil legs, the outer PF coils and all auxiliary equipment. Once access has
been gained, the toroidal welds and the two of the semi-poloidal welds are cut. The outer
shell of the vacuum vessel can then be removed. The inner wall is removed after cutting
the two inner semi-poloidal welds and again moving horizontally and vertically.

5.7

Remote Maintenance Equipment

5.7.1 Main Crane
The main crane is located in the tokamak hall and covers the tokamak, the hot cell and the
transfer area. It has a span of 30 m, a maximum lift of 200 Mg with its main hook and 30
Mg with the auxiliary hook. The crane hook nominal drop is 21 m. The crane rail
elevation is at level 24 m. Useful travel of the main crab is 26 m. The main hook has a
powered rotary hook. The crane is designed for maximum reliability, including redundant
drives. If it fails, then it may be recovered by the Bridge Mounted Transporter.
5.7.2 Overhead Bridge Mounted Manipulator
The main ex-vessel maintenance tool is the overhead bridge mounted manipulator (Figure
5.10). This is located below the main crane and travels on rails located at the 16 m
elevation. The span of the bridge is 30 m and travels between the reactor hall, the hot cell
and transfer area. The crab carries a telescopic mast and a jib crane. The telescopic mast
has three moving sections. It is capable of providing a direct lift of approximately 5 Mg
at the elbow hook.
At the end of the telescope, there is a common interface that allows the remote attachment
of the ex-vessel power manipulator, in-vessel boom and the dexterous manipulator.
Attached to the telescope is a independent jib crane with a lift capacity of 10 Mg. It is
attached to the telescope by a rotating collar which allows the cantilever jib to rotate +/180° about the vertical axis of the telescope.
5.7.3 In-Vessel Transporter
The in-vessel transporter is an articulated boom (Figure 5.11) with four links. The links
are connected by five vertical axis drive joints. The articulating links are supported by a
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Figure 5.10 General arrangement of bridge mounted manipulator and main crane.

cantilever beam at one end. The beam is transported by a overhead trolley. It has access
to the inside of the vacuum vessel via two opposite maintenance ports. At the other end
of the articulated boom is a pitch-and-roll joint. The joint can be remotely connected to
special purpose tools and the in-vessel dexterous manipulator.
The in-vessel transporter is normally located in a permanent cell outside the reactor. It is
attached to the maintenance port by a series of double doors and decontamination
facilities. The maintenance transporter cell also acts as a maintenance cell for the
transporter and other in-vessel tools.
5.7.4 Itt-Vessel Manipulator
The in-vessel manipulator is mounted on the end of the in-vessel transporter. It is used
for dexterous manipulative tasks at all points within the vacuum vessel. These include
using special purpose tools for specific tasks, support to other maintenance operations such
as pointing lights and cameras, or unscheduled work using its general purpose grippers.
Because of the relatively high aspect ratio (R/a=5) and vertical elongation (K=2) of the
Pilot vacuum vessel, it is necessary to provide the manipulator with a telescopic motion to
reach the upper and lower regions of the vessel. The range and degrees of freedom are
illustrated in Figure 5.12.
The manipulator base will have a common interface so that it may be replaced with the
standard Master Slave Servo Manipulator or Power Manipulator. Also the wrist will have
a common interface so as to support special purpose tools. It will have a handling
capacity of 25 kg and will normally be controlled by a master-slave arrangement with
advanced robotic control features.
5.7.5 Ex-Vessel Power Manipulator
For manipulating components on the outside of the machine, a Heavy Duty Power
Manipulator is attached to the lower end of the telescopic mast.
The manipulator can handle 200 kg in any orientation and higher weights in preferred
orientations. It has six degrees of freedom, including:
Vertical motion (provided by mast);
Shoulder roll (provided by mast drive);
Shoulder pitch (+/- 105°);
Elbow pitch (+/- 120°);
Wrist pitch (+/- 150°);
Wrist roll (360° continuous).
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Figure 5.11 General arrangement of articulated boom.

Figure 5.12 In-vessel manipulator degrees of freedom.
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5.7.6 Master Slave Servo Manipulator
General tasks requiring more dexterous operations will be carried out using the Master
Slave Servo Manipulator. Typically these manipulators can be off-the-shelf items and take
the form of an anthropomorphic two-armed machine with force reflection, which gives the
operator a sense of feel when undertaking a task.
The control system provides for joint-by-joint, automatic preprogrammed motion and
teach-and-repeat. operations. It is also possible to provide a scaling mode to operator
motion and force reflection. To enhance operator ergonomics, it is possible to introduce a
phase shift between the relationship of the operator to the work environment so that the
operator works in a comfortable position.
The maximum operating load is 25 kg per arm in any position and higher loads in other
orientations for short periods. The base of the manipulator has a standardized interface so
it can be transported by the in-vessel transporter or the ex-vessel telescopic mast.
5.7.7 Blanket Handling Unit
The breeder blanket modules and outboard shield are removed radially from their working
positions. To prevent the spread of contamination from within the vessel during this
operation, one option is to withdraw the unit into a Contained Transfer Unit, such as
proposed for replacement of test blanket modules on NET [5.3]. All remote operations
must also be performed from within this Contained Transfer Unit. The blanket modules
are subsequently transferred to a hot cell in smaller transfer flasks.
An alternative is a fixed hot cell attached to the reactor at each toroidal location. The
remote handling equipment would be part of the hot cell repair facility. A third option is
to allow the hall to be contaminated if the level of contamination is expected to be small.
Yet another option is to fix the contamination to the surface using a spray-on coating.
This coating can subsequently be stripped away (in a hot cell).
5.7.8 Diveitor Handling Unit
Similar to the blanket handling equipment, the divertor handling equipment will be located
inside a Contained Transfer Unit and attached to the upper and lower divertor ports. The
divertor handling equipment accesses the divertor via a double door system to prevent the
spreading of contaminated material. The equipment includes tools to gain access to the
divertor supply lines and fasteners. Once the supply lines are disconnected and the
divertor freed, the handling device pulls the divertor into the Contained Transfer Unit.
The divertor is raised on to a wheeled vehicle before being retracted. A new divertor is
installed by exchanging it with the old.
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5.7.9 Plaits Transport
Parts transport should be considered early in the design stage [5.4] because of the impact
it has on the building layout (especially for large components), corridor locations and size,
and transporter locations and type. The equipment can be grouped according to the size of
part carried, or:
Large component transporters, such as Contained Transfer Units, rigid flasks with
double doors, and flexible flasks;.
Medium component transporters, such as the transfer flasks used to transfer
components from a Contained Transfer Unit to the hot cell; and
Small component transporters, which include components transferred from glove
boxes and components placed in plastic bags.
5.7.10 Other Equipment
There will be a number of items of remote maintenance equipment which will be special
to Pilot and have not yet been addressed. These include:
inner PF and solenoid coil winding equipment;
vacuum vessel cutting and welding tools;
tile handling unit;
first wall alignment and adjustment tools.
In addition, there will be many general purpose tools. These are usually conventional
tools modified to be compatible with the handling equipment. They include:
internal and external pipe cutting equipment;
torque wrenches;
stud tensioners;
general cutting and chiselling tools;
inspection tools (endoscopes, cameras, etc.).
5.8

Cost Estimate

Cost estimates for the assembly and maintenance equipment are listed in Table 5.1. The
estimates are based on the costs of similar equipment developed for a similar US design,
i.e., BPX [5.5]. Costs were originally in 1991 US dollars and have been escalated by 5%
to 1992 dollars and an exchange rate of 1 $US = 1.2 $Cdn has been applied
The cost estimate for the maintenance equipment is 50 M$. Development costs could be
about the same order. Costs include engineering design, manufacturing, control systems,
materials and acceptance testing. Costs do not include, taxes, hot cells, waste handling,
Pilot project management, general computers, installation and commissioning.
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Table 5.1 Cost estunates for Assembly and Maintenance Equipment (k$).
Assembly Equipment
Optical Alignment Equipment
General Tools and Equipment
Sky-Lifts (load balancing)
Expendables
PF Coil Lifting Rig
TF Coil Lifting Fixtures
Vacuum Vessel Lifting Rig
Horizontal Port Lifting Rig
Solenoid Lifting Fixture
Lift and Installation of Divertor Ports
Ion Cyclotron Antenna Lifting Rig
CT Fueller Lifting Rig
General Purpose Maintenance Equipment
200/30 Mg Main Crane
In-Vessel Boom
Bridge Mounted Manipulator
Ex-Vessel Power Manipulator
Dexterous Manipulator
In-vessel Manipulator
Floor Mounted Ex-vessel Manipulator
Special Purpose Maintenance Equipment
Divertor Handling Equipment
Blanket Handling Equipment
Lip Cutting and Welding Equipment
Pipe Cutting and Welding Equipment
Ion Cyclotron Faraday Shield Gripper
Contained Transfer Units (5)
Vacuum Pump Equipment
General Purpose Tools
Torque Wrenches
Heavy Duty Cutting Equipment
Impact Wrench
Viewing Equipment
Inspection Equipment
Mockups

126
239
315
1,008

88
831
13
76
81
21
63
63
5,040
1,890
2,520

504
945
630
1,260

1,260
1,260

315
315
126
6,300

630
13
12
12
63
63
6,300

Sub-total Hardware
Handover Trials (5% of Hardware)
Software ( 15% of Hardware)
Remote Handling Control Room (5% of Hardware)
Contingency (25% of hardware and software)
Total
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32,382
1,619
3,238
1,619
9,714
48,572

5.9

Comparison With Other Fusion Machines

5.9.1 NET/TIER CDA
NET/ITER [5.6, 5.7] differs from Pilot in that as all PF coils are external to the TF coils.
This allows TF coil replacement without removing the outer PF coils and vice versa.
The NET/ITER vacuum vessel is assembled from sixteen "D" shaped segments, whereas
Pilot is assembled from four "C" shaped sections. The NET/ITER vacuum vessel is made
as a thick walled structure which also provides shielding and is therefore structurally more
stable and better able to withstand deformation. This has advantages when reassembling
parts requiring remote rewelding. Pilot has a thin wall vacuum vessel and separate shield
modules. This should be easier for remote rewelding since the weld will be more
conventional. However, the vessel will have less structural stability and will deform more
easily during disassembly and may therefore be more difficult to align for rewelding.
The NET/ITER blankets are removed through the top using vertical lifting equipment.
This has a major advantage in that the remote handling equipment and blanket set-up is
inherently a stable configuration. However, because the blankets are trapped behind the
TF coils, the blanket configuration is non-symmetrical and has severe limits on routing
feed pipes. This arrangement also demands that the lifting equipment perform difficult
rotational manoeuvres. Pilot has the advantage that the replacement is by radial straightline motion. This eases the manoeverability issue but requires a handling machine which
can withstand very difficult overturning moments.
NET/ITER divertors are installed from inside the vacuum vessel, but the supply lines are
accessed from above and below the machine. This requires parallel in-vessel and exvessel operations. These operations are difficult if contamination is to be controlled. Pilot
has replacement cassettes, which can be withdrawn in a straight Une with all the
mechanical connections being made from outside. It has the drawback that cassettes are
much bigger and heavier, and the handling equipment demands more ex-vessel volume.
For NET/TIER, two options for in-vessel maintenance equipment are being developed i.e., an in-vessel boom and a vehicle. This is because as machine size increases, the
problems of large cantilevered booms tend to favour the more stable arrangement of the
vehicle. Pilot's smaller vessel will favour an articulated boom.
5.9.2 BPX
The BPX [5.5] arrangement of basic machine parts is similar to NET/ITER CDA in that
the PF coils are mounted external to the TF coil. All PF and TF coils can be remotely
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replaced The lower PF coil has a spare coil permanently installed so that it can be
exchanged without dismantling the machine.
The main difference from routine maintenance tasks in Pilot is that there are no breeder
blankets. Divertors are maintained by in-vessel articulated boom rather than cassettes.
The problems of cutting and welding insitu were not addressed.
No facilities for contamination control, other than when doing routine maintenance inside
the machine were identified When working inside the machine, a contained transfer unit
was proposed
5.9.3 TPX/SSAT
TPX/SSAT [5.8] has superconducting coils and is only intended to burn D-D. Remote
operations are only necessary for in-vessel maintenance. It is assumed that much of the
ex-vessel tasks may be done semi-remotely. In-vessel tasks such as tile and divertor
replacement are to be carried out using an in-vessel boom or vehicle.
The machine can be remotely dismantled so as to replace all TF and PF superconducting
magnets. However, a considerable amount of preparation work is required because of the
cryostat.
5.9.4 SFDP/TST
SFDP is very similar to Pilot [5.1]. The PF coils are enclosed by a set of twelve
demountable coils. The inner PF coils must be wound in place. The machine has only
lower divertors which are removed in cassettes. It is assumed that sufficient shielding can
be provided so that hands-on maintenance can be used for ex-vessel tasks.
TST [5.9] is a small non-nuclear tokamak similar to SFDP for testing divertors. The
structure of the machine has been designed to allow ready replacement of the divertor
cassettes. TST also has demountable TF coils, with each coil having four sections. The
divertor surfaces must be concentric with the surface described by the plasma. This is
achieved by mounting all divertor cassettes onto an adjustable conical base, which can be
adjusted relative the plasma by a number of screw jacks.
5.10

Issues

Contamination control during maintenance is a major driver for the design of maintenance
equipment and for the building layout. The degree of contamination, and the philosophy
of where contamination boundaries should be drawn should be investigated That is, is the
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contaminated boundary the vacuum vessel or the reactor hall? If the reactor hall is to stay
clean, then either potentially large contained transfer units or directly adjacent hot cells are
required. The applicability of strippable coatings to fix contamination should be studied in
this context.
Although demountable joints were initially adopted in order to provide simpler access for
replacement of blanket modules and other in-vessel components, the design subsequently
evolved towards radial replacement of the outboard blanket, and the remaining in-vessel
components were largely trapped by the required radial position for the joint (driven by
access requirements). Since the joint is probably the weakest part of the TF coil, and
since it appears very difficult to handle remotely, the basic need for demountable joints
should be reconsidered.
The maintenance of some of the basic machine elements (i.e., inner TF and PF coils,
vacuum vessel and solenoid coils) are all extremely time consuming and technically
demanding. The basic problem is that the PF and inner TF coils are "trapped", i.e., to
remove them requires dismantling large parts of the machine. The maintenance route with
PF coils external to the TF coils should be examined. Alternatively, demountable or
"window" [5.1] PF coils should be considered.
In the current design, access to equipment below the machine is extremely tight. This
may be relieved if access tunnel is provided below the machine.
It is necessary to transport large items of equipment through the reactor hall. To do this,
free corridors are necessary. Overhead bridge structures should be avoided. Similarly,
ground transporters require free paths to the components they service. The piping and
cable trays should be located below the machine working level if possible.
With trapped PF coils, there are two options for assembling the core of the device:
- Off-site factory assembly, and complete replacement if any part fails;
- On-site assembly, so that only the part that fails need be replaced
In general, on-site assembly should be minimized. For example, it would require special
remote coil winding equipment for the solenoid and PF coils. This remote winding
operation would be very demanding. The assembly time would also be longer since all
the remote assembly equipment and operations would have to be proven during the initial
assembly. However, on-site assembly could minimize the amount of waste disposal and/or
the repair time in the event that a core component fails.
A radiation survey should be completed to identify the appropriate maintenance options
for each system
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There are a number of other assembly and disassembly operations which are extremely
demanding if they are to be achieved remotely. These tasks are common to other
tokamaks such as ITER. In particular:
rewelding the vacuum vessel;
post-inspection of welds in a radiation environment;
geometric measurement and survey of parts to be assembled.
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6. FUEL CYCLE

6.1 System Design
The fuel cycle design is based on concepts proposed by CFFTP for NET and ITER
[6.1,6.2]. Most are under detailed design or test by CFFTP at Pilot-relevant scale.
The major systems and the selected technologies are:
-

Fuel Storage and Management System - ZrCo Storage Beds
Torus Vacuum Pumping System - Turbomolecular Pumps
Blanket Tritium Recovery System - Pressure Swing Adsorption (PSA)
Fuel Cleanup System - PdAg Diffuser and HITEX
Isotope Separation System - Cryogenic Distillation
Fuelling - Compact Toroid (CT) Injection

A scoping design of each system was completed, including major flows, major
components, hydrogen inventory, capital cost, room area and service requirements. This
study did not include systems for coolant detritiation, building atmosphere and process gas
cleanup, and solid and liquid waste detritiation.
The block diagram in Figure 6.1 shows the major subsystems and flows. Flow
characteristics are listed in Table 6.1. Table 6.2 provides estimates of power, room area
and service requirements for each subsystem. Table 6.3 summarizes the hydrogen and
tritium inventories in the various systems.
The total hydrogen inventory, Q2, of the fuel cycle system is approximately 2 kmoles (42
m3 STP), most of which is in the hydrogen and deuterium storage tanks. The maximum
system tritium inventory is about 300 g, mostly in storage. The cryogenic distillation
columns retain only 3.2 g. Tritium inventories in the fueller, vacuum system, blanket
tritium removal system and interconnecting piping are negligible.
For comparison, the tritium in the graphite tiles is estimated as 10 g, and the blanket
inventory is estimated as 0.2 g in the ceramic breeder, and 8 g in the beryllium after 1 full
power year (see Section 7.4.6).
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Table 6.1 Fuel cycle system flow balance
Stream
Number

Description

Flowrate
(mol/h)

Pressure
(fcft)

1.7

110

49.5/49.5/0.1/1%
T/D/H/O

110

49.5/49.5/0.1/1%
T/D/H/O

5.0

110

50/50/0.1% T/D/H

Composition

1

Fuel feed to Torus

2

Recycled fiiel gas from CT Fueller

3

Fuel feed from Fuel Storage System

4

Deuterium feed for Glow Discharge Cleaning

[0.4]

110

<l/100/O.l%T/D/H

5

Helium feed for Glow Discharge Cleaning

[1.2]

110

98/2% He/Q,

6

Torus exhaust to Torus Vacuum Pumps

1.7

10^

94.6/3.4% QVHe +
imp.

7

Torus Vacuum Pump output to Fuel Cleanup

1.7

100-140

94.6/3.4% Q/He +
imp.

8

Impurity-rich feed to HITEX

0.1

25

He/impurities/DT

9

Impurity-free feed to Isotope Separation System

1.6

110

DT

10

HITEX output to Isotope Separation System

20.4

155

H/HD/HT

11

HITEX output to Exhaust Gas Detritiation

0.2

110

Impurities + He

12

Blanket Purge Gas feed to Blanket Tritium
Recovery

840.0

130

He + 0.1%H7HT

13

Detritiated Blanket Purge Gas

839.5

140

He + 0.05% B/HT

14

Blanket Tritium Recovery feed to Isotope
Separation

6.6

155

B/HT

15

Blanket Tritium Recovery feed to
impurity treatment

0.1

110

50/50% (H2+HT)/He

16

H2 Output From Isotope Separation System

27.0

150

100%H 2 (<10- 7 %T)

17

D, Output From Isotope Separation System

0.6

100

100%D 2 (<10- 7 %T)

18

DT/T, Output From Isotope Separation System

1.0

100

80/20% T/D

19

Hydrogen Supply to HITEX, PSA, and Blanket

27.0

110

H2

20

Hydrogen Addition to HITEX Process

20.4

110

H2

21

Hydrogen Addition to Blanket Tritium Recovery
Process

6.2

20

H2

22

Makeup H^elium to Blanket Purge Gas

0.5

135

H2 + He

23

Makeup Tritium

0.027

110

T:

24

Makeup Deuterium

0.027

110
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Table 6.2 Fuel Cycle System power, room area and service requirements

Service Requirements

System

Power
(k\V)

Room area (irf)

Fuel Storage and
Management System

35

90 Gloveboxes
70 Buffer/supply tanks
20 Shutdown storage

He, 1000 mol/month
H,
D,
T2

250 (16/duct)

None

Torus Vacuum
Pumping System

100

Blanket Tritium
Recovery System

30

30

Cooling water, 200 L/hr
H2, 6.2 mol/hr
LN2, 0.017 L/hr

Fuel Cleanup System

20

50

Cooling water, 600 L/hr
H2, 20.4 mol/hr

Isotope Separation
System

50

30

Compact Toroid
Fuelling System

1100

Cooling water, 1000
L/hr

30 Fueller
150 Power supplies
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Cooling water,
36000 L/hr

Table 6.3 Fuel cycle system hydrogen and tritium inventory

Hydrogen inventory 1
System

Q, 2 (moles)

T2(g)

Fuel Storage and Management System:
Storage:
ZrCo Hydride Beds
Hydrogen Storage Tank
Deuterium Storage Tank
ISS Shutdown Storage Tanks
Process:
Expansion Tank
Assay Tanks
Fuel Feed Tank
Fuel Return Tank
Hydrogen Buffer Tank
Deuterium Buffer Tank

17
4.5x2
20
20
88
15

50
26
60
60

Torus Vacuum Pumping System

0.08

0.2

Blanket Tritium Recovery System
PSA Columns
PSA Loop
Buffer Tank

0.6
0.6
7.0

0.02
0.02
0.1

Fuel Cleanup System
HITEX Buffer Tanks

7.8x2

1.3x2

Isotope Separation System
Column CD1
Column CD2
Column CD3
Column CD4

9.9
1.3
1.4
1.8

0.2
0.05
0.0001
2.9

Fuelling System

0.01

0.03

Maximum shutdown storage inventoiy
Typical process inventory1

1800
160

303
75

17x6
1420
190
14

50x6
3.2

Notes:
Sum of maximum component inventories. Actual system inventory will be less.
Q2 represents the total hydrogen inventory including H, D, and T.
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6.2 Fuel Storage and Management
The Fuel Storage and Management System stores all hydrogen isotopes, including
shutdown storage for the cryogenic distillation columns. The system delivers deuterium
and tritium to the CT fueller and gas puffing units during the burn cycle, deuterium and
helium for glow discharge cleaning, and swamping hydrogen (protium) to the HITEX and
Pressure Swing Adsorption systems. The system receives recycled fuel gas from the CT
fueller, hydrogen isotopes from the Isotope Separation System, and makeup deuterium and
tritium from external sources.
The system consists of three gloveboxes (GB001-GB003) and a separate buffer/storage
area for H,, D,, and He, as shown in Figure 6.2. The system parameters are summarized
in Table 6 A "
Based on a tritium feed rate to the torus of 0.83 mol/h, the amount of tritium required for
a 24-hour bum is 120 g but only 3.9 g is actually consumed (at 25 MW). Supposing a
maximum lag time of 24 hours for the tritium to be processed, then the minimum required
tritium reserve is 120 g. Annual tritium consumption for a 50% plant availability factor is
710 g/yr. If the net blanket tritium breeding ratio is 0.6, then 280 g of tritium will still be
needed from outside sources. Two shipments of 150 g would be sufficient. A 300 g onsite tritium reserve is assumed for Pilot.
Tritium is stored on ZrCo hydride beds, each capable of storing 50 g of tritium as DT (at
50% of their theoretical capacity as ZrCoQ^). Both uranium and ZrCo were considered
for the reference hydride storage medium In fact, uranium is more proven, while there is
ongoing research onto ZrCo [6.3-6.6]. Tritium aging of ZrCo remains an issue,
particularly with regard to ZrCo particulate production and to trapping the 3He generated
from tritium decay. ZrCo is assumed here as the reference storage medium, however,
based on its apparent overall similarity in performance to uranium, and with the intent of
simplifying fusion power plant licensing.
The tritium product from the isotope separation system (T2/DT as 80% T, 20% D) is
drawn into GB001 by pump PI and stored on the return buffer storage beds (B1-B3) prior
to assaying in assay tank (TK1). Tritium shipped from outside sources is stored on the
makeup storage beds (B4-B6) and can also be assayed prior to use. Assayed samples
which do not meet acceptance standards can be returned to the Isotope Separation or Fuel
Cleanup as required. The main tritium storage is located in GB002, where assayed tritium
is kept on six hydride beds (B7-B12).
Fuel mixing is performed in GB003. Tritium from GB002 is pumped by pump (P3) into
an assay tank (TK3). Deuterium is delivered to the same assay tank from a storage tank
(TK9). Fuel mixes of any proportion, in batches up to 1 hour of feed time, can be
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assayed. Assayed fuel mixes are fed into a fuel feed buffer tank, capable of storing a four
hour supply of fuel. The fuel mixing system receives waste fuel gas from the CT fueller.
This flow is directed to a return buffer tank (TK5) where the return product can be
remixed and assayed, directed to Isotope Separation or Fuel Cleanup Systems, or recycled
directly to the fuel feed tank.
The Fuel Storage and Management System also includes a buffer and storage area for D2,
H2 and He. These gases are stored in tanks at up to 2 MPa pressure. These tanks are
single-walled since both these tanks contain less than 10 mCi each. The H2 main storage
tank represents the largest hydrogen inventory and will be located outside the reactor
building to minimize the risk of explosion damage.
The helium storage tank (TK10) has been sized to store a one month reserve supply based
on an estimated makeup supply for the blanket and for glow discharge cleaning of 1000
moles/month. Industrial high-purity helium (99.995% He) is available for approximately
$20/m3.
The buffer and storage area receives H2 and D 2 from the Isotope Separation System and
stores these gases in low-pressure buffer tanks (TK6,TK8) where the gas may be tested
prior to storage in the high-pressure storage tanks (TK7,TK9). The H2 storage tank is
sized to accommodate a 48-hour reserve, for a supply requirement of 27 mol/h to the PSA
and HITEX systems. The D 2 storage tank is sized for a 48-hour fuelling reserve (120
moles), with additional capacity for 4 GDC cycles (12 moles for each 28-hour cycle).
Shutdown storage tanks are also provided for the cryogenic distillation columns (not
shown in Figure 6.2). These are relatively small, double-walled storage tanks, sized to
accommodate the entire gas inventory of the isotope separation system at less than
atmospheric pressure.
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Figure 6.2 Schematic diagram of fuel storage and management system,
which is divided into three gloveboxes.

Table 6.4 Fuel Storage and Management System

Tritium production and feed requirements:
Tritium feed rate to plasma
120 g/FPD
Tritium consumption rate
3.9 g/FPD
Annual tritium requirement*
710 g/yr
From blanket (at 0.6 TBR)
430 g/yr
From outside sources
280 g/yr
* Assuming 50 % plant availability and -25 MW fusion power
Hydride Storage System:
Bed type
Bed capacity (stored as DT @ 50% stoichiometric)
ZrCo required per hydride bed
Total number of beds (including backup and reserve)
Total tritium inventory

ZrCo
50 g tritium
3.6 kg
12
300 g

Glovebox Requirements:
GB001 - Tritium Assay, Buffer & Makeup Storage
GB002 - Tritium Main Storage
GB003 - Fuel Assay and Batching System
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2 m x 1.5 m x 2.5 m high
2 m x 1.5 m x 2.5 m high
3 m x 1.5 m x 2.5 m high

6.3 Torus Vacuum Pumping
Hie Torus Vacuum Pumping System requirements are to:
Pump down the torus from atmospheric conditions to a base pressure of 2 x 10"6 Pa
within 48 hours;
Remove 1.6 mol DT/h and 0.047 mol He/h during the burn cycle;
Pump the tokamak during glow discharge cleaning (1.15 mol/h He at 0.3 Pa; 0.43
mol/hD 2 at0.1Pa);
Pump down the torus from glow discharge cleaning pressure (0.3 Pa) to base
pressure at divertor (2 x 10'6 Pa) within 24 hours;
Pump down torus pressure by a factor of 100 in 1000 seconds between burn shots.
The design of the Torus Vacuum Pumping System is very sensitive to the outgassing rates
and divertor pressures. The following assumptions were made:
Divertor pressures for He and Q2 during the burn cycle are 0.004 Pa and 0.1 Pa
respectively;
Outgassing rate after 24 hours of pumping is 1 x 10"7 Pa-m/s;
Effective outgassing area is 500 m2.
However, these values are not very certain. This divertor operating pressure is similar to
those estimated for ITER CDA [6.2] and NET [6.18]. But the experimental database is
not very definitive, and radiative or gaseous divertors appear to be required to reduce the
divertor heat loads, which will increase the neutral gas loads and pressures at the divertor.
The outgassing rate is higher than assumed for CIT (10"8 Pam/s for POCO graphite tiles
or steel surfaces [6.12]), but the effective outgassing area is assumed to be five times the
projected area (compared with ten times for NET [6.18]). For the particular assumptions
made for Pilot, the vacuum system design is sized by the outgassing loads rather than by
the burn cycle exhaust load.
The reference Torus Vacuum Pumping System is shown in Figure 6.3 and summarized in
Table 6.5. It consists of twenty-four 2000 L/s magnetic-bearing turbomolecular pumps
connected to the twelve vacuum ducts. The turbopump size was selected based on
existing capabilities and in order to allow redundant pumps on each duct. For example,
Edward High Vacuum carries a magnetic-bearing turbopump (made by Seiko SeiM) which
is rated at 2000 L/s for N2 (Edwards Model STP-2000T), 108 rad tolerance, and can be
installed in any orientation. Also, since this arrangement is not conductance-limited by the
ducts, total pumping capacity requirements are still met with up to five pumps not
working.
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Table 6.5 Torus Vacuum Pumping System

Number of ducts
Free volume including ducts
Projected wall surface area
Projected duct surface area
Effective outgassing area
Outgassing rate, first day
Outgassing rate, after first day
Base pressure at divertor
Pumping speed at divertor (total)
Downpipe conductance (total)
Pumping speed at vacuum pump (total)
High vacuum pump (2/duct)

Roughing/Forepump System (2/duct)

12
80 m3
98 m2
250 m2
500 m2
1 x 10 6 Pam/s
1 x 10"8 Pa.m/s
0.1 Pa
25irr7s
86 m3/s
2 x 24 mVs
2000 L/s
Turbomolecular
(Magnetic bearing)
12 CFM Normetex
0.5 CFM Metal Bellows

A roughing/forepump pump set, comprising a Normetex scroll pump and a doublecontainment metal bellows pump, is connected to each turbopump outlet and also directly
to the vacuum duct (see Figure 6.3). The scroll and bellows pump capacities are roughly
20 NmVh (12 SCFM) and 0.9 NnrVh (0.5 SCFM), respectively. Other pumping options,
including cryomechanical pumps [6.7] can be considered. It is estimated that the roughing
pump configuration would take 4-8 hours to reduce the torus pressure from atmospheric
pressure to 5 Pa, 24 hours to 2 x 10"5 Pa, and 35-40 hours to 2 x 10"6 Pa
The present pumping arrangement places the pumps in a separate hall beneath the torus.
It may be possible to place the turbopumps in the main reactor hall, as part of the
replaceable divertor cassette module. It also may be possible to reduce the number of
vacuum ducts and still have adequate pumping. The main design issue is to improve the
estimates for the divertor pressure and gas loads during operation.
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Figure 6.3 Elevation and plan views of vacuum pump configuration.
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6.4 Blanket Tritium Recovery
The Blanket Tritium Recovery System (Figure 6.4) uses Pressure Swing Adsorption (PSA)
to extract H2/HT from the blanket helium purge gas [6.8,6.9]. The tritium recovery system
consists of two PSA columns (cryogenic molecular sieve beds cooled by liquid nitrogen),
a feed compressor (PI), a return gas expansion turbine (Tl), a regeneration vacuum pump
set (P2), a recovery gas buffer tank (TK1), a recovery gas compressor (P3), a recovery gas
separator (SI) with a vacuum pump set (P4), and heat exchangers as appropriate. The
system parameters are summarized in Table 6.6.
The process is based on a 10 minute operating cycle for each column (i.e., 5 minutes for
adsorption and 5 minutes for desorption). During the adsorption phase, the feed gas is fed
continuously to the column and returned to the blanket. Pump PI compresses the feed gas
to a pressure of about 1 MPa in order to increase the H2/HT partial pressure, which
enhances the adsorption of hydrogen in the column. The return stream is restored to the
normal blanket purge gas operating pressure via a turboexpander (Tl). A gas-gas heat
exchanger (HX2 or HX3) cools the feed stream entering the column and warms the return
stream exiting the column. Makeup H2 is added to the exiting He purge gas to
compensate for the H2 extracted along with the tritium
After 5 minutes, the feed is switched to the other column and the loaded column is
isolated for desorption. The desorption process follows three stages. First, in the
blowdown stage, the column exit is opened to the He return line downstream of Tl. This
reduces the column pressure to about 0.13 MPa within a few seconds. Next, in the helium
recovery stage, the residual helium adsorbed in the column is pumped via P2 to the He
return line. Following the He recovery stage, when hydrogen desorption increases
significantly, hydrogen gas is added to the column to increase the H2 partial pressure in
the column to about 20 kPa and displace the adsorbed HT. The output of P2 is then
switched to the H2/HT recovery line and the column is pumped down to about 0.2 kPa.
The recovery stream, which has a composition of about 99% H2/HT and 1% He, is
pumped to a buffer tank (TK1). From TK1, the H2/HT recovery gas is pumped by P3 to a
gas separator (SI), which is a PdAg diffuser. In SI, the remaining He is separated out
and sent to the Fuel Cleanup System, while the bulk of the recovered H2/HT (-99%) is
delivered to the Isotope Separation System After 5 minutes (for all three stages of
desorption) the column is again ready for adsorption.
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FROM BLANKET
PURGE GAS
[840

mol/h]

TO BLANKET
PURGE GAS
[839.5

mol/h]

TO ISS

[6.6 mol/h]

Figure 6.4 Schematic of blanket tritium recovery system based on pressure swing
adsorption.
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Table 6.6 Blanket Tritium Recovery System

2.3 g/day
77 K
10 min
IMPa
0.2 kPa

Tritium extraction rate during burn
Column temperature
Cycle time
Column base pressure - adsorption
Column base pressure - desorption
Input parameters:
Purge gas feed pressure
Feed flowrate <Stream 12>
H2 partial pressure (feed)
HT partial pressure (feed)
Average H2 addition flowrate <Stream 21>

130 kPa
840.0 mol/hr
150 Pa
10 Pa
6.2 mol/hr

Output parameters:
Average He return flowrate <Stream 13>
He pressure (return)
H2 partial pressure (return)
HT partial pressure (return)
Average H2/HT recovery flowrate <Stream 14>
H2/HT recovery pressure
Average residual He/H2/HT flowrate <Stream 15>
Residual gas stream pressure

839.5 mol/hr
130 kPa
75 Pa
5 Pa
6.6 mol/hr
155 kPa
0.1 mol/hr
110 kPa

Glovebox requirements:
Glove box GB1 (PSA equipment, including coldbox)
Cold box CB1 (PSA columns and heat exchangers)

4 m x 1 m x 2.5 m high
0.5 m dia. x 1 m

In the design of the Blanket Tritium Recovery System, the main assumptions were:
During the He recovery stage (about 10 seconds), virtually all of the adsorbed
helium is recovered, with little of the adsorbed hydrogen (< 1%). Unrecovered
helium comprises < 1% of the hydrogen recovery stream.
The extraction efficiency of Q> from the He stream is about 50%;
6-15

The adsorbent is Molecular Sieve 5A;
There are no significant impurities in the purge gas.
The essential parameters of the Blanket Tritium Recovery System are similar to those of
the process simulation (at 1 MPa) and the demonstration facility described by
CFFTP [6.8,6.9]. However, the Pilot design is based on a higher H2/HT ratio and is
therefore proportionally smaller.
Since this PSA concept is new, there are several operational details that have nui. ^^ been
verified (e.g. sensitivity to feed pressure, extraction efficiency, helium recovery efficiency)
and many options that have not yet been explored (e.g. the effectiveness of different
adsorbents, the cost-benefit of using ambient rather than cryogenic columns, the optimal
amount of hydrogen to add during regeneration).
The Blanket Tritium Recovery System must have additional overpressure protection since
it operates at up to 1 MPa. Also, since the PSA cycle involves high pressure and vacuum
conditions existing simultaneously in adjacent parts of the system, double isolation valves
and control interlocks are included to prevent damage to components by inadvertent
pressurization of the vacuum side of the system. Alternatively, fast-acting emergency
isolation gate valves may be used
It is assumed that virtually all of the helium adsorbed on the bed can be recovered and
returned to the blanket, and that the hydrogen recovery stream contains no more than
1% He. Although this 1% can probably be tolerated by the cryogenic distillation columns,
a PdAg diffuser has been included to separate out the helium and deliver it to the Fuel
Cleanup System in case the helium levels in the hydrogen recovery stream are higher than
assumed. Also, although impurities in the recovery gas are assumed to be insignificant,
the diffuser serves as an additional barrier to ensure that any impurities are not sent to the
isotope separation system.
The PdAg diffuser has been sized for 99% permeation of the recovered li/HT. Therefore,
the bleed stream sent to the Fuel Cleanup System consists of approximately equal amounts
of hydrogen and helium, and could be sent to the front end (i.e. Impurity Removal
System) of the Fuel Cleanup system. However, to avoid any dilution of the DT recovered
from the Torus, the bleed stream from the Blanket Tritium Recovery System is fed
directly to the buffer tanks of the HITEX loop. This permits recovery of the remaining
hydrogen in the bleed stream, while the helium is sent to the Exhaust Gas Detritiation
System with the rest of the fuel cycle impurities.
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6.5 Fuel Geanup
The Fuel Cleanup System collects the tritiated exhaust from the Torus Vacuum Pumping
System and Blanket Tritium Recovery System, separates the impurity gases from the
process streams and delivers the purified Q, gas to the Isotope Separation System The
system consists of an Impurity Removal System and an Impurity Treatment System.
Impurities are separated from hydrogen by palladium-silver diffusers [6.10], and then
detritiated by the High Temperature Isotopic Exchange (HITEX) method [6.11].
In the design of the Fuel Cleanup System, the main assumptions were:
The only input streams are from the Torus Vacuum Pumping and the Blanket
Tritium Recovery systems. The exhaust from the Fuelling System is recycled
directly back into the Fuelling System.
Diffusers based on PdAg membrane tubes will be used [6.10, 6.14].
The HITEX catalyst is 1% Pt on Alumina, operating at 400°C. The reactor walls
are lined with ceramic and water cooled in order to limit Qj permeation.
The Fuel Cleanup System is shown in Figure 6.5. The system parameters are given in
Table 6.7. The main feed, which comes from the Torus Vacuum Pumping System, is first
delivered to Diffuser SI for separation of the impurities. Before entering SI, the gas is
fed through Catalytic Recombiner CRI to convert any oxygen in the feed to Q^O. Of the
two streams exiting SI, the permeate stream, consisting of purified O^ (50:50 D:T), is
pumped via Pump PI to the isotope separation system high-tritium column; the bleed
stream, which consists of the impurities and residual Q2, is fed into one of the two Buffer
Tanks (TK1/TK2) to await HITEX processing. The bleed stream from the Blanket
Tritium Recovery System diffuser is also fed to the HITEX Buffer Tanks, for recovery of
the residual HT.
In the HITEX Impurity Treatment System, the impurities from Diffuser SI (and from the
Blanket Tritium Recovery system) are fed into TK1 or TK2 until the tank pressure reaches
25 kPa. The tank is then isolated and H2 is added to bring the tank pressure up to
100 kPa, so that the H2 fraction of the mixture is > 75%. The mixture is then recirculated
for 8 hours through HITEX Reactor Rl, where the tritium in the impurities is exchanged
with protium. On exiting Rl, the gas is compressed to about 200 kPa by Compressor P3
before entering Diffuser S2 (designed for -80% permeation). The permeate stream from S2
is pumped by P4 to the isotope separation system The bleed stream from S2 is reduced
to 100 kPa and cooled before returning to the buffer tank. For 6 hours of the cycle, H2 is
continuously added to the loop to balance the H2/HD/HT extracted via Diffuser S2. For
the remainder of the cycle, approximately 1.5 hours is allowed for
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Figure 6.5 Schematic of the Fuel Cleanup System based on PdAg diffusers and HTTEX
impurity detritiation.

Table 6.7 Fuel Cleanup System

Feed Streams to Fuel Cleanup Svstem:
From torus vacuum pumping system
From blanket tritium recovery system

1.7 mol/hr
0.1 mol/hr

Batch Cvcle Time:

8hr
6hr

Total cycle time
Duration of H 2 addition
Duration of HITEX loop rundown
Duration of buffer tank evacuation

1.5 hr
0.5 hr

Inout/OutDUt Parameters:
Feed flowrate <Stream 7>
Feed pressure
BTRS output flowrate <Stream 15>
BTRS output pressure
H2 average addition rate <Stream 20>
SI average output flowrate <Stream 9>
Output pressure
S2 average output flowrate <Stream 10>
Output pressure

1.7 mol/hr
110 kPa
0.1 mol/hr
110 kPa
20.4 mol/hr
1.6 mol/hr
110 kPa
20.4 mol/hr
155 kPa

Glovebox Requirements:
Glove box GB1 (Impurity removal)
Glove box GB2 (HITEX equipment)
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3 m x 1 m x 2.5 m high
3 m x 1 m x 2.5 m high

rundown (i.e. extraction of the remaining free hydrogen in the loop) and 0.5 hours is
allowed for evacuation of the buffer tank (to about 0.1 kPa) by P2, which discharges to
the Exhaust Gas Detritiation System Hie hydrogen addition rate allows about 20 volume
exchanges of hydrogen. This should reduce the tritium content in the buffer tank by a
factor of2xlO' 9 [6.11].
Initially, routing of the entire blanket tritium recovery stream to the Fuel Cleanup System
was considered, with the amount of helium in the recovery stream conservatively assumed
to be 10%. However, the size of the HITEX and the Isotope Separation Systems can be
significantly reduced by improving He recovery in the blanket tritium recovery process
and by separating out the helium and feeding the recovered hydrogen directly to the
Isotope Separation System. For this reason, a PdAg diffuser was introduced into the
Blanket Tritium Recovery System and assumed helium levels in the recovery stream were
revised to ~1%, as described in Section 6.4. Although a level of 1% has not yet beeb
demonstrated, it is considered to be achievable [6.8]. Such a reduction in the amount of
helium sent to Fuel Cleanup System reduces the size of that system and also the amount
of hydrogen delivered to the Isotope Separation System for processing. However, the
burden on the Fuel Cleanup System is still sensitive to the amount of helium in the
blanket tritium recovery stream.
The system design was based on the impurity composition during the burn phase. The
design also assumes that any impurity sources in the Fuelling System can be adequately
removed through the gas fraction pumped through the torus and thus into the Fuel Cleanup
System. The impurity content of CT fueller gases under extended high-pulsing operation
has not been determined experimentally.

6.6 Isotope Separation
The Isotope Separation System is a cryogenic distillation (CD) system. The concept used
here is modelled on the ITER concept developed by CFFTP [6.13]. The system is much
smaller than ITER CDA (up to 500 mol/hr Q,, mostly D, [6.2]), but larger than the TFTR
system (5 mol/hr, mostly D2/H2).
The main design assumptions were:
The required purity of the product streams was assumed to be similar to that
described for ITER CDA (Table 6.8).
No provision has been made for tritiated water processing by this system.
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Column packing heights are same as for the ITER CDA design (i.e., HETP »
5.5 cm).
The approximate size of the system was scaled from the four-column ITER CDA concept
[6.13]. The results were checked and modified based on scoping runs with the Ontario
Hydro FLOWSHEET code.
A schematic of the Isotope Separation System is shown in Figure 6.6. The system
parameters are summarized in Table 6.8. The system consists of four CD columns cooled
by a cryogenic refrigeration system (liquid helium coolant) in an insulated coldbox (CB1).
There are three feed streams to the Isotope Separation System Two of the streams, one
from Blanket Tritium Recovery system and one from the HITEX process, consist of
> 99% H 2 and small amounts of HD and HT. These are delivered to Column CD1. The
third feed stream, from the main Fuel Cleanup Diffuser SI, consists of approximately
50% D and 50% T with a small amount of H. This stream is fed to Column CD4, the
high-tritium column.
Virtually pure H2 product is extracted from the top of CD1, D2 product is extracted from
CD3 (near the top), and T2/DT product (80%T and 20%D) is extracted from the bottom of
CD4. Five equilibrators enhance the concentrations of species that are more readily
separated (e.g., EQ1 promotes the conversion of HD and HT to H2 and DT). The
equilibrators and their circulation pumps are located outside the coldbox, in Glovebox
GB1. Cryogenic heat exchangers HX1 to HX7 cool streams entering the coldbox and
warm streams exiting the coldbox.
Although four CD columns are shown, more may be necessary in order to reduce the
column height from 10-12 m high to about 5 m, which could be readily accommodated in
a 6-m coldbox and housed in a double-storey room
Although not included in this design, the technology currently exists to lower the tritium
inventory of CD4 by a factor of four if a low inventory column is used This requires an
HETP of 10 cm, however, which would increase the length of CD4 to about the same as
that of the other columns.
The refrigeration system consists of several closed-cycle-helium refrigerator units.
Presumably separate units would be used for each column. However for scoping design
purposes, the number of units were chosen only on the basis of providing the total cooling
requirement. Therefore, three Cryomech Model GB37 Cryorefrigerator were assumed,
which could provide a total capacity of 3 x 30 watts at 20 K, with a total power
consumption of 3 x 10.5 kW.
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Figure 6.6 Schematic diagram of Isotope Separation System based on cryogenic
distillation.

Table 6.8 Isotope Separation System

Number of cryogenic distillation columns
Number of equilibrators
Number of cryogenic heat exchangers

4
5
7

Cooling and Heating Loads:
8W
56 W
30 kW

Condenser load
Reboiler load
Cryogenic refrigeration system load
Product Puritv:
H2 product

< 10'9 mol frac. T
< 10-5 mol frac. D

D 2 product

< 10"9 mol frac. T
< .002 mol frac. H

T2/DT product

0.2 mol frac. D
0.8 mol frac. T
< 10"5 mol frac. H

Input/Output Parameters:
Feed 1 (HITEX) average flowrate <Stream 10>
Feed 2 (BTRS) average flowrate <Stream 14>
Feed 3 (FCS SI) average flowrate <Stream 9>
H2 product average flowrate <Stream 16>
D 2 product average flowrate <Stream 17>
T2/DT product average flowrate <Stream 18>

20.4 mol/hr
6.6 mol/hr
1.6 mol/hr
27.0 mol/hr
0.6 mol/hr
1.0 mol/hr

Glovebox/Coldbox Reauirements:
Glovebox GB1 (Pumps and equilibrators)
Cold box CBl (Columns and heat exchangers)
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3 m x 1.5 m x 2.5 m high
1 m dia. x 12 m high

Heat exchangers HX1-HX7 should be high efficiency cryogenic heat exchangers. One
kind of heat exchanger which may be suitable for this is a double-pipe heat exchanger
with wire mesh inserts [6.14]. Another option is to use helium-cooled cold heads to cool
the input streams. This, however, wouldincrease the cryogenic load on the refrigeration
system. Such an increase might be acceptable for a facility such as ITER, for which the
main cryogenic load demand comes from the magnet system For Pilot, however, the
additional cryogenic load might make this option unfavourable.
6.7 Plasma Fuelling
Pellet injectors cannot fuel the center of power reactor plasmas [6.15]. While it is not
clear that deep penetration is required, peaked profiles increase fusion rates for at least the
short pulse lengths of present tokamaks and full depth of fuelling may be desirable for
profile control. Also central fuelling of tritium with edge fuelling of deuterium may lower
the tritium inventory in the plasma-facing components. Furthermore, gas gun pellet
injectors may require propellant gas detritiation systems, the tritium inventories are large,
and the reliability and lifetime is uncertain for the mechanical elements such a* the pistons
[6.18]. These components must be remotely maintained.
An alternative approach is compact toroid (CT) injection. Compact toroids have been
accelerated up to 2500 km/s, and estimates for machines like ITER suggest speeds of 1000
km/s should be sufficient for center fuelling [6.15]. Experimental programs now
underway [e.g., 6.16] are performing basic proof-of-principle CT fuelling tests on mediumscale tokamaks.
Assuming these results are favourable, the advantages of CT fuelling include:
-

penetration up to and including plasma center;
fuel ions enter plasma at roughly plasma temperature;
low tritium inventory in fueller;
no propellant to detritiate;
simpler mechanical arrangement, with simpler remote maintenance.

Therefore, CT fuelling is assumed in Pilot. Although many of the parameters will be
uncertain until the present physics experiments are completed, this Pilot assessment
provides a first estimate of some of the reactor engineering features and issues. Table 6.9
summarizes the general characteristics of the CT fueller, and Figure 6.7 illustrates the
general concept.

6-24

Table 6.9 CT fueller characteristics

Fueller characteristics:
Number of fuellers
Plasma fuelling rate
CT fuelling frequency
CT heating power
Fueller tritium inventory
Fueller total hydrogen inventory
Feed gas loss rate to torus
Feed gas recirculation rate
Gun size
Power supply
Power supply lifetime
Efficiency (wall plug to CT)
Power consumption

1
1.3 mol DT/hr
5Hz
0.25 MW (average)
0.03 g
0.01 mol Q2
1 x fuelling rate
4-10 x fuelling rate
7 m long x 1 m wide x 3 m high
Capacitor banks
1.5 x 108 shots
25%
l.lMWe

CT plasma characteristics:
CT outer diameter
CT inner diameter
CT length
CT average density
CT injection speed
CT purity
CT impurities
CT kinetic energy
Effective particle temp. (Te=Tj)

0.2 m
0.07 m
0.17 m
5-10 x lO^/m3
1000 km/s
>97%DT
< 1% O, < 1% C, < 0.1% W/Fe/Cu
0.1-0.2 MJ
6.5 keV

The main physics-related design questions are:
- required CT injection velocity for center fuelling;
- maximum CT mass that can be injected without disruption.
Based on models of CT interaction with the plasma, an injection speed of 1000 km/s is
assumed for Pilot. However, there are different models and a more definitive speed awaits
results from planned tokamak experiments.
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Figure 6.7 CT fuelling system plan and elevation view

The maximum acceptable CT mass determines the firing rate of the fueller, and therefore
many of the engineering characteristics. A value between 1 and 10 Hz is considered
likely, and 5 Hz is assumed as reference for this study.
The average fuelling rate is calculated based on an assumed burnup rate of 6.5% and a
fusion power of 20 MW. The particle confinement time is -0.9 s (three times the energy
confinement time), so at a 5 Hz firing frequency, each fuelling shot provides 22% of the
total plasma inventory. It is assumed that this is acceptable to the plasma control,
particularly since the average particle temperature is close to that of the plasma itself (if
CT kinetic energy is converted into CT thermal energy on stopping).
The main engineering issues for CT fuelling are:
- high repetition-rate, high-voltage, high-current power supply and switches;
- lifetime of the fast acting gas valves;
- electrode erosion and impurity pickup by the CT;
- influence of the toroidal field on the accelerating CT;
- neutron streaming and activation of gun components;
- efficiency of power, from wall plug to CT kinetic energy.
The main power supplies feed the formation and acceleration electrodes. There are
smaller pulsed power supplies for the gas valves and the solenoid. These power supplies
have been sized based on proven capacitor bank technology. However, achieving
sufficient lifetime (1 full power year is 108 pulses at 5 Hz) requires that the capacitors
operate significantly below their rated capacity, and thus the bank size is large.
Alternative technologies such as homopolar generators may be better suited in the long
term. Table 6.10 summarizes the power supply requirements for Pilot, along with
examples of other power supplies that have been built. The size of the capacitor banks
are: 6 m x 7 m (floor) x 3 m (high) acceleration; 4 m x 4 m (floor) x 3 m (high)
formation; and 2 m x 1 m (floor) x 1 m (high) solenoid and gas valve. They can be
stacked if desired The power supplies would be connected to the CT through multiple
copper cables to minimize the inductance and to prevent failure of one module from
affecting the firing of other modules.
SCRs would be used in the formation bank (~10 kV), while thyratrons would be used in the
acceleration bank (~40 kV). However, the cost and reliability of the power supply system
are strongly affected by the requirement for active switching. An alternative is to
passively switch the formation bank and to use a magnetic flux saturable core switch on
the acceleration bank. A disadvantage of this passive switching approach is that a higher
chamber pressure is required, which leads to a higher gas recirculation load The saturable
core switching option will be tested on the 1 Hz UC-Davis experiment.
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Table 6.10 Comparison of CT Fueller pulsed power supplies

Pilot Reactor
Formation/
Acceleration

CTF
Formation/
Acceleration
[6.16]

SDS
Texas Tech U.
16.17]

Compulsator
U.Texas

Type

Capacitor

Capacitor

Capacitor

Compulsator

Voltage, kV

10/45

10/40

60 max

2 open

Current, kA

500/700

400/500

600 max

940 max

Frequency, Hz

5

0.003

0.3-3

Life, # pulses

1.5e8

1000

50-1500

60
-

Energy, kJ

-

40/80

12 max

38000 stored

Present fast acting gas valves (-200 us pulse times) have been developed for use in CT
experiments. These have been tested to 6000 pulses, and can probably be extended to
100,000 pulses. At 5 Hz, this represents about 6 hours of operation of Pilot. Therefore,
considerable further development will be needed to achieve 108 pulses. One direction
could be to relax the vacuum sealing requirement on the valve.
Experimental observations on the RACE and CTF devices show preferential erosion at two
locations. For the formation gun, the cathode preferentially erodes at the location of the
solenoidal flux footprint In the accelerator, the cathode preferentially erodes at the
beginning of the inner flux conserver. These regions should be heavily coated with
tungsten and the parts designed for ease of maintenance.
The power requirements on the CT injector can be minimized by making the end of the
acceleration section as close to the plasma as possible, thereby minimizing the distance the
CT has to drift before reaching plasma. However, this has two implications on the design:
- neutron streaming down the acceleration annulus;
- acceleration of the CT through the tokamak toroidal field.
Neutronics calculations have not been carried out. A focus cone is placed at the end of
the acceleration section to reduce the CT size before injection, and to avoid direct neutron
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line-of-sight down the accelerator. Additional block shielding will be required around the
fueller. The gun should be electrically isolated from the blanket.
It is possible that a "saddle" coil will be needed around the accelerator in order to exclude
the tokamak flux from the accelerator during the injector pulse.
Compact toroids have been studied for several years and generally have a relatively high
impurity content, although the impurities have not generally been quantitatively measured.
For Pilot, it is assumed that coating the electrodes with a refractory material, providing
strong pumping back through the gun (rather than through the torus vacuum system), and
repetitive pulsing of the gun will result in acceptable impurity content.
6.8 Cost Estimate
The estimated cost for each foel cycle system is summarized in Table 6.11. The total
system cost is estimated to be 30-50 M$Cdn, after incorporating a +50%M0%
contingency factor. Major cost elements, as a percentage of the total system cost
excluding the fueller, are:
Glovebox Systems
Turbomolecular Pumps
Cryogenic Distillation System
Getter Beds
All Other Process Equipment

26%
20
14
9
13

Cost estimates for the glovebox systems were derived from experience with similar sized
tritium gloveboxes. Cost for glovebox cleanup systems were based on the commercial
CFFTP/SAES recirculating system.
A cost estimate was obtained from Edwards High Vacuum for a tritium compatible
"Maglev" turbomolecular pump rated at 2,000 L/s for N2. The pumps in the remainder of
the fuel cycle systems are standard pumps, for which 1992 quotes were obtained.
The isotope separation system cost was derived from experience with similar sized (TFTR)
and much larger hydrogen cryogenic distillation systems. The unit price for ZrCo beds
was based on recent experience at CFFTP and Ontario Hydro with smaller ZrCo beds and
similar-sized U beds.
Costs were estimated for a 5 Hz CT fueller based on capacitor bank power storage, and
active switching by SCRs and thyratrons on the formation and acceleration banks. Costs
for the power supplies were obtained from industry sources. Power supply costs vary by a
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factor of about 1.4 between 1 and 10 Hz. Use of passive switching would reduce the
power supply costs by about 12%. The cost includes fueller shielding and cooling, and
the associated fueller port.
The assumptions used in the cost estimate are (% of system cost):
Materials and equipment
Design-specific engineering
Manufacturing
Contractor overhead/procurement costs
Calibration and Testing
Delivery to PILOT plant site
Documentation/Quality Assurance

47%
26
15
4
2.5
2.5
3

The non "materials and equipment" costs noted above were included in the overall
estimate by multiplying the materials and equipment cost by a factor of 2.1.

Table 6.11 Fuel Cycle System cost summary
System

Equipment Cost
(MS)

Fuel Storage and Management System
Fuelling System
Torus Vacuum Pumping System
Blanket Tritium Recovery System
Fuel Cleanup System
Isotope Separation System

6.8
10.3
9.2
1.9
3.4
4.0

Total System Cost (1992 $Cdn)

36
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7. IN-VESSEL COMPONENTS

7.1 Introduction
The in-vessel components include the divertor, first wall, blanket, shield and vacuum
vessel. The Pilot in-vessel is composed of reactor-relevant nuclear core components. This
implies reactor-relevant materials, temperatures and configurations. While there is as yet
no consensus on the best core design (e.g., type of divertor, solid versus liquid metal
blankets, coolant and structural material), the purpose of Pilot would be to provide
integrated testing of one reference concept. This is similar to the CANDU development
path where, at NPD, a specific nuclear core configuration and materials were tested.
Although no major changes were deliberately planned during the design of NPD, the
operation was changed after several years to operate with boiling water rather than
pressurized water and, separately, some fuel channels were replaced with an alternative
alloy. A similar changeout of blanket or divertor would be possible in Pilot but would not
be a specific objective as it might be in a test facility such as ITER.
While the basic materials and operating temperatures must be reactor-relevant, certain
design aspects were relaxed to minimize costs and maximize reliability:
- neutron wall load of 0.25 MW/m2 ;
- breeding in outboard replaceable modules only;
- overall tritium self-sufficiency not required.
For this study, helium cooling and ceramic breeder blankets were selected as the reference
reactor technology.
Helium cooling offers safety advantages compared to water, including no chemical
reactivity, no corrosion product transport, lower coolant pressure, and no two-phase heat
transfer or flow issues. However, it is a comparatively poor coolant that requires large
temperature rise, pumping power and pipe diameter; provides no shielding; may be prone
to leaking; and has little capacity for power transients or natural circulation heat transfer.
There is little direct Canadian experience with gas cooling in reactors, but it was decided
to evaluate helium cooling within the Pilot study because it could maximize the safety
advantages of fusion.
Ceramic breeders were considered because of the Canadian experience with ceramic
nuclear fuels, their safety advantages, and because they may be easier to test in fission
reactors. The blanket configuration selected has been proposed for use in NET/ITER as a
shield or driver blanket [7.1].
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The in-vessel nuclear conditions are listed in Table 7.1. This section presents scoping
design results for the outboard blanket and first wall. The divertor, shield, vacuum vessel
and support structures have not been designed.

7.2 Liiveriur

Cooling of the divertor is difficult even with a good coolant such as water. At the high
peak heat flux predicted for Pilot based on the ITER CDA model (14 MW/m2), a reliable
divertor design is not presently available. In the best recent tests, 30 cm water-cooled
divertor mockups for ITER have survived 15-20 MW/m2 x 30 s x 1000 cycles [7.2]. For
comparison, in the ARD3S-I reactor study, the helium-cooled divertor operates at 4.5
MW/m2 peak load [7.3].
On the plasma side, sweeping the plasma across the divertor could reduce the peak heat
flux by a factor of two. A radiative, gaseous or biased divertors could also reduce the
heat load. This is an area of considerable tokamak research.
On the technology side, the poor heat transfer of helium typically leads to high gas flow
rates and large pumping powers. However, a recent development in heat exchanger design
using normal flow and microchannels may allow helium cooling with significantly lower
pumping power [7.4]. In this Normal Flow Heat Exchanger technology, the flow pattern
and channels provide very effective finning to increase heat transfer to a low velocity gas.
The overall result is good heat transfer at low pumping power. Successful tests have been
conducted at 4.5-8.5 MW/m2 surface heat flux in the Sandia National Labs 30 kW
electron-beam facility, with helium at 4.1 MPa (inlet) and 40/450°C (inlet/exit) [7.4].
Tests at 20 MW/m2 are planned.
For Pilot, it is therefore assumed that some combination of biasing, sweeping, radiative or
gas divertors, and improved heat exchanger technology will result in an acceptable divertor
design with the thermal boundary conditions given in Table 7.2.
7.3 FiistWall
The first wall design was based on concepts proposed for a water-cooled NET first wall
[7.5] and a helium-cooled DEMO first wall [7.6]. Specifically, the design is based on a
conductively-cooled carbon tile first wall with circular coolant channels brazed between
steel plates with a scalloped plasma-side surface. Although carbon tiles were assumed
here for disruption protection, it is generally thought that only local tiles would be
required in a reactor.
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Table 7.1 Nuclear conditions for in-vessel components

Total in-vessel power

59.6 MW

Outboard
First wall
Blanket
Shield and vessel

18.9 MW
5.7 MW
12.0 MW
1.2 MW

Inboard
First wall
Shield and vessel

12.3 MW
5.7 MW
6.6 MW

Diverter

28.4 MW
1 full power year
50 - 10,000
0.35 MW.yr/m2
4dpa
5.5 x 1024 n/m2
0.25 MW/m2
0.35 MW/m2

Lifetime
Number of pulses
Peak outboard fluence
Peak outboard steel damage
Peak first wall fast neutron fluence
Average neutron wall load
Maximum neutron wall load (midplane)

Table 7.2 Pilot divertor thermalhydraulic conditions

Total power removed
Peak heat load*
Helium inlet/outlet temperature
Helium inlet pressure
:

29 MW
5-8 MW/m2
200/400 °C
5 MPa

Assumes improved divertor region design reduces heat load froml4 MW/nr ITER
CDA divertor estimate.
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The first wall cross-section is shown in Figure 7.1. The Pilot first wall is an integral part
of the blanket, and its behaviour was analyzed as part of the outboard blanket analysis.
The tiles are mechanically-attached, doped carbon fibre composite (CFC) tiles. Between
the tiles and the steel first wall surface is a compliant, thermally conductive Papyex
graphite layer. This layer is compressed by the CFC tile to retain good thermal contact
even with differential thermal expansion of the first wall and tiles. Conductively cooled
tiles were selected over radiantly cooled tiles because of the temperature limits of graphite.
The tiles were assumed to be doped to reduce the tile reactivity in the event of air
inleakage. This doping, plus irradiation damage, were assumed to reduce the tile thermal
conductivity to 40-50 W/m-K. The compliant layer was assumed to have an effective heat
transfer coefficient across its thickness of 5000 W/nf-K.
The first wall coolant flows from the poloidal inlet feeders, forward radially through the
segment side wall, across the first wall, back through the other side wall and then into the
outlet feeder.
To simplify the manufacturing of the first wall, flat panels are joined to approximate the
ideal curved surface. As long as the panel length and width are small in comparison to
the formed radius, the deviation from the ideal surface is hot significant. Further
comments on manufacturing are provided in Section 7.4.2.
The average and peak surface heat flux were assumed to be 0.12 and 0.18 MW/m2
respectively for thermal analysis. The assumed volumetric heating rates for the carbon
tiles, conductive layer, and steel were 1.7 MW/m2, 1.3 MW/m2, and 3.3 MW/m2
respectively. However, following optimization of the plasma parameters, the final average
surface heat flux was -0.2 MW/rn2. The first wall analysis was not repeated; the first
results show that channels can handle at least this average heat flux. For comparison, the
ITER CDA first wall has 0.2 MW/m2 average and 0.6 MW/m2 peak surface heat flux,
where the peak is due to ripple losses and beam shine through. Pilot does not have
neutral beams, so the peaking factor should be lower.
Thermal-hydraulics results for a midplane channel and a typical channel, and for a 1/24
reactor sector, are shown in Table 7.3. The average gas temperature was used in
calculating the gas properties. The length of feeder pipe, size and number of bends from
the ring headers to the segment were estimated and included in the pressure drop.
The design of the first wall was based on earlier designs for other machines, and the
dimensions were not optimized for Pilot's heating rates and materials. The helium flow
speed of 30 m/s through the midplane region (to keep the steel below its maximum
allowable temperature) resulted in a pumping power of 0.4 MW for the whole outboard
first wall (73 kPa pressure drop).
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Figure 7.1 First wall detailed cross-section.

Table 7.3 First wall thermal-hydraulic results.
Mdplane channel*
(0.18 MW/nf)

Typical channel*
(0.12 MW/nf)

Surface heating (kW)

3.3

2.1

Volumetric heating (kW)

2.0

1.1

Total heat input (kW)

5.3

3.2

Inlet temperature (°C)

200

200

Outlet temperature (°C)

253

253

0.0192

0.0116

Velocity (m/s)

30

18

Tube diameter (mm)

14

14

He gas pressure (MPa)

5

5

57,000

34,200

2030

1350

Mass flow (kg/s)

Reynolds Number
Heat transfer coefficient (W/mlK)
* For 1 of 24 blanket modules.

The first wall coolant speed can be reduced if the cutout area between the steel and
compliant layer is modified. A reduction of 50% in the flow rate should be obtainable
with the steel still within its allowable temperature. With the reduced flow, the pressure
drop will be -18 kPa and the pumping power will be -55 kW for the whole reactor first
wall. The coolant temperature will rise from 200°C to 310°C across the first wall.
The tritium inventory in the first wall tiles may be as much as 0.1 g/m2, based on ITER
CDA estimates for conductively-cooled graphite tiles operating at 500-1000°C and up to
0.1 dpa [7.7]. For Pilot, this implies a total tritium inventory of about 10 g in the tiles.

7-6

7.4 Outboard Blanket
7.4.1 Blanket Description
The outboard breeder blanket design presented in this section is based on 24 adjoining
modules around the reactor, whereas the final reference Pilot configuration is based on 12
modules separated by small regions of permanent structure.
The Pilot blanket is based on a Breeder-in-Pin concept which has been proposed for the
Extended Performance Phase of NET/ITER [7.1]. The breeding elements run the mil
length of the segment in the poloidal direction. The first wall is an integral part of the
segment box. The same basic concept can be applied to a water-cooled, steel-ball-filled
shield, a low-temperature water-cooled driver blanket, or as a helium-cooled reactor
blanket. It is the helium-cooled version that is considered here, but at the Pilot average
neutron wall load of 0.25 MW/nf. The outboard midplane peaking factor is assumed to
be 1.6 as per ITER CDA, or 0.4 MW/m2 peak wall load.
The structural material is the ferritic steel HT-9 as it retains its strength up to 550°C and is
not as susceptible to irradiation induced swelling and growth as austenitic steels. Other
ferritic steels such as MANET or low-activation alloys could also be considered
Lithium zirconate pebbles and beryllium pebbles were selected for the breeder and
multiplier, respectively. The pebbles have an advantage over monolithic blocks as they
are easier and less costly to manufacture, and their heat transfer properties are not affected
by cracks or separation. Lithium titanate can be considered as a low-activation alternative.
The operating range of the blanket helium coolant was set at 200-400°C. Helium-cooled
power reactors would likely operate at higher temperatures. For Pilot, somewhat
conservative temperatures were chosen since Pilot would likely be the first large-scale test
of the blanket and the structural material under irradiation.
A vertical cross-section of the blanket is shown in Figure 7.2. The overall thickness of
the blanket is 560 mm. The blanket and first wall coolant are fed from the top of the
module and connect to an external helium supply header above the tokamak. Copper
plates are fixed to the segment side walls for plasma stabilization, but no analysis has been
carried out to confirm that they provide sufficient plasma stability.
The breeding area consists of four rows of breeding elements which increase in size and
spacing in the radial direction (Figure 7.3). Each element contains two concentric tubes
with a 3 mm coolant gap set by a large pitch helical wire spacer.
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Figure 7.3 Midplane and top cross-section of outboard blanket segment.
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Inside the inner tubes are 1.2 mm lithium zirconate (Li2Zr03) breeder pebbles. Filling the
volume around the outer tubes are 1 mm beryllium (Be) multiplier pebbles. Binary beds
were not considered here, but may be appropriate for power reactors.
The diameters of the tubes containing the Li2Zr03 pebbles were chosen to limit the
maximum temperature of the ceramic to 1000°C. The ratio of tube diameter to pebble
diameter is greater than ten, which assures a full bed packing density of 65%. The
breeding elements are spaced within the breeding area to provide good cooling to the Be
pebble bed as well as to allow for full packing of Be pebbles around the elements during
assembly (the minimum gap is 9 mm).
The rear section of the blanket box contains the feeders for first wall cooling, breeder area
cooling and purge gas (Figure 7.4). The first wall coolant has three inlet and three outlet
feeders. Two small diameter feeders supply the coolant to the top and bottom region of
the first wall, while the large diameter feeder supplies the midplane region where the
heating rates are the highest. All the inlet and outlet feeders for the purge gas, first wall
and blanket will enter and exit the blanket through the top. A vent line will be attached to
the segment box to prevent overpressurization in the event of coolant tube rupture.
The breeder coolant flows down two parallel tubes and into the inlet header at the bottom
of the blanket. The coolant then flows up through the breeding element annuli. Each row
of breeding elements is orificed so the temperature rise of the coolant along each element
is the same, resulting in uniform element thermal expansion. The coolant is collected in
the upper header and then flows out of the reactor.
The purge gas feeder runs down the back of the blanket and into the purge gas header at
the bottom of the segment. The purge gas flows up through the Li2Zr03 pebble bed
contained within the element centre tube and is collected in the outlet header at the top.
Horizontal stiffening diaphragms are shown in Figure 7.2. The diaphragms make the
segment torsionally stiff and strong, support the Be pebble bed at intermediate heights, and
position the breeding elements when the blanket is being assembled Each diaphragm is
formed from a flat plate with holes for the breeding elements. The plate is bent into an
inverted "V" and, when installed into the segment box, the edges of the plate are fixed to
the inside of the segment box. This "V" shape allows for a reduction in plate thickness
while providing the strength necessary to support the Be pebble bed
Each outboard blanket is rigidly supported by the adjacent outboard shield This carries
the normal loads (e.g., self-weight and thermal expansion) and abnormal loads (e.g.,
disruptions and seismic loads) exerted on the blanket box. The blanket and shield module
can be removed in the radial direction between the fixed TF coils for maintenance.
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Figure 7.4 Rear section of blanket showing feeder pipes.

7.4.2 Blanket Fabrication and Assembly
The first wall and side wall are fabricated from one plate, and bent into shape. This
would be done by milling a groove in two flat plates for the first wall coolant tube. The
plates would then be sandwiched together with a coolant tube, brazed and then bent into
shape. The bend radius should be as small as possible. Mock-ups with 60-100 mm bend
radii have been built using this method [7.7].
Following the fabrication of the box sides, the inner header plates, central stiffeners and
stiffening diaphragms are welded in place. The copper plasma stabilization saddles are
brazed to both sides of the outer shell.
The blanket coolant and breeder tubes are cut and prepared for assembly. A wire spacer
is wound helically around, and electron beam welded to, the outside of the breeder tube
and the assembly is inserted into the breeder coolant tube. A filter is welded into the
lower end of the breeder tube to contain the breeder pebbles and the double tube assembly
bent to shape. The assembly is inclined and the breeder pebbles are poured into the
breeder tube to form a breeder pin. Simple mechanical vibration is used to ensure proper
packing of the pins. The packing can be checked by determining the mass of breeder
material in each pin. A filter is welded into the upper end of each pin to contain the
breeding material. The coolant and breeder tube assemblies are slid through the inner
lower header plate, the diaphragms and the inner upper header plate and are welded into
place. The assemblies are inserted in order, from the first wall to the rear of the breeder
blanket box, to facilitate welding and weld integrity tests. The upper and lower headers
for the purge and coolant gas are then completed.
The beryllium pebbles are poured sequentially into the spaces between the diaphragms and
the central stiffening plate and vibrated into place. Proper packing can be assured by
measuring the mass of beryllium pebbles placed in each section. Once the beryllium has
been loaded, the breeding area back plate is welded on, sealing the packed beryllium
within the segment box spaces.
A scalloped plate is welded onto the breeding area back plate to facilitate mechanical
attachment of the breeding area inlet feeders, the first wall inlet and outlet feeders and the
purge gas inlet feeder. The first wall inlet and outlet feeders are then connected to the
first wall coolant channels by small diameter tubes and welded in place. The feeder area
is sealed by welding the segment back plate in place. Finally, the tiles are mechanically
attached to the segment face.
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7.4.3 Blanket Thermal Analysis
The breeding area thermal-hydraulic results are shown in Table 7.4. The maximum
coolant velocity of 10.7 m/s occurs in row A. This is well within the allowable maximum
speed of 80 m/s. The pumping power for a 1/24 sector is 0.7 kW, and the pressure drop
is 7.2 kPa from the ring headers through the segment.
A 2-D heat transfer analysis was performed to determine the temperature profile across the
first wall and breeding area. The area examined was on the midplane of the reactor as it
is the area with the highest heating rates and temperatures. The analysis was performed
using the NISAII finite element program using temperature-dependent thermal
conductivities and bed/wall interface equivalent conductivities. The first wall section and
breeding area were modelled together. The temperature in the Li2Zr03 pebble bed was
calculated separately.
The first wall was modelled using the planes of symmetry through the centre of a cooling
tube and at the midpoint between them To approximate the thermal interaction between
the Be pebble bed and the first wall, the average temperature of each surface, and the heat
flux across each surface, were constrained to be equal.
The heat transfer within the pebble bed was modelled using its bulk conductivity. The
interface between the bed and wall was modeled using an effective conductivity across a
thickness of one pebble radius (0.5 mm).
The breeding area coolant temperature at the modelled section was 300°C. The coolant
temperature assumed for the first wall was 233°C, which is the temperature at the center
of the section analyzed.
The blanket was broken into five radial regions with different volumetric heating rates one for each of the four breeding area rows and one for the first wall. The average
distance of each region from the first wall was used to calculate the volumetric heating
rate for each material. These rates are described in Section 7.4.6. The peak surface heat
flux of 0.18 MW/m2 was applied to the plasma facing surface of the carbon tiles.
The calculated temperature profile of the breeding region and first wall is shown in
Figures 7.5 and 7.6, respectively. The most significant results are summarized in Table
7.5. The highest temperature occurs at the back of the breeding area near the stiffening
rib. However, this conservative analysis neglected the cooling of the back plate by the
feeders attached to it. Furthermore, the beryllium temperature between the coolant pins at
the back row is low, permitting the coolant tubes to be spaced farther apart and closer to
the stiffening rib and breeding region back plate. The estimated effects of these changes
are also shown in Table 7.5.
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Table 7.4 Breeding element thermal-hydraulic results (1/24 sector)
Raw A

RowB

RowC

RowD

8

8

6

4

Inner tube (ID/OD mm)

40/43

40/43

58/62

78/84

Outer tube (ID/OD mm)

49/52

49/52

68/72

90/95

Total heat input (kW)

20.0

14.1

16.7

16.8

200/400

200/400

200/400

200/400

Mass flow (kg/s)

0.019

0.014

0.016

0.016

Velocity (m/s)

10.7

7.6

6.3

4.7

Reynolds Number

8700

6160

5160

3860

Heat transfer coefficient (W/nf-K)

1050

800

690

550

Number of tubes in 1/24 segment

Inlet/outlet temperature (°C)

Table 7.5 Comparison of calculated and allowable maximum temperatures
for first wall and breeder area materials.
Calculated
temperature
(°Q

Estimated tempi,
revised design

(°Q

Allowable
temperature
(°Q

Nfin first wall HT-9

311

400

150

Max first wall HT-9

550

550

550

Max compliant layer

550

550

-

Max carbon tile

744

700

-

Max Be/HT-9 interface
at first wall

360

450

600

Max blanket HT-9

630

500

550

Max Be

630

530

600

Max Be/HT-9 interface
in blanket

630

500

600

Location
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Figure 7.5 Temperature profile in the breeding region.
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Figure 7.6 Temperature profile in the first wall region.

Most of the first wall temperature rise occurs in the steel due to its small contact area with
the first wall tile. If this contact area is doubled, the temperature gradient will be reduced
and the maximum steel temperature will drop. This would allow the coolant flow to be
reduced, resulting in a net decrease of pumping power for similar steel temperatures.
Table 7.5 shows the estimated effect of these proposed changes.
The 1.2 mm Li2Zr03 pebbles are contained within the inner tube of each breeding element.
The maximum temperature in each row is below the 1000°C limit. The maximum
temperature occurs at the midplane where the heating rates are the highest.
7.4.5 Blanket Stress Analysis
The finite-element model for the temperature profile was also used to estimate the first
wall thermal stresses, although the important region near the tile fastener was not
considered. The model allowed the first wall to expand in all directions, but it was
restrained from bending or bowing out into the plasma. The compliant layer was assumed
to be attached to the steel, thereby having the same deflection and strain at the contact
surface. The compliant layer has little effect on the stresses induced in the steel as the
layer's estimated Young's modulus is much smaller. Figure 7.7 shows the von-Mses
stress in the first wall section.
The high stress areas are identified in Table 7.6. The area of greatest concern is in the
centre of the moon shaped cutout where the allowable stress is significantly exceeded.
The stress in the steel at the interface with the compliant layer and at the bottom of the
coolant channel also exceed the allowable stress by a small amount. Depending on the
number of heating and cooling cycles the reactor goes through, the allowable stress will be
reduced and thermal fatigue may be a problem.
The other problem with the first wall, discussed earlier, is the high steel temperature at the
interface with the compliant layer. Since the first wall dimensions were assumed from
prior studies and not optimized for Pilot conditions, it should be straightforward to modify
the design to reduce these peak stresses and temperatures.
The breeder blanket segment box will be supported by the outboard shield. The segment
box will have a temperature distribution around its perimeter which will cause it to expand
differentially. Assuming the equatorial plane of the segment stays stationary, the
maximum deflections at the top and bottom of the segment are shown in Table 7.7. There
is 20 mm clearance between the copper plasma stabilization saddles at the equatorial plane
and 30 mm clearance between the segment side walls at the top and bottom. It appears
that thermal deflection will not be a problem.
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Figure 7.7 Von-Mises stresses in the first wall section from thermal expansion
and non-bending condition.
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Table 7.6 Comparison of calculated and allowable stress in first wall steel.
Temperature
(°Q

Calculated
stress
(MPa)

Allowable
stress
(MPa)

Centre of cutout

380

525

197

Steel/compliant layer
interface

550

70

64

Bottom of coolant
channel

400

200

197

Top of coolant
channel

320

70

199

Be/steel interface

360

85

197

Area

Table 7.7

Deflection
direction

Thermal deflection in the top and bottom of the segment box
assuming the equatorial plane is fixed.
Bending due to
differential heating
(mm)

linear expansion due
to average heating
(mm)

Total
deflection
(mm)

small

5

5

Radial

2

2

4

Toroidal

1

3

4

Poloidal
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7.4.6 Blanket Neutronics and Tritium
Nuclear heating rates were initially estimated by scaling by neutron wall load from studies
of a similar blanket concept developed for NET/ITER [7.1]. "When the design was
completed, the midplane heating rates for the Pilot blanket configuration were checked by
a 2-D MCNP calculation. Figure 7.8 shows the midplane heating rates assumed at the
start of this study, and the heating rates calculated from a 2-D MCNP analysis with the
near-final blanket dimensions. These results are normalized to 0.4 MW/m2 on the
outboard blanket, based on a 1.6 peaking factor (estimates range from 1.4 to 1.8).
Although the dimensions (particularly for the breeder) would change for the correct
heating rates, the assumed nuclear heating rates were sufficiently accurate to indicate there
were no feasibility issues.
Tritium production rates were calculated by 2-D MCNP for a 1/24 toroidal midplane
wedge, with homogenous inboard and outboard shields and an accurate model of the
blanket. With 50% Li-6 enrichment and full outboard blanket coverage, the TBR is 0.75
(0.82 with 90% Li-6). In fact, only about half of the outboard modules contain breeding
blankets, so the overall Pilot TBR would be about 0.3-0.4. Pilot would require an external
supply of 0.8 kg tritium for one full-power-year of operation.
The tritium production rates in the four breeder rows at 50% Li-6 enrichment are (volume
is the breeder region volume, containing 52% dense breeder):
Row A
3.49 x 1012 atoms/cirf-s
Row B
3.48 x 1012
Row C
2.41 x 1012
RowD
1.32 xlO 12
The tritium inventory was calculated by a simple steady-state model that assumed ihe
tritium was controlled by an effective difrusivity of D = 10"9 * exp(-77 kJ/mol/R*T) nf/s
[7.9]. More detailed modelling with the MISTRAL code [7.1] showed that this is a good
approximation. The tritium inventory was integrated over each pin, in 100°C temperature
increments. The volume fraction below 300°C is ~5%. The resulting tritium inventory is
estimated as 0.2 g, with purge conditions of 130 kPa He, 0.1% H2, 10 Pa HT exit
pressure, and 10 urn grain size.
The tritium production rate in the beryllium is estimated to be about 1% of that in the
ceramic breeder, and will probably be mostly retained since the beryllium is below 600°C.
Then the tritium inventory in beryllium after one full-power-year would be 5 g.
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Figure 7.8 Nuclear heating rates for the blanket materials.

7.5 Shield/Vacuum Vessel
No specific design was prepared for the shield and vacuum vessel. It is assumed that a
variation of the breeder blanket concept can be used, where the beryllium and breeder
pebbles are replaced by some mix of steel, B4C or other shield materials.
2-D MCNP calculations were completed with an accurate blanket model (including 15 mm
gap between 1/24 blanket segments), but all other sections homogenized. The shield
structure is regions were assumed to be 90% dense with steel in the front half and B4C in
the rear half.
The nuclear heating rates in each region are summarized in Table 7.8. With a lithium
enrichment of 90%, the average fast neutron (E > 0.1 MeV) flux was 3.8 x 1013 n/cnf-s
incident onto the central solenoid, and 7.0 x 10H n/cnf-s leaving the outboard shield.
With an approximate conversion factor of 1019 n/cm2 (E > 0.1 MeV) producing 0.5-2 x
1010 rad dose to epoxy-glass or polyimide insulators [7.10], then the inboard magnet
insulator life would be less than a few days.
For one full-power-year life, the options are to use ceramic insulators (which are not yet
practical for magnets), optimize the shielding by use of other materials (tungsten, water)
and better layering, and by increasing the shield from the present 40 cm thickness (which
will make Pilot larger).
7.6 Cost Estimate
Detailed costs were compiled for the outboard blanket, while the TETRA systems code
was used for the other in-vessel components. All in-vessel costs are summarized in
Section 11 with a breakdown of the blanket costs given below and in Table 7.10. The
outboard blanket cost was estimated as 70 M$, with a range of 50-100 M$.
The cost for blanket design specific engineering was based on manhour estimates for
project management, engineering analysis, computer aided design and documentation. An
allowance was made for one design iteration.
Materials were based on a unit cost estimates. The cost for HT-9 was estimated at 1.20
times the cost of 316L stainless steel. The most expensive material was the beryllium
pebbles, it also had the greatest uncertainty.

7-21

Table 7.8 Radial build for neutronics calculations.
Thickness, cm Material*

Void fraction

Center bore

25

None

1.00

Inner TF coil

95.4

Coil

0.03

Gap

2

None

1.00

OH solenoid

5

Coil

0.00

Gap

2

None

1.00

Inboard shield 2

18.8

Shield

0.10

Inboard shield 1

18.8

HT-9

0.10

Inboard first wall

3

HT-9

0.38

Inboard tile

2.4

Tile

0.19

Plasma

97.2

None

1.00

Outboard tile

2.4

Tile

0.19

Outboard first wall

3

HT-9

0.38

Outboard blanket

40.6

Blanket

-

Blanket rear plenum

15.4

HT-9

0.69

Outboard shield 1

20

HT-9

0.10

Outboard shield 2

21.6

Shield

0.10

* Coil (vol%): 76% Glidcop, 11% 316 steel, 6% epoxy glass, 6% water
Shield (vol%): 82% B4C, 18% 316 steel
Tile (wt%): 90% C, 5% Ti, 5% natural B
Blanket: Full 2-D model
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Table 7.9 Mdplane nuclear heating rates (MW/m3)*
(normalized to 0.4 MW/nf neutron wall load on outboard first wall)
Inner TF coil
Ohmic solenoid
Inboard shield 2
Inboard shield 1
Inboard first wall
Inboard tile

0.09
0.38
0.11
0.91
1.42
2.00

Outboard tile
Outboard first wall
Blanket box sides and ribs
Blanket rear plenum
Copper stabilizers
Outboard shield 1
Outboard shield 2

2.43
1.72
0.56
0.08
0.99
0.0674
0.0034

* Blanket region contained 90% Li-6 enrichment
No toroidal gap between outboard blanket segments
Homogenized-material heating rates (including voids)
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Table 7.10 Costs for outboard breeder blanket
Best
estimate
cost
(kS)

Best
estimate
unit cost
($/kg)

Amount
(kg)

1,200

78

94

HT-9 Steel

6

3,451

21

Beryllium

1,200

570

684

Li2Zr03

975

317

309

Cu

50

41

2

Single Module
(1/24 reactoi)
FW CFC Tiles

56

Material Wastage

1,166

Raw materials (total)
Manufacturing

732

Acceptance tests

195

QA
Delivery

299

Contractor's overhead

239

2

Total Manufacturing Cost

2,633

Rill Outboani Blanket (24 Segments)
Manufacturing

63,190
7,100

Engineering
Total Blanket Cost

70,290
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The manufacturing costs were estimated from Ontario heavy industry costs for welding,
cutting, milling, brazing and boring of 316L stainless steel. A multiplier of 1.1 was used
for fabrication of HT-9 steel and a factor of 1.25 for welding and post heat treating.
These costs include consumables and tools.
The cost for quality assurance was based on the code requirements. As the blanket
segments are nuclear pressure vessels, the quality assurance level will be to ASME NCA
4000. All materials and material manufacturers will conform to ASME NCA 3800.
Design, procurement, document control, process control, inspection, handling, storage and
shipping will comply with ASME NCA 4134. A 30% range was included.
Acceptance tests including visual, dye pénétrant, radiography, tolerance and helium leak
tests were estimated based on costs supplied by Ontario industry. A range of 30% was
used.
Delivery costs were established F.O.B. manufacturer's plant based on the transportation of
nuclear vessels of similar size over a distance of 300 kin. The blanket segments can
easily be shipped on an articulated flat bed or transport truck. No insurance costs were
included.
Contractor's overheads were estimated at 10% of the total manufacturer cost for one
complete unit. This estimate was provided by Ontario industry.
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8. HEAT TRANSPORT

8.1

Introduction

This section describes the main reactor cooling systems - the helium cooling systems, the
helium storage systems, and the main water and raw water cooling systems of the plant.
It includes a cost estimate for the supply of these systems.
The helium systems are cooled by a common demineralized main cooling water system, a
system which also cools (directly) the TF coils, the PF coils, the ion cyclotron system and
the compact toroid fueller. The main water system is cooled in turn by the raw water
system.
A separate service water system is also provided in the facility for cooling of the power
supplies, the compressors and other such equipment. This system is considered part of the
balance of plant systems.

8.2

Helium Systems

There are eight helium cooling loops and these have been combined into four main helium
systems as follows:
the first wall system, combining the inboard and outboard first wall cooling
systems;
the outboard blanket cooling system;
the shield and vessel system, combining the inboard and outboard shield and the
vessel cooling systems; and
the divertor system, combining the upper and lower divertor cooling systems.
The scope of the helium cooling systems includes the headers on the tokamak, the
circulators, the heat exchangers, the piping and the ancillary equipment.
Table 8.1 gives the major design parameters of each of the four helium systems, along
with some comparative information from other helium-cooled systems.
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Table 8.1 Major design parameters for the Pilot cooling systems with comparison to other helium cooled systems.

Pilot
RistWall

Pilot
Shield &
Vessel

Pilot
Blanket

Pilot
Divertor

Peach
Bottom
HTGR

FortSt
Vrain

HENDEL
[8.1]

Heat load, MW*

8.1

10.0

10.6

33.0

115

842

16

Mass Flow, kg/s

29.0

10.8

10.2

42.0

62.

430

4

Inlet Header
Pressure, MPa
Temperature, °C

5.0
200

5.0
200

5.0
200

5.0
150

2.1
340

4.7
405

Outlet Header
Pressure, MPa
Temperature, °C

4.92
253

4.80
340

4.99
400

4.50
300

2.08
750

4.64
785

1000

-

-

-

-

0.45

4.0

0.82

Helium inventory, Mg

* Not including the heat input from the helium circulators.

mm

4
400

The design considered the following operating scenarios:
normal operation;
normal shutdown operation (including both cooling to ambient temperature and also
maintaining system hot);
filling and emptying the systems (including purging the system);
removal of 500 kW of decay heat from the shield, vessel and blanket system using
only Class 3 power;
cooling either the shield and vessel system or the blanket system during a failure of
the Class 4 power system combined with a failure of any section of pipe (the heat
generated in the other components is transferred to the cooled system by
conduction and radiation).
Since the tritium ingress into the helium systems is expected to be very small, no facilities
need be provided for its removal.
The four helium cooling systems are identical in concept, and equipment common to all
four systems is used wherever possible. Preliminary flow sheets for each of the systems
(Figures 8.1 to 8.4) show piping sizes, operating conditions and components. System
design conditions are given in Table 8.2.
Under normal operating conditions, all circulators and all exchangers are on line and the
system conditions are as shown on the flow sheets.
There are two operating scenarios under shutdown conditions. In the first, the main
circulators and heat exchangers remain on line and the equipment is cooled to ambient
conditions. In the second, the system is held at 200°C, the circulators provide the energy
to maintain the system temperature and the heat exchangers) are bypassed.
When Class 4 power has been lost, one must be able to remove 500 kW of decay heat
from the shield and vessel system, and the blanket system There are two ways to do this.
A pony motor with clutch may be used to drive the system circulator at low speed, the
pony motor being disconnected under normal operating conditions. Alternatively, a low
capacity circulator may be provided for the system The flow sheets and estimates assume
that pony motors are used
The system pressures are controlled by changing the total amount of helium in the system
Feed and bleed lines to the helium storage system are provided for the purpose. A
pressure control valve is also provided; it allows the flow to bypass the load so as to
maintain the pressure upstream of the load.
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TO HE STORAGE SYSTEM

TEMPERATURE
CONTROL VALVE

18" SCHEO. 60
P=5.05 MPa
T=473 K
0=5.14 Kg/m 3
D=5.O3 Kg/m J

0=3.50 Kg/m

HEAT EXCHANGER
8.7 MW
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IN PARALLEL
• ISOLATION VALVE

I0 1 SCHED. 4 0

18' SCHEO. SO
TEMPERATURE CONTROL VALVE

h

PRESSURE CONTROL VALVE

MASS FLOW
29 Kg/eec

IB' SCHEO. 6 0

2 4 ' SCHEO. 6 0
P=4.92 MPo
T=526 K
0=3.52 K g / m 3

P=5.0 MPa
T=473 K
0=5.09 Kg/m 3

Figure 8.1 First wall flow sheet
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TO HE STORACE SYSTEM

TEMPERATURE
CONTROL VALVE

10" SCHEO. 4 0
P=5.05 MPa
T=473 K
0=5.14 K g / m

h

CIRCULATOR
HEAT

EXCHANGER
10.7 MW
ISOLATION VALVE

10" SCHEO. 4 0
TEMPERATURE CONTROL VALVE

10* SCHEO. 4 0
PRESSURE CONTROL VALVE

MASS FLOW
10.8 Kg/soc

10* SCHEO. 4 0

12' SCHEO. 4 0
P=4.8 MPa
T=GI3 K
,
D=3.77 K g / m J

P=5.0 MPa
T=473 K
D=5.09 Kg/m 3

Figure 8.2 Shield and vacuum vessel flow sheet
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TEMPERATURE
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10.2 Kg/sec
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T=673 K
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Figure 8.3 Outboard blanket flow sheet

TO HE STORAGE SYSTEM

TEMPERATURE
CONTROL VALVE
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P=4.45 MPo
T=4O2 K
0=5.33 Kg/m 3
HEAT EXCHANGERS
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j
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SAFETY VALVE

4 CIRCULATORS
IN PARALLEL
ISOLATION VALVE
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24- SCHED. GO
TEMPERATURE CONTROL VALVE

h

PRESSURE CONTROL VALVE

MASS FLOW
42 Kg/sec

24' SCHED. 60

20" SCHEO. 60

P=4.5 MPo
T=573 K
0=3.78 Kg/m 3

P=5.0 MPa
T=423 K
D=5.69 Kg/m 3

Figure 8.4 Divertor flow sheet

Table 8.2 Heat transport design conditions
Fiist Wall

Shield &
Vessel

Blanket

Divertor

Design Pressure:
Maximum, MPa
Minimum, Pa

5.5
50

5.5
50

5.5
50

5.5
50

Design Temperature,
Degrees K

550

650

700

600

8.1
0.6
8.7

10.0
0.7
10.7

10.6
0.3
10.9

33.0
4.6
37.6

Heat Loads, MW:
Tokamak
Circulator
Total

A pressure relief valve is provided in case the normal pressure control system fails. The
tritium levels in the helium are expected to be low enough that the relief valve can
discharge directly to atmosphere.
A pair of temperature control valves is provided. They allow the heat exchanger to be
bypassed when the heat load is not as great as the cooling capacity of the exchanger.
Note that the system temperature is not controlled through the modulation of the flow on
the water side; such a scheme could lead to the water boiling in the exchanger.
Three types of cooling system were considered for heat removal: a system with an
organic cooling fluid, a steam generating system and a water cooled system
The attractiveness of the organic system lies in the fact that the cooling liquid will not boil
if raised to a temperature of 400°C, a worry if water is used as coolant. However, such a
system requires an additional cooling loop. Furthermore, the organic coolant must be
replaced periodically.
A steam generating system seems an attractive option and it is certainly preferred if there
is any intent to extract useful work from the tokamak. However, it is felt that this steam
system would be separate from the main water system because the operating conditions
are so different from those needed for cooling the tokamak coils. This would be an
additional expense. Furthermore, the water-steam heat exchangers would be larger than
those in a helium-water system.
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The advantages of using a water cooling system are that it is the simplest of the three
arrangements and it can use the same water as is used to cool the TF coils. Furthermore,
providing that a specified minimum flow is maintained on the water side, there will be no
trouble with the water boiling. The major disadvantage of such an arrangement is that the
temperature control takes place on the helium side and the control valves (designed to
operate at 400°C) are expensive.
The heat exchangers used to cool the helium are single-pass counter-flow U-tube type
exchangers with water in the tubes. Four exchangers, each with an area of 71 m2, are
provided for the divertor system, while the other three systems each have one exchanger
with an area of 58 m2. The heat exchanger design is such that the water side never rises
above 70°C during operation. Materials used are carbon steel with austenitic stainless
steel used for those parts in contact with water.
The helium is circulated using multi-stage centrifugal circulators. The divertor system has
four, the first wall system has two, and the blanket system and the shield and vessel
system have one each, both of which are equipped with a pony motor. The circulators are
driven by synchronous motors and each installation includes a speed increaser, a gas seal
system, a lube oil system, couplings and a base plate. A supply of sealing gas (helium) is
required and materials in contact with the helium are carbon steel. Note that the lube oil
system includes a cooler and that is cooled with water from the service water system
It is to be noted that the temperature at the circulator outlet should be as low as possible;
the supplier that provided the information used in preparing the estimate indicated that the
outlet temperature should not exceed 200°C. The present design respects this requirement.
Each system will have supply and return headers at the tokamak. They will be made of
stainless steel (for reasons of low magnetic permeability), they will be insulated and their
size, layout and number will be decided upon when laying out the tokamak. Carbon steel
piping (ASTM A 106 gr C) is used in the helium system piping and equipment except
within the immediate area of the tokamak where austenitic stainless steel (ASTM A312 gr
316 L) is used.
The pipe design includes provisions for catering to thermal expansion caused by variations
in system temperature. All piping and equipment is covered with thermal insulation to
protect personnel and equipment and to reduce heat loss and the load on the building
ventilation system. The nominal velocity in the helium lines is 40 m/s.
No provision is made for standby equipment; that is, if two helium circulators or two heat
exchangers are needed at full load, a third unit is not provided for the case where one of
the operating units fails. In such a case, the failure of the component would require the
tokamak to be shutdown.
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Feed and bleed lines are provided in each system These are connected to the helium
storage system. The storage system includes a vacuum pump and this is used to reduce
the pressure in the system to 10 Pa before filling. Furthermore, a single "isolation" valve
is provided, permitting the system to be purged if necessary.
Note that the isolation valve is not expected to seal against the full system operating
pressure and is only used to separate one part of the system from another when the
pressure on each side of the valve is essentially balanced
A helium storage system is provided. The system is shown in Figure 8.5. It is designed
to store the helium contents of all of them at once. The system design is based upon the
practice and recommendations of Canadian Liquid Air. The system includes a heat
exchanger, a compressor, racks of storage tubes and a vacuum pump.
The helium is stored at a pressure of 17 MPa (2450 psi) and at room temperature in tube
racks. Liquid Air suggests that it be stored in tube racks mounted on trailers. The
advantage of such a system is that it reduces the capital cost of the building and
equipment. On the other hand the cost of renting the equipment is expected to be in the
order of $75,000 per year.
A compressor with a nitrogen cooled heat exchanger is provided; it is capable of pumping
the helium from 0.8 MPa to 17 MPa The relatively high minimum suction pressure
means that a significant amount of helium is wasted on emptying a system. A compressor
capable of recovering the gas from lower pressure would cost an additional $100,000.
A vacuum pump discharging from 10 Pa to atmosphere is provided to remove the air and
water vapour from the helium systems and equipment before filling.
No facilities are provided to purify the helium. It is expected that the vacuum pump
mentioned above will ensure that the amount of atmosphere in the system following filling
is acceptably low and, once operating, the pressure in the system should preclude the
ingress of contaminants.
Under normal circumstances, systems such as the helium systems would be equipped with
isolation valves to permit maintenance and repair of the equipment without removing the
helium from the system as a whole. No such valves have been provided since they are
expensive and it is not obvious that they would not leak The question should be
reviewed during the detailed design phase of the worle
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Figure 8.5 Helium storage system flow sheet

8.3

Main Cooling Water System

The main cooling water system removes the heat from the helium systems discussed in
Section 8.1 above; the TF coils and the water cooled sections of their bus bars; the PF
coils; the ion cyclotron system; and the compact toroid fueller. The raw water cooling
system is the heat sink.
The system heat loads and flow requirements are listed in Table 8.3. These heat loads are
based upon the following:
For the TF coils, the heat loads are based upon the use of 12 coils at 22 turns each
with a current of 250 kA per turn. The coil geometry and turn cross sectional area
used were based upon the information given on the coil layout described in Section
4, and allowances were made for the space occupied by coil housing, insulation and
cooling water passages when calculating the cross-sectional area of the turns. The
specific resistance used was that of Glidcop at 65 °C and a water velocity of 9.2
m/s was assumed.
For the TF coil bus bars, it was assumed that the bus bars in the immediate area of
the machine were water cooled, that they were located at a radius of 6.2 m and that
the horizontal section of the bar was located 2 m below the point at which the bars
were connected to the coil. It was also assumed that the bars went from coil 1 to
12 and back again with the return bar being split into two halves located on either
side of the supply bar so as to minimize the magnetic fields from the bars.
Conductor material was assumed to be Glidcop as before.
For the PF coils and the ion cyclotron system, the data provided was used.
For the helium systems, the loads were based upon those provided, to which the
heat input from the circulators was added.
Note that the helium storage system loads (if any) are not included in the above totals as
they will not be on line at the same time as the other loads.
The normal operating requirements are described above. The system shall also be capable
of operating with a reduced number of pumps when the tokamak is not operating.
Provisions shall be made to cool at least two of the helium systems on failure of the Class
4 system; these are the blanket and the shield and vessel systems. No other load need be
cooled on failure of the Class 4 system.
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Table 8.3 Main cooling water system heat loads and flow requirements
How Required
(L/s)
TF coils and bus bars

Heat Load
(MW)

4211

349.9

12

1.0

480

40.0

Compact toroid fueller

10

0.8

First wall

70

8.7

Shield and vessel

85

10.7

Blanket cooling

87

10.9

Divertors

300

37.6

Condenser

5

Purification

12

0.5
—

Helium storage

—

—

Main pumps

—

4.0

PF coils
Ion cyclotron

Total

5272 L/s
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464.1 MW

A preliminary flow sheet for the main cooling water system is shown in Figure 8.6. It
shows the main equipment, pipe sizes and flows in the various parts of the systems. The
system design pressure is 1.25 MPa and the design temperature is 200°C.
Under normal operating conditions, the pressure in the system is maintained at 1.0 MPa
upstream of the loads and at 0.5 MPa downstream of the loads. These pressures are set by
the requirements of the TF coils.
A pressurized header tank maintains the pressure on the upstream side of the pumps at 0.4
MPa, the pressurizing gas used being nitrogen (supplied from a bottle rack). The volume
of the header tank is large enough to accommodate the expansion of the water as the
system comes up to temperature.
A pressure control station is provided. Under normal operating conditions, it maintains
the system pressure upstream of the loads at 1.0 MPa; the pressure will be less when only
Class 3 power is available, and under these conditions, the flow through those parts of the
system not requiring cooling is cut off.
A booster pump would be provided for the solenoid if additional pressure is required to
counteract the larger pressure drop inherent in a long coil. (The present flow sheet and
estimate presumes that such a pump is not required).
Pressures in the system when the reactor is shut down need only be high enough to
prevent boiling in the helium heat exchangers.
Safety valves are provided on the header tank, on the water side of the heat exchangers
and on those parts of the system that can be isolated from the header tank.
The design temperature in the system upstream of the loads is 40°C. It can be lower when
the temperature of the heat sink allows. The temperature shall not be lower than the dew
point so as to prevent condensation on the equipment. Temperature control valves shall be
provided as necessary.
The temperature in the system is controlled by selecting the number of raw water heat
exchangers being cooled with temperature trim being provided by a control valve which
allows the water to bypass the exchangers.
Four main heat exchangers are provided They are straight through single pass
exchangers. The water of the main cooling water system is in the shell while the raw
water is in the tubes (to facilitate cleaning). Each heat exchanger has an area of 2915 m2.
Materials in contact with demineralized water are admiralty brass or stainless steel while
those in contact with the raw water are coated carbon steel.
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Figure 8.6 Main cooling system flow sheet

The water is circulated using four 25% end suction vertical discharge process pumps.
These are the main pumps and each has a capacity of 1318 L/s at a differential pressure of
600 kPa. The pumps come complete with a mechanical seal, a 1500 hp squirrel cage
induction motor, a coupling and a base plate. The wetted parts are made of stainless steel.
A single secondary pump is provided. It is similar in design to the main pumps described
above. It is expected to have a capacity of 50 L/s and have a 20 hp motor. It is driven
from the Class 3 bus when Class 4 power is not available.
The water used in the system is demineralized and de-oxygenated, with a conductivity of
less than one micro-siemens. Demineralized water is used to fill the system - no facility is
provided A side-stream water purification unit is provided. It has a capacity of 12 L/s
and it includes a filter, an ion exchanger, a cation exchanger, a mixed bed exchanger and a
de-oxygenator. Facilities are included for the regeneration of the ion exchange resins.
Two demineralized water storage tanks are provided. They will be large enough to store
the water contained in any isolatable section of the system adjacent to the tokamak. The
material used in the tanks is aluminum A small pump is provided to return water to the
cooling water system.
Headers are provided at the tokamak to feed the TF coils and the water cooled parts of
their busbars. It is expected that one will be provided above the tokamak and the other
below it; the connections to the coils are made with hose. There is an inlet and an outlet
hose for each half turn of coil and a rotating flow transducer is mounted at the end of
each discharge hose to monitor the flow through that turn.
The piping conforms to the requirements of ANSI B31.1. The material used is ASTM A
312 gr 304L, a stainless steel. The pipe design includes flexibility loops where they are
necessary. Pipes are sized so that the nominal velocity in them is about 2.5 m/s.
In general, wafer-type butterfly valves are used.
Piping and equipment are covered with thermal insulation to protect personnel and reduce
the load on the building air conditioning system.
No failure of a section of pipe shall prevent cooling either the shield and vessel system or
the blanket system and the piping will be laid out accordingly when the details of the
layout are known. The details have not been shown on the flow sheet as the design is
layout dependent. No provision is made for standby equipment.
The main water system cools two sets of equipment with very different pressure
requirements. Specifically, the coils need a differential pressure of 500 kPa while the heat
exchangers need no more than 40 kPa, With a flow of 1032 L/s through the heat
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exchangers, the ion cyclotron system and the compact toroid fiieller, the power wasted in
throttling the water through this equipment is in the order of 600 kW, based on an
expected pump efficiency of 80%. The question of splitting the system into two parts can
be reviewed during the detail design stage. The review should also include an accurate
assessment of the coil differential pressure needs.
8.4

Raw Water System

A raw water system draws water from the heat sink, assumed to be a large freshwater
lake. The system is designed for a maximum cooling water inlet temperature of 27°C and
the water temperature at discharge does not exceed 35°C (for environmental reasons). The
system design pressure is 0.3 MPa.
The raw water system cools only the main heat exchangers and the total load is 464 MW.
All loads are cooled with the demineralized water of the main cooling water system or
with the treated water of the service water system
The system consists of 4 pumps, 4 heat exchangers, isolation valves, a vacuum system and
a chlorination system (Figure 8.7). Under normal conditions, all four pumps and heat
exchangers are on line. It is possible to operate the system with one or more pumps shut
down when the temperature of the heat sink or the heat load is low. No other means of
controlling temperature or pressure are provided.
To start the system, the valves downstream of the heat exchangers are closed, the pumps
are started, and the (water-ring) vacuum pump removes air from the heat exchanger water
boxes. When the boxes are full, the valves are opened and the system operates normally.
The water is circulated using four 25% column-type wet-pit pumps. These are located in
the pumphouse and each has a capacity of 3465 L/s at a differential pressure of 75 kPa.
The pumps come complete with a suction tube, a mechanical seal, a 500 hp squirrel cage
motor and a coupling. The wetted parts are made of carbon steel.
The main heat exchangers are described in Section 8.3.
A chlorination unit is provided to control the build up of organic material on the tube side
of the heat exchangers. It will be operated on an intermittent basis.
The piping will be either concrete or carbon steel. Insulation will be provided as
necessary to control sweating. Pipes and conduits are sized so that the nominal velocity in
them is 3 m/s. Valves are mostly wafer-type butterfly valves, made of carbon steel.
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No provisions are made to circulate cooling water when the Class 4 bus is down; the 500
kW decay heat load can be dissipated by radiation and convection from the exposed
surfaces of the equipment. No provision need be made for standby equipment.

8.5

Cost Estimate

Estimates are provided for the capital cost of the equipment shown on the flow sheets.
The estimate also includes the cost of piping, valves, instruments and controls. Installation
costs are not included nor are the costs of cables, motor control equipment, instrument
racks and control computers. Estimates are also provided for the cost of designing the
systems and for the engineering, purchasing and quality assurance costs associated with
procuring the equipment. The estimated cost of the heat transport system is 31 M$. This
estimate should be considered an order of magnitude estimate only.
Prices for key equipment were obtained from suppliers. This includes the heat
exchangers, the circulators, the pumps, the helium storage system and the main water
system purification unit. Prices could not be obtained for some of the pipe and valves,
where an estimate was made of the probable cost of the equipment. No prices were
requested for a number of minor items of equipment and the costs used in the estimate
were extracted from existing information. This includes small pumps, tanks, etc. The cost
of the helium headers and water headers at the tokamak were estimated as the details of
the headers are not well defined.
Quantities used in preparing the piping estimates are based upon the flow sheets and
preliminary evaluations of the pipe layouts and lengths. These evaluations assumed that
all the equipment was located in the heat transport area of the building and that the
tokamak was located at the centre of its hall, an estimated 70 m away. They also assumed
that the raw water lines came into the heat transport area of the building under the floor.
The estimates include an allowance for pipe hangers.
A price was obtained from Liquid Air for the supply of a complete pre-engineered helium
storage unit. They indicated that they thought it might be cheaper to rent the helium
storage tanks rather than buy them and the estimates do not include the cost of renting
these tanks. Cost of the piping connecting the storage unit to the various helium systems
is included in estimates of the individual systems.
The component and equipment costs are summarized in Table 8.4 for each of the heat
transport systems.
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The estimate of engineering manhours is based upon the following premises:
the preliminary engineering of the tokamak will last two years to be followed by a
four month review and approval period and there will be an engineer and a
technician involved in the cooling water systems for part of this time;
the detailed engineering of the tokamak will last for an expected 4.5 years
following approval and there will need to be at least one engineer involved in the
cooling systems 90% of this period.
The scope of the engineering estimates include preliminary engineering, preparation of
design criteria, flow sheets, analyses, layout drawings, technical specifications, tender
evaluations, carrying out post order engineering and the preparation of installation
documentation. It also includes the procurement of the equipment including contract
administration, expediting, inspection and quality assurance. The cost estimate includes an
allowance for expenses relating to engineering and procurement work The cost to
perform this work is shown in Table 8.4.
8.6
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Table 8.4 Heat transport systems œst summary.

Equipment
cost
k$

Piping
cost
kS

Instrument
cost
kS

Total
cost
kS

First wall system

2770

265

20

3055

Blanket system

3063

138

20

3221

Shield and vessel
system

3063

137

20

3220

Divertor system

6234

467

6731

Helium storage system

600

-

30
-

Main water system

4587

3126

50

7763

Raw water system

682

869

20

1571

Total material costs

20998

5002

160

26200

System

600

Engineering design

4500

TOTAL COST

30700
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9. BALANCE OF PLANT

9.1

Site Layout and Plant General Arrangement

It is assumed that CFFTP Pilot will be located at an existing nuclear reactor site adjacent
to a large body of water. This will take advantage of the existing infrastructure provided,
resulting in a substantial reduction in costs.
The tokamak and auxiliaries buildings are the central structures around which the balance
of the plant is arranged. The site layout provides adequate space for laydown areas and
equipment storage, fabrication facilities, and construction support services such as concrete
plants. Good access is provided to all sides of the construction area to permit easy
movement of material, equipment and labour. The total site area needed for Pilot
buildings, substation and storage is roughly 400 m x 400 m. A draft site layout is shown
in Figure 9.1.
The Pilot plant buildings and their functions are summarized below. The basis for the
layout of the buildings is the following:
Adequate access for construction, operation and maintenance;
The tokamak building should contain only those systems which are part of the
tokamak or essential for safety and/or operational reasons;
Buildings of one contamination zone should be grouped;
Plant services and routing movement of personnel and materials across zones
should be minimized;
The plant should be arranged for once-through flow of materials and components
from "clean" to "active" to "decontamination/waste treatment" areas;
Hazards should be segregated;
Distances between structures should be minimized;
Space should be provided for future expansion of facilities as required.
The Tokamak and Auxiliaries Building, consisting of the tokamak hall and the tokamak
auxiliaries systems annexes, is illustrated in Figures 9.2 and 9.3. The tokamak building
provides space for the reactor and its support systems. Specifically, it contains the
tokamak itself, the primary heat transport system, the compact toroid fueller, the ion
cyclotron waveguides and antennae, the plasma exhaust vacuum system, and component
transfer and handling functions. A 200 Mg travelling crane and a smaller 30 Mg crane
(carrying a remote handling device) are provided.
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Figure 9.1 Pilot site layout and plant general arrangement.
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Figure 9.3 Tokamak and auxiliaries building elevation section.

All other auxiliary systems which do not require containment, including the ion cyclotron
power amplifiers and magnet power supplies, are housed in annexes external to the
tokamak building.
The tokamak building layout utilizes a U-flow for material and equipment from a clean
entrance, to the tokamak, and out via the hot cell. This arrangement was selected in order
to maintain a general flow-through (clean to contaminated), but with maximum access
(three sides) to the tokamak for the supporting systems. An alternative linear pass would
have restricted access to the tokamak to two sides.
The Tritium Processing Building is adjacent to the tokamak building and contains
equipment for fuel storage and management, blanket tritium recovery, fuel cleanup, and
isotope separation. Services supplied to this building include plant electrical,
demineralized water for cooling purposes, hydrogen, liquid nitrogen, and helium. HVAC
and air decontamination systems for this building are placed on the top level of the
building. The floor area for this building is 450 m2 x 12 m high.
The Hot Cell is connected to the tokamak building via a transfer chamber which allows
movement of tokamak components directly to the cell. Space has been set aside to
provide for expansion of the hot cell. A radwaste storage area is located in the vicinity of
the hot cell facilities. A rail siding may be provided and used for off site shipments.
The Heat Transport Building houses the main cooling water heat exchangers and pumps
required to cool the magnet coils. Demineralized water for filling and makeup of the
system is assumed to be supplied from an existing site facility and only an extension to
the existing supply piping and new short-term storage is provided. Raw cooling water is
supplied to the heat exchangers from the cooling water pumphouse. Also located in this
building are short-term storage tanks and pumping equipment for demineralized water and
potable/domestic water, service water pumps, and recirculated cooling water purification
equipment.
The Magnet and Ion Cyclotron Power Supply Building is located adjacent to the tokamak
building on the same side as the ion cyclotron antennae. The central portion (i.e., nearest
the antennae) contains the ion cyclotron power amplifiers and one set of tuning stubs. The
space allocated for the ion cyclotron amplifiers is 15 m x 15 m x 12 m or 30 rrrVMW;
somewhat smaller than the roughly 40 irf/MW used at JET. On either side is space for
the TF and PF magnet power supply control and feed systems (the rectifiers are in the
adjacent building).
The Service Building which houses the instrument repair shop, laboratories, shower/change
rooms, work planning areas, and maintenance storage facilities is appended to the tokamak
building. This is a two-story building with a floor area of 6000 m2 (for comparison, the 8-
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unit 14,000 MWth Pickering Nuclear Generating Station has a two-story, 12000 m2
common service wing floor area [9.1]).
The Standby Generator Building has been sized on the basis of 2 x 1 MW diesel
generators. This power level should be sufficient for lighting, computers and residual heat
removal. The generators produce an output voltage of 4.16 kV, and are connected to the
13.8 kV buses by a step-up transformer. The structures should withstand seismic activity
and be secure from other external forces as set out in the safety requirements. Included in
the layout is a fuel oil forwarding pumping station to supply fuel to the diesel engines
from storage tanks located adjacent to the standby generator building.
The Electrical Supply Building is located adjacent to the ion cyclotron and magnet power
supply annexes to the tokamak building. It houses the following major equipment:
Valve halls for locating rectifiers of the TF, PF and ion cyclotron systems;
Deionized water cooling system for thyrister valves;
DC buses and interconnection between power supplies and tokamak loads;
Cooling system for DC buses and interconnectors;
Main 13.8 kV switchgear room.
The Central Control Building is located away from the tokamak hall and the DC converter
valves and shielded to miriimize electromagnetic effects on operating personnel and
equipment. Access to the central control building is from the administration building via a
covered elevated walkway. Access between the central control building and the service
building is by doors in the common wall. A preliminary layout suggests three levels.
Main access to the building is at the ground elevation where offices, work planning areas,
locker rooms and other amenities for the operations staff are located. Control computers
are also located at this level. The basement level is reserved for running cables. The
second floor contains the main control computers and control rooms with adjacent work
planning areas.
The Administration Building is situated about 150 m from the reactor and is connected to
the central control building via an elevated covered walkway. The building has two floors
and a basement to house the administrative staff, technical staff and support facilities.
Computers, security monitoring systems, telephone exchanges and mechanical services are
housed below grade. General offices for 200 people, library, conference rooms and
reception area are provided. A two-story building with 6000 m2 of floor area has been
provided (for comparison, the 8-unit, 14,000 MWth Pickering Nuclear Generating Station
administration building is two-story with 3000 m2 of floor area [9.1]).
The Cooling Water Pumphouse contains the raw cooling water trash racks, screening
equipment, pumps and valves for cooling the recirculated cooling water circuits of the
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tokamak. Chlorination equipment and an electrical switchgear room are also housed in
this building. The structure will be arranged so that a single travelling crane can service
equipment. Trash racks and screens will be arranged for automatic cleaning.
The Electrical Substation is an open-air substation, divided into 500 kV buses, 500 kV
transformer section, 69 kV transformer section, 13.8 kV transformer section, and the
reactive power compensation section.
These plant structures are categorized as "conventional", "confinement", "containment" and
"special", based on type and inventory of hazardous material contained in each.
Conventional structures have no specific containment requirements, although may still
require seismic qualification. These structures are, where appropriate, placed away from
the central complex of structures to reduce congestion. Conventional buildings include the
administration building, electrical supply building, services building, standby generator
building, central control building, and cooling water pumphouse.
Confinement structures may contain radioactive materials (such as tritium) but do not
contain substantial stored energy sources (such as high temperature and pressure coolants).
These structures provide a secure boundary against difiusion releases of radioactive
materials to the environment but are not designed to contain substantial pressure transients.
Confinement structures in Pilot include the tritium processing building and the hot cells.
Containment structures provide a pressure boundary between the systems and the
atmosphere, as well as neutron and gamma shielding. In addition, they protect the
tokamak against external events such as vehicle impacts, earthquakes and tornados.
Containment structures in Pilot house the tokamak and the primary heat transport systems,
which contains hot/pressurized coolants, and could contain some radioactivity.
Special structures are those which do not fall clearly into one of the above categories but
do have some special requirement such as gas storage.
9.2

Plant Mechanical Services

These include the common processes and services which are required for the plant. A
number of services, such as heating steam, water treatment, sewage, and waste
management are supplied by the existing site. Services which are provided especially for
Pilot are discussed below.
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9.2.1 Heating, Ventilation, and Air Conditioning
HVAC systems are selected according to the function of the building serviced and,,
therefore, the inventory of hazardous material within it.
Conventional structures will be served by the normal air change, temperature and humidity
controlled systems found in all modern buildings. In service buildings, heating and
ventilation will be provided by roof mounted units. Each unit consists of motorized
dampers, filters, a steam coil heater using auxiliary steam from the existing hearing plant
of the fission facilities, and a blower. Heated air is distributed inside the buildings by
ducts and fans. The Central Control Building and in the Administration Building, are
fully air conditioned environments, maintained by separate units complete with high
efficiency filtration.
For Containment and Confinement structures, special attention must be paid to radioactive
contamination, principally from tritium. Each room or area in these structures will be
assigned a zone on the basis of the criteria in Table 9.1.
Room pressures are negative with respect to the environment, with individual values set so
that air flows from clean areas to the most contaminated (i.e., from Zone 0 to Zone 3).
The capacity (volumetric airflow) of each ventilation system will be based on the worst
case tritium release in each area. The building zones and volumes are shown in Table 9.2.
At this time no rooms are expected to be filled with inert gas.
All rooms will be monitored for radioactivity and the conventional HVAC system to each
is shut down and/or isolated in the event that contamination is detected Four ventilation
systems, shown in Figure 9.4, are provided to decontaminate airstreams:
Process Air Decontamination System (PADS) serves local chronically contaminated
airstreams from glove boxes, equipment shells, clean-up equipment, maintenance
tents, etc. on a continuous basis. Following PADS, the airstream is sent to EGDS
for final clean-up prior to release.
Recirculated Air Decontamination System (RADS) serves all active rooms by
recirculating room air through a decontamination process and returning the air to
the same room to keep the contamination localized. The contaminated room is kept
at a negative pressure by bleeding air from the system and sending it to the EGDS
for final clean-up prior to release.
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Table 9.1 Criteria for room zone classification.
Zone Classification

Definition

0

Normally clean; contamination caused by maintenance is
possible

1
2

No free activity; contamination caused by failure is possible

3

Inert gas filled or inaccessible areas

Chronic contamination may exist

Table 9.2 HVAC building zones and volumes

Building
Tokamak & Auxiliaries Building

Zone

Building volume

0,1,2,3

60 m x 60 m x 15 m high (30 m
high in crane bay)

Radioactive Waste Storage

2

30 m x 50 m x 10 m high

Heat Transport Building

1

60 m x 40 m x 15 m high

Service Building

50 m x 60 m x 15 m high

Electrical Supply Building

0
-

Standby Generator Building

-

25 m x 25 m x 15 m high

Central Control Building

-

50 m x 50 m x 10 m high

Administration Building

-

60 m x 50 m x 10 m high

Cooling Water Pumphouse

-

30mx90mxl0mhigh

Gatehouse

-

5 m x 5 m x 4 m high

Elevated Covered Walkway

-

25 m long

Gas Storage Building

-

15 m x 10 m x 15 m high
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70 m x 200 m x 10 m high

STACK

EXHAUST GAS
DECONTAMINATION
SYSTEM

PROCESS AIR
DECONTAMINATION
SYSTEM

RECIRCULATINC
AIR DECONTAMINATION

EMERGENCY
EXHAUST GAS
DECONTAMINATION
SYSTEM

ACTIVE
DRAIN

Figure 9.4 Air decontamination systems.
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Exhaust Gas Decontamination System (EGDS) cleans the exhaust streams from the
above systems prior to release to the atmosphere.
Emergency Exhaust Decontamination System (EEDS) is used for a back-up for the
PADS when it has insufficient capacity to keep the room at negative pressure. The
airstream is directly released to atmosphere following decontamination.
9.2.2 Service Water Supplies and Distribution
Treated service water requirements for the plant include demineralized water and
potable/domestic water. The water treatment plants required for each of these systems will
already exist on the site and only an extension of the piping systems and short term
storage will be required.
9.2.3 Fire Protection Systems
Pumps for fire protection water systems will already exist on the site and only pipe, fire
hydrants and hose stations will be required. A wet-type sprinkler system will be installed
in all buildings except where such a system is not suitable due to electrical or other
hazards. For these areas, a CO2 flooding system will be provided. A dry gaseous total
flooding system will be provided for the Central Control Building computer rooms. A
dry-type deluge system and oil containment will be provided for outdoor transformers and
fuel oil tanks.
9.2.4 Fuel Oil Storage and Distribution
Storage tanks will be provided for storing No. 2 fuel oil which is delivered to site by tank
trucks. The capacity of the tanks is sufficient to supply the standby diesel generators for
48 hours at full rated output.
9.2.5 Raw Water Supply and Distribution
Raw cooling water for the heat exchangers will be supplied by pumps and associated
valves located in the Cooling Water Pumphouse (see section 8.3). A chlorination plant is
also located in the pumphouse to control algae, shellfish and weeds in the raw water
circuit
9.2.6 Compressed Air Systems
Compressors, dryers and receivers will be provided in the Service Building to provide
compressed air for instrument air and service air systems.
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9.2.7 Gas Systems Storage
A separate building with good ventilation will be provided to store all gases (including N2s
CO2, H2, He, SF6) utilized in the plant with the exception of chlorine which is stored
separately. Distribution of gases is by separate piping systems, each with its own pressure
regulating station.
9.2.8 Cranes and Hoists
Overhead cranes and monorail hoists will be installed in buildings and structures for
operation and maintenance purposes. They are provided in the Tokamak and Auxiliaries
Building, the Cooling Water Pumphouse, the Heat Transport Building, the Standby
Generator Building and in the Service Building. Where necessary, the cranes and hoists
will be operated remotely from the remote maintenance control room. Special attention
will be placed on the reliability of the main crane.
9.3

Rant Electrical Services

The Pilot electric power system consists of the substation, the tokamak power system and
the plant services distribution system. The electrical systems block diagram is shown on
Figure 9.5.
Pilot will require about 450 MW, roughly comparable to JET and ITER CDA Similar
steady power levels are also used in several Canadian industrial facilities (e.g., 200-500
MWe at Inco, Falconbridge, Stelco, and Alcan in Ontario and elsewhere). Since Pilot
operates in steady-state, Pilot's power requirements will be drawn entirely from the grid.
The Pilot electrical supply characteristics are summarized in Table 9.3, in comparison with
conditions at JET and the proposed BPX The power consumed by TdeV is approximately
10% of Pilot.
9.3.1 Substation
The single line diagram of the power system is shown in Figure 9.6.
The reference design brings in two 500 kV transmission lines that terminate at the
substation. These supply two 500 kV/2000 MVA buses. The tokamak and plant power
supplies are fed directly from this bus. JET, in comparison, has one 400 kV line reduced
to a 33 kV distribution bus via 3x300 MVA stepdown transformers [9.2]. This
intermediate transformer step was eliminated in Pilot as a cost-savings measure.
An open-air substation and switchyard are adopted.
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Table 9.3 Summary of the Pilot electrical power requirements
and comparison with other facilities
Pilot

JET
[9.2]

EPX
[9.3]

20

-20

-100

170
10000

575
400-500
10

<1500
2500
5

3

10

15

TF coils:
- power, MW
- max ramp rate, MW/s

335 max

500 max
50

750 max

PF coils:
- max power, MW
- max ramp rate, MW/s

90 max

420 max
-1000

700 max

Heating/current drive power, MW

80

150

75 max

Balance of plant power, MW

50

-

24

Grid

Grid +
Flywheels

Grid +
Flywheel +

-

3

Batteries
-

-

-400
50-100

DT fusion power, MW
Overall electric power requirements:
- avg. power during burn, MW
- peak power, MW
- reactive power, MVAR
- typical pulse duration, s

450

Stored magnetic energy, GJ

Power supply

Site grid stiffness, GJ/Hz
Allowed grid voltage disturbance, %
Allowed power excursion:
- reactive, MVAR
- active, MW
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•Figure 9.5 Electrical systems block diagram.
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To segregate the AC loads from the rectifier loads, the bus will be divided into two
sections, one connected to the plant distribution system and the other to the tokamak
power supplies. To provide high reliability in the plant distribution system, provision is
made to transfer loads from one bus section to the other via a transfer breaker or
disconnecting switches. Outdoor gas insulated (SF6) circuit breakers will be utilized.
9.3.2 Tokamak Power System
The Tokamak power system supplies power to heavy loads related directly to the
operation of the reactor. It consists of DC power supplies at various voltages and currents
for the TF coils, PF coils and ion cyclotron heating system. These loads are interruptible.
Hence a redundant bus arrangement is not required.
The twelve TF coils require a DC power supply with a total requirement of 335 MW at
1.3 kV. This will be provided by four AC to DC converter blocks of 84 MW each. The
rectifier transformers will be installed outdoors and have double LV windings with one in
Delta and one in Wye connection. Thyrister valve converters (as in JET [9.2]) will be
used for quick control capability. The AC/DC conversion is accomplished by 12 pulse
converter groups. Six pulse converter groups are also possible but they produce a greater
number of harmonics and require more filtering. JET uses 24 pulse converter groups, and
is therefore able to avoid harmonic filtering [9.2].
To eliminate the harmonics produced by the DC rectifiers on the AC system, low pass
filters for the 11th and 13th harmonics, and high pass filters for the higher harmonics, are
required at the 500 kV bus section of the tokamak power system.
The PF coils require various power supplies with different voltages and currents. They are
supplied via low DC voltage sources, with a total of 88 MW. However, by standardizing
on a limited number of voltage levels and utilizing higher voltage levels where possible,
substantial cost savings could be realized.
Direct transformation from 500 kV to very low voltages is impractical and, therefore,
requires an intermediate step. This has been selected at 69 kV. For economic reasons, the
number of 500-to-69 kV transformers has been limited to one for all of the PF load. This
power transformer will be installed in the switchyard together with the power transformers
of the plant distribution system. As ohmic heating coils consume 42 MW for a short
period (one hour maximum) during Tokamak operation, it is not necessary for the supply
transformer to be fully sized. A 60 MVA transformer will be adequate for the total PF
load of 88 MW.
A 69 kV underground cable feeder runs from the step-down transformer to the 69 kV bus.
The utilization of underground cable on the low voltage side of the 500 kV/69 kV
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transformers has the added advantage of reducing the substation space requirements. The
69 kV bus is installed outside the Electrical Supply Building, providing a means for each
power supply primary connection.
The rectifier transformers for the PF power supplies will be similar to those of the TF
power supplies and will be located close to and outside the Electrical Supply Building.
Each of seven PF loads requires a separate power supply block.
The ion cyclotron power supply system uses a DC supply at 17 kV prior to the power
amplification. The total load is ~80 MW and can be divided into three blocks of 27 MW.
To provide flexibility of operation between the PF coil power supply system and the ion
cyclotron system, an intermediate step at 69 kV is provided in the transformation from 500
kV to 17 kV. This enables cross-connection between the two 69 kV bus sections through
a tie-breaker. The rectifier transformers of each ion cyclotron block are connected to the
69kVbus.
The power transformer is located in the switchyard, together with the power transformers
of the plant distribution system.
The rectification of AC to DC for the tokamak loads causes significant reactive power and
causes poor system power factor. The acceptable amount of reactive power depends on
the electric grid characteristics and the utility's policies. For comparison at the JET site,
up to around 400 MVAR is tolerated on the grid [9.2]. For purposes of this study, it was
assumed that the reactive power compensation is provided by the Pilot plant.
This compensation is achieved partly by the AC filters and partly by the installation of
capacitor banks which are the most economic means for such stored energy. The
capacitive compensation will be connected to the 500 kV bus. A total compensation in
the order of 260 MVAR is estimated, of which 100 MVAR is provided by AC filters and
160 MVAR by capacitors. The capacitive compensation will be provided via fixed and
switched capacitor banks.
9.3.3 Plant Distribution System
The electrical power supply is divided into the following classes:
Class 4 power supply: Indefinitely interruptible power required for normal facility
loads. The supply provided by the grid is Class 4;
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Class 3 power supply: Temporarily (5 minute) interruptible power required for
electrical equipment which is needed to achieve and maintain safe shutdown. This
class is supplied by the grid backed-up with standby generators;
Class 2 power supply: Uninterruptible AC power required for safety and
equipment protection. This class is supplied from Class 1 power through invertors;
Class 1 power supply: Uninterruptible DC supply required for safety and
equipment protection. The supply will be by batteries which are continuously
recharged by Class 3 power through rectifiers.
For Pilot, the afterheat levels are expected to be initially about 1 MW, and decreasing
quickly. Standby diesel ( 2 x 1 MW) generators are provided, with a 48 hour fuel supply.
9.3.4 Electrical Protection, Grounding and Control
The protection and control system will be sufficient to protect each individual piece of
equipment and each functional subsystem Adequate instrumentation and protective
devices will be provided on incoming circuits, buses, switchyard equipment, power
equipment, capacitor banks, filters, converters, etc., in order to adequately monitor these
systems and to isolate the equipment or the subsystem during fault conditions.
Grounding is provided for every facility and/or building in order to assure safe operation
of the plant facilities and system. A special ground grid is required for the DC power
supply to the reactor. This ground will need to be located outside the compound and
transmitted via a transmission line. The design of the substation ground grid will follow
the latest version of the IEEE Standard 80 and local utility requirements.

9.4

Plant Instrumentation and Control Services

Plant instrumentation and control is depicted on the Computer Systems Flow Diagram,
Figure 9.7. This shows a conceptual design for the overall process control, safety and data
collection systems. Each plant system is identified as an individual numbered module
with its own. local control system. Each local control system is separately connected to,
and interfaces with, a supervisory distributed control system (DCS) and to a safety
shutdown system.
Each of the identified plant systems will be capable of operating its own module
independently of any other module in the system. The DCS and Shutdown System will,
however, interface into these control systems in order to provide overall centralized
supervisory control, operator control system interfaces and communications, and back-up.
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The overall supervisory control system will consist of a commercially available DCS, such
as, for example, Bailey Network 90 or Honeywell TDC3000. It will be distributed and
also contain standby hot back-up for all critical systems. In addition to its main function,
the DCS will control all of the following main plant functions: operator interface; system
start-up; normal operation; normal shutdown; and emergency operation.
Data Collection Systems will include data collection and storage, off-line data analysis and
plant diagnostics.
Control of the radwaste management systems is assumed to be independent from the DCS
with their own single operator interface and control station. The DCS, although, would
still be interfaced for supervisory control and operator communications. The control of the
Tritium Processing System will be similar to the RadWaste Systems with the DCS only
used for supervisory control and operator communications.
9.5

Cost Estimate

Table 9.4 shows a cost breakdown of all the buildings and civil components that comprise
the Balance of Plant portion of the project. The costs for buildings are based on a cost of
240 $Cdn/m3 or 480 $Cdn/m3, depending on the containment and seismic requirements.
The costs for the buildings include a fully erected structure containing conventional
HVAC equipment, a finished interior, elevators, etc., where required.
Tables 9.5, 9.6 and 9.7 show the cost breakdown of the mechanical systems, electrical
facilities, and the instrumentation and control systems, respectively, that comprise the
balance-of-plant portion of the project (note that the main tokamak control system is not
included).
9.6
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Table 9.4 Buildings and structures costs.
Building

Cost

Remarks

(MS)

General Plant Services

2.4

Tokamak & Auxiliaries

38.0

About 400 m x 500 m Includes grading,
roadways
60 m x 60 m x 15 m high (30 m high in crane
bay). Radioactive containment required

Radioactive Waste
Storage

7.2

30 m x 50 m x 10 m high

Heat Transport

8.6

60 m x 40 m x 15 m high

Service

21.6

50 m x 60 m x 15 m high

Electrical Supply

33.6

70 m x 200 m x 10 m high

Electrical Substation

0.7

130 m x 200 m. Open, fenced area

Standby Generator

4.5

25 m x 25 m x 15 m

Central Control

12.0

50 m x 50 m x 10 m high

Administration

7.2

60 m x 50 m x 10 m high

Cooling Water
Pumphouse

6.5

3 0 m x 9 0 m x l 0 m h i g h . Includes
modifications to existing intake and discharge
channels

Fuel Tank Area

0.2

15 m x 20 m Open, dyked, fenced area

Gatehouse

0.07

5 m x 5 m x 4 m high

Stack

0.13

1.5 mdia x 50 m high

Standby Generator
Transformers Yard

0.01

10 m x 25 m. Open, fenced area

Elevated Walkway

0.04

25 m long. Connects Admin. & Control Bldngs

Gas Storage

0.5

15 m x 10 m x 15 m high

TOTAL (no contingency) 143.2
Note: Wo unusual site conditions assumed when estimating building ioundations.
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Table 9.5 Mechanical systems cost breakdown.
System

Cost(M$)

Remaite

HVAC

9.70

Non-nuclear. This cost is
included in building costs.

Raw Cooling Water

4.60

Excludes pumps and associated
valves

Standby Generator Sets

2.40

2xlMW

Cranes and Hoists

1.70

Fire Protection

1.66

Compressed Air

1.26

Steam for process and
heating

0.30

Drainage

0.20

Sewage Treatment

0.20

Inert Gas

0.20

Service Water

0.20

Cost is based on piping extension
from existing facilities

Water Treatment

0.15

Cost is based on piping extension
from existing facilities

Fuel Oil

0.05

Engineering, Spare Parts
& Commissioning

3.39

TOTAL (no contingency)

Supply main is extended from
existing header
Cost is based on piping extension
from existing facilities
Cost is based on piping extension
from existing facilities

15%

26.0
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Table 9.6 Electrical facilities cost breakdown.
Facility Description

Cost(NB)

500 kV Electrical Substation

24.40

DC Power Supplies

37.70

Electrical Plant Equipment

42.10

Engineering, Spare Parts and
Commissioning

15.6

TOTAL (no contingency)

Remarie

15%

119.8

Table 9.7 Instrumentation and control systems cost breakdown.
Facility Description

Cost(lVB)

DCS Supervisory Control system

1.20

Safety Shutdown Systems

0.30

Engineering, Spare Parts and
Commissioning

0.22

TOTAL (no contingency)

1.7
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Remarie

15%

|

10. LICENSING

10.1 Siting
It is assumed that CFFTP Pilot will be located at an existing nuclear reactor site. The
major factors involved in the site selection process will already have been considered for
the fission reactor. It is generally expected that a fusion facility will have somewhat less
stringent requirements than a fission facility, so such a site should meet all requirements
for this plant. This includes criteria for environmental, safety and economic aspects such
as proximity to population centres, transportation systems, the supply of services such as
electrical energy and cooling water.
Considerable effort would normally be needed to collect and prepare site specific data for
application to the regulatory agents for permission to build and operate this facility. Siting
the plant at an existing nuclear site will considerably ease the licensing process, and take
advantage of the existing infrastructure, resulting in a substantial cost reduction.

10.2 Safety Assessment
During this first scoping study, it was not possible to perform a preliminary safety
assessment since there was no conceptual design.

10.3 Licensing
The construction and operation of Pilot will have to be preceded by the necessary licenses
and permits from the various regulatory authorities. Although other federal and provincial
regulatory agencies are involved, nuclear projects in Canada come under the jurisdiction of
the Atomic Energy Control Board (AECB), which has ultimate regulatory authority.
The licensing process in Canada has been evolving over the past three decades, but
licensing guide AECB 1139 Rev. 1 is still the document that officially governs the
licensing process.
The licensing process has three distinct steps:
- site approval
- construction permit
- operating license
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103.1 Site Approval
Hie application for site approval is accompanied by a Site Evaluation Report and an
Environmental Impact Assessment Report.
The site evaluation report must consider all local factors, such as geology, hydrology,
meteorology, seismology, demography, etc., to ensure that these factors are considered in
the design of the facility. In fact, the site evaluation report must determine that the
proposed facility can be designed and constructed in accordance with the requirements
imposed by the specific site conditions. This report receives technical review by the
AECBS ^dth consultation from technical experts (for example, seismologists) in other
government departments.
The environmental impact assessment report must address the short-term and long-term
effects that the construction and operation of the facility will have on the local community
and the environment. The environmental assessment impact report must demonstrate that
the construction and operation activities can be properly managed to have minimal impact
on the local community and the environment. Clearly, part of the environmental impact
assessment report must be a preliminary safety assessment of the facility. In addition to a
technical review by the AECB, the environmental impact assessment report forms the
basis for public review and consultation. This review process is now well established in
the Federal Environmental Assessment Act and needs to follow a prescribed procedure,
which could take from two to three years to complete.

10.3.2 Construction Permit
A site approval allows the proponent of the facility to perform all necessary site
preparation work, including site clearing and excavation, construction of temporary
facilities for construction workers, and construction of administrative facilities. However,
before construction of the actual facility is allowed to begin a Construction Permit must be
obtained from the AECB.
An application for a Construction Permit is accompanied by a Preliminary Safety Report.
The Preliminary Safety Report must contain a detailed description of the facility to be
constructed and a safety assessment of the preliminary design. The assessment must
demonstrate, to the satisfaction of the AECB, that the facility can be operated in
compliance with all AECB requirements. The Preliminary Safety Report is reviewed by
the AECB, and by safety experts hired as consultants by the AECB. The review process
can take from one to two years.
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10.3.3 Operating License
An application to the AECB for an Operating License is accompanied by the Final Safety
Report and all the necessary quality assurance statements œnfirming that the plant has
been constructed and commissioned as per the design described in the Final Safety Report
and supporting documentation. The Final Safety Report must confirm that the "as built"
plant will comply with all AECB requirements during its operating life. The Final Safety
Report is also reviewed by the AECB and its consultants. The review process and
schedule is similar to that for the Preliminary Safety Report.
10.3.4 AECB Requirements
The AECB requirements for CANDU reactors are well documented in AECB Regulatory
Documents. However, AECB requirements for fission experimental reactors are not
documented and AECB requirements for fusion experimental reactors are non-existent.
The need to establish Regulatory Requirements for fusion experimental facilities has been
reco^rized, particularly with respect to the International Thermonuclear Experimental
Reactor (HER), and some effort has been allocated in this area by various countries, on an
ad-hoc basis. A more coordinated effort is anticipated now that the ITER design activity
is getting underway. CFFTP has supported two independent studies, in the last two years,
which have started to address the type of regulatory regime that may be appropriate for
fusion experimental reactors initially, and fusion power reactors ultimately. The reports
from these studies have not yet been published, but should be available in the near future.
The establishment of an appropriate regulatory regime is clearly the most pressing issue
related to the licensing of Pilot.
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11. COST

11.1 Estimate Basis
This scoping study determined a rough estimate of cost for Pilot even though most
systems were not defined in detail. The major components and systems were identified
and a cost was allocated for each. This indicates the largest cost systems and, therefore,
where costs might best be reduced by further work; both through more detailed system
specification and through examination of design alternatives.
The technical basis for the estimate varies with the level of design specification and detail
provided for each system. The systems which were examined in detail show the cost
breakdown at the end of their report section. Costs for systems not considered in detail
were obtained from the US TETRA systems code (ORNL 1992 Copper Coil Version)
[11.1]. A factor of 1.2 was used to convert the US costs from the systems code to
Canadian dollars.
The costs for R&D, finance charges, taxes, and reactor operation have not been included.

11.2 Direct Costs
The direct costs, shown in Table 11.1, include first-of-a-kind engineering design, materials,
manufacturing costs, quality assurance, inspection and acceptance tests, contractor
overheads, delivery, and installation at the Pilot site. Pilot is expected to be located at an
existing nuclear reactor site, therefore the cost of land has not been included and much of
the infrastructure required to operate Pilot is assumed to be already in place.
The building costs have been based on the estimated volume required for each and then
multiplied by a scaling factor described in Section 9.5. The TETRA code estimated that
Pilot would require about twice the building volume and cost than was estimated in this
study.
The reactor systems includes all the in-vessel components. A factor of 10% was added to
the delivered blanket cost shown in Section 7.6 to cover the cost of installation. The
blanket cost is the major cost in this system and is approximately twice the amount
estimated by the TETRA code.

11-1

Table 11.1 CFFTP Pilot cost summary.
Account

21

Description

Total Installed Cost (MSCdn)
J43
3

STRUCTURES
Site Improvements
Buildings
-Tokamak & Auxiliaries
-Service
-Electrical Supply
-Central Control
-Administration
-Others

22

38
22
34
12
7
27

REACTOR EQUIPMENT
Reactor Systems
Inboard First Wall
Outboard Blanket and First Wall
Shield (Bulk and Penetration)
Structure
Divertor

144
6'
77
24"
13
24'

222
223
224
225

Magnets
Power Injection System
Vacuum System
Power Conditioning (TF/PF Coil Power Supplies)

22£
J5£
il
S£

226

Heat Transport System
Helium Cooling
Main Cooling Water

26
12

Fuel Handling System
Fuel Injection
Fuel processing and Storage
Nuclear Building Ventilation/Decontamination

13
21
30

Instrumentation and Control
Maintenance Equipment

721
55

ELECTRICAL PLANT SYSTEM
Substation
Plant Distribution

22

25

MISCELLANEOUS PLANT SYSTEMS

30

26

HEAT REJECTION SYSTEM

2

TOTAL DIRECT COST (TDC)

1100

INDIRECT COST (40% of TDC)

440

CONTINGENCY (50% of TDC and IC)

770

221

227

228
229

24

3S

36
63

2,300

TOTAL CONSTRUCTED COST
* Indicates the costs were taken from the TETRA code
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The magnet costs were taken from the systems code. The cost is for water cooled copper
magnets with a mass of 2000 Mg. Even though the magnets are made from copper
instead of superconductor, they still represent the largest single cost in the reactor. This
area may benefit from examining design alternatives and detailed costing.
The power injection system (ion cyclotron) cost was taken from the system code. The
cost used was 4 M$Cdn/MW. This is the second largest expenditure for Pilot and may
also benefit from a more detailed design and cost analysis.
The vacuum system was costed in Section 6.8. The pumps, valves, etc. which have been
selected for Pilot are off-the-shelf components and have been individually costed. A
factor of 30% was added to this value to include installation costs. The value calculated
in the TETRA code was seven times larger than the value estimated here.
The cost breakdown for the power conditioning supplies for the PF and TF coils are
shown in Section 9.5. Of the 44 M$Cdn allocated for DC power supplies, 37 M$Cdn is
assumed for the PF and TF power supplies. Another 8 M$Cdn was added to cover
miscellaneous items such as busbars, I&C, etc. On the total cost, another 30% was added
to include the cost of installation. The TETRA code estimate was 5 times higher for the
power supplies. There is apparently little consensus on the cost of power supplies among
various studies. A more detailed examination is required to obtain a better estimate. This
cost could be reduced if the PF coils were standardized onto a smaller number of DC
voltages than was the case for the present study.
The heat transport system is costed in Section 8.5. The total cost was increased by 30%
to cover the costs of installation. The value estimated by the TETRA code is roughly the
same.
The fuel injection system is based on using the compact toroid fueller which is costed in
Section 6.8. The fueller cost is based on a R&D unit which is currently being tested The
power supply costs were obtained from industry sources. The fueller costs were increased
by 30% to cover the cost of installation. The remaining costs for fuel processing and
storage are also identified in Section 6.8. This includes the costs for the fuel storage and
management system, blanket tritium recovery system, fuel cleanup system, and isotope
separation system. The total cost was increased by 30% to cover the cost of installation.
The nuclear building ventilation system was based on a recent study of the NET
ventilation system The costs were adjusted to match the size of Pilot. Further study is
required to obtain a better estimate.
Instrumentation costs were based on the lump sum provided by the TETRA code. A
breakdown of instrumentation costs would be required to obtain a better estimate.
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The equipment used for maintenance is described in Section 5.8. The equipment costs
have been increased by 10% to cover the cost of installation. The estimated cost for the
installed equipment is roughly the same as the value calculated by the TETRA code.
The electrical plant costs from Section 9.5 have been increased by 30% to cover the cost
of equipment installation. The electrical plant costs estimated in this study are
approximately twice the cost predicted by the TETRA code.
Miscellaneous plant costs cover the general systems in the plant such as fire protection,
compressed air, cranes and hoists, service water, etc. These are identified in Section 9.5.
As Pilot is assumed to be located at an existing nuclear site, much of the infrastructure
already exists and needs only minor modification to supply the reactor site. This
considerably reduces the cost of supplying services. Also included in these costs is the
hot cell equipment estimated at 20 M$Cdn.
The heat rejection system includes the pumps, piping, valves, I&C, etc. which make up the
raw cooling water system. The costs have been increased by 30% to cover the installation
costs. As Pilot will be situated beside a large body of water, cooling towers will not be
required, thereby reducing the system cost.
11.3 Indirect Costs and Contingency
The indirect cost allowance for Pilot is taken to be 40% of the total direct cost. This
allowance includes the construction services and equipment, the project management, the
project systems engineering and related technical services, and the construction
management. These services are provided to the entire project and are not charged
directly to any system.
The contingency allowance accounts for uncertainties in the design and provides for
increases in quantities as the design becomes more developed. A contingency of 50% has
been applied to the total of the direct and indirect project costs. This is justified because
of this preliminary stage of defining Pilot. In future iterations of this study, each of the
systems would be examined in more detail, allowing the cost estimates to be better
defined. At that time the contingency allocation would be reduced.
11.4 Total Constmcted Cost
The total constructed cost for Pilot will be approximately 2.3 billion dollars. The design,
manufacturing and construction activities will be spread over a 6 to 8 year period, thereby
requiring funding of around 300 million dollars per year.
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12. CONCLUSIONS AND RECOMMENDATIONS

12.1 Design Summary
CFFTP Pilot is representative of a class of machines that could provide integrated nuclear
testing of the fusion core technologies.
In order to focus on the testing objective of Pilot, and to reduce cost and risk, the neutron
flux is low relative to a power reactor, the plasma is not ignited, and the magnets are not
superconducting. Pilot would be part of a larger fusion program involving an ignited
tokamak, a long-pulse tokamak, a high flux/fluence test facility, and a superconducting
magnet test facility. Some of these can be combined into the same device; for example,
the US TPX should test both long-pulse plasmas and superconducting magnets, and ITER
EDA could include all these capabilities.
The implications of Pilot to the overall world fusion development program (cost, schedule,
international collaboration and probability of success) were not considered here. However,
the lack of fusion nuclear testing capability throughout the world - especially relative to
fission reactor development experience - suggests that a reliable, moderate-cost nuclear
testing facility should be seriously considered.
The intent of this Pilot study was to develop a general scoping design, with emphasis on
those areas of most interest to CFFTP (fuel cycle, blanket, maintenance, balance of plant).
Scoping concepts for the magnet and plasma systems were developed with the assistance
of a US systems code. The results are neither complete nor optimized, but are sufficient
to indicate general costs, issues, and development requirements.
The CFFTP Pilot concept was based on several reactor-relevant design choices drawn
from other recent studies and the CFFTP research program. It is a steady-state, H-mode
tokamak with double-null divertors (e.g., ARIES-I, SSTR [12.1]), and ion cyclotron
heating and current drive (e.g., APJES-I [12.1]). The fuel cycle uses low-tritium-inventory
options, including compact toroid fuelling. The mechanical design is based on helium
cooling, radial blanket maintenance, and a ceramic pebble breeder blanket. The magnets
are water-cooled copper, with demountable TF coil joints (e.g., SFDP [12.2]).
Pilot would produce 20 MW of fusion power with 40 MW of auxiliary power. The 2.7
MA plasma current is ramped up inductively, and sustained in steady-state by the
bootstrap current (32%) and fast wave current drive (68%). The plasma is roughly the
size of the TFTR plasma, but is elongated with double-null divertors and an aspect ratio of
5. The electric power consumption is around 450 MWe, with over 300 MWe used by the
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copper toroidal field coils. The reactor would operate for 1 full-power-year at a 0.25
MW/rrf average neutron wall load. The tritium supply requirements are only 0.8 kg and
can easily be met by Ontario Hydro. The on-site tritium inventory would be about 0.3 kg,
mostly in storage. The direct construction cost is estimated at 1.1 BSCdn, with a total
project cost of 2.3 B$Cdn.
This scoping design extrapolates beyond present capabilities in some key areas.
Considerably more work - and major changes - would be required to develop a buildable
design. The assumptions could be resolvable by further design work and by the ongoing
world fusion R&D, in time for a 2010 startup for Pilot. The major conclusions, and
recommendations for future work, are summarized below with respect to the various
systems.
12.2 Hasina
The major conclusions from the systems code study of the Pilot plasma conditions were:
As with other studies (e.g., ARIES-I, SSTR [12.1]), Pilot follows the ITER CDA
physics scaling laws snowing the benefit of higher aspect ratio, elongation and Hmode factor.
Pilot relies on ion cyclotron waves, rather than neutral beams, on the grounds that
the technology is more reliable and reactor-relevant. The loss of beam-plasma
fusion results in roughly a factor of two decrease in wall loading for the same
machine size. Therefore, the decision as to whether ion cyclotron or neutral beams
are more reactor-relevant has a significant impact on Pilot.
Small non-ignited machines such as Pilot require proportionately higher auxiliary
power to maintain fusion temperatures. This required extra power exacerbates the
divertor heat load, but it also makes steady-state current-drive more practical.
The most critical R&D issues (i.e., affecting Pilot feasibility) are plasma-related. These
are also key research topics in the world fusion program, and the results should be
monitored for impact on CFFTP Pilot. Of particular interest would be studies of impurity
buildup in long-pulse H-mode (H > 2) discharges; demonstration of factor of two
reduction in peak divertor load by radiative, gaseous and/or biased divertors; and
measurement of steady fast-wave current drive efficiency at power levels of around 1
kW/crrr. Additionally, observations on plasma behavior on alpha-heated shots on TFTR
and JET (with Q-0.5, compared to Q-0.3 in Pilot), and in higher-aspect-ratio plasmas like
JT-60U, should extend the range of the basic plasma scaling laws towards Pilot conditions.
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Additionally, the design of the ion cyclotron antennae needs to be developed Issues
include coupling of the waves to the plasma, thermal-mechanical design of the antennae,
and neutron streaming through the coax lines.
From a cost and reliability viewpoint, the plasma design should be reviewed to consider:
- single-null divertor;
- lower vertical elongation;
- very low aspect ratios.
The ongoing international development of reliable (reactor-relevant) negative-ion neutral
beams, and of compact folded ion cyclotron waveguides, should be monitored.
12.3 Magnets
The magnets are the most expensive Pilot system The design was based on water-cooled
copper with moderate current densities. Since the current densities were generally not
pushed to design limits, it was assumed that a reasonable design could be developed
without going into any detail in this study. The basic configuration was largely
extrapolated from more careful work in the SFDP study [12.3].
The main conclusion here is that the use of demountable TF coils with bolted joints did
not help the CFFTP Pilot final design. The need for access to the top joint required it to
be radially far from the machine centerline, resulting in most inboard components being
trapped Furthermore, with the relatively small number of coils in Pilot, radial
maintenance of divertor and outboard components (rather than vertical) was
straightforward So there was little maintenance benefit from the joint, while remote joint
assembly would be very difficult and the joint weakens the overall magnet. In order to
effectively use a jointed TF coil, the top joint should be directly over the inboard leg.
This might require vertical sliding joints and fewer turns (larger current per turn).
For the PF coil system, fast plasma vertical control systems are required because of the
plasma elongation. While the PF coils were placed inside the TF coils to improve their
response time, it is not clear whether the required control is practical. This question, as
well as the overall sizing and placement of the PF coils (outside the TF coils where
possible) can be addressed by standard tokamak design tools. The PF coils should also be
designed to operate at a limited set of voltages in order to simplify their power supply.
In future iterations, solid (non-demountable) coil designs should be considered If some
PF coils need to be within the TF coils, then either window-frame type (sectional) coils or
perhaps demountable PF coils might be considered (since the PF coils should be lighter,
carry lower current and have fewer turns than the TF coils).
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Neutron shielding space was minimized to reduce machine size and cost, and helium
cooling was assumed for consistency with the blanket design. The result is that the
magnets probably require ceramic insulators to meet a one-full-power-year lifetime.
Alternatively, optimized shield designs need to be developed, possibly with water coolant.
Thermal-mechanical design of the coils and their supports is also needed

12.4 Maintenance
Due to the small number, and large outer radius, of the TF coils in Pilot, there is sufficient
space for divertors and outboard components to be radially maintained in "cassettes" (e.g.,
similar to SFDP [12.2]). This approach has pros and cons. Angling the divertor cassettes
allows the blanket segments to be removed as single units. A permanent structure, not
exposed to plasma, sits just inside the outer TF coil legs and provides good blanket
support and coil shielding. The radial maintenance provides good access to the divertors
and outboard segments for cooling and for changeout, with hardware similar to that
proposed for the ITER CDA test ports. But it does require more radial space around the
machine and the changeout hardware must support large cantilevered weights.
Otherwise, the maintenance equipment generally follows that proposed for similar
machines such as BPX For machines of Pilot size, articulated booms would be used for
in-vessel maintenance rather than tracked systems.
Overall, however, maintenance of this machine is not satisfactory. While the individual
components can be roughly identified, and are consistent with the those being developed
by Canadian industry and other groups, the level of complexity of some of the Pilot tasks
is very difficult for remotely-operated equipment. Rather, the Pilot configuration should
be changed to make maintenance easier. In particular, the difficulty in remotely replacing
the PF and TF coils, and inboard components, needs to be addressed. Moving the PF
coils outboard, eliminating the demountable joints, and assembling the vacuum vessel as
12 D-shaped pieces should be considered.
A better understanding of contamination and activation levels is also needed. What are
the radiation levels at the TF coil position? Is there significant potential for major
contamination of the tokamak hall from activated dust or tritium? Could a simpler or
standard transfer unit be used, or are there other alternatives? Can contamination be
reduced by choice of materials or design?
In general, more space is needed for access and equipment movement around the tokamak.
Coolant, busbars and cabling should be located below the operating floor of the machine.
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12.5 Rœl Cycle
The fuel cycle incorporates several low tritium inventory concepts under development by
CFFTP; specifically compact toroid fuelling, HTTEX impurity cleanup, and pressure-swing
adsorption for blanket purge processing. The cryogenic distillation columns did not
incorporate recent CFFTP developments, so the 3 g tritium column inventory could be
reduced Fuel storage on metal getters is practical with no difference between U or ZrCo
getters at this level of design detail.
The overall process tritium system inventory is about 70 g (not including fuel storage).
Much of this is in a feed buffer tank designed to hold several hours of mixed fuel.
For Pilot, vacuum pumping is straightforward using existing, low-tritium-inventory,
magnetic-bearing turbopumps. However, this conclusion does depend strongly on the
assumptions regarding the divertor pressure and required exhaust rates - assumptions
which are poorly known for the desired reduced heat load divertors such as radiative or
gaseous divertors.
The largest uncertainty in this fuel cycle design is the performance of the compact toroid
fueller. This includes demonstration of plasma fuelling with low impurities; demonstration
of reliable, high-pulse-rate guns; and characterization of the fueller overall efficiency with
respect to power and fuel gas. These issues are presently being addressed by CFFTPcosponsored experiments on TdeV, and at UC-Davis. More detailed design of the fueller
is needed, especially with respect to effect of the tokamak fringe fields on the compact
toroid, neutron streaming and activation of the gun, and general thermomechanical design.
Other process elements need to be demonstrated on a larger scale, specifically HTTEX,
pressure swing adsorption and ZrCo getter beds. Detailed designs for Pilot-scale systems
already exist. The fuel cycle design can be updated as these experimental results become
available, and to incorporate low-inventory cryogenic distillation columns.
Some tritium-related systems have not been analyzed. Specifically, the air cleanup
systems and radwaste detritiation systems were only included as rough estimates in the
cost estimate. No coolant detritiation system was assumed, since permeation estimates
suggested that this would not be an issue in Pilot. But as it may be important for a
reactor, a reference helium coolant detritiation system should be developed
12.6 In-Vessel Components
The design effort was limited to the outboard breeder blanket. The cold-water-cooled
ceramic driver blanket concept developed for NET [12.3] was extended to a hot-heliumcooled version. This design uses lithium zirconate pebbles in pins, beryllium pebbles in
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bulk regions, and ferritic steel structure. With tritium breeding limited to five (out of
twelve) outboard segments, the overall Pilot tritium breeding ratio is estimated as 0.35.
However, for Pilot, the intent is to demonstrate adequate local breeding ratios greater than
unity for the outboard blankets individually, not for the overall machine.
The most critical concern for this system is the divertor; this is a feasibility issue. It is
assumed that the predicted 14 MW/rrr peak divertor heat load (ITER CDA models) can be
reduced to 5-8 MW/rrf by some combination of divertor sweeping, and radiative, gaseous
or biased divertors. And that an efficient helium-cooling technology such as normal flow
heat exchangers can be applied to remove this peak heat. Reducing the divertor load is a
key goal for diverted tokamaks, and planned tests at Sandia Laboratories should extend the
range of proven behavior for normal flow helium cooling. ITER EDA and several large
tokamaks are considering unproved divertors with similar plasma conditions. These
efforts should be monitored, and a Pilot helium-cooled divertor design developed.
On the design side, due to the limited inboard shielding space, careful shield design is
required (possibly with water coolant) in order to minimize the dose to the magnets. "With
simple shield designs, ceramic insulation is required in order to achieve one full-poweryear magnet life. Also, further design work is needed to optimize the first wall and
blanket design, and to develop a vacuum vessel design. The mechanical design, including
disruption tolerance and stabilizing loop design, remains to be done. The use of low
activation materials, such as lithium titanate pebbles or other structural materials, could be
considered.
On the experimental side, nuclear testing of materials, such as the ceramic breeder pebbles
and doped graphite tiles, and of submodules (e.g., breeder pins) are needed to demonstrate
fabrication, assembly and predictable engineering performance.

12.7 Heat Transport
Heat transport and removal appears straightforward, including the use of helium cooling.
Helium-cooled fission reactors such as Fort St. Vrain suffered from flow-induced
vibrations. Although the helium flows here are low (about 40 m/s in the external piping),
no analysis of flow vibrations has been carried out.
A few minor design issues remain to be addressed, such as:
- need for low-pressure helium exhaust compressor;
- need to separate TF coil and balance of main water cooling system due
to different pressure requirements;
- piping layout in the tokamak hall, to determine clearances.
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12.8 Balance of Plant
A general outline of the balance-of-plant systems was prepared No particularly difficult
issues were noted. CFFIP Pilot is assumed to be placed on an existing nuclear site.
Many site services can be readily obtained from the existing infrastructure. The site itself
was estimated to require about 400 m x 400 m
From an external perspective, the power supplies dominate the site. The cost of these
power supplies seems to be on the low side of the range quoted in the fusion literature.
More careful attention to the design is probably required. One possible design
improvement would be to standardize the DC voltages required, especially by the PF coil
sets, to reduce the number (and cost) of the DC power supply systems.
The containment/ventilation philosophy was only loosely considered A more careful
review of the risk potential for each building is required, and the design of the nuclear
ventilation and cleanup system sized accordingly.
The instrumentation and control system, and the hot cells and waste disposal facilities,
need to be considered in more detail.
12.9 Cost and Siting
There is no intrinsic difficulty in siting CFFTP Pilot in Canada, although there is no
definitive regulatory standard for design and licensing of such an experimental nuclear
machine. Pilot's cost and power consumption are large but within Canadian resources.
Possibilities for reducing the cost of Pilot include specific attention to the magnets (the
most expensive system), and considering a very-low-aspect ratio device. The tritium
supply requirements are only 0.8 kg and the site tritium inventory is only 0.3 kg (mostly
storage) - much smaller than Canadian capabilities and handling experience. The basic
nuclear technologies (fuel cycle, maintenance, blanket, heat transport, balance of plant)
appear to be broadly within the capabilities of Canadian industry, although some systems
still require significant development.
With respect to overall conclusions, this design indicates research directions towards a
machine able to provide integrated nuclear testing (but not ignition physics) at a cost of
about 1/3 ITER CDA [12.4]. The test volume - the outboard blanket volume - would be
comparable to the test port volume on ITER CDA, while the fluence and power density
would be about 1/4 ITER CDA
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