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Abstract

Within the framework of the European Power Plant Conceptual Study (PPCS), evaluation of activation inventories and
temperature excursions in structures following hypothetical worst-case accident scenarios was performed for the four plant
models considered. An improved, three-dimensional computational tool was developed and extensively used to assist in the
safety and environmental assessment of the PPCS power plant models. The tool allows for neutron transport, transmutation
and thermal analyses to be automated and coupled to the same tokamak geometry. Convenient Monte Carlo and finite elements
models of the plants can be easily developed, optimising time and computer resources and removing previous one-dimensional
conservatism. The main features of this modelling tool, which for the first time includes an approximation of the divertor, are
described here. Results from the bounding accident analyses of the four initial PPCS plant models are reported, including neutron
spectra, activation inventories and temperature excursions up to 100 days after the initiation of the accident, at various radial and
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oloidal locations within the components. They confirm that not even in the bounding scenario significant structural degradation
ould be expected.
2006 EURATOM/UKAEA. Published by Elsevier B.V. All rights reserved.
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. Introduction

The European Power Plant Conceptual Study
PPCS) [1], aimed at providing insight on physics
nd technology issues of commercial fusion power
hrough the conceptual design and analysis of several
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power plant models. Economic, safety, environmental,
technological and operational performance analyses
were conducted, enabling optimisation of the designs
and full exploitation of the inherently favourable fea-
tures of fusion power generation. As part of the safety
and environmental assessment of these models carried
out at UKAEA-Fusion, two key objectives were
pursued: firstly, to ensure that temperature excursions
in and radioactive releases from the plant following
hypothetical worst-case accident scenarios (“bounding
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accidents”) do not challenge the integrity of structures,
nor pose a potential radioactive hazard to the popu-
lation near the site; secondly, to evaluate the active
material expected to be generated during the operation
and decommissioning of the plant, and ensure that it
does not constitute a burden for future generations.

Earlier work during the SEAFP programmes [2],
revealed the need for an improved heat transfer mod-
elling and a less conservative evaluation of temperature
excursions during bounding accidents in fusion power
plants. It was decided to use a commercially available,
finite elements (FE) analysis code to perform this task,
and to develop a computational tool which automated
and coupled the neutron transport, transmutation and
thermal analyses to the same plant parameters, geom-
etry, radial build and material composition around the
tokamak. This would enable to describe the geometry,
simulate the thermal response and define heat trans-
fer and loading conditions both in radial and poloidal
dimensions, removing the conservatism of the previ-
ous one-dimensional treatment and overall improving
the modelling. As a consequence, poloidal as well as
radial results on neutron spectra, activation and other
radiological information were possible, to be used both
in the bounding accident analysis and in the estimation
and characterisation of the radioactive waste inventory.
Previous studies [3,4] explored this possibility and per-
formed sample calculations to demonstrate the func-
tionality and benefits of this methodology. The tool,
named HERCULES, was developed, optimised and
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PMD) are based on the dual coolant, lithium lead
blanket concept (DCLL), and on the single coolant,
lithium lead blanket concept (SCLL), respectively.
They use greater extrapolations from current exper-
tise and more novel materials like silicon or tungsten
carbides.

Worst-case accident scenarios assumed instanta-
neous, total and unmitigated loss of coolant or coolant
flow in all structures of the tokamak for a prolonged
time, and activation decay as the only heat source dur-
ing the transient. These highly conservative assump-
tions present the advantage of a simplified modelling
that, whilst not of physical significance for any partic-
ular sequence, provides temperature histories that will
certainly be upper bounds for any conceivable accident
scenario.

2. The HERCULES code

The code system HERCULES provides techno-
logical assessment capability for conceptual designs
of fusion power plants. It couples the MCNP Monte
Carlo neutron transport [6], FISPACT nuclear inven-
tory [7], and COSMOS/M finite element codes [8],
to the same tokamak geometry and material compo-
sitions. Designed in a modular fashion, each module
uses output information produced and processed in the
previous one in order to build command input files for
the corresponding code, and produces summary output
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xtensively used to study the safety and environmen-
al performance of the PPCS conceptual power plants,
roving to have extensive capabilities and to serve as a
omplete and self-consistent code for the nuclear anal-
sis of tokamak fusion devices [5]. Results obtained
uring the PPCS bounding accident study are presented
ere.

The PPCS conceptual power plants spanned a wide
ange of designs, from an advanced ITER to the fore-
een ultimately achievable plasma physics and tech-
ology. The so-called “near-term” plant models A
nd B (PMA and PMB) are based on the water-
ooled, liquid lithium-lead blanket concept (WCLL),
nd on the helium-cooled, pebble bed blanket con-
ept (HCPB), respectively. They were designed assum-
ng little extrapolation from current physics and tech-
ology, and using relatively well-known materials.
he “advanced” plant models C and D (PMC and
les containing user-specified information. It contains
pre-processor for the generation of the geometry and

et up of an MCNP command file. MCNP is called
s a subroutine and returns, among other parameters,
eutron and photon spectra, primary heating, tritium
eneration ratio and first wall (FW) loading. The spec-
ra are used to determine decay heat and other activa-
ion related parameters by calling the FISPACT code
s a subroutine. The overall results, at as many dif-
erent radial and poloidal positions as desired around
he tokamak, are post-processed for obtaining damage
ates of the individual materials (structural, armour,
ultiplier, etc.), helium production, secondary heating

afterheat) and activation inventory time histories, and
ther parameters of interest in power plant design. A
nite elements command file is also produced for its
se in COSMOS/M for safety and accident analysis
tudies.
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2.1. Geometry and material compositions

HERCULES geometry is based on the outermost
plasma contour. It is described through plasma and
machine parameters, and allows for the definition of
radial layers and poloidal sectors. One sector within
one layer defines a cell, and each cell in a particular
layer is made of a homogeneous mixture of the mate-
rials in that layer. The code has been designed to be
flexible, giving the user full control over the geom-
etry parameters, number of layers and sectors, layer
thickness and material compositions and properties. It
automatically calculates elemental and isotopic com-
positions for each cell according to the material volume
fractions and the elemental composition of each mate-
rial.

The parametric equations describing the plasma
contour lines in a tokamak following the magnetic field
generated by the coils, in radial R and vertical Z co-
ordinates are as follows [9]:

R = Rp + a cos

(
α + a

ap
C sin α

)
+ εap (1)

Z = ka sin α (2)

where a is the radius, Z the vertical distance from
the R-axis, Rp the plasma major radius, ap the plasma
horizontal minor radius, bp the plasma vertical minor
radius, k the plasma elongation (k = bp/ap), C the tri-
angularity and ε0 is the effective plasma radial shift.
F
n

F
e

ermost plasma contour; that is the curve described by
the R–Z co-ordinates with the radius set at a = ap − ε0.
Eqs. (1) and (2) are used to determine the R and Z
co-ordinates that lie on the primary plasma contour at
various predetermined values of the poloidal angle α.

The radial build up is divided into inboard and out-
board regions: the number of layers must be the same in
both, but the thickness and materials may vary. HER-
CULES allows for any number of layers to be speci-
fied but it always assumes three outer ones defining a
complete 360◦ enclosure, and automatically adds gaps
between these whose thickness can again be specified
as desired. This is the way the radial build of a spe-
cific plant model is approximated, illustrated in Fig. 2.
A new feature of the system is that it can also accom-
modate an approximate representation of the divertor.
This is located at the bottom of the model, below the
plasma, embracing those cells contained in the layers
inside the 360◦ enclosure and a user-specified number
of poloidal sectors.

Finally, for purposes of the FE analysis, the cryostat
and central solenoid are included. The former con-
sists of a cylindrical structure whose radius, height,
thickness and material composition must be specified.
It allows for a realistic modelling of the heat rejec-
tion by convective exchange with the environment. The
solenoid is attached to the outmost inboard layer, and
only the internal radius and material composition need
to be specified.
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ig. 1 illustrates the parameters in these equations. The
eutron transport and FE models closely follow the out-

ig. 1. Diagram of the plasma contour geometry and defining param-
ters.
.2. Finite element model

Temperature curves of density, specific heat, ther-
al conductivity and emissivity must be supplied for

ach of the materials present in the model. Effective
aterial properties of the layers, as functions of the

emperature, are calculated out of them according to
he material volume fractions using in-parallel expres-
ions for homogeneous mixtures of materials [10]:

avg =
∑

n

vfnkn (3)

avg =
∑

n

vfnρn (4)

avg
p =

∑
nvfnρnCpn

ρavg (5)



2130 R. Pampin et al. / Fusion Engineering and Design 81 (2006) 2127–2142

Fig. 2. Example poloidal cross-section of the geometry model showing the poloidal partitioning. The origin of the poloidal angle is placed in
the downward vertical semi-axis, and increases counter-clockwise. The dark cells correspond to the divertor, which in this case consists of four
poloidal sectors.

where the subscript “n” indicates the n-th material in
the cell, “vf ” the volume fraction, ρ the density, Cp

the specific heat and k is the thermal conductivity. The
emissivity of the elements in a layer can be set to that
of any of the materials present in its composition.

The partitioning of the model allows specification
of different thermal loading depending on radial and
poloidal location. Volumetric heating is taken from the
FISPACT results on specific decay heat production
for each cell. In addition to the decay heat genera-

tion and the inherent conduction heat transfer between
the elements in the FE grid, radiative heat exchange
between the bounding surfaces of the gap/void regions,
and between the outer surface and the cryostat struc-
ture, are also defined. Finally, the cryostat is allowed to
reject heat by convection from the side and top walls
to the surroundings, and the groundside can be set at a
constant temperature. All these boundary and loading
conditions in the FE code can be time and temperature
dependent.
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3. PPCS plant models

Detailed plant geometry and layout for all four-plant
models can be found elsewhere [11], only succinct
descriptions are given here. These were conceptually
designed following economic criteria, using a systems
code to assist in the selection of parameters that min-
imised the cost of electricity, subject to physics and
engineering constraints. The most important machine
parameters are listed in Table 1; these were input in
HERCULES to generate the neutron transport and FE
models.

3.1. Near-term plant models A and B

Both use the low activation Eurofer steel as struc-
tural material. PMA is based on a water-cooled, eutectic
lithium-lead blanket concept (WCLL) [12]. The radial
build consists of first wall, blanket, shield, vacuum ves-
sel (VV) and toroidal field coils (TFC), and the whole
plant is cooled by pressurised water. Stagnant LiPb
in the blanket provides the necessary neutron multi-
plication and tritium breeding. The divertor consists
of replaceable divertor “cassettes” made of tungsten
monoblock targets, Cu alloy heat sink, two Eurofer
structural legs and water coolant, plus a fixed shield
made of Eurofer and also water-cooled.

PMB is based on a helium-cooled, ceramic peb-
ble bed blanket concept (HCPB) [13]. This concept
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Both VVs are made of water-cooled conventional
steel, and contain small amounts of boron for neutron
absorption. Coils are scaled versions of the ITER super-
conducting magnets.

3.2. Advanced plant models C and D

PMC is based on a dual coolant (LiPb and He),
lithium–lead blanket concept (DCLL), whereas PMD
is based on a single coolant, lithium–lead blanket con-
cept (SCLL) [11]. They consist of FW, DCLL/SCLL
blanket, HT and LT temperature shields, VV and TF
coils. The DCLL blanket uses Eurofer as the main
structural material, and SiC composite channels for
thermal and electrical insulation of the flowing LiPb
coolant/breeder. Part of the blanket is also cooled by
helium. The SCLL blanket is entirely made of SiC
composite and flowing LiPb for cooling and tritium
breeding.

PMC has conventional, water-cooled, steel-made
HT and LT shields and VV, whereas in PMD these are
made of tungsten carbide (WC) and small amounts of
SiC composite or steel, and are either LiPb or helium-
cooled. The TF coils are again scaled versions of the
ITER superconducting coils in both plants. Regarding
the divertors, the PMC one consists of a helium-cooled
steel structure, and a plasma-facing surface made of
steel, helium, tungsten and W + 1%La2O3. This last
material replaces the TZM alloy used in an earlier ver-
sion of this divertor design: its removal was decided
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onsists of alternative layers of ceramic Li4SiO4 (for
ritium breeding) and beryllium (for neutron multipli-
ation) pebble beds, and is helium-cooled. The plant
onsists of FW, blanket, high and low temperature (HT
nd LT) shields, manifold, VV and TFC. The LT shield
ontains ZrH1.7 for neutron moderation and shielding.
he divertor is a helium-cooled Eurofer structure con-

aining small amounts of tungsten in the plasma-facing
omponents.

able 1
lant model machine parameters

arameter PMA PMB PMC PMD

usion power (GW) 5.50 3.30 3.41 2.46
ajor radius (m) 9.8 8.6 7.5 6.1
spect ratio 3.0 3.0 3.0 3.0
longation 1.9 1.9 2.1 2.1
riangularity 0.4 0.4 0.7 0.7
OL thickness (m) 0.15 0.15 0.15 0.15
fter preliminary studies demonstrated its inconvenient
ong-term activation behaviour, as explained in fol-
owing sections. PMD divertor is a LiPb-cooled, SiC
omposite support structure for tungsten plasma-facing
iles.

The radial builds of the four plants were approxi-
ated into Monte Carlo and FE models using the HER-
ULES system, within the constraints of this code.
he most important characteristics of these models are

isted in Table 2. In all of them, 16 poloidal sectors
ere considered to provide sufficient detail.

. Calculations and results

.1. Neutron transport analysis

Plasma sources for the neutron transport calcu-
ations had typical thermonuclear plasma features,
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Table 2
Characteristics of the Monte Carlo and FE models

PMA PMB PMC PMD

Radial layers 16 13 21 19
Poloidal sectors 16 16 16 16
Divertor sectors 4 2 4 4
Cryostat

Height (m) 24.0 22.0 24.0 20.0
Radius (m) 19.0 17.0 18.0 14.0
Thickness (m) 0.1 0.1 0.1 0.1

Solenoid radius (m) 2.0 2.0 2.0 2.0

Table 3
Plasma source parameters for the four PPCS plant models

Parameter PMA PMB PMC PMD

Major radius (m) 9.80 8.60 7.50 6.10
Ion temperature (keV) 58.0 50.0 36.3 27.3
Elongation 1.7 1.7 1.9 1.9
Triangularity 0.27 0.27 0.47 0.47
Plasma peaking factor 1.7 1.7 2.5 2.5

described using the parameters in Table 3. Neutron
energy spectra were calculated with MCNP 4C.3 in
all non-void cells of the four models using track
length estimation of the particle flux. Spectra were
binned using the Vitamin-J 175 energy group struc-
ture. Figs. 3–5 show an illustrative sample of the results
obtained. Figs. 3 and 4 show the neutron spectra and
neutron flux poloidal variation at different radial loca-
tions in PMA. Some of the patterns seen in Fig. 4 are
found in all four models. In the plasma-facing layer the
flux is maximum on the outboard mid-plane segments

Fig. 3. PPCS model A (WCLL blanket) neutron spectra (flux per
unit lethargy) at different radial locations of the inboard mid-plane.

Fig. 4. PPCS plant model A (WCLL blanket) neutron flux poloidal
variation (00 = vertically downwards) at different radial locations.
The two leftmost and two rightmost points in all layers correspond
to divertor segments.

and drops off towards the top and bottom of the machine
before rising again in the mid-plane inboard sections.
This poloidal dependence is expected because the neu-
tron source is centred and peaked in the mid-plane and
the flux in this layer is mostly unscattered. This ten-
dency is slightly exaggerated in the advanced plant
models due to the higher plasma triangularity (0.47
versus 0.27) and peaking factor (2.5 versus 1.7). The
maxima pattern is gradually reversed in inner layers,
shifting towards the inboard due to the lower attenu-
ation here (smaller thickness). Also, the further away

Fig. 5. Comparison of the neutron spectra (flux per unit lethargy) in
the breeder region of the four PPCS blanket concepts.
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from the plasma, the more exaggerated the poloidal
variation is.

In general, divertors do not attenuate the neutron
flux as effectively as the blanket. The average mean
free path here is longer than that in the breeder mate-
rials, and therefore the neutron flux in the structures
immediately behind it is larger. In PMA, however, this
effect is not as noticeable as in the remaining of the
models due to the water coolant, which provides good
moderation and attenuation.

Fig. 5 shows the neutron spectra in the inboard mid-
plane of the breeder regions of the four plant models;
only a qualitative comparison can be made due to the
different reactor size and power. The WCLL blanket
neutron spectrum is strongly influenced by (n, 2n) reac-
tions in lead. Moderation is not as important as in
the HCPB blanket because of the high mass of lead
nuclei and the fact that there is only a small quan-
tity of water: in the HCPB design beryllium provides
greater moderation, and with the (n, 2n) reactions the
resultant spectrum in this blanket is a typical evapo-
ration spectrum in the MeV region, with an extended
1/E tail down to low energy. As a consequence, HCPB
spectrum is softer than the WCLL and neutron capture
reactions are therefore more likely. The DCLL spec-
trum is again dominated by reactions in lead, but since
there is neither water nor beryllium there is even less
moderation. These three spectra show common fea-
tures arising from iron cross-section resonances, due
to the presence of steel in all these designs. Finally,
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Fig. 6. Proposed PPCS maintenance scheme: (1) 2.5 years at full
power operation; (2) two months for divertor replacement (possi-
bly part of the blanket as well, but not considered for this study); (3)
another 2.5 years at full power; (4) 10 months for divertor and blanket
replacement. The cycle is repeated five times, obviously excluding
the last replacement outage. This scheme results in a planned avail-
ability of 85.7%.

25 years for the shields, VV and TF coils, but some
of the plant models had particular characteristics that
altered this scheme. HT shields, for instance, are gen-
erally replaced with the blanket, whereas LT shields
are permanent components. Also, the SCLL outboard
blanket consists of two LiPb “boxes”, one of which is
replaced, but the other is fixed and remains irradiated
during the entire life of the plant. Table 4 shows the
irradiation histories of the different components in the
four plant models according to the maintenance scheme
in Fig. 6.

The results consisted of a huge amount of radiologi-
cal information, including nuclide inventories, specific
activity, specific decay heat and contact dose rate in
every cell of each model at a series of predetermined
time-steps up to and beyond the transient time, start-
ing at plant shutdown (time zero). These were the
basis for subsequent thermal analyses, but also for the
estimation and categorisation of the radioactive waste
inventories [15]; an illustrative sample is presented
here. Time histories and poloidal variation at time zero
(i.e. at shutdown) of the specific activity for different
radial locations of PMA can be found in Figs. 7 and 8.
Some patterns observed in the neutron transport results
are repeated here. In general terms, the activation is
higher where the neutron flux is higher: in the first,
plasma-facing layer of all plant models the activation
is maximum at the outboard mid-plane segments, drops
off towards the top and bottom, and rises again in the
inboard mid-plane. The maxima pattern is reversed
i
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he SCLL spectrum is very similar to the DCLL one,
nly the overall neutron flux is higher and no steel res-
nances are observed due to the absence of steel and
he extensive use of SiC as structural material in this
lant model.

.2. Activation analysis

Activation calculations were performed using the
eutron spectra results described previously and the
001 versions of the inventory code FISPACT and EAF
ata libraries [14], coupled by the HERCULES system.
rradiation histories were determined for the different
omponents of the plant from available information on
he PPCS models and maintenance schemes [11]. The
ssumed maintenance scheme is shown in Fig. 6. In
eneral terms, it implies service lifetimes of 2.5 years
or the divertor, 5 years for the FW and blanket, and
n inner layers and shifts towards the inboard where,
gain, neutron fluxes are higher due to lower attenua-
ion.

Radionuclide decay patterns show no anomalous
eatures. Activity in the steel is dominated by 55Fe
t1/2 = 2.7y), whose main pathways are 56Fe(n, 2n)55Fe
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Table 4
PPCS model irradiation histories of the different components

Irradiation history
(see Fig. 6)

PMA PMB PMC PMD

(1) Divertor Divertor Divertor Divertor
(1) + (2) + (3) FW, WCLL blanket FW, HCPB blanket, HT shield FW, DCLL blanket, HT shield FW, Inboard SCLL blanket,

Inboard HT shield, Outboard
first box SCLL blanket

Totala Shield, VV, TF coils LT shield, VV, TF coils LT shield, VV, TF coils Outboard second box SCLL
blanket, Outboard HT shield,
LT shield, VV, TF coils

a Meaning: (1) + (2) + (3) + (4) four times, plus (1) + (2) + (3).

for hard, poorly moderated spectra (like those in the
FW), and 54Fe(n, γ)55Fe for soft, moderated spectra
(like those in the shields). An interesting feature is the
effect that the replacement of the TZM alloy by a mix-
ture of W + 1%La2O3 and steel had in the activation of
the divertor tiles of PMC and its decay pattern, par-
ticularly in the long-term. This is shown in Fig. 9.
The removal of the Molybdenum alloy eliminates
long-lived activation products like 91Nb (t1/2 = 680y),
93Mo (t1/2 = 3011y), 93mNb (t1/2 = 16.12y), generated
in reactions such as 92Mo(n, pn)91Nb and 92Mo(n,
γ)93Mo(�+)93mNb.

4.3. Thermal analysis

The bounding accident hypothesis for the near-term
plant models was total loss of coolant for a prolonged

F
o

time, with no remedial intervention for the duration
of the accident sequence. As for the advanced plant
models, LiPb is also a coolant and therefore a loss of
coolant scenario would eliminate an important con-
tribution to the decay heat generation as well. It was
considered that a more conservative assumption was
a total loss of cooling flow, in which the LiPb would
still be present and contributing to the heat generation,
but providing no active heat removal. Therefore total
and unmitigated loss of coolant flow for a prolonged
time was the assumption used for the analysis of the
advanced models.

Following the worst-case methodology, accidents
were supposed to occur at the end of the operational
life, when decay heat generation is at its maximum.

F
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ig. 7. Time history of specific activity at different radial locations
f the outboard mid-plane and at the divertor front of PMA.
ig. 8. Poloidal variation (00 = vertically downwards) of the specific
ctivity at the time of shutdown, for different radial locations of PMA.
he two leftmost and two rightmost points in all layers correspond

o divertor segments.
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Fig. 9. Comparison of the activity decay pattern in the divertor tiles
for the two material compositions: the “old” one meaning a mixture
of steel, tungsten and TZM alloy, and the “new” one in which the
latter was replaced by a mixture of steel and W + 1%La2O3.

Thus the activation calculations described previously
provided the necessary decay heat data for the elabo-
ration of volumetric heating time curves. Figs. 10–13
illustrate the trend of the decay heat production in the
models during the time of the transient, at the diver-
tor front and different radial positions of the outboard
mid-plane. HERCULES was used to prepare suitable
time curves to be implemented within the FE models

Fig. 10. Specific decay heat production (kW/kg) at the divertor front
and at different radial positions of the outboard mid-plane of PMA
(WCLL blanket concept).

Fig. 11. Specific decay heat production (kW/kg) at the divertor front
and at different radial positions of the outboard mid-plane of PMB
(HCPB blanket concept).

in COSMOS/M as thermal loads. The thermal transient
analyses assumed 400 steps of 6 h each, i.e. a total of
100 days of total loss of cooling flow transient. The
initial temperature distribution was assumed as shown
in Tables 5 and 6, and was based on design informa-
tion [11]. The most interesting results can be seen in
Figs. 14–18. Figs. 14–17 show the temperature varia-
tion with time at the divertor front and different radial

Fig. 12. Specific decay heat production (kW/kg) at the divertor front
and at different radial positions of the outboard mid-plane of PMC
(DCLL blanket concept).
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Fig. 13. Specific decay heat production (kW/kg) at the divertor front
and at different radial positions of the outboard mid-plane of PMD
(SCLL blanket concept).

positions of the outboard mid-plane of all plant models.
Fig. 18 shows poloidal profiles and temperature distri-
butions at the mid-plane for different transient times of
PMA.

The different characteristics (size, material compo-
sition, fusion power), and the consequently different
decay heat production, help identify the different ther-
mal response of the plants. A peak occurring within
the first 5 days of the transient is observed in PMA.
Further analyses [16], revealed that this is due to the

Table 5
Initial temperatures of the different PMA and PMB components

Component Temperature (◦C)

PMA
Cryostat 20
TF coils + solenoid −173
Vacuum vessel 200
Shield 305
WCLL blanket + FW 305
Divertor 165

PMB
Cryostat 20
TF coils + solenoid −173
Vacuum vessel 200
Manifold 200
LT shield 260
HT shield 400
HCPB blanket + FW 400
Divertor 620

Table 6
Initial temperatures of the different PMC and PMD components

Component Temperature (◦C)

PMC
Cryostat 20
TF coils + solenoid −173
Vacuum vessel 200
LT shield 300
HT shield 400
Blanket manifold (He) 425
Blanket SiC/steel 500
Blanket LiPb 590
FW 385
Divertor structure 700
Divertor tiles 1000

PMD
Cryostat 20
TF coils + solenoid −173
Vacuum vessel 400
LT shield 400
HT shield 900
Blanket SiC 850
Blanket LiPb 900
FW 850
Divertor structure 800
Divertor tiles 1100

presence of the divertor in the model, and a conse-
quence of its approximate modelling. In particular, the
divertor model is in direct contact with the blanket
and therefore a conduction path is allowed between
these two structures. Due to the low conductivity of

Fig. 14. Temperature histories of the divertor front and of different
outboard mid-plane radial locations of PMA.
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Fig. 15. Temperature histories of the divertor front and of different
outboard mid-plane radial locations of PMB.

the WCLL blanket, and to the high early decay heat
production in PMA divertor, this structure undergoes
a prompt, steep temperature rise. Subsequently, radia-
tive heat exchange within the plasma chamber makes
the FW and remaining in-vessel components follow
this peak. Since in reality there is no direct contact (i.e.
no conduction path) between the divertor and blanket
modules, it is expected that the real thermal behaviour
of any plant model should be somewhat similar to that
of PMA. On the other hand, it is considered that the rel-
atively large size of the divertor in PMA model might

Fig. 16. Temperature histories of the divertor front and of different
outboard mid-plane radial locations of PMC.

Fig. 17. Temperature histories of the divertor front and of different
outboard mid-plane radial locations of PMD.

be exaggerating this effect. Given the limited diver-
tor modelling capabilities of HERCULES, this feature
could only be further explored with a more detailed,
purpose-built model of this structure.

The provision in the HCPB and DCLL blanket con-
cepts of a helium coolant manifold adds extra obstacles
for heat transfer in plant models B and C. When loss
of coolant or coolant flow is assumed this layer is
an efficient thermal insulator, preventing heat rejec-
tion towards outer structures. This creates a noticeable
temperature jump between the LT shield and the VV
layers in PMB, and between the breeder back and
HT shield layers in PMC, precisely where the man-
ifolds are located. This feature can be more clearly
seen in Figs. 19 and 20, where steep temperature drops
can be observed at radial positions ∼4 m in PMB and
∼3.5 m in PMB and PMC, respectively (locations of
the manifolds). Another feature shown in these figures
is the similar steep temperature drop in the three gaps
between the first four layers in all plant models, conse-
quence of radiation being the only possible heat transfer
mechanism here.

Both the DCLL and SCLL blankets consist mostly
of LiPb and SiC composite, but PMC also contains a
substantial amount of Eurofer as structural material,
whose decay heat production during the transient is
much higher, as can be seen in Fig. 12. The appar-
ently higher first wall specific decay heat in PMD is
due to a thin tungsten armour layer, but it makes only a
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Fig. 18. Poloidal profiles in different layers and temperature distribution in PMA at (a) 10 days and (b) 100 days after initiation of the accident
sequence. The two leftmost and two rightmost points in all layers correspond to divertor segments.

small contribution to the overall heat load. Summaris-
ing, the better heat conduction in PMD, its lower decay
heat load and smaller size results in better heat rejec-
tion from the blanket towards outer structures, and thus
faster heating of the TF coils and cryostat and much
lower in-vessel temperatures than PMC.

Maximum temperatures in PMA, PMB and PMC
occur at the inboard mid-plane for all layers, and in the
divertor region. This is mainly because heat rejection

in the inboard by radiation to the cryostat, where
it is removed by convection, is much more difficult
given the geometry of the models. In PMA in-vessel
components these maxima occur earlier, in the first 5
days, due to the divertor temperature peak. In PMA
ex-vessel components and all PMB and PMC compo-
nents, the maxima occur at later stages of the transient,
typically between 80 and 100 days for the first and
between 40 and 60 days for the other two. In PMD
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Table 7
Bounding accident maximum temperatures at mid-plane and divertor of PMA and PMB

Layer PMA PMB

Outboard (◦C) Inboard (◦C) Outboard (◦C) Inboard (◦C)

FW 1020 1030 1120 1130
Blanket 1020 1030 1120 1130
(HT) shield 697 858 1090 1140
LT shield – – 1010 1120
VV 619 836 707 1040
TF coils 429 799 500 990
Cryostat 165 216
Divertor 1240 1140

Table 8
Bounding accident maximum temperatures at mid-plane and divertor of PMC and PMD

Layer PMC PMD

Outboard (◦C) Inboard (◦C) Outboard (◦C) Inboard (◦C)

FW 1160 1180 934 935
Blanket 1140 1190 933 934
HT shield 799 1190 900a 900a

LT shield 731 1180 640 774
VV 625 1150 482 716
TF coils 431 1120 344 692
Cryostat 162 123
Divertor 1210 1100a

a Operational temperatures.

Fig. 19. Radial temperature profiles at the mid-plane of PMB at
different times after the initiation of the transient.

Fig. 20. Radial temperature profiles at the mid-plane of PMC at
different times after the initiation of the transient.
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all in-vessel temperatures decrease gradually from the
very beginning. Inboard maxima are also observed,
although much less pronounced. PMD divertor, how-
ever, no longer reaches high temperatures in the long
term: this is because it consists of LiPb-cooled, SiC
composite structure, and therefore its decay heat and
heat transfer characteristics are similar to the SCLL
blanket (i.e. very good). Tables 7 and 8 summarise
the maximum temperatures at the inboard and out-
board mid-plane, cryostat and divertor of all plant
models.

Inboard maxima are more pronounced in the
advanced plant models because of their smaller size.
PMC and PMD central solenoids are much closer to
the toroidal axis, allowing a very small area for radia-
tive heat exchange with the cryostat compared to the
bigger near-term models. In the case of PMD, given
its low heat loading, this effect does not produce sig-
nificantly higher inboard temperatures, but in PMC
it makes a difference. This feature, together with the
blanket manifold issue and high decay heat produc-
tion in steel, makes this plant model exhibit the highest
temperatures of all four. A generic passive cooling
system has been proposed, based on poloidally dis-
tributed lead cooling loops located in the vacuum ves-
sel, which would transport heat from the inboard to
the outboard by natural circulation of the melted lead
in case of overheating due to accidents such as loss
of cooling [17]. Regarding the results of this study,
it is considered that the effectiveness of this system
w
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heat generation is expected in the aftermath of such
bounding events.

• Temperature increases at early stages are moderate,
indicating that were the accident mitigated within
this time scale by some intervention introducing
cooling, no safety concerns would arise whatsoever.

• These results hold even for the near-term models:
those based on limited extrapolation from current
physics and technology expertise.

• For the advanced PPCS models, based on larger
extrapolations from current physics and technology,
results prove the encouraging potential of fusion
power generation regarding safety standards. PMC
thermal excursions, however, are in the range of
those obtained for the conservative models. The
extensive use of steel as structural material, even
low activation Eurofer, limits the safety advantages
of this concept.

No considerations were made regarding the state of
the plant after such a bounding event. The possibil-
ity that, if no mitigation is devised, thermo-mechanical
stresses could lead to the structural failure and degrada-
tion of certain components subject to such temperatures
for a prolonged time should be investigated, since in
that case the operability of the plant would be compro-
mised.

Optimisation of safe, environmentally friendly and
economically viable fusion power plant designs is pos-
sible through the study of the bounding accident. Heat
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ould be considerably diminished due to the pres-
nce of a manifold in plant models such as PMB and
MC.

. Discussion

Results presented here are part of the outcome of
lengthy and detailed study of bounding accident

onsequences in the PPCS fusion power plant concep-
ual designs. The thermal analysis of internally-driven
orst-case accident scenarios, which assumed total and
nmitigated loss of coolant or coolant flow, has shown
hat:

Maximum temperatures are well below the melting
point of structural materials. No significant chal-
lenge to the integrity of the structures due to decay
ransfer obstacles such as manifolds, for instance, have
een identified and should be taken into account for
uture design improvements. A detailed FE analysis
f the divertor thermal behaviour, following from the
n-going neutron transport and activation analyses, is
ecessary in order to further investigate some of the fea-
ures discovered during this modelling. The PPCS pro-
ramme identified a fifth blanket concept whose poten-
ial performance, and selection as one of the European
est blanket modules for ITER, triggered the evaluation
f this technology for power production. Safety and
nvironmental analyses of the so-called plant model
B, based on a helium-cooled lithium–lead blanket

18], were performed and are reported elsewhere [19].
ithin the PPCS framework the HERCULES code was

mportantly improved and used to perform the calcula-
ions presented here. It is now a powerful tool enabling a
omprehensive study of the performance of power plant
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concepts, not only safety and environmental aspects but
also nuclear design.

Regarding the PPCS near-term plant models, com-
parison is possible between the results presented here
and those in [3,4], which also considered WCLL and
HCPB-like blankets. In general terms, agreement is
reasonable for long-term temperatures considering the
early nature of those designs. The main differences
are:

• Electric power requirements raised from 1.0 to
1.5 GW, therefore fusion power rose proportion-
ally. A 50% higher power implies a similar increase
in the neutron flux, and consequently a roughly
similar increase in the activation and decay heat
generation.

• Increase in fusion power required changes in geom-
etry and size, in order to limit divertor and wall
loading. The effect of this is uncertain because of
competing effects. Purely geometrical considera-
tions show that bigger size reduces the heat rejection
towards outer structures, but increases the heat rejec-
tion from the inboard to the cryostat.

• TF coils initial temperature: the TF coils initial tem-
perature assumed in Refs. [3,4] was 20 ◦C, and in the
present studies this has been assumed to be −173 ◦C
(averaged through TF coils accounting for the cryo-
genic conditions of the superconductor strands). It is
argued that given its size and such low temperature,
the TF coils are now very efficient sink for decay

•
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