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Abstract 

The European Union has been engaged since 1989 in a programme to develop tri ti­
um breeding blankets for application in a fusion power reactor. There are four con­
cepts under development, namely two of the solid breeder type and two of the liq­
uid breeder type. At the Forschungszentrum Karlsruhe one blanket concept of each 
line has been pursued so far with the so-called dual coolant type representing the 
liquid breeder line. In the dual coolant concept the breeder material (Pb-17Li) is 
circulated to external heat exchangers to carry away the bulk of the generated heat 
and to extract the tritium. Additionally, the heavily loaded first wall is cooled by 
high pressure helium gas. 

The safety and environmental impact of the dual coolant blanket concept has been 
assessed as part of the blanket concept selection exercise, a European concerted ac­
tion, aiming at selecting the two most promising concepts for further development. 
The topics investigated are: (a) blanket materials and toxic materials inventory, (b) 
energy sources for mobilisation, ( c) fault tolerance, ( d) tritium and activation pro­
ducts release, and (e) waste generation and management. No insurmountable safety 
problems have been identified for the dual coolant blanket. The results of the as­
sessment are described in this report. The information collected is also intended to 
serve as input to the EU "Safety and Environmental Assessment of Fusion long­
term Programme" (SEAL). The unresolved issues pertaining to the dual coolant 
blanket which would need further investigations in future programmes are outlined 
herein. 

Abstract iii 
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Gesichtspunkte der Sicherheit und Umwelteinflüsse des 
Flüssigmetall-Blankets vom Typ 'Dual Coolant' für einen 
DEMO Reaktor 

KURZFASSUNG 
Im Forschungsprogramm der Europäischen Union werden seit 1989 
tritiumbrütende Blankets für den Einsatz in Fusionsreaktoren entwickelt. Bislang 
befanden sich vier Varianten in der näheren Untersuchung, nämlich je zwei Varian­
ten mit festem und flüssigem Brutstoff. Im Forschungszentrum Karlsruhe wurden 
beide Linien verfolgt. Für die Linie mit flüssigem Brutstoff ist es das sogenannte 
Dual-Coolant-Konzept (englisch für zwei Kühlmittel). In ihm wird der flüssige 
Brutstoff, die eutektische Verbindung Pb-17Li, zu externen Wärmetauschern 
geführt, um sowohl die erzeugte Wärme als auch das erbütete Tritium abzuführen. 
Die sehr hochbeastete erste Wand wird hingegen mit gasförmigem Helium gekühlt. 

Die Sicherheits- und Umwelteinflüsse des Dual-Coolant-Konzeptes wurden im Rah­
men des europäischen Blanket-Auswahlverfahrens betrachtet, welches zum Ziel 
hatte, zwei der vier Varianten für die weitere Entwicklung auszuwählen. Die dabei 
behandelten Themen waren a) Art und Mengen der beteiligten radiotoxischen 
Stoffe, b) Energieinhalte als mögliche Ursache für Aktivitätsfreisetzungen, c) 
Störfallverhalten, d) Freisetzung von Tritium und anderen Aktivitätsprodukten und 
e) Erzeugung radioaktiver Abfälle. Für das Dual-Coolant-Konzept wurden wie bei 
den anderen Varianten keine schwerwiegenden Sicherheitsprobleme erkannt. Die 
Ergebnisse zu den untersuchten Themen werden im Bericht dargestellt. Am Schluß 
werden einige Aspekte herausgestellt, die noch weiterer Analysen bedürfen. Das 
Datenmaterial dient auch als Beitrag zu einem laufenden Vierjahresprogramm der 
EU über Sicherheit und Umwelteinflüsse der Fusionstechnologie (SEAL). 

GesichtsJmnkte der Sicherheit und Umwelteinmisse des Flüssigmetall-Biankets vom Typ 'Dual Coolant' für einen DEMO V 
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1.0 Introduction 

The European Union has been engaged since 1989 in a programme to develop triti­
um breeding blankets for application in a fusion power reactor. There are four con­
cepts under development. Two of these blanket concepts use lithium ceramies as 
breeder material (solid breeder blankets), the other two concepts employ a eutectic 
lead-lithium alloy as breeder material (liquid metal breeder blankets). 

At the Forschungszentrum Karlsruhe one blanket concept of each line has been 
pursued so far, i.e., the breeder-outside-tube solid breeder blanket [1], representing 
the solid breeder line, and the so-called dual coolant blanket, representing the liquid 
breeder line. In the dual coolant blanket concept, the breeder material (Pb-17Li) is 
circulated to external heat exchangers to carry away the bulk of the generated heat 
and to extract the tritium produced in the liquid metal. The heavily loaded first 
wall, instead, where a liquid metal flow is hard to achieve due to MHD flow resist­
ance, is cooled by an extra high pressure helium gas flow. The use of two coolants 
gave the the concept the name. 

The current state of development of the dual cooiant bianket concept has most re­
cently been documented in a comprehensive status report [2]. The present report is 
an extended version of the contribution to the status report, dealing with the safety 
aspects of the dual coolant blanket for a DEMO reactor. It covers the topics (a) 
blanket materials and toxic materials inventory, (b) energy sources for mobilization, 
(c) fault tolerance, (d) tritium and activation products release, and (e) waste gener­
ation and management. This work was performed in the frame of the blanket con­
cept selection exercise (BCSE), aiming at selecting two of the four concepts for fur­
ther development. The BCSE was a joint effort among the associations developing 
the four concepts, and industry, under the auspices of the European Commission. 

In the frame of the safety and environmental assessment of fusion power Iong-term 
programme (SEAL) a task (SEAL 6) is being performed on "blanket safety analysis 
for the four European blanket concepts" in support of BCSE. The task is co­
ordinated by UKAEA. FZK agreed to provide input information under subtask 
SEAL 6.2 "Input for the dual coolant blanket and ceramic breeder blanket". Be­
sieles the above mentioned status report character, this report has been extended to 
contain the necessary information needed in SEAL 6 as far as the dual coolant con­
cept is concerned. (For the ceramic breeder blanket concept, this is done in [3].) 
In particular it contains supplemental data and references in the fields of materials 
distribution in the blanket segments, cooling circuitry, eiemental composition of 
blanket materials, activation and afterheat data in different blanket regions, tritium 
and activation products profiles, and temperature profiles during handling. Most of 
the afterheat and activation data are derived from the neutranies analyses docu­
mented in [ 4] and [5]. 
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2.0 Blanket Materials and Toxic Materials Inventory 

2.1 Volumes and Volume Fractions in the Blanket Segments 
The total volume in different parts of the dual coolant blanket and the volume frac­
tions of steel, Pb-17Li, helium and void have been calculated for both outboard and 
inboard blanket. The basis for the assessment is the vertical cross section for the 
DEMO reactor (Figure 1 on page 54) and the midplane cross sections of inboard 
and outboard blanket segments (Figure 2 on page .55 and Figure 3 on page 56) 
taken from [6]. 

Note: The outboard cross sectional view differs slightly from the most recent de­
sign documented in [7], e.g., in respect to the back plate thickness of 246 
mm in the new design versus 200 mm used here. 

The main dimensions used in the calculations are described in Appendix A on 
page 73 tagether with detailed results for volumes of steel, Pb-17Li, helium, and 
void in radial layers of different blanket parts, i.e, outboard central, outboard top, 
inboard central, inboard top, and inboard bottom. To ease the discussion of radial 
effects, three radial zones ha ve been defined, namely first wall, breeding zone, and 
shield region (essentially the removable back plate) as depicted in Figure 3 on 
page 56 and Figure 4 on page 57. Hence, the manifolding region containing the 
helium channels next to the back plate is assigned here to the breeding zone. The 
computed volumes for the blanket parts (outboard central and top part, and in­
board central, top, and bottom part behind the divertors) are listed in Table 20 on 
page 74. The total blanket volume results to about 1020 m3 with volume fractions 
of 40/41/16/3 percent for steel/Pb-17Li/Hejvoid, respectively. 

Figure 20 and Figure 21 in Appendix A illustrate the radial volume distribution of 
steel and Pb-17Li, respectively, for the central part of the outboard blanket between 
the poloidal angles 4> = -52° to 4> = +48°. 

Similarly, Figure 22 and Figure 23 represent the radial volume distribution of steel 
and Pb-17Li for the cylindrical part of the inboard blanket with a total length of 
800 cm. 

For more details see Appendix A on page 73. 

2.2 Coolant Inventories 
Coolant inventories in the primary cooling circuits of the dual coolant blanket have 
been calculated for the piping system added on estimates for other components like 
steam generators, pumps, purification systems, and expansion vessels. 
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The loop arrangements and thermal power. per loop have been taken as described in 
2.2.1 on page 4, accounting for redundancies in the primary circuit Iayout. This 
leads to larger power capacities as compared to the nominal power to be removed 
from the blanket segments. Hence, the loops (except for the feeders between the ring 
collectors and the blanket segments) become substantially larger than they would be 
required for the nominal power capacity. Table 1 on page 39 gives an overview of 
the nominal thermal power to be removed by Pb-17Li and helium from the inboard 
and outboard blanket segments. It also shows the redundancy factors discussed be­
low and the required power capacities of the external loops, which result from 
equation 1. As a consequence of this redundant circuit Iayout, the external loops 
(including the ring collectors and the components) have to be dimensioned for the 
case that one circuit of the subsystem fails (Table 1 on page 39). 

Note: The redundancy factor results from the systems Iayout and is expressed as 
follows: All subsystems consisting of n circuits (n = 2, 3, or 4) are designed in 
a 2-out-of-n redundancy, meaning that at least two circuits of a subsystem 
must fail for the plant to be unavailable. For instance, for a 2-out-of-3 sub­
system to be unavailable, 2 circuits must fail. Hence, it is available, if 1 
circuit fails, in which case the remairring circuits have to take 1.5 (the redun­
dancy factor) times the nominal puwer. In the same way the redundancy 
factor of 2 corresponds to a 2-out-of-2 subsystem, and the redundancy fac­
tor of 1.33 corresponds to a 2-out-of-4 subsystem. 

The required power capacity per circuit (in the event that one circuit of a subsystem 
has failed or is in stand-by) has been calculated by use of the following equation. 
Note that, due to the redundancy, the overall installed power capacity of the cool­
ing system (3120 MW) is 51 % larger than the nominal power to be removed from 
the blanket (2067 MW). 

psegrnent nsegrnent 
Required power capacity per circuit = n fredundancy (1) 

circuit 

where 

Psegment = thermal power per segment 
nsegment = number of blanket Segments 
ncircuit number of installed primary circuits 

/redundancy = redundancy factor (see Table 1 on page 39) 

2.2.1 Inventories in Piping 
For the Pb-17Li circulation in the outboard blanket, six circuits with steam genera­
tors, pumps, purification stations, and expansion vessels are foreseen as outlined in 
[8], serving the 48 outboard segments. Each three of such circuits are joined at the 
ring collectors to form two 2-out-of-3 Pb-17Li subsystems, each of which supplies 
the coolant for one 180 degree sector of the torus. lf all circuits are intact, one cir-
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cuit per subsystem is in stand-by or, alternatively, all three circuits per subsystem 
are operated at reduced power. 

Likewise, for the Pb-17Li circulation in the inboard blanket, four circuits with steam 
generators, pumps, purification stations, and expansion vessels are foreseen, serving 
the 32 inboard segments. They are joined at the ring collectors to form one 
2-out-of-4 redundancy. If all circuits are intact, one circuit is in stand-by or, alter­
natively, all four circuits are operated at reduced power. 

Pipe lengths for the hot leg, cold leg, ring collectors, and feeders have been esti­
mated based on a loop arrangement as schematically shown in Figure 5 on page 58 
and listed in Table 2 on page 40 and Table 3 on page 41. The lengths are of the 
ordcr of 116m pcr outboard loop (140m per inboard loop), not accounting for par­
allel branches. Pipe diameters result from the flow rates necessary to remove 277 
MW thermal power for the outboard circuits and 147 MW for the inboard circuits, 
respectively, with inletjoutlet temperatures of 275/425 oc and an assumed flow ve­
locity of the Pb-17Li of 1 m/s. Typical pipe dimensions for the outboard/inboard 
circuits are 1.15m/0.83m for the main loops, 0.94m/0.72m for the ring collectors, 
and 0.33m/0.25m for the feeders. 

Concerning the helium loops for the outboard first wall cooling, the loop arrange­
ment is similar to that of the Pb-17Li system. Again, six main circuits with steam 
generators, circulators and clean-up systems serve the first wall of the 48 outboard 
blanket segments. For redundancy purposes each three of such circuits are joined 
at the collectors to form two 2-out-of-3 helium cooling subsystems. In cantrast to 
the Pb-17Li system each of the first wall cooling subsystems serves the full 360 de­
gree sector of the torus in two parallel streams, requiring two inlet and two outlet 
helium feeders per segment. If all circuits are intact, one circuit per subsystem is in 
stand-by, or alternatively, all three circuits are operated at reduced power. Pipe 
lengths are assumed to be172 m per outboard loop, not accounting for parallel 
branches. Counting the 32 parallel feeders (16 inlet and 16 outlet) to the outboard 
segments would result in a total pipe length of 652 m per circuit (Table 4 on 
page 42). Pipe diameters in the different pipe sections result from the flow rates 
necessary to remove 83 MW per circuit, given inletjoutlet temperatures of 
250/350 oc and a system pressure of 8 MPa with an assumed flow velocity of 60 
mjs. Typical pipe diameters are 0.76 m for the hot leg, 0.7 m for the cold leg, 0.6 m 
for the ring collectors, and 0.15 m for the feeders (Table 4 on page 42). 

Finally, the helium loops for the inboard first wall cooling are also similar to those of 
the Pb-17Li system. Four main circuits are foreseen, serving the first wall of the 32 
inboard blanket segments. For redundancy purposes each two of such circuits are 
joined at the collectors to form two 2-out-of-2 helium cooling subsystems. As for the 
outboard each of the two first wall cooling subsystems serves the full 360 degree 
sector of the torus in two parallel streams. If all circuits are intact, one circuit per 
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subsystem is in stand-by, or, alternatively, the two circuits are operated at reduced 
power. Pipe lengths are assumed to be similar as for the outboard except for the 
ring collector length and feeder lengths, resulting in a total length of 220 m per in~ 
board loop, not accounting for parallel branches. Typical pipe diameters are 0.8 m 
for the hot leg, 0.73 m for the cold leg, 0.55 m for the ring collectors, and 0.14 m for 
the feeders (Table 5 on page 43). 

2.2.2 Inventories in Components 
The assumed coolant inventories in the circuit components are rough estimates. The 
dominating components are the steam generators, for which a first layout has been 
performed [2]. Based on the dimensions reported, the Pb-17Li inventories result to 
approximately 22.5 m3 and 11.3 m3 for the 277 MW and 147 MW steam generators 
in the outboard and inboard circuits, respectively. The helium inventory in the 83 
MW steam generator for the outboard first wall cooling circuit would be approxi­
mately 9.4 m3 and in the 93 MW steam generator for the inboard first wall cooling 
circuit would be approximately 10.5 m3. Helium and Pb-17Li inventories in the 
blanket segments are evaluated in 2.1 on page 3. 

2.2.3 Summary of Coolant Inventories 
Coolant. inventories in primary cooling circuits (excluding ancilliaries, like e.g., stor­
age tanks) are summarized in Table 6 on page 44 for the Pb-17Li and helium cir­
cuits. A more detailed representation is given in Table 2 on page 40 to Table 5 on 
page 43. The total Pb-17Li inventory amounts to 14.8 x 106 kg (1571 m3) and the 
total helium inventory amounts to 6293 kg (969m3). Also given in Table 6 are the 
data for the subsystems. This is important in assessing leak rates in case of pipe 
rupture, without the capability to isolate the failed circuit in time. Thus, one 
Pb-17Li outboard cooling subsystem with three circuits contains 569m 3 of Pb-17Li. 
Theinboard cooling subsystem with four circuits contains 433m 3 of Pb-17Li. Only 
part of this can be drained by gravity in case of a pipe rupture or blanket segment 
failure. The respective first wall cooling subsystems carry 298 m3 (1934 kg) of heli­
um to the outboard and 187m3 (1213 kg) to the inboard. Most of the coolant in­
ventory is in the piping (53-60 %), only 18-22 % being in the blanket proper. 

2.3 Toxic Inventories 
Radioactive inventories in the different regions of the blanket (first wall, breeding 
zone and shield region) as well as in the cooling systems have been assessed in two 
categories, i.e., tritium and other activation products. No intentional chemical tox­
ins, like beryllium, are foreseen in the dual coolant blanket concept. Inventories are 
discussed for the whole blanket system, if not otherwise stated. 
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2.3.1 Tritium Iuventory 
The tritium inventory in the breeder (Pb-17Li) is determined by the recovery proc­
ess (permeation through the outer wall of the steam generator tubes into the NaK 
circuit) as outlined in section 7.1 of [2]. Given an equilibrium partial pressure of 
147 Pa and a Pb-17Li mass of 15 x 106 kg (see 2.2.3), the total tritium inventory in 
the breeder (excluding the recovery system) amounts to 57 g. In one coolant sub­
system for the outboard consisting of 3 circuits the tritium inventory is 21 g. In the 
subsystem for the inboard consisting of four circuits the tritium inventory is 16 g. 

A considerable amount of tritium (!:::::4 g/d) will permeate into the helium coolant 
passing the first wall channels, if no credit is taken of any permeation barrier, e.g. 
the Ah03 electrical insulation at the steel/Ph-17Li interface. This tritium is assumed 
to be permanently removed in a tritium extraction plant, so that the tritium concen­
tration in the helium can be kept low, say < 1 wppm [9], corresponding to a total 
tritium inventory of < 6.3 g in 6300 kg of helium. This is partitioned into four sub­
systems as outlined in 2.2.1 on page 4. 

The tritium inventory in the NaK circuits has been derived in [2] to be 0.38 g in a 
total of 4.1 x 104 k~ of NaK. Each steam generator has an independent NaK sys­
tem with cold traps. Therefore, the maximum tritium inventory occurring in a single 
NaK subsystem for the outboard is about 0.04 g. This is small compared to the 
tritium trapped in the cold traps (see below). 

Control of the tritium losses to the steam circuit is a common critical issue, requir­
ing permeation barriers, a low tritium partial pressure in the NaK circuits (or in the 
first wall helium coolant, respectively) and control of the water/steam circuit chem­
istry. Estimates revealed for the NaK/Water tubes in the steam generators a tritium 
permeation rate of 0.12 gfd (1200 Ci/d) for ferritic steel (for 10 steam generators) 
without any permeation barrier. Thus, barrier factors of the order of 120 need to be 
achieved in order to reduce the losses to 10 Ci/d. The first wall helium cooling sys­
tem has to cope with similar problems, and a tritium lass of another 10 Ci/d seems 
to be feasible [10]. The total tritium losses of 20 Ci/d (0.002 gfd) would accumulate 
to 1.7 g of tritium in the entire waterjsteam system after 20000 h of operation. This 
is considered tobe acceptable (compare [8], [10]). 

The tritium inventory in the recovery system is dominated by the inventory in the 
cold traps and amounts to about 15 g for the cold traps in one NaK circuit for an 
outboard steam generator (see section 7.1 of [2]) and approximately 100 g for all 
cold traps. 

The tritium build-up in the structural material after 20000 h has been evaluated for 
the outboard blanket [5]. The poloidally averaged concentration as a function of 
radius falls off linearly in a semi-logarithmic scale by four orders of magnitude, i.e., 
from 3 x 1 o-s g per kg of MANET in the first wall to 3 x 10-9 g per kg of MANET 
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in the shield region. The tritium profile (Figure 6 on page 59) weighted with the 
corresponding mass distribution of steel (Figure 20 on page 76) results in a total 
tritium inventory of 2.2 g in the central part of the outboard blanket (excluding the 
top part), that is about 1.3 g in the first wall, 0.9 g in the steel of the breeding zone, 
and only 0.003 g in the shield region. 

For the top part of the outboard blanket as weil as for the inboard blanket the triti­
um inventory has not been elaborated. Due to the small amount it is assumed that 
this is of the same order of magnitude as the inventory in the central part of the 
outboard, leading to a total tritium inventory in the whole blanket structure of 
~4.4 g ( ~2.6 g in the first wall, 1.8 g in the breeding zone, and 0.006 g in the shield 
region). However, this does not account for the tritium irnplanted in the first wall 
from the plasma. This may be much highcr and is currently assumed to range be~ 
tween 3 g and 300 g. It should also be noted that the solubility of tritium in MAN­
ETat a partial pressure equal tothat in the Pb-17Li (~150 Pa) is of the order of 
10-s g per kg of MANET at 350 oc. This is in the same range as the build-up in the 
first wall discussed above but is much higher than the build-up in the breeding zone 
and shield region. Nevertheless, a substantial take-up of tritium from the Pb-17Li 
will be impaired by the electrical insulation layer. 

An overview of the mass and tritium inventory in the breeder material, coolants 
and in the major radial zones of the structural material is given in Table 7 on 
page 44. 

2.3.2 Activation Products Inventory 

2.3.2.1 Activation of Pb-17Li 

The specific activity in Pb-17Li has been assessed in the neutranies analysis [5]. 
For example, the specific activity in the outboard blanket (averaged over the liquid 
metal in the central plus the top blanket part) after decay times of 0 s, 1 d, and 1 
year amounts to 3.3 x 1013, 7.0 x 1011 , and 3.0 x 109 Bq/kg, respectively. Corre­
sponding values obtained for the inboard are almost the same (Table 8 on 
page 45). Piease note that the specific activity shortly after shutdown is dominated 
by the short-lived Pb isotopes, in partieular Pb-207 with a half life of 0.8 s, so that 
after a few seconds the initial values are already reduced by one order of magni­
tude, and after about 1 day, by another order of magnitude. 

In the neutranies calculations it was assumed that the Pb-17Li remairred stationary 
in the blanket for the 20000 hours of operation. Given the liquid metal inventory in 
the blanket proper (excluding external circuits) of about 900,000 kg inboard and 
3,100,000 kg outboard would result in a total activity in the Pb-17Li after decay 
tim es of 0 s, 1 d, 1 y of 1.3 x 1020 , 2.8 x 18 18, and 1.2 x 1016 Bq, respectively (see 
Table 8 on page 45 for Ionger decay times). 
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Due to the circulation the specific activity will be altered. As a first approach it is 
assumed here that the specific activity is diluted by the ratio of the total Pb-17Li 
inventory in the cooling circuits to the inventory in the blanket itself. This ratio 
(and hence the dilution factor) is 3.5 for the outboard cooling system and 4.7 for 
the inboard cooling system. The total radioactive inventory, on the other hand, is 
assumed to be unchanged. Table 10 on page 47 summarises the averaged specific 
and total activity in Pb-17Li in the inboard and outboard blanket for various decay 
times as evaluated from FISPACT calculations [5] and when considering a dilution 
in external circuits. 

The time behavior of the activation parameters (specific activity, nuclear heat, 
y-dose rate, ingestion dose, and inhalation dose) are plotted in Figure 7 on page 60 
for the first channel row next to thc first wall, rcproduccd from [ 4]. It can be seen 
that they run almost in parallel decreasing by seven orders of magnitude after 1000 
to 10000 years. 

The dominating nuclides in Pb-17Li of the first channel row in terms of specific 
activity at various decay times can be seen from Figure 8 on page 61. In the short 
term (tens of seconds) Pb-207m dominates clearly before Pb-203 takes the lead for 
days and weeks. Then at 1 month Hg-203 comes up, followed by Tl-204 which then 
Ieads for several decades of decay. In the very long term, Pb-205 ( and Ag-108m for 
several centuries) become dominating. 

The eiemental composition of the Pb-17Li after 20000 hours of operation in the first 
channel row is illustrated in Figure 9 on page 62. It shows the base materials be­
ing Iithium (0.7 %) and Iead (99.3 %), the impurities that have been defined for the 
DEMO blanket, i.e., Fe, Ni, Zn, Bi, Cd, Ag, and Sn, and the transmutation pro­
ducts. Of each element present in the material, two up to five neighbours in the 
periodic system to each side are produced. In particular the generation of Hg, Tl, 
Bi, and Po constituting high biological hazards is evident. They originate mostly 
from Pb and cannot be avoided. 

2.3.2.2 Activation of Structural Material 

The specific activity of the structural blanket material (MANET) as assessed in the 
neutranies analyses [4], [5] has been reformatted here with view to safety aspects. 
Average specific activities and total activities are deduced for major blanket regions 
(inboard, outboard), radial zones (first wall, breeding zone, shield region), and vari­
ous decay times (0 s, 1 d, 1 y, 10 y, 500 y), sec Table 9 on page 46. 

For instance, the specific activity in the "first wall region midplane average out­
board" after decay tim es of 0 s, 1 d, 1 y, and 10 years is, respectively, 6.6 x 1014, 
4.0 x 1014, 2.4 x 1014, and 2.0 x 1013 Bq/kg. It is the highest specific activity in the 
blanket. Corresponding numbers at the inboard blanket are about 10 % 1ower. In 
cantrast to the activity in Pb-17Li the decay in MANET is very slow, i.e., only by a 
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factor of three within the first year. In radial direction the decrease is about one 
order of magnitude from the first wall to the breeding zone, and another order of 
magnitude from the breeding zone to the shield region. Typical radial profiles and 
decay curves are given in [5]. 

Looking at the poloidally averaged values of the specific activity in the same radial 
zones which combine the respective radial zones in the central and top part of the 
outboard blanket, and in the central plus top and bottom parts of the inboard blan­
ket, one observes a reduction relative to the midplane values by typically a factor of 
0.7 in the outboard and 0.4 in the inboard. 

The poloidally averaged values have been used to compute the total activity in the 
corresponding blanket regions by weighting them with the mass inventory of MAN~ 
ET. Summing up over all blanket regions results in a total activity after 0 s, 1 d, 1 
y, and 10 years of 7.5 x 1019 , 4.0 x 1019 , 2.2 x 1019 , and 1.8 x 1018 Bq, respectively, in 
a total steel mass of 3.1 x 106 kg (Table 9 on page 46). 

The eiemental composition of the MANET after 20000 hours of operation is illus­
trated in Figure 10 on page 63. It shows the base materials and alloying elements 
(Fe, Cr, Ni, V, Mo, Nb, C), the impurities that have been defined for the DEMO 
blanket, (Si, Mn, P, S, B, N, Al, Co, Cu, Zr), and the transmutation products. Of 
each element present in the material, two up to five neighbours in the periodic sys­
tem to each side are produced. The dominating nuclides in terms of specific activity 
and y-dose rate vary with the decay time and are summarised below: 

• 55Fe, 54Mn dominate the activity in the I year range 
• 63Ni, 94Nb, 93Mo dominate the activity in the 102 - 105 years range 
• 99Tc dominates the activity in the very long range 
• 54Mn dominates the y-dose rate in the 1 year range 
• 94Nb dominates the y-dose rate in the 102 - 105 years range 
• 94Nb, 26Al dominate the y-dose rate in the very long range 
• Mo adds in activity but does not show up in the y-dose 

To summarise the activity in MANET Table 11 on page 47 lists the total activities 
after a 10 year decay period in the first wall, breeding zone, and shield region (each 
one for inboard and outboard blanket) and the corresponding steel masses. This di­
vision is of interest for waste purposes. 

2.3.2.3 Activation of Insulating Layers 

The activation of the insulating layer (Al plus Ah03) has not been elucidated but an 
estimation based on the effect of 500 wppm Al impurities in MANET is presented 
below and quantified in Table 12 on page 48. 
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If all the channel walls in contact with Pb-17Li would be covered with a 10 11m 
thick insulation layer consisting mainly of pure aluminum, this would result in a 
total Al mass in the whole blanket of 360 kg. The Al blended with the steel con­
tained in the first wall and in the breeding region would correspond to an extra Al 
concentration in MANET of 175 wppm and 300 wppm, respectively, i.e., less than 
the original Al impurity of 500 wppm. The contribution of the 500 wppm of Al in 
MANET to the total specific activity in MANET results from activation calcu­
lations described in [5] and amounts to only 0.005 at shutdown (mainly from Al-
28) and falls off sharply to the order of 1 o-10 after one month. At very long decay 
times (tos years) it comesback to the order of 10-3 due to the long-lived Al-26 iso­
tope (Table 12 on page 48, 7th column). A similar behavior is found for the y-dose 
rate. Here the contribution of the 500 wppm of Al in MANET amounts to a frac­
tion of 0.015 at shutdown, falls off to the order of 10-8 after 1 year and comes back 
to 0.03 after tos years (Table 12 on page 48, last column). Consequently, the con­
tribution of a 10 11m insulation layer equivalent to an extra Al content of 200-300 
wppm is below the 1 % range in terms of specific activity and y-dose rate. Even a 
50 11m thick layer would be uncritical. 

A different problern may arise in the Pb-17Li dose rate due to sputtering and corro­
sion products carried by the liquid metal. This has not been assessed and is to be 
seen in the context of on-line purification. 
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3.0 Energy Sources for Mobilization 

Energy sources in upset or aceidentat conditions are seen in (a) plasma disruptions, 
(b) delayed plasma shutdown after cooling disturbances, (c) decay heat, (d) work 
potential for pressurised coolants, and (e) exotherrnie chemical reactions. This sec­
tion summarises the energy sources for the dual coolant blanket based on the inven­
tories described in 2.0 on page 3. An overview of the energy sources (a) to (e) is 
given in Table 13 on page 49. 

3.1 Energy Liberated during Plasma Disruptions 
Plasma disruptions can cause local evaporation of first wall material or mobilization 
of adhesive dust. This is a common and unresolved problern of first wall protection 
and dust processing and is not considered here. The energy source is essentially the 
stored energy in the plasma which is typically of the order of 1 GJ and, hence, is 
small compared to other energy sources discussed in the following subsections. 

3.2 . Energy due to Delayed Plasma Shutdown 
Delayed plasma shutdown after a sudden cooling disturbance will bring any first 
wall to melt within seconds. The energy source is simply the time integral of fusion 
power from the cooling disturbance to complete shutdown. For instance, for the 
reference plasma shutdown scenario (plasma is shutdown 1 s after cooling disturb­
ance; at that time the internal heat source disappears instantaneously and the first 
wall surface heat flux decreases linearly down to zero in 20 s) the energy transmit­
ted to the first wall is 4.2 GJ and to the blanket 0.8 GJ per GW of fusion power 
(ignoring that a large fraction of the 4.2 GJ goes to the divertor). This scales up to 
9.2 GJ to the first wall and 1.8 GJ into the blanket for a 2.2 GW reactor. 

3.3 Decay Heat 
The decay heat is the governing feature in managing the cooling disturbances like 
loss of coolant accidents (LOCA) and loss of flow accidents (LOFA) (section 4.0 on 
page 19) and, in particular, loss of site power or loss of heat sink. The decay heat 
in the entire blanket amounts to 52 MW after shutdown and declines to 11.8 MW 
after 1 h, 1.53 MW after 1 d, 1.07 MW after 1 month, and 0.48 MW after 1 year 
[5]. The accumulated decay heat at several times after shutdown is listed in 
Table 13 on page 49, ranging from 1.2 GJ for the first minute period to 3200 GJ 
during the first month. 

Table 14 on page 50 and Table 15 on page 51 present average afterheat power 
densities and total afterheat values for Pb-17Li and MANET in different regions of 
the blanket and for several time steps after shutdown. The values have been evalu-
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ated from 3D FISPACT calculations with multiple radial zones [5], weighted by 
volumes presented in Appendix A on page 73. 

Note: The geometrical model used in Appendix A on page 73 is not identical to 
the geometrical model used in FISPACT and, therefore, the integral after­
heat fall short by about 10 % compared to the values reported in [5] and 
referred to above. 

A dilution factor for the afterheat generation in Pb-17Li to account for external cir­
culation has been applied in the bottom half of Table 14 on page 50 in the same 
way as was done in the activity assessment in 2.3.2.1 on page 8. In lieu of detailed 
analyses with given 'in-core' and 'ex-core' sequences this dilution assumption is 
deemed to be more realistic than thc results obtained from stationary FISP ACT 
calcula tions. 

Comparing the total afterheat in the structure (Table 15 on page 51) with that in 
Pb-17Li (Table 14 on page 50) at different decay times it becomes evident that 
right after shutdown the heat generation in Pb-17Li would dominate (70 % of the 
total) if no dilution were considered. With dilution the Pb-17Li contributes 38 % to 
the total afterheat in the blanket. Hmvever the situation changes very fast and af­
ter one hour the structure is controlling the power generation. Thus, for short term 
transients a more realistic asscssment of afterheat in Pb-17Li is important, whereas 
for long term decay heat removal the afterheat of the structure prevails. 

The decay heat source has to be seen in connection with the thermal inertia of the 
blanket and related cooling systems. High thermal inertia limits temperature tran­
sients and amplitudes in upset or faulted conditions and, thereby, contributes inher­
ently to minimise potential consequences for a primary initiating event and eases 
plant control. A measure for the thermal inertia (more precisely, of its inverse val­
ue) is the adiabatic temperature evolution of the isolated blanket or of parts of the 
blanket, like the first wall, the breeding zone, or the shield region. These temper­
ature vs. time curves are plotted in Figure 11 on page 64 and it can be seen that 
the transient for the isolated first wall is very steep, reaching a temperature rise of 
about 400 K for the first hour. In contrast, the isolated shield warms up very slow­
ly (about 10 K for the first day), and likewise the Pb-17Li alone. Fora mixture of 
the whole blanket structure (first wall, breeding zone plus shield) including the liq­
uid metal the temperature rise amounts to approximately 280 K within the first day. 

In general, one can conclude that the adiabatic transients in isolated portians of the 
blanket are moderate (except in the first wall), leaving sufficient time for afterheat 
removal measures, including establishing a natural circulation heat transport. 
Piease note that the temperature rise in the first wall can never reach the values 
quoted because of the thermal coupling with the breeding zone. It may rather ap­
proach the curve obtained for the mixture of the whole blanket. 
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3.4 Work Potential of Helium Coolant 
The first wall cooling system contains 6300 kg of helium at 8 MPa and inletjoutlet 
temperature of 250/350 oc, i.e., a mean temperature of ~300 oc. The work poten­
tial relative to ambient conditions for the total helium inventory is 9.1 GJ. A more 
realistic scenario is the adiabatic expansion of the helium inventory from one out­
board cooling subsystem, comprising three primary loops with an inventory of 
about 2000 kg (see Table 6 on page 44). The corresponding work potential would 
be 2.9 GJ. Upon release, this helium would pressurise the vacuum vessel (VV) in 
the event of an in-vessel pipe rupture to 0.45 MPa (assuming a free volume of 
5000 m3). This is probably below the expected design pressure and, hence, would 
not require an extra expansion volume. In case a high pressure resistance of the 
vacuum vcsscl could not be achieved, the required expansion volume would be 
14000 m\ when assuming 0.2 M Pa as absolute end pressure. 

The release times for the helium of one of the two independent outboard cooling 
subsystems (300m 3) in the case of a double-ended pipe break of different cooling 
pipes in the primary loop were investigated [11]). Analytical computations assum­
ing reversible adiabatic expansion of the pressurised helium yielded draining times 
of 1.8/2.9/46 s for inner pipe diameters of 760/600/150 mm which belong to the hot 
leg, ring collector, and feeders, respectively. 

To obtain an estimate of the effects of wall friction and heat transfer from the pipe 
walls to the helium during outflow, a simple RELAP model was established. The 
simulated pipe lengths were 100/100/30 m for the diameters 760/600/150 mm men­
tioned above. Computations with this model resulted in somewhat Ionger draining 
times of 2.5/4.3/72 s for the respective diameters. The Ionger release times are due 
to dissipation of kinetic energy by friction and due to decreasing density of the out­
flowing gas stream by heat supply from the pipe walls. Figure 12 on page 65 shows 
the depressurization of one of the two outboard first wall cooling subsystems after a 
double-ended break in either the hot leg, ring collector, or in one feeder. 

The momentum forces of the gas stream immediately at the beginning of the dis­
charge were calculated according to the mass flows and velocities obtained with the 
RELAP model to 2000/1100/54 kN per side for the pipe diameters of 760/600/150 
mm. 

The minimum release time for the helium in case of a double-ended break of a cool­
ing channel in the first wall (cross sectional area 25 mm x 25 mm, reversible adiabat­
ic expansion) was estimated to 22 minutes. This long time span is due to the small 
cross sectional area of a first wall cooling channel, which limits the outstreaming 
mass flow to some kilograms per second. 

Energy Sources for Mobilization 15 



It should be noted that there exists a potential for the release of the helium from 
both cooling subsystems at a time into the vacuum vessel in case of a crack in a 
segment box extending over adjacent cooling channels, each one pertaining to one 
cooling subsystem. Then the end pressure and, if necessary, the expansion volume 
discussed above would be doubled if the failure occurred in an outboard first wall. 
A similar occurrence in the inboard first wall would have less consequences because 
of the smaller helium inventory. 

3.5 Exotherrnie Chemical Reactions Review 
Chemical reactions may occur between Pb-17Li and water, air, nitrogen if used as 
inert gas in rooms, and concrete in various accident scenarios. These processes have 
been reviewed in [12] and found to be moderate. A summary of the experimental 
evidence from a Iiterature review is given below. 

3.5.1 Pb-17Li-W ater Reactions 
In cantrast to pure Iithium the reaction of Pb-17Li with water in an open pool has 
been found to be modest or mild in a wide range of melt temperature (up to 600 oC) 
[13], [14]. Water addition to excess alloy melt at 600 oc led to an increase in the 
temperatme to 652 °C. The amount of hyurug~n rd~as~u uuring th~ r~actiun wa~:~ 

0.22 molH2/molH20. 

Small scale reaction kinetics studies have shown low reactivity of Pb-17Li with wa­
ter, compared with other alloys with higher Iithium concentration or with pure Iithi­
um [15]. For instance, the reaction rate of Iithium with steam was found to be two 
orders of magnitude higher than that of Pb-17Li at 400 oc. Measured mean re­
action rates were 0.05 molf(m2s) and 4.0 molf(m2s) for Pb-17Li and Li, respectively. 

On the other hand, an intermediate scale Pb-17Li alloy-steam reaction test [16] 
identified areas of concern to be pressurization of containment and generation of 
hydrogen, aerosols, moderately high temperatures and corrosive reaction products. 
In this test, steam at 335 oc was injected into 200 kg of Pb-17Li at 500 oc at a rate 
of 5 gfs for 325 s. Practically all of the Iithium in the alloy reacted to form Li20 and 
LiOH. The amount of hydrogen generated was 0.56 molH2/molH20. The lead in 
the alloy did not react with steam at this temperatures. The bulk Pb-17Li temper­
ature rose to 870 oc. Aerosols produced from steam reactions of lithium amounted 
to 0.25 mg per kg alloy. The maximum suspended mass concentration of lead and 
Iithium was 3.9 and 8.4 mgfm3, respectively. 

At Westinghouse, 500 g of water were injected into 200 kg of alloy at 532 oc [17]. 
One mole of hydrogen was formed for each mole of water reacted, and aerosols . 
were released. 

Cooperative experiments were conducted by the European Union and the U.S. De­
partment of Energy at the Joint Research Centre in Ispra. In these tests, 1.2 kg of 
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water were injected into 475 kg of lithium-lead alloy at 500 oc [18]. 99.8 % of the 
water reacted and 0.57 mol of hydrogen was released per mol of water reacted. The 
water injection was self limiting. The maximum pressure attained in the reaction 
modulewas limited to that of the water supply pressure. Aerosol products identified 
were mainly lead and lead oxide. 

Simulation of water leakages into liquid alloy with the BLAnket Safety Test facility 
(BLAST) in Ispra has shown that mixing is the governing factor in the Pb-17Li-wa­
ter interaction process [15] [19]. It was found that the pressurization in the re­
action vessel depends strongly on the hydraulic constraints of the Pb-17Li pool. 
With a low flow resistance between the reaction vessel and the expansion vessel the 
pressurization in the reaction vessel did not exceed the water injection pressure. 
However, with a large flow resistance, pressure pulses in excess of the injection pres­
sure were observed [19]. With view to the vapour explosion hazard it has been 
concluded in [19] that the BLAST experiments indicated that the chemical reaction 
is self-limiting and, due to the hydrogen generation and production of solid LiOH 
and Li20, the melt is partially isolated from the water so that energetic vapour ex­
plosions appear unlikely under the mixing conditions tested. Reservations have been 
made to this Statement for smallleakage. 

3.5.2 Pb-17Li-Air Reactions 
The reaction of an eutectic lithium-lead pool with air (humidity less than 70 %) is 
negligible. Even at 900 o C no violent reaction could be observed [20]. 

Low reaction rates (weight gain) at temperatures up to 500 oc have also been re­
ported in [21] to range between 0.5 (mg/cm 2)/h at 300 oc and < 100(mg/cm2)/h at 
500 o C in "room air" and 1-2 orders of magnitude less in dry air. Unlike the oxida­
tion of molten lead which is diffusion-controlled, the mechanism of oxidation of 
molten Pb-17Li has been found tobe complex. 

Fusion safety tests with Pb-17Li alloy breeder material have been conducted by 
Westinghouse Hanford Company in cooperation with CEC in lspra; Tests in air 
with up to 200 kg of Pb-17Li and spill temperatures of 714 oc show no temperature 
increase [17]. At 450 oc no aerosol formation and no containment pressurization 
was observed, only a thin oxide layer was formed on the surface. At 700 o C, some 
lithium aerosols and lead aerosols were released. 

Similarly, JRC- Ispra tests have confirmed that no ignition occurred in 700 - 800 g 
of Pb-17Li tests up to 1050 oc [20]. But, in heating the alloy to 1050 oc in an open 
crucible, oxide layers were formed and removed during heat-up. 

An alloy spray in air reaction test (HEDL) indicated that there was no significant 
containment pressurization or temperature increase due to chemical reactions. Pb-
17Li at 720 oc was sprayed into air producing lithium and lead aerosols [17]. 

Energy Sources for Mobilization 17 



According to Piet et al. [22], the low severity of the Pb-17Li-air reaction comes 
from (a) the lower amount of lithium in Pb-17Li (0.68 % by mass), (b) the ability 
of the lead to act as heat sink and (c) lithium becoming depleted near the Pb-17Li 
surface. Furthermore, the chemical activity of lithium is relatively low even in the 
liquid alloy [23]. 

3.5.3 Pb-17Li-Nitrogen Reactions 
A lithium-lead alloy pool reaction test with nitrogen showed that nitrogen is the 
least reactive of atmosphere gases. The alloy-nitrogen reaction up to 500 oc pro­
duced no aerosols, very little heat and no combustible gas [23]. 

3.5.4 Pb-17Li-Concrete Reactions 
A medium scale Pb-17Li-concrete reaction test was performed at HEDL [17]. 200 
kg of lithium-lead alloy at 600 o C were poured on top of a basalt concrete test arti­
cle. The reaction was quite mild. In fact, heaters had to be turned on to keep the 
test at 600 oc. Hydrogen gas was released, about 0.45 mo!H2/mo!Li, close to the 
maximum of 0.5 molH2/molLi. Thus, the Pb-17Li did react with water of the con­
crete. However, there was no reaction with solid concrete constituents. 
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4.0 Fault Tolerance 

The following analyses of electromagnetic forces induced by disruptions, temper­
ature transients caused in the case of loss-of-coolant accidents (LOCA), and tem­
perature distribution during handling have been performed in order to show, wheth­
er this blanket system is tolerant agairrst transients and accidental conditions. 

4.1 Behavior during Electromagnetic Transients 
Electromagnetic forces and induced stresses caused by disruptions have been ana­
lysed with the CARIDDI code. The 3D eddy current code has been improved in 
several aspects, so that it is possible now to take into account toroidally conducting 
structures and to model a dynamic plasma behavior. Additionally, an interface to 
the finite element structural program ABAQUS has been developed. 

With the latest version of CARIDDI which is now running on UNIXworkstations 
further computations for the dual coolant blanket concept were conducted. For ex­
ample, the loading of the blanket subjected to a so-called design plasma disruption 
(20 MA decaying iinearly within 20 ms) was determined. The maximum vun-Mises 
stress of 73 MPa occurs in the internal radial wall next to the side wall (see 
Figure 13 on page 66). Because of the assumed rigid fixing at the back side the 
eddy current damping of the structural parts is small (Figure 14 on page 67) and 
may be neglected. 

With the aid of the new features of CARIDDI and with a simple model for the 
blanket the influence of the electrically conducting first wall was investigated. In 
contrary to earlier investigations the time function of the plasma current was not 
prescribed any more. Instead, the plasma current could evolve freely. Nevertheless, 
the results proved the former expectation that a toroidally conducting first wall will 
reduce the induced currents and forces. Although the magnetic induction increases 
decisively in the domain of the blanket, the currents and forces will be reduced by a 
factor of 3 to 5. This is caused by the increased time constan,t of the resistive­
inductive system built by the plasma, first wall, and the blanket. This increased 
time constant is linked to smaller time gradients of the magnetic induction. 

An important effect neglected up to now is the large toroidal current (some MAs) 
which tagether with the magnetic field of the poloidal field coils will produce extra 
forces. They will try to bend the first wall araund the toroidal axis. Further compu­
tations are needed in this area. 
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4.2 LOCA Temperature Transients 
Temperature transients have been studied for instantaneous loss-of-coolant seenar­
ios with leaks in one of the three primary coolant subsystems attached to one blan­
ket segment (2 helium subsystems for the first wall and one Pb-17Li subsystem for 
the breeding zone), andin the NaK circuit. 

4.2.1 LOCA in one First Wall Helium Subsystem 
The analysis has been performed with the FIDAP code for a reference loss-of­
coolant accident scenario as already defined in 3.2 on page 13. Since the cooling of 
the first wall is done in multiple passes, a representative 3D model cantairring a 
half-channel of both cooling systems was generated for each pass. The helium inlet 
temperature of a pass is determined by the outlet temperature of the preceeding 
pass. It was assumed that there is no heat exchange between the first wall and the 
breeding zone. The calculations were carried out with the average value for the sur­
face heat flux of 0.4 MW/m 2 to determine the transient helium temperature. For the 
calculations of the temperature distribution in the structure, carried out in a second 
step with a finer 2D mesh, the peak value for the surface heat flux of 0.5 MW/m 2 

was used. The value of the internal heat sources depends on the poloidal and radial 
position and is taken from neutranies calculations. 

The maximum steady state temperatures obtained in the first wall are 515 o C in the 
equatorial midplane and 521 oc at the blanket top. This is in good agreement with 
the calculations carried out with ABAQUS. The maximum transient temperatures, 
reached about 13 s after LOCA occurrence, were obtained at the edge of a blanket 
segment, where the hotter coolant channels belonged to the cooling system that 
failed. They are 615 oc in the equatorial midplane and 620 oc at the blanket top 
(Figure 15 on page 68). This temperature increase from 521 oc (in steady state) to 
620 o C (transient peak) causes a reduction of the allowable primary stress according 
to the ASME code from 234 to 166 MPa which is stilltarger than the actual prima­
ry stresses caused by the coolant pressure. Therefore, a failure of the structure is 
not expected. However, a thermal stress analysis with computed transient temper­
ature distributions has still to be carried out. A more detailed description of the 
results and the calculational method is given in [24]. 

4.2.2 LOCA in the Pb-17Li Circuit 
A LOCA in the Pb-17Li circuit can cause (a) loss of liquid meta! flow in the blan­
ket in case of an ex-vessel leak or (b) a drainage of the Pb-17Li from a blanket 
segment in case of a major in-vessel leak. For (a) the decay heat in the structure 
plus Pb-17Li per outboard segment would be 0.77 MW (2.8 % of the normal pow­
er), leading to a hypothetical adiabatic temperature increase of 0.4 Kfs in the 
Pb-17Li in the front channel row next to the first wall. This temperature would sta­
bilise at TPb-17Li < THe + 160 oc if the first wall cooling remairred intact (THe = heli­
um coolant temperature) and ignoring in a conservative way the heat dissipated to 
the rear part of the blanket segment. For case (b) with all Pb-17Li removed but 
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with the first wall cooling systems operating an estimation revealed a maximum 
structure temperature Tstructure < THe + 100 oe, At THe = 350 oc this is slightly above 
the normal operating temperature. These transients do not threaten the integrity of 
the structure. 

4.2.3 LOCA in the NaK Circuit 
A LOCA in the NaK circuit for tritium removal with the consequence of substitut­
ing the NaK in the steam generator tube gaps by the cover gas, e.g., argon, would 
impede the heat transfer coefficient in the steam generator by 1 to 2 orders of mag­
nitude, leading to a strong temperature increase of Pb-17Li at the steam generator 
outlet. This transient arrives with a delay of ~30s at the blanket inlet and after 
further 75 s at the hlanket outlet. Therefore, in order to avoid excessive temper­
atures in the blanket the plasma has to be shutdown within approximately 60 s af­
ter drainage of the NaK. The afterheat of less than 3 % of the normal power gener­
ation can then be dissipated by the failed steam generator in combination with the 
first wall cooling circuits. The scenario does not present a safety concern, but the 
temperature transients need further attention with regard to design limits. 

4.3 Temperature Distribution during Handling 

The question arose whether active cooling of a blanket segment during handlingwill 
be necessary or whether the afterheat could be dissipated via the segment surfaces 
to the ambient medium. The afterheat generation in the structural material MAN­
ET and in the breeder material Pb-17Li decreases by about one and two orders of 
magnitude within one day after shutdown, respectively (Table 15 on page 51 and 
Table 14 on page 50). Thus the blanket is assumed to be cooled for at least a peri­
od of one day after shutdown before the replacement of a segment can start. Prior 
to handling it is planned to drain the segment and fill it with gas. In this analysis 
air or helium are considered as both filling gas and ambient medium. 

4.3.1 Temperature Distribution in Gas-filled Segments 
The steady-state temperature distribution in the passively cooled blanket segment 
during handling is defined by the internal heat sources, the heat transport inside the 
blanket, and the heat emission from the outer surfaces to the environment. For 
computing the two-dimensional radial-toroidal temperature distribution a simplified 
geometric model of an outboard blanket segmentwas established. This blanket mo­
del was subdivided into different volume elements reflecting the actual structure 
from Figure 2 on page 55. Each volume element exchanges energy with the adja­
cent heat structures and, if it is a structure at the boundary, with the environment. 
For each of the different volume elements an energy balance was carried out. The 
energy balances serve as formulae for computing the temperatures in the structures 
after a short time increment starting from a given initial temperature distribution. 
For conducting the computations a FORTRAN 77 program was prepared. 

The following cases were investigated with the peak temperatures obtained: 
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Case 

Case I 
Case II 
Case III 
Case IV 
Case V 
Case VI 
Case VII 
Case VIII 

Ambient and 
blanket fill-
ing medium 

Air 
Air 
Air 
Air 

Helium 
Helium 
Helium 
Helium 

Consideration of 
heat transport in 

the gas-filled cool-
ing channels 

Yes 
No 
Yes 
No 
Yes 
No 
Yes 
No 

Peak temperatures (0 G), when 
heat emission to the environment 

from front, rear from front and rear 
and side walls wall only 

215 
222 

290 
300 

180 
188 

240 
255 

Figure 16 on page 69 shows radial temperature profiles in the structural material 
MANET in a radial-poloidal sectional view in the middle of the blanket segment at 
steady-state conditions for cases I to IV (air as filling and ambient medium). The 
highest temperatures appear about 20 cm behind the first wall. Under consider­
ation of the heat transport in the air-filled cooling channels they are approximately 
215 oc in the case of heat emission from front, rear and side walls (case I) and 
290 oc in the case of heat emission from front and rear wall only (case III). 

The corresponding curves for helium as filling and ambient medium (cases V to 
VIII) are shown in Figure 17 on page 70. For cases V and VII the peak temper­
atures are approximately 180 "C and 240 °C. The considerable lower temperatures 
for helium compared with air are due to the higher thermal conductivity of helium 

().he~O.I44 WfmK, Aair~0.025 WfmK, Ahe/Aair = 5.8). This results in a higher heat 
transfer coefficient for natural convection at the blanket walls. Its value is about 
6W/m2K for air as ambient medium and about 9Wfm2K for helium as ambient me­
dium. 

The curves show that the neglect of the heat transport in the gas-filled cooling 
channels (cases VI and VIII) Ieads only to a minor elevation of the temperature 
Ievel. The following table shows the approximate fractions of the different heat 
transport mechanisms inside the blanket relative to the total heat transport for air 
and helium: 

Contribution of heat transfer mechanism 

Conduction in MANET 
Natural convection and heat conduction in the gap 
Radiation across the gap 

with Air 

90% 
6% 
4% 

with Helium 

88% 
8% 
4% 

The small fraction of the radiation across the gap of only 4 % is due to the low 
prevailing temperatures in the blanket. This fraction will increase with increasing 
temperatures. The small fraction of the natural convection and heat conduction in 
the gap is due to the small magnitude of the apparent thermal conductivity in the 
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gap which is approximately 0.2 W/mK for air and 0.3 WfmK for helium. This is 
roughly a factor 100 smaller than the thermal conductivity of MANET which is 
about 25 W /mK. 

Figure 18 on page 71 shows the toroidal temperature profiles in the case of heat 
emission from front, rear, and side walls obtained with air and helium under con­
sideration of the heat transport in the gas-filled cooling channels for mesh points 
n = 2 (first channel row from first wall) and n = 4 (second channel row). The maxi­
mum temperature difference between the center of the segment and the side walls 
appears at n = 4. It amounts to 57 o C and 53 o C for air and helium, respectively. 

4.3.2 Temperature Distribution in Pb-17Li-filled Segments 
The steady~state temperature distribution in the blanket segment during handling 
with Pb-17Li inside was computed with the finite element code FIDAP. The calcu­
lations were based on the following conditions: 

- Heat emission to the environment due to natural convection and radiation 
- Heat emission from front and back wall (not from side walls) 
- Ambient medium air at 1 bar, 25 oc 
- Cooling channels in the first wall filled with air at ambient conditions during 

handling. 
- Heat transport inside the blanket due to heat conduction in the structural mate-

rial and in the liquid metal. 

Computations were conducted using (a) the values of the specific afterheat in the 
structure and in the Pb-17Li at midplane of the outboard blanket, and (b) the po­
loidal average values. The specific afterheat in Pb-17Li at midplane one day after 
shutdown was determined to about 520 W/m 3• This value is the volume-weighted 
mean of the specific afterheat in the different radial zones of the outboard blanket 
segment according to [5]. Taking credit of the dilution factor of 3.5 for the after­
heat generation in Pb-17Li due to external circulation during operation, as dis­
cussed in 3.3 on page 13, would reduce the afterheat to approximately 150 W/m 3• 

This value was chosen in the analysis. (It is only 2-3 % of the corresponding value 
in the structure of the breeding zone.) 

The result of the computation with maximum internal heat sources at midplane and 
the mesh grid is illustrated in Figure 19 on page 72. The maximum temperature in 
the structure amounts to 293 oc. The same computation with air replacing the liq­
uid metal yielded a peak temperature of 349 oc. The corresponding maximum tem­
peratures obtained with the poloidal average values of the specific afterheat are 
250 °C with Pb-17Li and 300 oc with air. Thus, due to the small specific afterheat 
of the liquid metal one day after shutdown and due to its high thermal conductivi­
ty, the presence of Pb-17Li in the blanket tends to spread the heat over the blanket 
and, therefore, lowers the peak temperature inside the blanket. 
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In conclusion the analysis of the two-dimensional temperature distribution in a dual 
coolant outboard blanket segment during handling showed that the heat transfer at 
the outside of the blanket segment due to natural convection and radiation, and the 
heat transport inside the blanket mainly due to heat conduction in the structure are 
good enough to prevent hat spots in the structural material which could endanger 
the integrity of the blanket segment. If the segment is filled with Pb-17Li instead of 
gas the peak temperatures are even smaller despite the afterheat generation in the 
liquid metal. Since the computed temperatures are below the temperatures at oper­
ating conditions, even in the warst case of totally hampered heat emission from the 
side walls, it can be concluded that active cooling during handling is not an uncon­
ditional requirement, if an ambient heat sink at a temperature Ievel of about 25 oc 
is available. 
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5.0 Tritium and Activation Products Release 

5.1 Release during Normal Operation 
In normal operation the total release of tritium and activation products to the envi­
ronment should not exceed 1 TBq/d as a guide line. The release is expected to be 
dominated by the liquid tritium effluents arising from the cooling loops via perme­
ation in the steam generators into the secondary water/steam cycle. For these dis­
charges an upper limit of 20 Ci/d (0.74 TBq/d) is assumed to be achievable (see 
2.3.1 on page 7). This leaves little margin for other effluents, for instance originat­
ing from primary coolant leakages (into the containment and from there via the 
plant air detritiation system to the environment) and from other fuel cycle equip­
ment. Those have not been assessed here but conservative estimates performed in 
the frame of the safety and environmental assessment of fusion power (SEAFP) 
[25] indicate that they may also range up to close to 1 TBq/d, so that the total 
releases would exceed the 1 TBq/d guideline. Further assessment is needed in this 
area. 

5.2 Tritium Release in Aceidental Situations 
For a first judgement on the radiological hazard potential, an assessment has been 
made on the early dose and chronic dose to the most exposed individual at a dis­
tance of 1 km from the point of release caused by the tritium inventory escaping 
into the vacuum vessel (VV) or containment in the case of a LOCA, and from there 
to the environment. In this chapter the tritium release from the various fluids and 
the radiological consequences are discussed. 

The accidental tritium release into the vacuum vessel or into the containment in the 
case of a LOCA is summarised in Table 16 on page 52 along with the radiological 
consequences to the most exposed individual. The scenario starts from the total tri­
tium inventory in the various fluids (Pb-17Li, helium, and NaK as intermediate flu­
id in steam generators) from which a certain fraction can escape · into the vacuum 
vessel or some other compartment of the containment upon a LOCA. The envis­
aged escape fractions are assumed to be a proportion of the escaping fluids and are 
as follows: 

Forthebreeder material one half of one outboard Pb-17Li subsystem (15 % of the 
total inventory) is assumed to drain into the vacuum vessel by gravity. The other 
half will remain in the blanket segments not affected, in the piping and components 
located below the ring headers (which connect the main circuits with the individual 
blanket segments at some elevated level, see Figure 5 on page 58). lf the LOCA 
occurred ex-vessel the escape fraction would probably be even smaller than 15 %. 
These assumptions do not take any credit from isolation valves which would likely 
reduce the escape fraction to a few percent. For the primary first wall helium 
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LOCA the whole inventory from one subsystem would escape either into the vacu­
um vessel or into another compartment. The largest subsystem (for the outboard) 
comprises 31 % of the total helium inventory (Table 6 on page 44). The NaK sys­
tem for tritium removal is divided into 10 subsystems (one subsystem per steam 
generator) with one of the outboard subsystems containing about 12 % of the total 
NaK. This can be released into the containment but not into the VV. 

For the mechanisms that follow the fluid escape into the vacuum vessel or Contain­
ment, i.e., tritium mobilization (predominantly in eiemental form), oxidation, trans­
portation within the containment, and finally release to the environment, it is as­
sumed in a conservative way that no retention occurs in either of these mechanisms. 
In that case all the tritium contained in the escaped fluid is released to the environ­
rnent in form of HTO (the more dose effective form compared to HT). To compute 
the early dose (ED, that is, 7 days exposure plus 50 years integration, no ingestion) 
from the tritium source term a conversion factor of 0.26 mSv/g-T, and for the 
chronic dose (EDE, that is, SO years exposure plus 50 years integration, with inges­
tion) a factor of 1.6 mSv/g-T has been used [26]. These factors vary with release 
seenarios by about 3 orders of magnitude as investigated in [27] and the chosen 
values range close to the upper bound (of 1 mSv/g-T for the early dose and 4 
mSvjg-T' for the chronic dose). 

Thus, the predicted early dose and the chronic dose, respectively, to the most ex­
posed individual resulting from tritium release range from very low values for a 
NaK spill (0.01 and 0.07 mSv), and still low values for primary helium blowdown 
(0.5 and 3.1 mSv) to considerable values for Pb-17Li spills (2.2 and 13.7 mSv) when 
applying this conservative scenario (Table 16 on page 52). The tolerable dose lim­
its, on the other hand, are still under discussion and the spectrum of national regu­
lations is rather wide. Recent recommendations discussed in ITER for various dass­
es of event sequences range from 0.1 mSvja for likely sequences Cf> I0-2/a) over 5 
mSvjevent for unlikely sequences (10-2/a > f> I0-4ja) to 5-50 mSvjevent for ex­
tremely unlikely sequences (1 o-4/a > f> I0-6/a), where f is the rate of occurrence. In 
SEAFP a value of 100 mSvjevent is suggested as a yardstick with the understand­
ing that doses of this level trigger the consideration of evacuation but do not yet 
mandate it. 

Hence, depending on the classification of the events regarded in Table 16 on 
page 52 and on the established dose limits the early and chronic doses obtained for 
the tritium releases for in-vessel and ex-vessel LOCAs will probably comply with 
the dose limits. If a conflict should arise a less conservative assessment would have 
to be undertaken that could bring down the doses by at least two orders of magni­
tude, for instance in the areas of mobilization, chemical form of the liberated triti­
um, and confinement retention (for the latter compare the example in 5.3 on 
page 27). 
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5.3 Activation Products Release in the case of a Pb-17Li LOCA 
As an example for the potential activation products release from the liquid metal 
breeder to the environment and its radiological consequences to the public a major 
spill of Pb-17Li into the vacuum vessel is discussed in terms of activation products 
inventory, liberation of liquid metal (LM) into the vacuum vessel, mobilization of 
radionuclides from the spill, retention by the containment, release to the environ­
m.ent, and the radiological impact to the most exposed individual. The assessment is 
made on a nuclide-by-nuclide basis revealing the Hg-203 isotope as the major con­
tributor to the early dose. 

The underlying scenario for the in-vessel LOCA in a Pb-17Li subsystem (similar to 
the one discussed in 5.2 on page 25) is as follows: 

• The plant has operated for 20000 hours at full power, radioactive nuclides gen­
erated are taken from FISP ACT calculations for the outboard front channels at 
midplane, which are assumed to be diluted by radial and poloidal averaging and 
by circulation in loops (dilution factor fn) 

• Major break in the Pb-17Li confining wall of the outboard segment 

• Drainage of one half of one Pb-17Li subsystem's inventory into the vacuum ves­
sel (2.1 x 106 kg), postulating that isolation valves fail to close 

• Collection of spilled Pb-17Li mass at the bottom of vacuum vessel without break 
of vacuum (non-oxidising atmosphere) rendering a spill height of 2 m, a spill 
surface of 200m 2, and a mixed mean temperature of 350 oc 

• Evaporation of radionuclides into VV at low pressure (vacuum) for a time peri­
od of 7 days after which the melt is assumed to be solidified, no condensation 
within the VV. 

• Break of vacuum in the VV and release of 100 % of evaporated nuclides into 
the second containment (instantaneously) 

• Release of fraction, fR, of the nuclides from the containment inio the atmosphere 
within 1 hour (usual release scenario), where !R = containment retention factor 

• Dispersion of released source term and 7 day early exposure to the most exposed 
individual at 1 km distance (without ingestion). 

Then the 7 day early dose, ED, is computed by equation 2. 

(2) 

where 
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a, peak specific activity of nuclide i in 1 kg of Pb-17Li irradiated in OUt­
board front channels at midplane (stationary) after 20000 h, 

fD1 dilution factor for peak specific activity due to radial and poloidal aver­
aging and due to circulation in loops for nuclide i, 

fM1 evaporation fraction of nuclide i (mobilization factor) from spilled 
Pb-17Li with free surface of 200m2 during given time period, 

fR1 containment retention factor as a result of plate-out at cold walls and/or 
vent/filter system for nuclide i, 

M spill mass of Pb-17Li at bottarn of VV, 

d1 specific early dose of radionuclide i per unit source term (1 x 109 Bec~ 

querel) released at the containment boundary. 

Table 17 on page 52 lists all these factors for the twelve leading nuclides out of 73 
nuclides that have been traced, and their contribution to the early dose to the most 
exposed individual. The following comments refer to the choice of parameters in ad­
dition to the definitions given to equation 2: 

The specific activity for the nuclides (except for tritium in HTO form) is taken from 
activation analyses [4]. The activity for HTO of 1.41 x 109 Bq/kg-LM corresponds 
to the tritium inventory of 57 g in 15 x 106 kg of Pb-17Li (Table 7 on page 44). 

The dilution factor accounting for the radial and poloidal averaging of the specific 
activity and for circulation in external loops has generally been assumed to be 1/30 
(with 1/3.5 for circulation multiplied by 1/8.6 for spatial averaging). This assump­
tion seems appropriate for long-lived isotopes resulting from simple reactions in the 
neutron and gamma field, like Hg-203, Zn-65, Cd-113m, Cd-113, Ag-110m. The 
Po-210 build-up does not follow this simple rule and an approximate dilution factor 
of 0.11 has been deduced from investigations performed by Fischer et al. [28]. The 
same factor has arbitrarily been assumed for Bi-210 (although in this case of no 
importance). Finally, the tritium activity in Pb-17Li is not diluted in the circuit, 
since it is determined by the extraction process to 57 g in 15 x 106 kg of Pb-17Li. 

Evaporation fractions (mobilization data) from a Pb-17Li spill are reported in [29] 
for a number of elements, like Po, Bi, Pb, Tl, Hg, and Li. They have been adapted 
for a spill temperature of 350 oc and a free surface of 200m 2 in vacuum for the 
elements mentioned. For the other elements, where no such data are available, mo­
bilization data collected in the SEAFP study [25] are adopted which, however, in­
clude already the containment retention factor (see below). 

The containment retention factor was generally set to 0.01, presuming that 99 % of 
the airborn nuclides will condense at containment walls and/or will be retained in 
the containment air detritiation system. For those elements where only combined 
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mobilization fractions, including the retention, are available, the containment re­
tention factor was set to 1. 

The specific early dose per unit source term released to the environment was used 
from dose calculations performed by Raskob [26], [27]. They hold for a seven day 
exposure in 1 km distance without ingestion, release height of 10 m, a release dura­
tion of 1 h. 

The result of this conservative LOCA scenario for a spill of one half of the Pb-17Li 
inventory contained in one subsystem shows that the total early dose resulting from 
73 nuclides amounts to 11 mSv (Table 17 on page 52). This is a moderate value 
when compared to the dose limits already discussed in 5.2 on page 25. Tt must be 
noted that 98.9 % of the early dose arises from a single nuclide, Hg-203, due to the 
extremely high vapour pressure of mercury, leading to a complete release of Hg-203 
from the spill. This will be a matter of further investigation [29]. The contribution 
of Po-210 and tritium to the early dose are only 0.7 % and 0.2 %, respectively. 
(Note that in this scenario the containment retention factor for HTO was set to 0.01 
instead of 1 as used in 5.2 on page 25.) 
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6.0 Waste Generation and Management 

Only the commissioning waste (no operational waste) is considered here. The mass­
es, volumes, radioactivities, and afterheat are summarised in Table 18 on page 52. 
The total amount of radioactivity in the blanket structure (MANET) sums up to 
7.5 x 107 TBq at shutdown for all inboard and outboard segments according to 
2.3.2 on page 8, one half of which being in the small volume of the first wall and 
only ~5 % being in the large volume of the removable shield. The contribution of 
each radionuclide has been calculated as described in [5] for different cooling times. 
The dominating nuclides in the activation parameters vary with time and activation 
parameter. For example, Fe-55 and Mn-54 dominate the specific activity at a cool­
ing time of 1 year, and Nb~9l, Ni-63, Nb-93 dominate after 100 years. The contact 
y-dose rate per kg of MANET in the first wall ranges up to 1.1 x 105 Sv/h, declining 
slowly. The IAEA low level waste (LLW) Iimit of 2 x I0-3 Sv/h is reached after 
about 105 years, and the hands-on Iimit of 2.5 x 10-s Sv/h is met not sooner then 
3 x 105 years. 

The total amount of radioactivity in Pb-17Li is 1.3 x 108 TBq at shutdown, decay­
ing by seven orders of magnitude within 100 years. (The numbers quoted in 
Table 18 on page 52 for Pb-17Li have been derived from radially and poloidally 
averaged values for the different blanket parts and account for a dilution factor due 
to external circulation of 3.5 for the outhoard and 4.7 for the inhoard.) The follow­
ing nuclides dominate the specific activity by more than 65 % at various times: Pb-
207 (after 0 s), Pb-203 and Pb-204 (after l h), Pb-203 (after I d), Hg-203 (after 1 
month), Tl-204 (after 1 year), Pb-205 and Ag-108 (after 100 years). The contact 
y-dose rate of Pb-17Li reaches the LL W Iimit without any purification after 300 
years, the hands-on limit after a few 1000 years. In view of the high lithium enrich­
ment needed (90 atom-% Li-6) the liquid metal breeder is envisaged to be used for 
several hlanket life times or even for more than one reactor life time, since the burnt 
amount of Iithium can be replaced easily. 
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7.0 Summary and Conclusions 

This report summarises the safety considerations for the dual coolant blanket con­
cept, performed essentially in the frame of the European blanket concept selection 
exercise, in five chapters: (a) blanket materials and toxic materials inventory, (b) 
energy sources for mobilization, (c) fault tolerance, (d) tritium and activation pro­
ducts release, and (e) waste generation and management. The assessment is based 
on the latest cooling system design, comprising 10 Pb-17Li circuits and 10 helium 
circuits for the first wall cooling. The results are summarised below, conclusions 
with regard to further investigations needed are drawn in 7.2 on page 34. 

7.1 Summary of Results 
Blanket material and toxic material inventories: The total blanket volume (all in­
board and outboard segments, full toroidal coverage) amounts to 1020 m 3 with frac­
tions of 40/41/16/3 percent for steel/Pb-17Li/heliumjvoid, respectively. The loop ar­
rangements account for redundancies, leading to an overpower capacity of 150 % of 
nominal. Considering this fact, the total Pb-17Li inventory amounts to 14.8 x 106 kg 
and the total helium inventory amounts to 6300 kg (970m 3) with 53 - 60 % of the 
inventory being in the piping. 

The tritium inventory in fluids is small, i.e., 57 g in Pb-17Li, < 6.3 g in helium, and 
~0.4 g in NaK. The major part (100 g) is in the cold traps. Activation products 
inventory in MANET decays slowly, reaching hands-on levels only after very lang 
times (105 years). The aluminum contained in the insulation layer contributes to 
less than 1 %. 

Energy sources for mobilization: The main energy sources for mobilization result 
from decay heat and work potential of helium. The chemical energy potential of 
lithium contained in the Pb-17Li is also high but the extent of reaction is very limit­
ed. The decay heat would cause adiabatic temperature rises in isolated parts of the 
blanket of about 400 K for the first hour in the first wall, 15 K for the first day in 
the shield and Pb-17Li, and 270 K for the first day in the mixed material of the 
outboard blanket. The helium inventory from 1 outboard cooling subsystem would 
pressurise the vacuum vessel in the case of a LOCA to 0.45 MPa which is below the 
expected design pressure. The release times are short (few seconds) and the momen­
tum forces of a double-ended major pipe break are high (2000 kN). Chemical re­
actions between Pb-17Li and water, air, nitrogen, and concrete have been reviewed 
and found to be moderate. 

Fault tolerance: Induced peak stresses caused by disruptions are predicted to be 
moderate (73 MPa), but the modelling needs refinement. The effect of an elec­
trically conducting first wall was found to reduce the induced currents and forces 
by a factor of 3 to 5. Short term LOCA temperature excursions in the blanket 
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structure of the order of 100 K above steady state levels for the assumed cases do 
not endanger the blanket integrity. Active cooling during handling of a blanket seg­
ment is not required if the free convective surrounding gas (air or helium) can be 
kept at a low temperature level. 

Tritium and activation product release: The early and chronic dose for overly con­
servative tritium release seenarios from Pb-17Li, helium, and NaK are close to, or 
beyond, dose limits presently discussed. An activation products release scenario 
from a major Pb-17Li spill yields a moderate early dose of 10 mSv. Hg-203 is by 
far the dominating nuclide contributing with 98.9 % followed by Po-210 and triti­
um. 

Waste generation: The total amount of structural material from one complete set of 
blanket segments (without demountable and permanent shield) to be disposed of 
amounts to 1400 tons (180m 3) with decay heats one year after shutdown ranging 
from 1.6 x 104 Wfm 3 for firstwallmaterial down to 1.1 x 103 Wfm 3 for the breeding 
zone. In the removable shield the corresponding value is 2.6 x 102 Wfm 3• 

7.2 Conclusions 

No insurmountable safety problems have been identified for the dual coolant blan­
ket. Overall, the safety and environmental impact has been judged to be of almost 
the same level as the one evaluated for the other three European DEMO blanket 
concepts [30]. Nevertheless, a number of concerns need further investigations or 
optimization in the five areas addressed: 

Blanket material and toxic material inventories: The large Pb-17Li inventory of 
15 x 106 kg poses some safety concerns in case of a major LOCA with subsequent 
potential activation products release to the environment. Improvements can be ob­
tained by (a) reducing the inventory by optimising the liquid metal circuitry (avail­
ability versus redundancy, increased flow velocity in piping), (b) appropriate plant 
layout (isolation valves, steam generator position), (c) improved mobilization model­
ling (especially Hg evaporation from a Pb-17Li spill). 

The tritium inventories in fluids are small and do not raise severe safety concerns to 
the public in accidental situations. On the other hand, the routine release via steam 
generators (SO) relies on permeation barriers at the water side of both the 
heliumjwater SGs and the Pb-17Li/NaKjwater SGs. The reliability and durability 
of such barriers have still to be proved. Tritium permeation through Pb-17Li pipe 
walls has not been elucidated but needs attention. Likewise the tritium control in 
the first wall helium coolant (which is based on the same concept as foreseen for the 
solid breeder blanket) implies large uncertainties with regard to the amount of triti­
um permeating from the plasma through the first wall into the helium. 
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Energy sources for mobilization: The main energy sources for mobilization result 
from afterheat in the blanket and from work potential of helium coolant. Except for 
the first few seconds the afterheat is dominated by the decay in the struetural mate­
rial rather than in the Pb-17Li. In the medium and long term (hours and days) the 
afterheat is moderate eompared to the thermal inertia of the system and ean be re­
jected by one of the three separate eooling systems eonnected to each segment. It is 
expeeted, but needs to be proved, that this is also true in the ease of natural eon­
veetion cireulation. 

The work potential of the helium coolant is moderate compared to purely helium 
cooled concepts. Y et, an extra expansion volume for the case of a major LOCA 
seems to be necessary. 

The chemical energy potential of lithium is high but the reaction kinetics of Pb-17Li 
with other media are limited as numerous experiments with water, air, nitrogen, and 
conerete indicate. A major safety eoncern is seen in the NaK/water reaetion in the 
SG with potential failure propagation which requires medium seale experiments. 

Fault tolerance: Stresses indueed by disruptions do not seem to ereate severe safety 
eoncerns at the present state of knowledge. However, large uneertainties stillexist in 
the model with regard to physics phenomena, mechanieal boundary conditions, de­
sign features, effect of poloidal field coils, and material strength. Further R&D is 
needed which is not specifie to a partieular blanket eoncept. 

Short term temperature transients for the LOCA eases investigated are moderate, 
but the seenarios are to be extended to LOCAs, occurring simultaneously in more 
than one cooling subsystem, and to loss-of-flow accidents (LOFA). The latter im­
ply also transition periods to achieve natural circulation heat transfer. In those cas­
es more realistic afterheat assessment in Pb-17Li is needed which aceounts for the 
short term decay and for dilution of activation products due to circulation in ex­
ternal circuits. Further attention should also be given to a LOCA in the NaK cir­
cuit. 

Tritium and activation products release: Some of the release issues have already 
been addressed in the above paragraph 'blanket material and toxic material inven­
tories'. The release seenarios have to be refined aiming at redueing overly eonserva­
tive assumptions. In general, this eomplex is not eonsidered critieal for design basis 
aecidents. In partieular, the release of Po-210 is no Ionger regarded as a feasibility 
issue, sinee both the generation and the mobilization of this isotope have been over­
estimated by orders of magnitude in former investigations. 

Beyond design basis aecidents have not been considered aeeording to the terms of 
referenee. Likewise, the issues related to the first wall material (ehemieal reaetions, 
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tritium liberation, dust) have been deliberately ignored in the blanket concept se­
lection exercise, because they are in common to all blanket concepts. 

Waste generation: The amount of high Ievel waste is dominated by the structural 
material MANET, the choice of which was a common working hypothesis in the 
blanket concept selection exercise. Developing a low activation material is a world­
wide effort. Pb-17Li should be recycled leaving minor waste problems. 
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9.0 Tables 

Table 1. Thermal power and redundancy factors for primary cooling circuits 

Thermal 
No. of 

Power capacity 
power 

blanket 
No. of Redun- per circuit or 

Blanket Region and Coolant per seg-
seg-

primary dancy total (MW) 
ment circuits factor (nominal power 

(MW) 
mcnts 

in brackets) 

-~~ --~----

Outboard blanket (Pb-17Li) 23.1 48 2x3 1.5 277 (185) 

Inboard blanket (Pb-17Li) 13.8 32 1 X 4 1.33 147(110) 

Total blanket (Pb-17Li) 1550 80 10 2250 (1550) 
( 48 Outboard + 32 Inboard 
"'- ts) 

Outboard blanket (helium) 6.9 48 2x3 1.5 83 (55) 

Inboard blanket (helium) 5.8 32 2x2 2 93 (46) 

Total blanket (helium) 517 80 10 870 (517) 
( 48 Outboard + 32 lnboard 
SePTnP.nts) 

Total blanket (Pb-17Li + 2067 80 20 3120 (2067) 
helium) 
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Table 2. Geometrical data of blanket Pb-17Li circuit components (outboard) 

Number Pipe Pipe Pipe 
Total 

Total 
Pipe section or component parallel Dia. Length Area 

Vol-
Mass 

branches [m] [m] [m2] ume [kg] [m3] 

1 out of 6 Pb-l7Li circuits 
(1 m/s, nominal power 185 
MW) 

- 1 hotleg 1 1.15 40 1.04 41.5 391000 
- 1 cold leg to pump 1 1.14 10 1.03 10.3 97700 
- 1 cold leg from pump 1 1.14 10 1.03 10.3 97700 
- 1 inlet ring collector 1 .93 16 .68 10.9 104000 
- 1 outlet ring collector 1 .94 16 .69 11.1 104000 

8 outboard segmcnt circuits 
- 8 inlet feeders 8 .33 12 .085 8.2 78200 
- R outlet feeders 8 33 12 .087 8.3 78200 
Subtotal primary Pb-17Li pip-

284 100.6 951000 
ing 

Other primary circuit compo-
nents 
blanket segments 8 - - - 54.6 517000 
steam generator (Pb-17Li side) 1 - - - 22.5 213000 
pump 1 - - - 3 28600 
purification system 1 - - - 1 9530 
expansion vessel (cold leg) 1 - - - 4 38100 
exnansion vessel ( deP::tser) 1 - - - 4 38100 
Total for 1 primat)' Pb-17Li 

284 189.7 1795000 
circuit 

Total for 6 prima!)' Pb-17Li 
1704 1138 10.77E6 

circuits 
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Table 3. Geometrical data of blanket Pb-17Li circuit components (inboard) 

Number Pipe Pipe Pipe 
Total 

Total 
Pipe section or component parallel Dia. Length Area 

Vol-
Mass 

branches [m] [m] [m2] mne 
[kg] [m3] 

1 out of 4 Pb-17Li circuits 
(1 m/s, nominal power 110 
MW) 

- 1 hotleg 1 .83 40 .55 21.9 206000 
- 1 cold leg to pump 1 .83 10 .54 5.41 51500 
- 1 cold leg from pump 1 .83 10 .54 5.41 51500 
- 1 inlet ring collector 1 .72 25 .41 10.2 96800 
- 1 outlet ring collector 1 .72 25 .41 10.3 96800 

8 inboard segmcnt circuits 
- 8 inlet feeders 8 .25 15 .051 6.1 58100 
- R outlet feedcrs 8 .25 15 .051 6.2 58100 
Subtotal primary Pb-17Li pip-

350 65.4 619000 
mg 

Othcr primary circuit compo-
nents 
blanket segments 8 - - - 23.04 218000 
steam generator (Pb-17Li side) 1 - - - 11.3 107000 
pump 1 - - - 1.5 14300 
purification system 1 - - - 1 9530 
expansion vessel (cold leg) 1 - - - 3 28600 
P.xn::~nsinn vesscl { de!I::~ser) 1 - - - 3 .28600 
Total for 1 primaty Pb-17Li 

350 108.2 1025000 
circuit 

Total for 4 primary Pb-17Li 
1400 433 4100000 

circuits 
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Table 4. Geometrical data of first wall hclium circuit components (outboard) 

Numbcr Pipe Pipe J>ipc 
Total 

Total 
Pipe sectimt or component parallel Dia. Length Area 

Vol-
Mass 

branches [m] [m] [m2] ume [kg] [mJ] 

l out of 6 helium circuits 
(60 m/s, nominal power 55 
MW) 

- I hotleg 1 .76 40 .45 18.0 106 
- I cold leg to pump 1 .69 10 .38 3.8 26.5 
- I cold leg from pump 1 .68 10 .37 3.7 26.5 
- I inlet ring collector (120 deg.) 1 .56 40 .24 I 0.0 70.7 
- 1 outlct ring collcctor ( 120 I .62 40 .30 12.0 70.7 
deg.) 

16 outboanl scgmcnt circuits 
- 16 inlct fccdcrs 16 .14 16 .015 3.9 28.3 
- 16 outlet fccdcrs 16 15_ 16 .019 4.8 28.3 
Subtotal primat-y hclium piping 652 56 357 

Othcr primary circuit compo-
nenis 
blanket scgments 16/2 - - - 23 148 
stcam gcncrator (hclium sidc) I - - - 9.4 60.6 
circulator I - - - I 7.2 
clcan-uo svslcm 1 - - - 10 72 
Total for I primary hclium cir-

652 99.4 645 
cuit 

Total for 6 primary hclium cir-
3912 596 3868 

cuits 

42 S&E Impact or the Dual Coohmt Bhmkct 



Table 5. Geometrical data of first wall helium circuit components (inboard) 

Number Pipe Pipe Pipe 
Total 

Total 
Pipe section or component parallel Dia. Length Area 

Vol-
Mass 

branches [m] [m] [m2] ume [kg] [m3] 

1 out of 4 helium circuits 
( 60 mjs, nominal power 46 
MW) 

- 1 hat leg 1 .80 40 .50 20.0 118.3 
- 1 cold leg to pump 1 .73 10 .42 4.2 29.6 
- 1 cold leg from pump 1 .72 10 .41 4.1 29.6 
- 1 inlet ring collector ( 180 deg.) i .Si 60 .20 12.3 88.7 
- 1 outlet ring collector ( 180 1 .56 60 .25 15.0 88.7 
deg.) 

16 inboard segment circuits 
- 16 inlet feeders 16 .13 20 .013 4.1 29.6 
- 16 ont1et feeders 16 .14 20 .016 5.0 29.6 
Subtotal primary helium piping 820 64.7 414 

Other primary circuit compo-
nents 
blanket segments 16/2 - - - 7 45.2 
steam generator (helium side) 1 - - - 10.5 67.8 
circulator 1 - - - 1 7.2 
clean-uo svstem 1 - - - 10 72 

Total for 1 primary helium cir-
820 93.2 606.2 

cuit 

Total for 4 primary helium cir-
3280 373 2425 

cuits 
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Table 6. Coolant inventory in primary circuits (summary) 

Pb-17Li Helium 

Circuit or System Volume Mass Volume Mass 
(m3) (kg) (m3) (kg) 

Outboard cooling circuit 190 1.8 X 106 99.4 645 
Irrboard cooling circuit 108 1.03 X 106 93 606 
Outboard cooling subsystem 569 5.49 X 106 298 1934 
(3 circuits) 
Irrboard cooling subsystem 433 4.1 X 106 187 1213 
( 4 circuits for Pb-17Li, 
2 circuits for helium) 
All outboard cooling circuits 1138 10.8x 106 596 3868 
(%in blanket/piping/components) (29/53/18) (23/55/22) 
All inboard cooling circuits 433 4.1 X 106 373 2425 
(o/o in blanket/oioin ·'· s) (21160/18) (8/68/24) 
Total cooling circuits 

1571 14.8 X 106 969 6293 
(not including ancilliaries) 

Table 7. Tritium inventory in blanket and related systems 

Total mass inven-
T~~.t!~~··-

Blanket region or systcm tory 
J.IILIUIII 

(g) 
(kg) 

Breeder material (Pb-17Li) 1.5 X 106 57 
Prirnary ftrst wall coolant (helium) 6300 < 6.3 
Tritium removal fluid (NaK) 41,000 0.38 
Steam system not assessed < 1.7 
Tritiumrecoverysystem mainly in cold ~100 

traps 
Structural material (total) 3.2 X 106 ~4.4 

Firstwall 105 2.6 
Breeding zone 1.3 X 106 1.8 
ShiP.lrl 1.8 X 106 0.006 
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Specific and Total Activity in Pb-17Li ofDual Coolant Blanket 

Blanket Region Decaytime 
Os ld ly lOy I 500y 

Specific Activity in Breeding Zone from FISPACT calculations (Bq/kg) 
Breeding region total average inboard 3.28E+l3 6.87E+ll 3.23E+09 3.71E+08 4.80E+06 
Breeding region total average outboard 3.26E+l3 6.99E+ll 2.97E+09 3.82E+08 3.87E+06 

Total Activities in Breeding Zone from FISPACT calculations (Bq) 
Breeding region total inboard 2.86E+l9 5.99E+l7 2.82E+l5 3.24E+l4 4.19E+l2 
Breeding region total outboard l.OlE+20 2.17E+l8 9.21E+l5 l.l8E+l5 1.20E+l3 
Total Breeding Region inboard plus outboard 1.30E+20 2.77E+18 1.20E+16 1.51E+15 1.62E+13 

Specific Activities in Breeding Zone as calculated divided by dilution factor of 3.5 and 4.7, respectively (Bqlkg) 
Breeding region total average inboard 6.98E+12 1.46E+ll 6.87E+08 7.89E+07 1.02E+06 
Breeding regiontotal average outboard 9.31E+l2 2.00E+ll 8.49E+08 1.09E+08 l.llE+06 

Total Activities in Breeding Zone as calculated divided by dilution factor of3.5 and 4.7, respectively (Bq) 
Breeding region total inboard 6.09E+l8 1.27E+l7 5.99E+l4 6.88E+l3 8.91E+ll 
Breeding regiontotal outboard 2.89E+l9 6.20E+l7 2.63E+l5 3.39E+l4 3.43E+l2 

Total Breeding Region inboard plus outboard 3.50E+19 7.47E+17 3.23E+l5 4.07E+14 4.32E+l2 
--- - - -- - - -- - -- - -- -

I I 
Volume(m~) Mass(kg) 

92 872,000 
328 3,102,000 

! 

! 

Dilution 
4.70 
3.50 
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Specific and Total Activity in Structure (MANET)I of Dual Coolant Blanket 

Blanket Region Decay time Volume 
Os 1 d ly lOy 500y (cm~) 

Specific Activities in Midplane (Bqlkg) 
First wall region midplane average inboard 5.79E+l4 3.55E+l4 2.07E+l4 1.82E+13 2.73E+09 I 
Firstwall region midplane average outboard 6.56E+14 4.02E+l4 2.35E+l4 2.06E+13 3.03E+09 
Breeding region midplane average inboard 3.95E+l3 1.78E+13 8.63E+l2 8.10E+ll 4.99E+08 
Breeding region midplane average outboard 4.19E+l3 2.49E+l3 1.39E+l3 1.21E+l2 6.42E+08 
Shield region midplane average inboard 2.03E+l3 5.76E+l2 l.79E+l2 2.34E+ll 2.72E+08 
Shield region midplane average outboard 4.84E+l2 1.41E+l2 4.53E+ll 5.76E+l0 7.08E+07 

Specific poloidally averaged Activities (Bqlkg) 

First wall region total average inboard 2.43E+l4 l.48E+l4 8.53E+l3 3.83E+12 1.35E+09 5,054,000 
First wall region total average outboard 4.46E+l4 2.72E+l4 1.58E+l4 1.39E+l3 2.18E+09 7,488,000 
Breeding region total average inboard 1.60E+l3 6.50E+l2 2.92E+l2 1.93E+U 2.34E+08 58,990,000 
Breeding region total average outboard 2.78E+l3 1.63E+l3 9.02E+12 7.85E+ll 4.64E+08 103,000,000 

Shield region total average inboard 8.74E+l2 2.43E+l2 7.43E+ll 9.90E+l0 U7E+08 98,510,000 
Shield region total average outboard 3.48E+l2 l.OIE+l2 3.19E+ll 4.06E+10 5.16E+07 132,310,000 

Total Activities (Bq) 
First wall region total inboard 9.46E+l8 5.74E+l8 3.32E+l8 1.49E+l7 5.25E+l3 
Firstwallregion total outboard 2.57E+l9 1.57E+l9 9.13E+l8 8.02E+l7 1.26E+l4 
Breeding region total inboard 7.29E+l8 2.95E+l8 1.32E+l8 8.76E+l6 1.06E+l4 
Breeding region total outboard 2.20E+l9 1.29E+l9 7.15E+l8 6.23E+l7 3.68E+l4 
Shield region total inboard 6.63E+l8 l.84E+l8 5.64E+l7 7.51E+l6 8.85E+l3 
Shield region total outboard 3.54E+l8 1.02E+l8 3.25E+l7 4.13E+l6 5.25E+l3 

Total Blanket 7.46E+19 4.02E+19 2.18E+19 1.78E+18 7.94E+14 
---·---

Mass 
(kg) 

38,916 
57,6581 

454,223 
793,100 

758,5271 
1,018,787 
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Table 10. Specific and total activity in Pb-17Li after various decay times. 
This includes dilution factors of 3.5 for the outboard and 4.7 for the inboard due to circuiation 

Blanket Region Os 1 d 1 y 10 y 500 y 
lnboard or Outboard 

Specific Activity Inboard (Bq/kg) 7.0E12 1.5E11 6.9E08 7.9E07 l.OE06 
Specific Activity Outboard (Bq/kg) 9.3E12 2.0E11 8.5E08 1.1E08 1.1E06 
Total Activity Inboard (Bq) 2.9E19 6.0E17 2.8E15 3.2E14 4.2E12 
Total Activity Outboard (Bq) 1.0E20 2.2E18 9.2E15 1.2E15 1.2E13 

t' 't I 2 

Table 11. Total and mixed mean specific activity in different regions of the blanket structure 

Steel 
Total Mixed mcan 

Blanket Region 
lnventory 

Activity Specific Activ-
Inboard or Outboard after 10 y ity after 10 y 

(1&1 gk) 
(Bq) (Bq/kg) 

First wall region inboard 39 1.5El7 3.8E12 
First wall region outboard 58 8.0el7 1.4E13 
Breeding region inboard 454 8.8El6 1.9Ell 
Breeding region outboard 793 6.2El7 7.9E11 
Shleld region inboard 759 7.5E16 9.9E10 
Shield recion outboard 1019 4.1E16 4.1E10 

Total inboard and outboard 3121 1.8El8 5.8Ell 
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ACTIVITY AND DOSE RATE OF AL IMPURITIES IN MANET 

Timeafter Timeafter Activity of DoseRate of Specific: DoseRatein Fraction Al Fraction Al 
shutdlown shutdown 0.05 %Al in 0.05 %ofAI Activity iln MANET Activity of Dose of total 

(s) MANET inMANET MANET (Sv/h) total Activity Dose 
Bq/kg- (Svlh) (Bqlkg) 

MANET) 
Os O.OOE+OO 2.99E+l2 1.66E+03 5.67E+l4 1.10E+05 5.27E-03 1.51E-02 

lOmin 6.00E+02 1.61E+ll 7.26E+Ol 5.33E+l4 9.75E+04 3.02E-04 7.45E-04 
lh 3.60E+03 2.00E+09 1.08E+OO 4.94E+l4 7.93E+04 4.05E-06 1.36E-05 
ldl 8.64E+04 8.63E+08 4.78E-Ol 3.52E+l4 l.27E+04 2.45E-06 3.76E-05 

1 month 2.59E+06 6.23E+04 4.62E-05 3.10E+l4 1.09E+04 2.01E-W 4.24E-09 
1 year 3.15E+07 6.23E+04 4.62E-05 2.05E+l4 4.66E+03 3.04E-ll0 9.91E-09 

10 years 3.15E+08 6.23E+04 4.62E-05 1.81E+l3 4.50E+Ol 3.44E-09 1.03E-06 
100 years 3.15E+09 6.23E+04 4.62E-05 6.28E+09 5.69E-02 9.92E-06 8.12E-04 
1200 years 3.78E+l0 6.22E+04 4.61E-05 l.78E+09 5.41E-02 3.49E-05 8.52E-04 

13200 years 4.16E+ll 6.15E+04 4.56E-05 2.89E+08 3.58E-02 2.13E-04 l.27E-03 
1113 00 years 3.51E+l2 5.59E+04 4.15E-05 5.62E+07 1.31E-03 9.95E-04 3.17E-02 
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Table 13. Energy sources for mobilizalion 

Energy source 
Energy 
(GJ) 

Plasma disruptions (localised) :::::1 
Delayed plasma shutdown (reference scenario) 11 
Decay heat integrated over: 

1 minute 1.2 
1 hour 50 
1 day 550 
1 month 3200 

Work potential of helium coolant 9.1 
Chemica1 energy potential 

Li/water rcaction 2300 
I Li IXV!lt reacbon 3200 
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Afterbeat Power Density and total Afterbeat in Pb-17:Li ofDual Coolant Blanket 

Blanket Region Decay time I' I 
0 s 1 h 1 day 1 month I 1 year _ _ 

Afterbeat power density in liquid breeder from FISPACT calculations (W/cm3
) Volume ( cm') Mass (kg) 

Breeding regiontotal average inboard 7.62E-02 2.22E-03 3.91E-04 UlE-05 2.68E-06 92,000,000 872,000 
Breeding regiontotal average outboard 7.70E-02 2.11E-03 4.03E-04 L19E-05 L93E-06 328,000,000 3,102,000 

Total afterheat in liquid breeder as from FISPACT calculations (W) 

Total breeding region inboard 7.01E+06 2.04E+05 3.60E+04 1.20E+03 2.46E+02 
Total breeding region outboard 2.53E+07 6.93E+05 L32E+05 3.89E+03 6.32E+02 

Total breeding region inboard plus outboard 3.23E+07 8.97E+05 1.68E+05 5.09E+03 8.78E+02 

Afterheat power density in liquid breeder from FISP ACT divided by dilution factor of 3.5 and 4. 7, respectively (W/cm:;) Dilution 

Breeding regiontotal average inboard 1.62E-02 4.72E-04 8.33E-05 2.78E-06 5.69E-07 4.70 
Breeding regiontotal average outboard 2.20E-02 6.04E-04 l.l5E-04 3.39E-06 5.50E-07 3.50 

Total afterheat in liquid breeder from FISPACT divided by dilution factor of3.5 and 4.7, respectively (W) 

Total breeding region inboard L49E+06 4.35E+04 7.66E+03 2.56E+02 5.24E+Ol 
Total breeding region outboard 7.22E+06 L98E+05 3.78E+04 LllE+03 L80E+02 

~otal breeding region inboardplus outboa~- 8. 71E+06 2.41E+05 4.54E+O'!_L_}.37E~+~0~3--'--~2.~3~3~E~+~02___,_ _____ ...__ __ _ 
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Afterbeat power density and total Afterbeat in Structural Material (MANET) 
of Dual Coolant :Olanket 

Blanket Region Decay time Volume 
Os lh 1 day 1 month 1 year (cm") 

Afterheat in midplane (W/cm3
) 

First wall region midplane average inboard 7.43E-Ol 5.18E-Ol 6.98E-02 5.85E-02 2.53E-02 
First wall region midplane average outboard 8.44E-Ol 5.89E-Ol 7.93E-02 6.65E-02 2.87E-02 
Breeding region midplane average inboard 6.48E-02 4.64E-02 5.21E-03 3.77E-03 1.78E-03 

Breeding region midplane average outboard 5.54E-02 3.87E-02 5.77E-03 4.69E-03 1.98E-03 
Shield region midplane average inboard 4.14E-02 3.05E-02 2.43E-03 1.53E-03 9.35E-04 
Shield region midplane average outboard 9.71E-03 7.14E-03 5.63E-04 3.54E-04 2.17E-04 

Afterheat poloidally averaged (W/cm5
) 

First wall region total average inboard 3.15E-01 2.20E-Ol 2.98E-02 2.48E-02 1.06E-02 5,054,000 
First wall region total average outboard 5.76E-Ol 5.76E-02 5.43E-02 4.55E-02 1.96E-02 7,488,000 
Breeding region total average inboard 2.78E-02 2.00E-02 2.05E-03 1.40E-03 6.90E-04 I 58,990,000 
Breeding region total average outboard 3.69E-02 2.76E-02 3.84E-03 3.09E-03 l.30E-03 ~ 103,000,000 
Shield region total average inboard 1.79E-02 1.32E-02 1.04E-03 6.58E-04 4.10E-04 98,510,000 
Shield region total average outboard 6.99E-03 5.14E-03 3.98E-04 2.48E-04 l.51E-04 I 132,310,000 

Total Afterheat (W) 

First wall region total inboard l.59E+06 1.11E+06 1.51E+05 1.25E+05 5.38E+04 
First wall region total outboard 4.31E+06 4.31E+05 4.07E+05 3.40E+05 1.47E+05 
Breeding region total inboard 1.64E+06 1.18E+06 l.21E+05 8.27E+04 4.07E+04 
Breeding region total outboard 3.80E+06 2.84E+06 3.96E+05 3.18E+05 l.33E+05 
Shield region total inboard 1.76E+06 l.30E+06 1.02E+05 6.48E+04 4.04E+04 
Shield region total outboard 9.25E+05 6.80E+05 5.27E+04 3.28E+04 1.99E+04 

Total Blanket 1.40E+07 7.54E+06 1.23E+06 9.64E+05 4.35E+05 
- ------- '------

Mass 
(kg) 

38,916 
57,658 

454,223 
793,100 
758,527 

1,018,787 
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Table 16. Early and chronic dose for accidental tritium release from fluids. (Estimates for in-vessel and 
ex-vessel LOCAs without retention) 

Total tri- Fraction escaping into 
Source Early Chronic 

tium in-
Type of fluid 

ventory Vacuum Contain- term dose dose 

(g) vessel ment (g) (mSv) (mSv) 

Breeder Material 57 ~0.15 < 0.15 ~10 2.2 13.7 
(Pb-17Li) 
Primary flrst wall 6.3 0.31 0.31 ~2 0.51 3.1 
coo1ant (helium) 
Intermediate triti- 0.38 0 0.12 0.04 0.012 0.07 
um removal fluid 
(NaJ() 

Table 17. The twelve largest contributors to the early dose in case of a Pb-17Li spill. (Spill of 2.1 X 106 kg 
of Pb-17Li rendering 200m2 of free surface) 

Peak 
Evapo-

Contain-
Specific Early 

Nuclide 
specific Dilution 

ration 
ment 

early dose dose 
activity factor 

fraction 
rctcntion 

(Sv/IE9ßq) (Sv) 
(ßq/kg-LM) factor 

Hg-203 1 A'lD -L 11 n n'l'l l.OOE+ 00 l.OOE-02 1 lnD n'7 1.09E-02 .loö..JJ._j I .1.1 VoV...J.J ~.lvu-vt 

Po-210 1.08E + 09 0.11 S.OOE-04 l.OOE-02 6.44E-05 8.03E-05 
HTO l.41E+09 1 1 0.01 7.03E-10 2.07E-05 
Zn-65 3.74E+ 09 0.033 1.00E-04 l.OOE+ 00 3.38E-07 8.76E-06 
Cd-113m l.96E+ 08 0.033 1.00E-04 l.OOE+ 00 2.93E-06 3.98E-06 
Cd-109 4.02E+ 08 0.033 l.OOE-04 l.OOE+ 00 3.26E-07 9.08E-07 
Bi-210 l.26E+ 09 0.11 l.OOE-06 l.OOE+ 00 1.46E-06 4.25E-07 
Ag-110m 2.67E+ 09 0.033 1.00E-06 l.OOE+ 00 1.47E-06 2.72E-07 
Tl-202 8.80E+10 0.033 5.00E-06 1.00E-02 1.08E-07 3.29E-08 
Co-58 8.24E+ 08 0.033 l.OOE-06 l.OOE+ 00 3.93E-07 2.24E-08 
Pb-203 6.82E+ 12 0.033 1.30E-07 l.OOE-02 3.28E-08 2.02E-08 
Zn-69m 1.12R+ 08 0.033 l.OOE-04 I.OOE+ 00 2.18R-08 l.69E-08 

Total early dose l.10E-02 

Table 18. Radioactive waste of the blanket system. 
(aller 20000 hours of full power opcration) 

BI anket Total Total Total radioactivity Decay heat 
region mass volumc in Bq artcr after 1 y 

or system (kg) (m3) 1 y 10 y 500 y (W/ml) 

Breeder Material 15 X !06 1600 1.2 X JOI6 1.5 X JOI5 1.6 X JOI3 0.57 
(Pb-17Li) 
Structural material 3.2 X (06 407 2.2 X JOI9 1.8 X JOI8 7.9 X JOI4 see below 
(total) 
Firstwall I X 105 13 1.2 X JOI9 9.4 X 1017 1.8 X 1014 1.6 X 104 

Breeding zone 1.3 X 106 162 8.5 X 1018 7.1 X 1017 4.7 X 1014 1.1 X 103 

Shield 1.8 X 106 231 8.9 X 10 17 1.2 X 1017 1.4 X 1014 2.6 X 102 

lnsulating layers 360 0.13 7 X 109 7 X 109 7 X 109 3 X 10-2 

llO um) 
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10.0 Figures 

Figures 53 



Figure 1. DEMO cross section of the dual coolant blanket. The blanket parts considered 
include the outboard central and top part, and the inboard central, top, and bot­
tarn parts (see text in 2.1 on page 3 and main dimensions in Table 19 on 
page 73). 
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Figure 2. Cross sectional view of the outboard blanket segment at midplane. Note that the 
thickncss of the removable shield has been increased in the latest design [7] from 
200 mm to 246 mm (see 2.1 on page 3). 
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Figure 3. Cross sectional view of the inboard blanket segment at midplane. For discussions 
of activity three radial zones have been defined, i.e., first wall, breeding zone, 
and shield with thicknesses of 3.3 cm, 51.4 cm, and 30.9 cm, respectively (see 2.1 
on page 3). 

56 S&E Impact or the Dual Coolant Blanket 



Breeder Zone 

Figure 4. Perspective view of the dual coolant blanket ( outboard). For discussions of activ­
ity three regions are introduced as indicated, i.e., first wall (FW = 3.8 cm), 
breeding zone (BZ = 98.2 cm), and shield region (SH = 20 cm), see 2.1 on 
page 3. 
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Figure 5. Schematic diagram of a Pb-17Li cooling circuit for the outboard blanket. Shown 
are the main circuit components and pipe sections of 1 out of 6 primary loops. 
Three such loops are connected via common inlet and outlet collectors to form a 
subsystem to provide redundancy in case of a failure in one of the main circuits 
outside of the collectors (see description in 2.2.1 on page 4). 
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Tritium Concentration in MANET in Outboard Blanket 
i=' (poloidal average in radial layers) 
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Figure 6, Tritium concentration in MANET in the outboard bianket. Poloidal average in 
radiallayers, reproduced from data in [5], see description in 2.3.1 on page 7. 
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Figure 7. Activation parameters of Pb- i7Li of the dual coolant blank.et. The pararnelers 
have been calculated with FISPACT for the first channel row of the outboard 
after 20,000 h of operation and refer to 1 kg of Pb-17Li ( activity in Bq, nuclear 
heat in W, y-dose rate in Sv/h, ingestion in Sv, inhalation in Sv, see 2.3.2.1 on 
page 8). 

60 S&E Impact of the Dual Coolant Blanket 



-(0 -0 
...... 
..... 
0 
~ ->.. -·-> ..... -u 
~ 

Pb-17Li 
100 

1 s 1 min 

80 

60 

40 

20 

0~~~~~~~~~~~~~~~~~~~~~~~ 

1 E-01 1 E+01 1E+03 1E+05 1E+07 1E+09 1E+11 
Decay Time, s 

Figure 8. Activity dominating nuclides in Pb-17Li vs. decay time. Plot generated from files 
provided by Tsige-Tamirat [ 4] for the outboard blanket front channels (mid­
plane), see text in 2.3.2.1 on page 8. 
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ELEMENTAL COMPOSITION OF Pb-17li 

_ ................. ..!~BASE I[] IMP.s I 8:3 PRODUCTS I e UNWANTED !... ............................ .. 
1 E-0 1 - .......................................................................................................................................................................... ~LMB251·"· .. .. 
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Figure 9. Eiemental composition of Pb- 17Li in outboard front channels. Bars give the eie­
mental composition by weight of the liquid meta! after 20000 hours of operation 
(ignoring circulation). Bars markcd as BASE are basic constituents. IMP.S are 
assumed impuritics. PRODUCTS arc gcnerated during irradiation. UN­
WANTED are activity and y-dose rate dominating elements, see text in 2.3.1 on 
page 7. (Data from [4], file IRS211.FISPOU.IRSPBLI) 
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ELEMENT Al COMPOSITION OF MANET IN FW 
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Figure 10. Eiemental composition of MANET in the first wall. Bars give the eiemental 
composition by weight of MANET after 20,000 hours of operation. Bars 
marked as BASE are the basic alloying elements. IMP.S are assumed impuri­
ties. PRODUCTS are generated during irradiation. UNW ANTED are activity 
and y-dose rate dominating elements, see text in 2.3.2.2 on page 9. 
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Figure 11. Adiabatic temperature rise of blanket materials due to decay heat. Curves relate 
to isolated materials in the first wall (MANET), breeding region (MANET or 
Pb-17Li), and shield region (MANET), and to a mixture of all materials in the 
entire outboard blanket, see text in 3.3 on page 13. 
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Figure 12. Depressurization of an outboard cooling subsystems. Curves refer to a double­
ended helium pipe break in either the hot leg (760 mm), ring collector (600 
mm), or in the feeder (150 mm), see text in 3.4 on page 15. 
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Figure 13. Distribution of von-Mises stresses with fixed back plate during a disruption. 
(One quarter model, assuming symmetry in the y= 0 plane and in the z= 0 
plane), see text in 4.1 on page 19. 
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Figure 14. Maximum von-Mises stress with fixed back plate during a disruption. 
( 1 = without, 2 = with current damping, see text in 4.1 on page 19). 
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Figure 15. Temperature history during a LOCA at selected points of the first wall. Curves 
A, B, and C refer to points at the first wall plasma facing surface with A = at 
the failed channel, B = at the rib, and C = at the intact channel (see text in 4.2.1 
on page 20). 
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Figure 16. Radial temperature profiles in the structure of the outboard blanket segment dur­
ing handling. Curves refer to the radial-poloidal midplane of the segment at 
steady state conditions for cases I to IV (see text in 4.3.1 on page 21). 
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Figure 17. Radial temperature profiles in the structure of the outboard blanket segment dur­
ing handling. Curves refer to the radial-poloidal midplane of the segment at 
steady state conditions for cases V to VIII (see text in 4.3.1 an page 21). 
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Figure 18. Toroidal temperature profiles in the structure of the outboard blanket segment 
during handling. Curves refer to the poloidal-toroidal sectional view through 
the center of the first (n = 2) and second (n = 4) channel row. Segment is filled 
with air (case I) or helium (case V), see text in 4.3.1 on page 21. 
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Figure 19. Temperature distrihution in the outboard blanket segment during handling. The 
profile refers to the outboard segment midplane and represents a radial-poloidal 
slice comprising the central rib and half of the Pb-17Li channels ( or helium 
channels and back plate) to both sides. The peak temperature is 293 oc and the 
minimum temperature at the back plate is 185 oc. The side walls ofthe slice are 
assumed tobe adiabatic (see text in 4.3.2 on page 23). 
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Appendix A. V olumes and V olume Fractions 

The total volume in different parts of the dual coolant blanket (outboard central 
and top part, and inboard central, top, and bottom part) and the volume fractions 
of steel, Pb-17Li, helium, and void have been calculated with specifically developed 
routines (LMBIN and LMBOUT) by use of the numerically problern solving tool 
SPEAKEASY [31]. The basis for the assessment is the vertical cross section for 
the DEMO reactor as shown in Figure 1 on page 54 and the midplane cross sec­
tions of outboard and inboard blanket segments taken from [6] (Figure 2 on 
page 55 and Figure 3 on page 56). 

The main dimensions used are tabulated in Tablc 19. 

Table 19. Main dimensions of the DEMO blanket 

Item 

Outboard ßlanket 
Major radius to Hrst wall at midplane of central part 
Radius of curvature (poloidally) of Hrst wall of central part 
Poloidal angle of flrst wallmeridianrelative to midplane (deg.) 
Radius of curvature (toroidally) of fust wall of top part 
Length of top part 
Depth coordinates of materiallayers from fust wall (see A.2 on page 80) 
Radial thickness of materiallayers (see A.2 on page 80) 
Inboard Blanket 
Radius of fust wall of central part at rnidplane 
Length of central part 
Length of top part ( 45 degrees inclined, behind divertor) 
Length of bottom part ( -45 degrees inclined, behind divertor) 
Depth coordinates of materiallayers from fust wall (see A.2 on page 80) . . . 

A.l Results 

Length (cm) 

827.4 
475 

-52to +48 
650 
240 

variable D 
variable DXI2S 

430 
800 
250 
250 

variable D 

The computed volumes for the blanket sections (outboard central part with upper 
extension, and inboard central part with top and bottom extensions behind the di­
vertors) are listed in Table 20 on page 74. The total blanket volume results to 
1020 m3 with volume fractions of 40/41/16/3 percent for steel/Pb-17Li/He/void, re­
spectively. 

Figure 20 on page 76 and Figure 21 on page 77 show the radial volume distrib­
ution of steel and Pb-17Li, respectively, for the outboard blanket (more precisely, 
for the central part of the outboard between the poloidal angles 4J = -52° to 
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<P = +48°) 1
• One can see that most of the steel is located in the back of the blanket 

with only 3 % of the total steel volume being in the first wall region (i.e., the first 3 
radial layers). From Figure 21 on page 77 it follows that the Pb-17Li volume con­
tained in the first channel row (next to the first wall with upward flow) amounts to 
16 % of the total Pb-17Li volume in that same blanket part. 

Similarly, Figure 22 on page 78 and Figure 23 on page 79 represent the radial vol­
ume distribution of steel and Pb-17Li for the inboard blanket (more precisely, for 
the cylindrical part of the inboard blanket with a total length of 800 cm). Again, 
the fraction of steel in the first wall (first three radial layers) is 3 % of the total steel 
volume in that part, but the fraction of Pb-17Li in the first channel row is now 34 
o/o. 

A more detailed list of the steel volume in the first wall and of the Pb-17Li volume 
in the first channel row for the different blanket parts is given in Table 22 on 
page 75. 

Table 20. Volume of the dual coolant blanket. (in m3) 

Blanket Part Stee! Pb-l7Li Helium Void 

Outboard central part 199 269 112 13 
Outboard too nart 44 59 24 4 
Outboard total 243 328 136 17 

Irrboard central part 90 52 16 8 
inboard top part 36 20 6 3 
inboard bottom nart 36 20 6 3 
Irrboard total 162 92 28 14 

Outboard + Irrboard total 405 420 164 31 

Total blanket volume 1020 

1 Note that this is not identical to the assumption ljJ = ± 45• made in the neutronics analyses which Ieads to 
lower volumes, in total for the outboard central part of 8. 7 %. 
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Table 21. Volume fractions of sleel and Pb-17Li in different blanket parts. Volumes are given in (m3) and 
in percent of lhe total material volume in the respective blanket part. 

Steel volume in first wall 
Pb-17Li volume in first 

Blanket Part channel row 

(m3) (%) (m3) (%) 

Outboard central part 5.98 3.0 41.7 15.5 
Outboard too oart 1.50R 3.4 9.6 16.2 

Outboard total 7.4 3.04 51.3 15.6 

Jnboard central part 2.88 3.18 17.6 33.8 
inboard top part 1.09 3.0 6.7 33.4 
inhoard t. oart 1.09 :to 6.7 33.4 

Irrboard total 5.05 3.1 31.0 33.6 

Outboard + lnboard total 12.452 3.06 82.3 19.6 

Table 22. Steel volumes in the different blanket parL~. Values are in m3• Multiply by the density for 
MANET of 7700 kgfm3 to obtain masses. 

First 
Total 

Wall Breeding Shield 
Blanket Part FW+BZ 

(first 3 Zone Region 
+SH 

layers) 

Outboard central part 5.98 82.7 109.8 198.5 
Outboard ton oart 1 508 20.3 22.5 44.3 
Outboard total 7.488 103 132.3 242.8 

lnboard central part 2.88 33.1 54.3 90.3 
in board top part 1.09 13.0 22.1 36.1 
inboard bottom nart 1.09 13.0 22.1 36.1 
inboard total 5.05 59.0 98.5 162.6 

IB + OB total 12.5 162.0 230.8 405.4 
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Volume Distribution of Steel in Outboard Blanket 
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Figure 20. Voiume histogram of steei for radial iayers in the outboard bianket. Bar heights 
give the steel volume in the respective layers. The diagram refers to the out­
board center part between poloidal angles of -52 to + 48 degree and to the top 
part. The total steel volume is 243m3 (1.87 x 106 kg), i.e., 39000 kg per out­
board segment. 
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Volume Distribution of Pb-17Li in Outboard Blanket 
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Figure 21. Volume histogram of Pb-17Li for radial layers in the outboard blanket. Bar 
heights give the Pb-17Li volume in the respective layers. The diagram refers to 
the outboard center part between poloidal angles of -52 to + 48 degree and to 
the top part. The total Pb-17Li volume is 328m3 (3.05 x 106 kg), i.e., 63000 kg 
per outboard segment. 
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Volume Distribution of Steel in lnboard Blanket 
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Figure 22. Volume histogram of steel for radial layers in the inboard blanket. Bar heights 
give the steel volume in the respective layers. The diagram refers to the in­
board center part with a height of 800 cm and to the top and bottarn part with 
a length of 250 cm. The total steel volume is 162m3 (1.25 x 106 kg), i.e., 39000 
kg per inboard segment. 
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Volume Distribution of Pb-1 7li in lnboard Blanket 
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Figure 23. Volume histogram of Pb-17Li for radial layers in the inboard blanket. Bar 
heights give the Pb-17Li volume in the respective laycrs. The diagram refers to 
the inboard ccntcr part with a height of 800 cm and to the top and bottom part 
with a length of 250 cm. The total Pb-17Li volume is 92m3 (0.856 x 106 kg), 
i.e., 26700 kg pcr inboard scgment. 
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A.2 Detailed Results 

The following tables give the computer output for individual radial material layers 
assuming a 100 % toroidal coverage. The volumes for each radial layer in the re­
spective blanket part pertaining to steel/Pb-17Li/heliumjvoid are listed in the four 
colums of the array VIJ. Corresponding volume fractions are represented by the ar­
ray MATVEC. The variables are defined as follows: 

Table 23. Definition of variables used in Appendix A 

Variable Unit Definition 

AI cm 2 Mean surface of radial layer 
AL degrees Angle of first wall meridian relative to torus axis 
D cm Radial depth from first wall of radial layer surface 
DXI2S cm Thickness of radial layer 
E cm Eccentricity (radius of first wall at midplane minus 

RFW) 
HEA cm Toroielai width of helium in radial layer per segment 
L cm Length of blanket part 
MATVEC 1 Volume fractions of steel/Pb-17Li/heliumjvoid (col-

umns) in radiallayers (rows) 
PBLIA cm Toroidal width of Pb-17Li in radiallayer per seg-

ment 
RFW cm Radius of curvature of first wall (poloidally) 
STEELA cm Toroidal width of steel in radiallayer per segment 
SUM- cm 3 Sum over all layers of volumes of 
COLS steel/Pb-17Lijheliumjvoid 
(VIJ) 
V cm 3 Total volume of blanket part 
VI cm 3 Total volume of radiallayer 
VIJ cm 3 Volumes of steel/Pb-17Li/heliumjvoid (columns) in 

radial layers (rows) 
VOIDA cm Toroidal width of void in radiallayer per segment 
WIDTH cm Mean toroidal width of radial layer per segment at 

midplane 
xo cm Radius of first wall relative to torus axis 

2S c d 
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A.2.1 Outboard Blanket (central 
part) 

RFW D XI2S DXI2S 
*** ***** ****** ******* ***** 
475 352.4 0 .25 

1. 75 
3.4 
5. 7 
9.5 

.5 
2. 5 

XI2S 

******* 
• 25 

1. 75 
3.4 
5.7 
9.5 

13.55 
16.3 
19.2 
23.8 
28.4 
33.05 
36 
38.95 
43.65 
48.35 
53.05 
56 
59.025 
63.875 
68.725 
73.575 
76.9 
77.9 
78.9 
84.3 
89.65 
95 

100.75 
105.3 
111.95 
118.65 

.5 
3 
3.8 
7.6 

11.4 
15.7 
16.9 
21.5 
26.1 
30.7 
35.4 
36.6 
H.3 
46 
50.7 
55.4 
56.6 
61.45 
66.3 
71.15 
76 
77.8 
78 
79.8 
88.8 
90.5 
99.5 

102 
108.6 
115.3 
122 

13.55 
16.3 
19.2 
23.8 
28.4 
33.05 
36 
38.95 
43.65 
48.35 
53.05 
56 
59.025 
63.875 
68.725 
73.575 
76.9 
77.9 
78.9 
84.3 
89.65 
95 

100.75 
105.3 
111.95 
118.65 

.8 
3.8 
3.8 
4.3 
1.2 
4.6 
4.6 
4.6 
4. 7 
1.2 
4.7 
4.7 
4.7 
4.7 
1.2 
4.85 
4.85 
4.85 
4.85 
1.8 

• 2 
1.8 
9 
1.7 
9 
2.5 
6.6 
6. 7 
6. 7 

W I DTH STEELA PBLIA 

****** ****** 
108.34 91.039 
108.54 16.7 
108.75 92.251 
109.05 10.7 
109.55 9.4 
110.08 9.4 
110.44 104. 24 
110.82 9.4 
111.42 9.4 
112.02 9.4 
112.63 9.4 
113.02 106.82 
113.4 9.4 
114.02 9.4 
114.64 9.4 
115.25 9.4 
115.64 109.44 
116.03 9.4 
116.67 9.4 
117.3 9.4 
117.94 9.4 
118.37 112.17 
118.5 9.4 
118.63 112.43 
119.34 9. 8 
120.04 46.2 
120.74 8.8 
121.49 119.49 
122.09 119.89 
122.96 120.96 
123.84 121.84 

******* 
0 
0 
0 

90.152 
93.95 
94.48 

0 
95.22 
95.822 
96.424 
97.033 

0 
97.805 
98.42 
99.035 
99.651 

0 
100.43 
101.07 
101.7 
102.34 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Al 

******* 
4009295 
4028842 
4050366 
4080507 
4130475 
4184045 
4220552 
4259298 
4321015 
4383139 
4446354 
4486623 
4527159 
4592007 
4657281 
4722980 
4764384 
4807119 
4875917 
4945169 
5014872 
5062872 
5077356 
5091875 
5170756 
5249087 
5328344 
5413759 
5482032 
5582402 
5684385 

HEA 
******* 

0 
81.835 

9.5 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 

107. 54 
71.841 

109.94 
0 
0 
0 
0 

VI 

******** 
2004647 

10072106 
3240293 

15505928 
15695803 
17991392 
5064662 

19592772 
19876670 
20162440 
20897865 
5383948 

21277645 
21582435 
21889222 
22198007 
5717261 

23314525 
23648199 
23984067 
24322131 
9113169 
1015471 
9165375 

46536806 
8923448 

47955097 
13534398 
36181408 
37402097 
38085382 

VOIDA 

****** 
17.3 
10 
7 
4 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

104.9 
2 
2 
2 
2 
2 
2 

0 Xl2S OXI2S HATVEC 
****** ******* ***** ******************************** 

a 
.5 

3 
3.8 
7.6 

11.4 
15.7 
16.9 
21.5 
26.1 
30.7 
35.4 
36.6 
41.3 
46 
50.7 
55.4 
56.6 
61.45 
66.3 
71.15 
76 
77.8 
78 
79.8 
88.8 
90.5 
99.5 

102 
108.6 
115.3 
122 

• 25 
1. 75 
3.4 
5.7 
9.5 

13.55 
16.3 
19.2 
23.8 
28.4 
33.05 
36 
38.95 
~3.65 

48.35 
53.85 
56 
59.025 
63.875 
68.725 
73.575 
76.9 
77.9 
78.9 
84.3 
89.65 
95 

100.75 
105.3 
111.95 
118.65 

XI2S OXI2S 
******* 

.25 
1. 75 
3.4 
5. 7 
9. 5 

13.55 
16.3 
19.2 
23.8 
28.4 
33.05 
36 
38.95 
43.65 
48.35 
53.05 
56 
59.025 
63.875 
68.725 
73.575 
76.9 
77.9 
78.9 
84.3 
89.65 
95 

100.75 
105.3 
111.95 
118.65 

***** 
.5 

2.5 
.8 

3.8 
3.8 
4.3 
1.2 
4.6 
4.6 
4.6 
4.7 
1.2 
4.7 
4.7 
4.7 
4.7 
1.2 
4.85 
4.85 
4.85 
4.85 
1.8 

.2 
1.8 
9 
1.7 
9 
2.5 
6.6 
6.7 
6.7 

.5 
2.5 

.8 
3.8 
3.8 
4.3 
1.2 
4.6 
4.6 
~.6 

4.7 
1.2 
4.7 
4.7 
4.7 
4.7 
1.2 
4.85 
4.85 
4.85 
4.85 
1.8 

.2 
1.8 
9 
1.7 
9 
2.5 
6.6 
6.7 
6.7 

.84032 0 

.15387 0 

.84828 0 

.098il8 .82669 

. 085806 • 8576 

.085392 .85828 
• 94386 0 
. 084823 • 85923 
• 08436~ • 85999 
• 083911 • 86074 
.083457 .8615 
. 94514 0 
. 082889 . 86244 
• 08244 2 • 86318 
.081999 .86392 
.081561 .86464 
. 94638 0 
• 081012 • 86556 
. 080571 • 86629 
.080135 .86701 
.079703 .86773 
. 94762 0 
. 079323 0 
.94774 0 
.082118 0 
.38487 0 
.072883 0 
. 98354 0 
.98198 0 
. 98373 0 
.98385 0 

VIJ 

0 .15968 
• 754 • 092136 
.087355 .064367 
.838514 .03668 
.038339 .018257 
. 038154 • 018169 
.03803 .018109 
.037899 .018047 
. 037695 • 01795 
• 037492 • 017853 
.037289 .017757 
.037162 .017696 
.037035 .017636 
.036836 .017541 
.036638 .017447 
. 036442 . 017353 
.036321 .017296 
. 036197 . 017237 
• 036 • 017143 
• 035805 . 01705 
.035612 .016958 
• 035481 . 016896 
. 035442 . 88524 
.035463 .016859 
• 90112 . 016759 
.59847 .016661 
• 91055 . 016564 

0 . 016462 
0 . 018019 
0 • 016265 
0 • 01615 

********************** *********** 
1684537 0 0 320110 
1549763 0 7594341 928002 
2748668 0 283056 208568 
1521410 12818578 597189 568751 
1346789 13460707 601757 286551 
1536329 15441740 686445 326878 
4780337 0 192608 91718 
1661909 16834711 742555 353598 
1676878 17093765 749244 356783 
1691844 17354698 755930 359967 
1744078 18003438 779269 371080 
5088594 0 200078 95275 
1763680 18350687 788027 375251 
1779291 18629569 795002 378573 
1794898 18910455 801976 381893 
1810501 19193345 808947 385213 
5410723 0 207655 98883 
1888749 20180006 843909 401861 
1905355 20486120 851329 405395 
1921958 20794435 858747 408927 
1938557 21104952 866164 412459 
8635848 0 323346 153974 

80550 0 35990 898931 
8686380 0 324481 154515 
3821487 0 41935423 779895 
3434341 0 5340434 148673 
3495102 0 43665653 794341 

13311600 0 0 222799 
35529437 o o 651970 
36793737 o o 608359 
37470296 0 o 615086 

V SUI1(VIJ) SUI·ICOLS(VIJ) PERCENT 

******** ******** *************** ******* 
5.9133E8 5.9133E8 1.985E8 .33569 

.45432 

.18878 
2. 6866E8 
1.1163E8 

12544281 • 021214 
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A.2.2 Outboard Blanket (top part) 
D XI2S DXI2S t~ATVEC 

xa L D AL XI2S DXI2S AI VI ****** ******* ***** ******************************** 
**" "*" ****** ** ******* ***** ******* ******** 0 .25 .5 .79675 8 0 .28325 
658 240 0 0 .25 .5 980553 490277 . 5 1. 75 2.5 .19575 0 .68704 .11721 

.5 1. 75 2.5 982815 2457038 3 3.4 .8 .80708 8 .11187 • 081843 
3 3.4 .8 985303 788243 3.8 5. 7 3.8 .12466 • 7798 .048933 .046603 
3.8 5. 7 3.8 988771 3757332 7.6 9.5 3.8 .10889 .81929 • 048651 • 023167 
7. 6 9.5 3.8 994502 3779107 11.4 13.55 4.3 .10822 .8264 .048355 .023026 

11.4 13.55 4.3 1080609 4302619 15.7 16.3 1.2 .92891 8 • 048155 • 022931 
15.7 16.3 1.2 1004756 1205707 16.9 19.2 4.6 .10731 .82191 • 04 7946 • 022832 
16.9 19.2 4.6 1009129 46U993 21.5 23.8 4.6 .10658 .82313 .047619 .022676 
21.5 23.8 4.6 1016066 4673902 26.1 28.4 4.6 .10585 • 82433 • 047296 • 022522 
26.1 28.4 4.6 1023002 4705810 30.7 33.05 4.7 .10513 .82552 • 046974 • 022369 
30.7 33.85 4.7 1830014 4841067 35.4 36 1.2 .93096 0 • 046772 . 022272 
35.4 36 1.2 1034463 1241355 36.6 38.95 4.7 .10423 .82702 • 046572 . 022177 
36.6 38.95 4.7 1038911 4882883 41.3 43.65 4.7 .10353 .82819 . 046256 • 022027 
41.3 43.65 4.7 1045999 4916194 46 48.35 4.7 .10283 . 82935 . 845945 . 021879 
46 48.35 4.7 1053086 4949505 50.7 53.05 4.7 .10214 .83049 • 045638 . 021732 
50.7 53.05 4.7 1060174 4982816 55.4 56 1.2 .93291 0 .045447 .021641 
55.4 56 1.2 1064622 1277546 56.6 59.025 4.85 • 10128 .83192 • 045253 • 021549 
56.6 59.025 4.85 10691M 5185540 61.45 63.875 4.85 .10059 .83306 • 044946 . 021403 
61.45 63.875 4.85 1076497 5221012 66.3 68.725 4.85 . 099914 .83419 • 044642 • 021258 
66.3 68.725 4.85 1083811 5256483 71.15 73.575 4.85 .099244 .8353 • 044343 • 021116 
71. 15 73.575 4.85 1091124 5291954 76 76.9 1.8 . 93484 0 . 04414 .021019 
76 76.9 1.8 1096138 1973049 77.8 77.9 .2 .898655 0 • 04408 . 85727 
77.8 77.9 .2 1097646 219529 78 78.9 1.8 .93502 0 .044019 .620962 
78 78.9 1.8 1099154 1978478 79.8 84.3 9 .10196 0 .87724 • 020807 
79.8 M.3 9 1107297 9965676 88.8 89.65 1.7 .47717 0 . 50217 .020657 
88.8 89.65 1.7 1115365 1896120 90.5 95 9 .090238 0 .88925 .020509 
90.5 95 9 1123433 10110893 99.5 100.75 2. 5 • 97965 6 0 .020351 
99.5 100.75 2.5 1132103 2830258 102 105.3 6.6 . 97775 0 6 .622252 

102 105.3 6.6 1138965 7517166 108.6 111.95 6.7 .97995 0 0 .020052 
108.6 111.95 6. 7 1148993 7698250 115.3 118.65 6.7 .98012 0 0 . 619878 
115.3 118.65 6. 7 1159096 7765943 122 
122 

XI2S DXI2S VIJ 
XI2S WIDTII STEELA PßLIA HEA VOIDA ******* ***** ******************************** 

******* ******* ****** ****** ****** **** .25 • 5 390629 0 0 99648 
.25 85.117 67.817 0 0 17.3 1. 75 2.5 480960 0 1688078 288000 

1. 75 85.314 16.7 0 58.614 10 3.4 .8 636179 0 87552 64512 
3.4 85.53 69.03 0 9.5 7 5.7 3.8 468403 2929965 183859 175104 
5.7 85.831 10.7 66.931 4.2 4 9.5 3.8 411494 3096201 183859 87552 
9.5 86.328 9.4 70.728 4.2 2 13.55 4.3 465638 3529857 208051 99072 

13.55 86.858 9.4 71.258 4.2 2 16.3 1.2 1119998 0 58061 27648 
16.3 87.218 81.018 0 4.2 2 19.2 4.6 498125 3815318 222566 105984 
19.2 87.598 9.4 71.998 4.2 2 23.8 4.6 498125 3847227 222566 105984 
23.8 88.2 9.4 72.6 4.2 2 28.4 4.6 498125 3879135 222566 105984 
28.4 88.802 9.4 73.202 4.2 2 33.05 4.7 508954 3996421 227405 108288 
33.05 89.411 9.4 73.811 4.2 2 36 1.2 1155647 0 58061 27648 
36 89.797 83.597 0 4.2 2 38.95 4.7 508954 4038236 227405 108288 
38.95 90.183 9.4 74.583 4.2 2 43.65 4.7 508954 4071547 227405 108288 
43.65 90.798 9.4 75.198 4.2 2 48.35 4.7 508954 4104858 227405 108288 
48.35 91.414 9.4 75.814 4.2 2 53.05 4.7 508954 4138169 227405 108288 
53.05 92.029 9.4 76.429 4.2 2 56 1.2 1191838 0 58061 27648 
56 92.415 86.215 0 4.2 2 59.025 4.85 525197 4313937 234662 111744 
59.025 92.811 9.4 77.211 4.2 2 63.875 4.85 525197 4349408 234662 111744 
63.875 93.446 9.4 77.846 4.2 2 68.725 4.85 525197 4384879 234662 111744 
68.725 94.081 9.4 78.481 4.2 2 73.575 4.85 525197 4420350 234662 111744 
73.575 94.716 9.4 79.116 4.2 2 76.9 1.8 1844486 0 87091 41472 
76.9 95.151 88.951 0 4.2 2 77.9 .2 21658 0 9676.8 188195 
77.9 95.282 9.4 0 4.2 81.682 78.9 1.8 1849915 0 87091 41472 
78.9 95.413 89.213 0 4.2 2 84.3 9 1016064 0 8742252 207360 
84.3 96.12 9.8 0 84.32 2 89.65 1.7 904781 0 952172 39168 
89.65 96.82 46.2 0 48.62 2 95 9 912384 0 8991149 207360 
95 97.52 8.8 0 86.72 2 100.75 2.5 2772658 0 0 57600 

100.75 98.273 96.273 0 0 2 105.3 6.6 7349896 0 0 167270 
105.3 98.868 96.668 0 0 2. 2 111.95 6.7 7543882 0 0 154368 
111.95 99.739 97.739 0 0 2 118.65 6.7 7611575 0 0 154368 
118.65 100.62 98.616 0 0 2 

V SUH(VIJ) SUHCOLS(VIJ) PERCENT 

******* ******** ************ ******* 
1. 308E8 1. 308E8 44288013 .33858 

58915510 .45041 
24138387 .18454 
3461833 .026466 
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A.2.3 Inboard Blanket (central part) 
0 XI2S OXI2S MATVEC 

xe L 0 AL XI2S OXI2S Al VI ***** ****** ***** ******************************** 
*** *** ***** ** ****** ***** ******* ******** 0 -.25 .5 .76891 0 0 • 23109 
430 800 0 0 -. 25 .5 2160157 1080079 -.5 -1.5 2 .16996 0 .67552 .15451 

-.5 -1.5 2 2153874 4307748 -2.5 -2.9 .8 .76747 0 .11328 .11925 
-2.5 -2.9 .8 2146837 '1717470 -3.3 -5 3.4 .089876 • 77711 .053925 .079091 
-3.3 -5 3.4 2136281 7263356 -6.7 -8.4 3.4 . 082145 .83933 .039864 .038656 
-6.7 -8.4 3.4 2119191 7205249 -10.1 -11.75 3.3 . 082802 .85266 • 040184 • 024354 

-10.1 -11. 75 3.3 2102352 6937762 -13.4 -14.2 1.6 .93508 0 • 04042 • 024497 
-13.4 -14.2 1.6 2090037 3344059 -15 -16.7 3.4 .083794 .8509 . 040665 . 024645 
-15 -16.7 3.4 2077471 7063400 -18.4 -20.05 3.3 • 084479 .84968 . 040997 . 02484 7 
-18.4 -20.05 3.3 2060632 6800085 -21.7 -23.35 3.3 .085165 .84846 .04133 . 025048 
-21.7 -23.35 3.3 2044044 6745346 -25 -25.5 1 .93327 0 • 04155 . 025182 
-25 -25.5 1 2033237 2033237 -26 -27.7 3.4 .086085 .84682 .041777 .025319 
-26 -27.7 3.4 2022179 6875407 -29.4 -31.05 3.3 .086808 • 84553 .042128 .025532 
-29.4 -31.05 3.3 2005340 6617621 -32.7 -34.35 3.3 .087532 .84424 .042479 .025745 
-32.7 -34.35 3.3 1988752 6562882 -36 -37 2 .93132 0 . 642765 • 625918 
-36 -37 2 1975432 3950864 -38 -38.1 • 2 . 041586 0 • 042885 • 91553 
-38 -38.1 . 2 1969903 393981 -38.2 -39.2 2 . 93093 0 . 043606 . 626064 
-38.2 -39.2 ~ 1964373 3928747 -40.2 -41.45 2.5 .12059 0 .85319 .026215 
-40.2 -41.45 2.5 1953064 4882659 -42.7 -43.7 2 • 56823 0 .4054 .026368 
-42.7 -43.7 2 1941754 3883508 -44.7 -45.95 2.5 .122 0 .85147 . 026522 
-44.7 -45.95 2.5 1930444 4826111 -47.2 -48.2 2 .97332 0 0 .026679 
-47.2 -48.2 2 1919134 3838269 -49.2 -49.95 1.5 . 55777 0 0 . 44223 
-49.2 -49.95 1.5 1910338 2865507 -50.7 -51.7 2 • 97307 0 0 .026926 
-50.7 -51.7 2 1901542 3803083 -52.7 -52.9 .4 • 044568 0 0 . 95543 
-52.7 -52.9 .4 1895510 758204 -53.1 -53.9 1.6 .97292 0 0 • 027083 
-53.1 -53.9 1.6 1890483 3024773 -54.7 -59.85 10.3 • 97248 0 0 . 027518 
-54.7 -59.85 10.3 1860575 19163925 -65 -70.15 10.3 . 97169 0 0 .028306 
-65 -70.15 10.3 1808802 18630659 -75.3 -80.45 10.3 .97086 0 0 . 02914 
-75.3 -80.45 10.3 1757028 18097393 -85.6 
-85.6 

Xl2S OXI2S VIJ 
X!2S WIDTH STEELA PBLIA HEA VOIDA ****** ***** ******************************** ***"/(** 1(1r."J(1f'k1( *.,.**** ****** i<.i,;"-;...;,;.. 

-.25 .5 830479 0 e 249600 
-.25 84.381 M.881 0 0 19.5 -1.5 2 732160 0 2909988 665600 

-1.5 84 .136 14.3 0 56.836 13 -2.9 .8 1318110 0 194560 204800 
-2.9 83.861 64.361 0 9.5 10 -5 3.4 652800 5644412 391680 574464 
-5 83.448 7. 5 64.848 4.5 6.6 -8.4 3.4 591872 6047617 287232 278528 
-8.4 82.781 6.8 69.481 3.3 3.2 -11.75 3.3 574464 5915554 278784 168960 

-11. 75 82.123 6.8 70.023 3.3 2 -14.2 1.6 3126971 0 135168 81920 
-14.2 81.642 76.342 0 3.3 2 -16.7 3.4 591872 6010216 287232 174080 
-16.7 81.151 6.8 69.051 3.3 2 -20.05 3.3 574464 5777877 278784 168960 
-20.05 80.493 6.8 68.393 3.3 2 -23.35 3.3 574464 5723138 278784 168960 
-23.35 79.845 6.8 67.745 3.3 2 -25.5 1 1897557 0 84480 51200 
-25.5 79.423 74.123 0 3.3 2 -27.7 3.4 591872 5822223 287232 174080 
-27.7 78.991 6.8 66.891 3.3 2 -31.05 3.3 574464 5595413 278784 168960 
-31.05 78.334 6.8 66.234 3.3 2 -34.35 3.3 574464 5540674 278784 168960 
-34.35 77.686 6.8 65.586 3.3 2 -37 2 3679504 o 168960 102400 
-37 77.165 71.865 0 3.3 2 -38.1 .2 16384 0 16896 360701 
-38.1 76.949 3.2 0 3.3 70.449 -39.2 2 3657387 0 168960 102400 
-39.2 76.733 71.433 0 3.3 2 -41.45 2.5 588800 0 4165859 128000 
-41.45 76.292 9.2 0 65.092 2 -43.7 2 2206720 0 1574388 102400 
-43.7 75.85 43.1 0 30.75 2 -45.95 2. 5 588800 0 4109311 128000 
-45.95 75.408 9.2 0 64.208 2 -48.2 2 3735869 0 o 102400 
-48.2 74.966 72.966 0 0 2 -49.95 1.5 1598307 0 0 1267200 
-49.95 74.623 41.623 0 0 33 -51.7 2 3700683 0 0 102400 
-51.7 74.279 72.279 0 0 2 -52.9 .4 33792 0 0 724412 
-52.9 74.043 3.3 0 o 70.743 -53.9 1.6 2942853 0 0 81920 
-53.9 73.847 71.847 0 0 2 -59.85 10.3 18636565 0 e 527360 
-59.85 72.679 70.679 0 0 2 -70.15 10.3 18103299 0 0 527360 
-70.15 70.656 68.656 0 0 2 -80.45 10.3 17570033 0 0 527360 
-80.45 68.634 66.634 0 0 2 

V SUM{VIJ) SUMCOLS (V IJ) PERCENT 

******* ******** ************ ******* 
1. 666E8 1. 666E8 90265009 .5418 

52077124 .31259 
16175866 .097893 
8083384 . 048519 
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A.2.4 Inboard Blanket (top part) 
0 XI2S OXI2S t1ATVEC 

xo L 0 AL XI2S OXI2S AI VI ***** ****** ***** ******************************** 
*** *** ***** *** ****** ***** ****** ******* 0 -.25 .5 • 76891 0 0 .23109 
430 250 0 -15 -.25 • 5 814004 407002 -.5 -1.5 2 .16996 0 .67552 .15451 

-.5 -1.5 2 812616 1625231 -2.5 -2.9 .8 .76747 0 .11328 .11925 
-2.5 -2.9 .8 811061 648849 -3.3 -5 3.4 .089876 .77711 .053925 .079091 
-3.3 -5 3.4 808728 2749676 -6.7 -8.4 3.4 .082145 .83933 .039864 .038656 
-6.7 -8.4 3.4 804952 2736836 -10.1 -11.75 3.3 .082802 • 85266 • 040184 . 024354 

-10.1 -11.75 3.3 801231 2644062 -13.4 -14.2 1.6 .93508 0 . 04042 .024497 
-13.4 -14.2 1.6 798518 1277615 -15 -16.7 3.4 . 083794 .8509 . 040665 . 024645 
-15 -16.7 3.4 795733 2705492 -18.4 -20.05 3.3 .084479 .84968 . 040997 • 024847 
-18.4 -20.05 3.3 792012 2613639 -21.7 -23.35 3.3 • 085165 .84846 .04133 .025048 
-21.7 -23.35 3.3 788347 2601514 -25 -25.5 1 .93327 0 • 04155 .025182 
-25 -25.5 1 785958 785958 -26 -27.7 3.4 .086085 .84682 .041777 .025319 
-26 -27.7 3.4 783515 2663951 -29.4 -31.05 3.3 .086808 • 84553 • 042128 • 025532 
-29.4 -31.05 3.3 779794 2573320 -32.7 -34.35 3.3 .087532 • 84424 • 042479 • 025745 
-32.7 -34.35 3.3 776129 2561224 -36 -37 2 .93132 0 . 04 2765 • 025918 
-36 -37 2 773185 1546370 -38 -38.1 • 2 .041586 0 . 042885 • 91553 
-38 -38.1 .2 771963 154393 -38.2 -39.2 2 .93093 0 . 043006 • 026064 
-38.2 -39.2 2 770742 1541483 -40.2 -41.45 2.5 .12059 0 . 85319 • 026215 
-40.2 -41.4 5 2.5 768242 1920606 -42.7 -43.7 2 .56823 e .4054 .026368 
-42.7 -43.7 2 765743 1531487 -44.7 -45.95 2. 5 .122 0 .85147 • 026522 
44.7 -45.95 2.5 763244 1908111 -47.2 -48.2 2 • 97332 0 0 .026679 

-47.2 -48.2 2 760745 1521490 -49.2 -49.95 1.5 . 55777 0 0 . 44223 
-49.2 -49.95 1.5 758801 1138202 -50.7 -51.7 2 .97307 0 0 .026926 
-50.7 -51.7 2 756858 1513715 -52.7 -52.9 .4 . 044568 0 0 • 95543 
-52.7 -52.9 .4 755525 302210 -53.1 -53.9 1.6 . 97292 0 0 .027083 
-53.1 -53.9 1.6 754414 1207062 -54.7 -59.85 10.3 • 97248 0 0 • 027518 
-54.7 -59.85 10.3 747805 7702394 -65 -70.15 10.3 . 97169 0 0 .028306 
-65 -70.15 10.3 736365 758~558 -75.3 -80.45 10.3 .97086 0 0 .02914 
-75.3 -80.45 10.3 724924 7466721 -85.6 
-85.6 

XI2S 0Xl2S VIJ 
Xl2S WlDTH STEELA PßLIA tiEA VOIDA ****** ***** ********************************** 

****** ****** ****** ****** ****** **:kkkk -.25 .5 312946 0 e 94056 
-. 25 84.381 M.881 0 0 19.5 -1.5 2 276230 0 1097883 251118 

-1.5 84.136 14.3 0 56.836 13 -2.9 .8 497973 0 73503 77372 
-2.9 83.861 M.361 0 9.5 10 -5 3.4 247129 2136795 148278 217474 
-5 83.448 7. 5 6~ .848 4.5 6.6 -8.4 3.4 224816 2297122 109192 105796 
-8.4 82.781 6.8 69.481 3.3 3.2 -11.75 3.3 218935 2254486 106248 64393 

-11.75 82.123 6.8 70.023 3.3 2 -14.2 1.6 1194676 0 51642 31298 
-14.2 81.642 76.342 0 3.3 2 -16.7 3.4 226705 2302091 110018 66678 
-16.7 81.151 6.8 69.051 3.3 2 -20.05 3.3 220797 2220750 107152 64940 
-20.05 80.493 6.8 68.393 3.3 2 -23.35 3.3 221559 2207299 107521 65164 
-23.35 79.845 6.8 67.745 3.3 2 -25.5 1 733511 0 32656 19792 
-25.5 79.423 7~. 123 0 3.3 2 -27.7 3.4 229327 2255883 111291 67449 
-27.7 78.991 6.8 66.891 3.3 2 -31.05 3.3 223385 2175826 108498 65702 
-31.05 78.334 6.8 66.234 3.3 2 -34.35 3.3 22U90 2162298 108798 65938 
-34.35 77.686 6.8 65.586 3.3 2 -37 2 1440160 0 66131 40079 
-37 77.165 71.865 0 3.3 2 -38.1 .2 6426.5 0 6621.2 141351 
-38.1 76.949 3.2 0 3.3 70.449 -39.2 2 1435012 0 66293 40178 
-39.2 76.733 71.433 0 3.3 2 -41.45 2.5 231606 0 1638651 50349 
-41.45 76.292 9.2 0 65.092 2 -43.7 2 870234 0 620870 40382 
-43.7 75.85 43.1 0 30.75 2 -45.95 2. 5 232795 0 1624708 50608 
-45.95 75.408 9.2 0 64.208 2 -48.2 2 1480899 0 0 40591 
-48.2 74.966 72.966 0 0 2 -49.95 1.5 634860 0 0 593342 
-49.95 74.623 41. 623 0 o 33 -51.7 2 1472958 0 0 40758 
-51.7 74.279 72.279 0 0 2 -52.9 .4 13469 0 0 288741 
-52.9 74.043 3.3 0 0 70. 7~3 -53.9 1.6 1174372 0 0 32691 
-53.9 73.847 7l.M7 0 0 2 -59.85 10.3 7490437 0 0 211957 
-59.85 72.679 70.679 0 0 2 -70. 15 10.3 7369869 0 0 214689 
-70.15 70.656 68.656 0 a 2 -80.45 10.3 7249140 0 0 217581 
-80.45 68.634 66.634 0 0 2 

V SUt1(VlJ) SUt1COLS(VIJ) PERGEllT 

******** ******** ************ ******* 
65633202 65633202 36154412 .55086 

20012550 .30492 
6295775 • 095924 
3170466 .048306 

A.2.5 Inboard Blanket (bottom part) 
Same values as for the inboard blanket 
top part apply. 

84 S&E Impact of the Dual Coolant ßlanket 
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