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ABSTRACT 

In the frame of recent CEA studies aiming at the 
evaluation and at the comparison of various can
didate blanket concepts in «©derate power condi
tions (P„^2 MW/n2), the present work examines 
the neutronic and thermomechanical performances 
of a water cooled Li|7?bg3 tubular blanket and 
those of a helium cooled canister blanket taking 
advantage of the excellent breeding capability 
of composite Beryllium / L1AIO2 (85/151) breeder 
elements. The purpose of the following discus
sion is to justify the impetus for these refe
rence concepts and to summarize the state of their 
evaluation studies updated by the continuous assi
milation of calculations and experiments in progress. 

I. INTRODUCTION 
Within the framework of the Blanket Techno

logy Study Croup formed in 1981 for two years by 
Euratom, a joint study of Tokamak Reactor Blanket 
Evaluation' was conducted by the Commissariat a 
l'Energie Atomique (CEA) in collaboration with 
the européen laboratories of Juliet) (FRG).Hol (B), 
Petten (NL) and the Joint Research Centre of le
pra (I). The objectives of this programme were 
the identification of key technological limita
tions for various blanket design concepts, esta
blishment of a basis for sssessment and compari
son of the design features of each concept, and 
the recommendation of a few reference solutions. 
The approach used involves a screening review 
and tentative classification of previously pro
posed blanket designs, the discussion of the 
respective merits of each considered solution 
according to the choice and respective arrange
ment of the breeder/coolant couple (breeder in or 
out of cube) and to the general orientation of 
the cooling lines within the blanket (polotdal, 
toroidal or radial). A consistent set of very few 
reference blanket concepts is finally proposed as 
a basis for the further engineering investiga
tions and as guidelines for the recommandations 
of specific and prioritary actions for the Euro
pean Fusion Technology progra 

The purpose of the following discussion is 

to justify the impetus for the reference concepts 
and to confirm their attractive breeding poten
tial, thermo—chanical performances and tritium 
cycle, prior to recommend their adaptation to the 
Next European Torus (NET). 

II. SCREENING REVIEW AND TENTATIVE CLASSIFICATION 
OF BLANKET CONCEPTS 
A. Design Parameters , 

A neutron wall load of 2 HW/n and a sur
face heat flux to the first wall of 0.2 HW/m2 are 
assumed as reference design parameters. These 
rather conservative values, derived from the cha
racteristics of a 1200 HW power reactor (table I) 
proposed in 1981 by the Department of Controlled 
Fusion of Fontenay aux Roses, are dictated by the 
consistency with the aim of a 10 years lifetime 
and of an integrated first wall load not excee
ding 20 MWy/m2. 
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2400 MWth NEUTRONS 
600 MWth ENERGY MULTIPLICATION Py'0.5 MW/mj 
Î600 MWth-3000 (FUSION POWER)+600 Py-3.0 MW/m2 

Table 1 
TOK a Commercial Reactor General Characteristics 

In the absence of any satisfactory material 
for a power reactor, 316 stainless steel is se
lected. Acceptable operating conditions, conse
quently require the temperature not to exceed 450 
and 550 *C for swelling reasons, respectively in 
the front region and within the bulk of the blan
ket, and the primary stress not to exceed the 
yield stress of 316 SS at 500 *C (130 MPa if an
nealed and 400 MPa if 20Z cold worked and not 
welded). An appropriate blanket design and coo
lant routing scheme is necessary to make these 
requirements compatible with the use of pressu
rized water or helium in working conditions rele
vant to power production : respectively 15 MPa 
and [280;320)'C or 5 to 8 MPa and (250;500]*C. 



B. Methodology for a consistent analysis of 
Blanket Concepts 
The blanket screening review begins with 

the consideration of a general matrix of options 
(table 2), that includes a wide range of possible 
candidate breeders, coolants, breeder-coolant ar
rangements and coolant directions. 

tial comparable to the ainiaua) required threshold. 

Table 2 
Matrix of Various Considered Blanket Design Options 

Engineering reflexions and considerations 
are developed in the Fusion Reactor Comparative 
Evaluation Study1, about the candidate breeder/ 
coolant associations and arrangements and about 
the implications of either orientation of the 
coolant lines upon the size and the complexity of 
the manifolding sections. The tentative classifi
cation of blanket concepts according to the above 
design options makes it possible to derive some 
correlations between the selected options and the 
blanket performances and hence to identify the 
limiting factors to be further investigated. 
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Table 3. Possible Arrangement* of Che Candidate 
Breeder-Coolant Couples 

C. Reference Blanket Concepts 
The performances of the selected refe

rence blanket solutions are compared in table 4 
according to IS evaluations criteria of impor
tance for the concept viability and extrapoba-
bility to reactor relevant conditions. 

The screewing review converges on the propo
sal to concentrate the future studies on a few 
reference concepts listed in table 3, which ex
hibit promising features with respect to safety, 
breeding potential, tritium recovery and tracta
ble mechanical designs. 

Safety recommendations lead to a priori ex
clude any breeder subject to violent reactions 
with the various coolants used in the reactor. 
Therefore, considering lithium as breeder, pre
cludes the presence of water, not only within 
the blanket but also in the first wall and in 
the limiter/divertor, what constitutes a drastic 
technological challenge, given the high thermal 
load experienced by these front components and 
the questionable suitability of alternative coo
lants. Likewise, helium is the exclusively recom
mended coolant for L12O blankets. The potential 
for an effective full Tritium regeneration in re
levant power blanket conditions, and for the sus
tenance of the reactor fuel cycle is a criteria 
of paramount importance. Anticipating the degra
dation of the breeding performances associated 
with a realistic coverage ratio of 0.8/0.85, 
lead* to only take into consideration blanket 
solutions featured by local breeding ratios in 
execs* of 1.3. Both complementary approaches 
brought by improved neutronie prediction* (hete
rogeneous 3D Monte Carlo calculations and sensi
tivity analysis4) and by a more accurate asses-
•enent of the breeding perforn>*nces'°required by 
the Tritium cycle, are necessary to evaluate 
blanket solutions featured by a breeding poten-
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Table 4 
Comparison of Reference Blanket Concepts 
According to Major Evaluation C r i t e r i a : 

s a t i s f a c t o r y ( ! ) , f a i r ( - ) , quest ionable (?) 
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!. Liquid Blanket!. Among the attractives 
feature of the liquid blankets ia the confidence 
that the tritiua recovery is achievable, provided 
the breeder be efficiently circulated ; the ex
traction is indeed performed in a separate pro
cessing unit, that can be optimized independen
tly of the blanket operating conditions. 

T-e proposed de.-.ign for liquid blankets 
(heliua cooled lithium or pressurized water coo
led Li| 7Pbg 3) consists of rows of tubular bree
der containers wound along the plasma chamber 
along a half polotdal contour. The coolant cir-
c-ilatee in pressure tubes organized in bundles 
inside each container and the density of cooling 
pipes is adapted to the power generation of each 
breeder row. Compatibility considerations with 
water cooled limiter/divertor lead to concentrate 
the investigations on the water/Li..Pbg, version. 

2. Solid Blankets. The reputed poor 
breeding capability of helium cooled solid blan
kets, associated with a low breeder proportion 
and a high structure content, is significantly 
improved by the use of composite Beryllium/li-
thiated ceramics breeder elements (TBR > 1.4). 
This justifies a reniewal of interest in these 
solutions, that exhibit in comparison with water 
cooled concepts, a better adaptation to the use 
of canned breeder rods and a lesser sensitivity 
of the tritium recovery to the blanket power 
generation. Any cooling direction may a priori 
be envisaged and the selection of the most sui
table option (radial canisters or in series 
cooled toroidal breeder rows), results from tra
deoffs between the amplitude of the requisite 
breeder temperature range, the maximum allowable 
pumping power and peak temperature in the front 
region, and the tolerable complexity of the ma
nifolding scheme. The investigation» in thia area 
concentrated so far, on the conceptual study of 
a canister blanket7»", which combines the attrac
tive thermal performance» of heliua cooling in 
the radial direction, which minimizes the bree
der temperature gradient along a cooling chan
nel, with the promising breeding capability of 
composite Beryllium/LiA102 (85/1SZ) breeder ele
ments'1. 

The advantage of water cooled over helium 
cooled solid blankets with respect to exerapola-
bility to higher thermal loads and release of the 
pumping power requirements, it a major incentive 
to consider them alto among the reference solu
tions. However, the viability of such concepts 
severely depend» on critical ittues, that ttill 
need to be thoroughly addressed, such at the 
difficult adpatation to actively cooled canned 
breeder elements with the 15 HPa prttture contai
ned with an acceptable structure proportion or 
such as the questionable ard little reliable 
adaptation of the requisite breeder coolant tem
perature difference O 200 *C) at variable blan
ket power levels. Host of the concerns associa
ted with the questionable breeder temperature 
adaptation for a satisfactory tritium recovery, 

would be alleviated by the development of a solid 
breeder able to efficiently release the genera
ted tritium at a temperature as low as 300 *C. 
The engineering implications of these require
ments were examined on preliminary designs6, 
which tentatively considered internally cooled 
tube breeder elements arranged in toroidal as
semblies housed in actively cooled tubular 
containers. Essential data to aasess the feasi
bility of the requisite breeder operating condi
tions for an efficient tritium recovery, are ex
pected from the aolid breeder experimental pro
gram conducted in France'5. 

III. SELF COOLED BLANKET CONCEPTS 

The Fusion Reactor Comparative Evaluation 
Study> investigates the possibility to circu
late the liquid blanket (or part of it) Co simul
taneously remove the heat and the Tritium and 
tentatively addrtsaes the question, whether 
or not the MHO pressure drop and the associated 
stresses on the cooling pipes can be kept tole
rable in a realistic blanket design. 

Even though the lithium blankets are known 
for their attractive breeding potential when 
they are thick enough for the neutronic reac
tions on Li to efficiently contribute to the 
Tritium production4, they inherently suffer from 
major objections independent of the MHD effects 
induced by the circulation. These concerna main
ly relate to potentially violent reactions of 
lithium with the air (fire) and with water, 
which is unavoidably needed to cool the highly 
loaded limiter and first wall structures. Given 
its poor heat transfer property, helium is not a 
suitable coolant for the limiter/divertor, but 
may be considered for the first wall if the re
quired 5 to I0Z pumping prwer fraction to keep 
the wall peak temperature below 450 *C can be 
tolerated'. The viability of the lithium blan
kets therefore drastically depends on the dé
montrât ion, either that the liquid metals can 
realistically be used in place of water to cool 
the limiter/divertor or that multiple confinement 
barriers are capable to absolutely protect pene
trations of pressurized water from reacting with 
the surrounding tritiated lithium. 

The study concentrates on the feasibility 
evaluation of concepts based on the lithium 
circulation within steel duct», a» the present 
experience about the realization,the performances 
and the lifetime of low conducting composite wall 
solution», to reduce the MHD pressure drop, are 
considered by far insufficient to be promoted 
for a realistic blanket design. 

The invettigation of various possible coo
ling directions with lithium working tempera
tures of [250;500]*C, concludes that MHD consi
derations (pressure drop and associated stresses 
in conducting pipe wall) are not so critical, 
that they cannot absolutely tw managed by the 
ute of an appropriate design * the coolant 
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routing scheme, not only within the blanket but 
also along the feed and return sections between 
the blanket and the magnetic field outer boun
dary. However, all investigated solutions, that 
are able to limit the total pressure drop to 
10 MP» (consistent with a hoop stress limited to 
100 MPa within ducts featured by 2t/D '*- 0.1) re
quire an extremely complicated arrangement of 
the cooling tubes. 

In addition, all concepts require very lar
ge coolant and manifold cross sections (typical
ly I0Z of the blanket lateral surface), that have 
to be carried across the magnetic configuration, 
and hence imply a prohibitive volume of unproduc
tive and tritiated lithium outside the breeding 
blanket (typically 20Z of the blanket content). 

F.ven more crucial than the pressure drop 
considerations is the prediction of the velocity 
profile in large ducts, subject to changes in 
cross sections and in direction within a time 
and space dependent magnetic field. The local 
development of flow blockage or sharp velocity 
peaks along the tube walls may prevent the effi
cient heat and tritium removal from some blanket 
regions. 

Given the number of identified problems 
about tWe use of lithium as coolant and the fact 
that some are unavoidable and independent of the 
questionableness of the assumed model for the 
pressure drop calculations, the self cooled li
thium blankets are not presently considered as 
reference solution. 

IV. WATER COOLED L i | 7 P b , 3 BLANKET CONCEPT 2 

Water cooled LijiPbgj blankets exhibit the 
interesting characteristics of combining both 
advantages of a liquid breeder and of water as 
coolant, provided "hat an acceptable breeder coo
lant chemical compatibility be demonstrated. The 
use of water as coolant provide* the lowest pos
sible temperature range (350-450 *C) compatible 
with the power production and thus alleviate* 
part of the swelling problem* observed on «tain-
let* »teel irradiated at higher temperature. In 
•pice of these interesting feature*, the fea*i-
bility of euch a blanket «olution itrongly de
pend* on the exiitence of acceptable technolo
gical trade off* to accommodate the drawback* of 
the Li|7Pbg3/water sxociation : high demity and 
corrosive propertie* of the alloy, steep power 
and irradiation gradients, fair breeding capabi
lity and probable tritium permeation problems. 

A. Blanket Architecture 
The propoiad design (Figure 1) consist» 

of 5 row* of tubular breeder container* wound 
around the plaima chamber along a half poloïdal 
contour (about 10 si long and 12 to 14 cm in dia
meter). When arranged into a triangular array 
with a 15 cm pitch, the blanket contain* a 30Z 
vacuum proportion (tube interspace). The coolant 
circulate* with a typical velocity of 3.S m/* in 

about 1 cm in diameter aud 0.75 an thick pressure 
tubes organized in bundle* inside each container. 
A constant heat flux of 10 W/cm? is exchanged 
through the tube walls and the coolant density 
is adjusted to the needs of the h.-at removal by 
varying the number of cooling pipes in each row 
according to figure 2. The table 5 indicates the 
coolant distribution and the associated breeder 
and structure proportions derived from the heat 
generation calculation 3 of a DjO cooled blanket 
with 30Z enriched Li..Pb_- in *Li. 
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Figures 1-2. Schematic Vertical and Horizontal 
Crou Sectional View* of the fubular Li..Pb_, 
Blanket Concept 
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It is essential to note that more than 601 
of the blanket power output is generated within the 
first row and that consequently sore than 60Z of 
the total water content circulates within the 
first breeder row. The detrimental consequences 
of this situation upon the breeding performances 
and the tritium permeation to the coolant will 
be later analysed. 

The first wall consists of an independent 
water cooled panel set in front of the breeder 
rows. No attempt waa made to integrate the first 
wall into the first breeder row for improving 
the breeding performances, since this solution 
would further increase the thermal load of the 
first row and would remove the ultimate protec
tion against a possible contamination of the 
plasma chamber by Li.^Pb.,. 

B. Impetus for the Design 

1. Choice of Pressurised Water as Coo
lant. The choice of light or eventually heavy 
water (for neutronic reasons) makes the power 
production compatible with a satisfactory low 
tesperature range (350-450 *C) within the steel 
structure. This intermediate temperature field 
is most desirable to limit the corrosion and 
permeation problems, that are anticipated with 
the eutectic alloy. In addition, it alleviates 
the swelling problems and the stresses associa
ted with the steep irradiation gradients (diffe
rential swelling) of the first wall region. Addi
tional advantages of water relate to the lew 
pumping power fraction (0.3Ï) and to a low coo
lant proportion (about 81), that permits visua
lizing compact blanket solutions with higher 
breeder proportions than 802. 

The main concern however, about the use of 
pressurized water are the consequences of a coo
ling pipe failure and the risk of in series bree
der container failure. However, the study of the 
dynamic response of such tubular modules subject 
to the sudden rupture of a pipe pressurized at 
8 MP a (NET operating conditions), indicates that 
a thickness to radius ratio of 5Z is sufficient 
to prevent the failure of the vessel . 

2. Poloîdal Breeder Rows. The poloîdal 
cooling direction providea a satisfactory adap
tation to the toroïdal geometry with uniform 
heated length (as opposed to the toroidal 
direction) and easy access to the manifold* 
located at the top and the bottom of the vessel. 
The direct consequences are a aatisfactory modu
larity and standardization and a handy mainte
nance of the heat «xchangar (plugging of the 
failed coolant tubes may even be envisaged). The 
poloîdal direction also provides the largest 
single pass heated length and consequently mini
mizes the coolant cross section associated with 
a given coolant proportion within the blanket : 
the manifold cross section associated with a , 
3.5 m/s water velocity does not exceed 5.5x2 m 
(top*botton), i.e. lest than 12 of the torus 

lateral surface. Additional arguments relate to 
the absence of natural convection, that occurs 
within horizontal (toroïdal) heat exchangers and 
to the advantages of the quasi vertical direction 
to meet the requirements of liquid metals : need 
for a free surface with an inert gas pressure, 
need for a draining device. 

The blanket segmentation into rows of bree
der is expected to limit the weight of each in
dependent container for maintenance operations, 
to limit the consequences of a breeder container 
failure and also to accommodate the steep radial 
heat generation and irradiation gradients asso
ciated with Li^Pbgj. The breeder tubes are main
tained by actively water cooled grids, that leave 
them free to react separately to the various stres
ses (weight, thermal, differential swelling, 
creep). 

C. Analysis of Blanket Performances 

3 4 
1. Breeding Performances ' . One dimen

sional neutronic calculations-5 have been carried 
out with the blanket composition of Table 1 and a 
2 cm thick first wall composed of I ca graphite 
and I ca of an homogenized steel and water mix
ture in the respective proportions of 70 and 301. 
A local Tritium Breeding Ratio (TBR) value of 
1.28 ia obtained with a 30Z enriched in 6Li bree
der and with the use of either light or heavy 
water throughout the entire blanket thickness 
(85 cm). The combined use of D 20 in the first 
wall and firat breeder row and of an increased 
H2O content (7.5Z) in the four last rows leads 
to an improved TBR value of 1.40 (1.44 with a 
60Z enrichment in °Li). 

Detailed Monte Carlo calculations of poloî
dal tuba arrays4, emphasize a degradation of the 
predicted breeding ratio as the representation 
of the actual heterogeneous geometry gains in 
accuracy : inter-tube streaming effects and in
ternal tube heterogeneity effects respectively 
decrease the breeding performances by 3Z and 21. 
A further reduction by 2Z is expected from the 
use of recent CEA measurements of Lead cross 
sections4 in place of the ENDFB IV data. 

Given the fact that the y heating on Lead is 
an important contribution to the total power ge
neration in the blanket front region, the power 
distribution exhibits a very steep exponential 
decrease «cross the blanket thickness (about 
20.exp(-6x) W/c»3 (according to Table 6), with x 
being the distance to the first wall axpreaaed 
in meters). Keeping a uniform temperature rise of 
the coolant flowing with the *ame velocity in all 
cooling tubes, requires adjusting the amount of 
water proportionally to the steep decreasing 
power generation ; the increased moderator content 
of the blanket front region reduces the potential 
(n,2n) reaction rate on Lead and thus negatively 
reacts upon the breeding performances. Low power 
blanket designs proposed for INTOR or NET1 ', which 
can afford cooling the first row with a water 



content of 81 only, do not face this deleterious 
effect , which i s typical of the DEMO blanket 
conditions. 

2 . Thermal Performances. In the condi
tions of Table 5 (3.5 • /» water velocity and 
uniform 10 K/cm2 exchanged flux through the coo
ling tubes), a satisfactory heat transfer coef
ficient h-3. W/cm2/*C is achieved. In the f irs t 
wall region, the total breeder-coolant tempera
ture rise i s kept as low as 30 *C with* 20 U/cm3 

power generation and with a 20 *C contribution 
within the breeder i t se l f . Due to the high water 
proportion and to the low exchanged flux, the 
Li|jPbg3 maximum temperature does not exceed 
350 *C, which i s well below the cri t ical corro
sion threshold of 400 *C identified by pre l ia j -
nary experimental investigations conducted in 
France". 

If temperatures in excess of 400 *C are en
visageable, it i s interesting to minimize the 
water content in the f irst wall region for neu-
tronic purpose. This means operating with the 
highest exchanged flux compatible with the pres
sure • thermal stress equal to the design limit 
of 100 HPa. elementary mechanical analysis shows, 
that the optimum thickness to radius ratio for 
this purpose i s 0.3 for a 15 HPa water pressure. 
This corresponds to both pressure and thermal 
stresses equal to 50 HPa. The maximum allowable 
flux on a 1 cm diameter (and 0.15 cm thick) tube 
becomes 30 W/cm2 and the heat rénovai now requi
res a water velocity of 7.5 m/s (h-5.7 W/cm^'C). 
The water content of the f irst wall region is 
reduced to about I4Z and the maximum breeder-
coolant temperature difference increases up to 
90 *C with a 60 *C contribution within the bree
der i t s e l f . Compared to the situation of Table 5, 
operating at the upper stress and breeder tempe
rature l imits , improves the tritium breeding 
ratio by 3Z. 

The confirmation by the corrosion experi
ments in progress ' 3 , of a breeder temperature 
restricted to 430 *C for compatibility with a 
stainless steel structure in quasi s tat ic condi
t i o n s 9 , would ascertain the limited extrapola-
b i l i ty of the present design to higher wall loa
dings, as an increasing water proportion in the 
front row progressively degrades the neutronic 
performances. It i s noteworthy that the via
b i l i ty of the concept in relevant power reactor 
condition depends on the release of the corro
sion limitation by the use of improved structu
ral materials (Ferritic s t ee l s , Refractory 
alloys ?) . 

. 3 . Tritium «ecoverv and Blanket Inven
tory . Like the exponentially decreasing heat 
deposition within the successive breeder rows 
(Table 5) , the tritium production i s very inho-
mogencous, so that about «6X of the tritium i s 
bred in the f i r s t row (28Z and I4Z in the second 
and third row respectively). The breeder circu
lation must consequently be adjusted, to obtain 

a uniform tritium concentration within the bree
der extracted from the various rows to be pro
cessed in the tr'tium recovery unit ; this velo
city regulation also minimizes the permeation to 
the coolant since i t prevents a preferential t r i 
tium build up in the f i r s t row, which contains 
60 Z of the total breeder-coolant interface. 

The daily circulation of the whole blanket 
corresponds to average and peak ( f i r s t row) velo
c i t i e s of 0.15 and 0.4 mm/t, which appear quite 
reasonable with respect to s teel corrosion by 

The tritium inventory and the permeation 
flux to coolant have been calculated for the 
f irst wall and the various blanket components5, 
accounting for the trapping effect within the 
irradiation defecta with the assumptions of a 
daily circulation of the blanket and of a quasi 
total extraction of the tritium within the pro
cessing unit ; the steady atate values expressed 
in Table 6 are obtained in a few ten days (10 
days for the f i r s t wall and 50 days for the blan
ket), with a trapping energy Ex*0.85 eV and a non 
graphite protected f i r s t wall characterized by a 
sticking factor a-5.10" 3 . 

The above assumptions yield a total torus 
inventory of about 2.5 kg with 80Z trapped in 
the structures. It i s i-aportant to note, that 
about 1/3 of the daily tritium production 
(450 g/d) wil l permeate to the coolant, due to 
the low tritium solubi l i ty in Li|7Pbg3 and in 
spite of the low temperature of the water cooled 
structures. The comparison of the increase of 
the blanket inventory brought by the use of per
meation barriers, with the equilibrium inventory 
within a tritium recovery unit from water 5 i s a 
clear incentive to limit as much as possible the 
Tritium permeation to the f irs t wall and blanket 
coolants. Furthermore, both inventory and per
meation can be reduced by accelerating the bree
der circulation up to the upper limit compatible 
with acceptable corrosion rate and breeder inven
tory within the processing unit. 
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V. HELIUM COOLED CERAMICS/BERYLLIUM BLANKET * 7 , 8 

The sain advantages of helium compered to 
water as solid blanket coolant are i t s chemical 
inertness and the adequacy of a medium pressure 
(S to 8 MP» instead of IS MPs) in most power 
systems ; this mitigates the consequences of a 
pressure pipe failure but also limits the amount 
of structural material to contain the pressure 
in blanket modules and hence enables v isual i 
zing concepts using canned breeder elements and 
potentially compatible with an acceptable bree
ding capability. As an offset to poorer heat 
transfer characteristics than water, helium 
offers the unique advantage to be consistent with 
breeder elements contained in an actively cooled 
cladding, which ensures the geometrical and me
chanical integrity of the assembly, which are 
essential to control the breeder temperature and 
the tritium recovery over the plant lifetime. 

In spite of these interesting features, the 
feas ibi l i ty of helium cooled sol id blankets 
strongly depends on acceptable technological 
trade-offs to accommodate the requirements of an 
in s i tu tritium recovery (constraints upon the 
operating conditions, need for a tritium purge 
circuit) and to compensate for the disadvantages 
inherent to helium as coolant. Radial and multi
pass toroidal cooling schemes are both identi
fied as possible options' to adapt the large 
inlet-to-outlet temperature rise to the techno
logical limits of the structural materials and 
to maintaining the breeder working conditions 
within the temperature range recommended for a 
satisfactory tritium release 9 . Moreover, the 
low helium density implies a high coolant volu
metric flow rate and results in a significant 
pumping power and in large coolant cross sec
tions, which respectively degrade the net cycle 
efficiency already bounded by the helium upper 
temperature limitation, and detrimentally react 
upon the breeder f i l l i n g factor and the size of 
the manifolds ; short heated lengths typical of 
radial canisters and toroidal breeder rows pro
vide some answers to these preoccupations. 

Finally, most helium cooled solid blankets 
exhibit a poor breeding capability Cv 1.06 local 
TBft for UWMAK I I 1 4 ) in consequence of the above 
limitations, and the development of such a via
ble blanket design has been essent ia l ly made 
possible by the derivation from recent CEA neu-
tronic studies 4 of an optimized composite Beryl
lium/ceramics breeder arrangement capable of 
excellent neutronic performances. 

A. Blanket Architecture 
The generic module of the proposed blan

ket (figure 3) consists of a 20 cm in diameter 
cylindrical canister equipped with individual 
coolant and purge circuits and with a separate 
and actively cooled f irs t wall. The breeding 
cell contains a 19 pins hexagonal bundle compo
sed of an alternate pil ing of Beryllium and 
Y LiAlÛ2 hollow pel le ts externally clad and 

equipped with wire wrap spacers ; the optimiza
tion of the breeder composition leads to the 
respective proportions of 15Z "Y L1AIO2 (60Z en
riched in 6 Li) and 85Z of Beryllium 4, which acts 
simultaneously as moderator and neutron multi
pl ier. The excellent thermal conductivity of 
Beryllium minimizes the radial temperature gra
dient in the breeder material and makes i t pos
sible to consider breeder rods larger than 3 cm 
in external diameter and hence to minimize the 
proportion Bf cladding material and the asso
ciated parasitic captures. 

Figure 3. Schematic Layout of a Generic Blanket 
Canister with Detailed Cross Sections of the 
Breeder and of the Separate First Wall 

A low pressure purge gas enters the central 
cavity (I cm in <iiameter) of each breeder pin, 
sweeps the grooved surface of the LiA102 pel lets 
and i s finally collected in large grooves machi
ned in the Beryllium pel le ts outer surface. The 
cold helium (250 *C) i s directed towards the 
most heated structures of the front region, 
through the gap between the hexagonal assembly 
and the cylindrical c e l l , thus providing an ef
ficient cooling of the canister outer wall 
(O.J cm) ; the coolant then enters the breeding 
zone at 300 *C and flows backwards through the 
breeder assembly. A possible improvement of the 
breeder/coolant exchange coefficient can be ex
pected from the partial obturation of the bundle 
subchannels by additional structure or Beryllium 
pins (figure 3 ) . 

The generic breeding section of the canister 
exhibits the following composition : I4Ï of struc
ture, 27.52 of helium (Inlet, Outlet and Purge), 
41.9X of Be/LiA102, 13.42 of intercel l vacuum and 
3.2Z of AI2O3 as thermal insulator between the he
lium in and out flows. In"vidual ducting of the 
coolant and tritium purge circuits of al l ce l l s 
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arranged in close triangular array, leads to a 
very imbricat i and complicated design of the 
polotdal headers, which collect both l ines in 
the blanket lower region, within a separstely 
pumped manifolding chamber. 

Pressure drop and pumping power considera
tions require large pipe diameters (10 t o IS cm), 
which result in the need for a blanket extra 
thickness of 30 to 40 cm tc house the manifolds 
and makes the advisability of the radial cooling 
direction questionable for any fusion device 
such as NET, restricted to a blanket thickness 
less than I meter 8. 

Erosion, disruption, replacement scheme 
considerations and reduction of the heat depo
sit ion within the nose of the c e l l , t e l l in f a 
vour of a f irst wall in the form of a scpsrate 
hexagonal protective t i l e set in front of the 
cell and actively cooled (12 channels shown 
on figure 3) in parallel or in series with the 
canister. 

The canisters are individually mounted on s 
supporting structure which leaves them free to 
react separately to the various stresses (weight, 
thermal, differential swelling, creep) ; the in
dependent pumping of the plasma and manifolding 
chambers makes the mounting structure act as a 
boundary between the primary and secondary va
cuum and allows for a non absolute tightness of 
the canister attachment to the wall". 

B. Analysis of Blanket Performances 
4 

I. Breeding performances . The 3D-Monte 
Carlo calculation of a generic canister equipped 
with a 1.3 cm thick f irs t wall (0.3 cm steel • 
1 cm graphite) and a 70 cm thick breeder region 
(85: Be • I5Z LiA102, 60* &Li) yields a tritium 
breeding ratio of 1.52 which confirms Che signi
ficant improvement brought by the considered 
composite breeder composition to a blanket concept 
usually characterized by poor breeding perfor
mances (1.06 local TBR for UUHAK I I 1 4 ) . Additio
nal calculations show a negligible streaming 
through the interspace of 90 cm long canisters 
and a negligible sensit ivity (< I?) to the pe l 
let radius and thickness (no significant sh ie l 
ding effects in ceramic pel lets thinner than 
0.7S cm). The strong sensi t iv i ty of the breeding 
capability to the structure content i s i l lustra
ted by the decrease of TBR by 0.751 with each 
additional 1Z of s t ee l , and by 1.4Z with each 
additional ami of the f irs t wall thickness. The 
satisfactory performances calculated for I m 
thick canisters allow for the replacement of 
Beryllium by any alternats moderator, in the 
outer region of the blanket where the multipli
cation reaction rate becomes negl igible . A s igni 
ficant reduction of the allowable breeder thick
ness results in a draatic drop of the breeding 
performances owing to the modest breeder f i l l ing 
factor of 452 inherent to the highly segmented 
blanket concept. It i s finally noteworthy that 

the promising breeding properties result from 
the breeder composition ard that comparable per
formances could be obtained as well, with blan
ket designs using other cooling directions or 
water as coolcnt, provided the structure content 
and the breeder proportion be kept acceptable. 

2. Thermal Performances. Under a 2 MW'/ra2 

neutron load, each canister experiences a total 
heat deposition of 80 kW in the bulk of the cy
lindrical ce l l and 14.5 kW in the separate f irst 
wall. The restrict ion to 450 *C of the maximum 
f irs t wall temperature requires to cool the front 
t i l e in series with the breeding ce l l with the 
cold helium entering at 250 *C. Meeting the 
aimed helium working conditions of [2SO;500]*C 
assigns the helium mass flow rate to 7.315 x 
10~2 kg/s, which leads to a pressure drop and a 
temperature rise acroas the f i r s t wall of 0.02 HPa 
and 40 *C respectively. 

The removal of the 16 kU deposited in the 
0.45 cm thick walls and in the nose of the cy
lindrical ce l l leads to another helium tempera
ture rise of about 40 *C so that the coolant 
enters the breeding zone at 335 *C close to the 
lower boundary of the requisite temperature 
window for most breeders'. The canister outer 
wall temperature increases from 300 *C in the 
blanket outer region, to a peak value of 600 *C 
at the center of the hemispherical section, 
what is beyond the acceptable working conditions 
of steel in such a highly irradiated zone and 
stresses the necessity to eff ic ient ly enhance 
the heat transfer in this cr i t ica l part of the 
design. These concerns result in the lack of in
centive to consider alternate concepts with 
integrated f irs t wal ls , which would be desirable 
from the neutronic point of view but would be 
submitted to the additional surface heat load 
from the plasma (20 W/cm2 in the present moderate 
conditions). Elementary mechanical analysis in
dicates a hoop stress of 120 MPs and a maximum 
thermal stress of 50 HPa in the canister wall ; 
these values are consistent with the use of an
nealed 316 SS, characterized by a yield stress 
of about 200 HPa at 550 *C. 

The table 7 below summarizes the breeder 
operating conditions throughout the canister 
for various power l eve l s . A reasonable f i t with 
the calculated vo'jmetric heating rate at nomi
nal power i s given by u 0 exp(- u x) with u 0 "v 
22.5 W/cm* and u ^ 5 nTl. 
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Table 7 
Breeder Temperature Distribution Throughout 
a Canister Operating at Various Power Levels 



The above r e m i t s prove the exceptional ther
mal performance» of the propoied design, which 
combine» the advantages of the outwards helium 
cooling which minimizes the temperature gradient 
«long a cooling channel, and the additional be
nefit of the excellent thcraal conductivity of 
Beryllium mixed to the breeder, which flattens 
the radial temperature distribution in 3 ca in 
diameter breeder rods. It i s remarkable that the 
average breeder temperature sticks closely to 
the coolant outlet temperature (500 *C) which i s 
about the center of the prescribed tenperature 
windows for most ceramic breeders and exhibits 
only a 20 *C drift between nominal and 25% of 
nominal power. The natural c aptation of the 
concept to ceramic breeders assigned to very 
s tr ict and narrow working conditions i s than lar
gely independent of the power level and provides 
a valuable margin for any variation in the ther
mal and heat transfer characteristics over the 
blanket l ifetime. Elementary mechanical analysis 
indicates a hoop stress of about 200 MPs and a 
maximum thermal stress of 10 MPs in the clad
ding ; these values are about consistent with 
the use of 20X cold worked 316 SS, characterized 
by a yield stress of about 500 MPs at 500 *C. 

The pressure drop in 12 cm in diameter and 
12 meters long poloîdal headers used to feed each 
of the 50 ce l l s connected in parallel with a mass 
flow rate of 7.315 x I0~ 2 kg/s i s estimated at 
2 x 0.01 MPa. A total pressure drop of 0.04 HPa 
along the cooling lines (canister * headers) re
quires a pumping power of 0.7Z the removed ther
mal power. This reasonable but not negligible 
value is the sum of about equal contributions 
from the headers and the radial blanket, yet cha
racterized by the shortest cooling channel ; this 
remark stresses the dif f iculty to consider for a 
power reactor, any toroidal and a fortiori po
loîdal blanket arrangement compatible with a 
pumping power restricted to 3Z of the thermal 
power. 

Pumping power limitations prescribe a maxi
mum neutron wall load of 4.5 MU/o2 for the consi
dered blanket concept with the present coolant 
working conditions (1250;500J*C, 6 MPa). The im
provement of the heat transfer through the acce
leration of the coolant, partially compensâtes 
for the increase of the heat deposition and makes 
it possible to keep comparable temperature wor
king conditions in the various parts of the blan
ket. Considering higher wall loads would require 
increasing the helium exi t temperature beyond 
500 *C or the pressure beyond 6 MPa. Limitations 
in both directions arise from the necessity to 
develop advanced alloys for enhanced irradiation 
and temperature conditions and from the pressure 
limit beyond which the use of canned breeder e l e 
ments contained in pressuri'ed modulas becomes 
questionable. 

C. Tritium Recovery and Blanket Inventory 
The Tritium inventory and the permeation 

to the primary coolant have been estimated for a 

supposed 1000 o blanket of a 1200 MNe power 
reactor. The trapping effect within irradiation 
defects (It in atomic proportion) i s tentatively 
accounted for and a total partial pressure of 
0.1 Pa in tr i t iated species i s assumed, leading 
to a volumetric flow rate of about 60 m 3 /s in 
the purge c ircuit . The table 8 summarizes the 
results obtained with the supposed recovery of 
I0OZ pure T2 ; the scarce available data do not 
permit to evaluate the inventory associated with 
a possible adsorption of T2O/HTO, which may re
present the major contribution to the breeder 
inventory. 

Table 8 
Tritium Inventory within Various Components 

of a 1000 m3 Be/LiA102 Canister Blanket 

If a l l the tritium is recovered as T2, the 
above results indicate a total torus inventory 
of about 1 kg (plus the possible adsorbed inven
tory) and a very important permeation from the 
purge circuit to the main coolant loop, on ac
count of the cladding significant surface 
(50 OOO m 2 ) , reduced thickness (0.05 cm) and 
high temperature ( 500 *C). The recovery of 
almost 50Z of the daily bred tritium from the 
6 MPa helium circuit i s clearly not acceptable 
on account of the excessive inventory of the 
processing plant able to extract such a high 
tritium flow rate at the low concentration (a 
few 0.1 Pa) required to restrict the tritium 
releases to 50-100 Ci/day, with the anticipated 
helium leaks from the primary circuit (0.025 to 
0.O5X per day). 

In this extreme situation, the v iabi l i ty of 
the concept depends on the capability to reduce 
the total inventory of the blanket system to an 
acceptable l eve l , through the use of permeation 
barriers or of an oxidising atmosphere in the 
purge stream. 

The assumption of respective proportions of 
901 T20/HT0 and I0Z T 2 in the trit iated species 
collected by the purge stream, brings the per
meation flux down to 60 g/d but possibly in
creases the adsorbed inventory. This results in 
better balanced contributions from the blsnket 
and the first wall and in comparable inventories 
in the processing plants associated with both 
helium c i rcu i t s . The s t i l l high daily tritium 
leakage to the primary coolant calculated with 
90% of the tritium oxidized in the purge c ircuit , 
proves the permeation to be a crit ical issue of 
the helium cooled breeder in tube blankets, fea
tured by a large thermal exchange surface at 
about 500 'C. This jus t i f i e s a postsriori the 
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design options of a separate purge circuit with 
low partial pressures of critiated species (̂  
0.1 Pa) and sweep gas, and stresses the poten
tial benefit to be expected from peraeation bar
riers or frosi a sore coaplete tritium oxidation 
in the purge circuit, if this is proved feasible 
and not likely to excessively increase the ad
sorbed inventory at the breeder surface. 

VI. ASSESSMENT OF THE REQUIRED BREEDING POTENTIAL 
Previous studies developed a synthetic 

oodel for the Tritium circulation between the 
breeding blanket, the plasma chamber, a storage 
unit and various reprocessing plants to recover 
the Tritium from the breeder, from the primary 
coolant and from the plasma exhaust. This sim
plified simulation is hereafter applied to 
assess the minimum breeding performances requi
red for each considered blanket concept to ef
fectively sustain the fuel cycle of the asso
ciated fusion reactor, under given assumptions 
about the equilibrium inventory in the various 
Tritium units and about the permeability of the 
primary circuit. The minimum required breeding 
potential for a doubling time of 10 years is 
evaluated in the table 9 below, with the opti
mistic assumption that no other tritium losses 
occur than the radioactive decay. These values 
are compared with the best today available esti
mate of the breeding capability (heterogeneous 
3D Monte Carlo calculations), accessible to 
both optimized blanket concepts : water cooled 
Li|7Pbg3 with D2O in the front region and helium 
cooled Be/LiA102 (85/15X) canister. The uncer
tainty about the neutronic calculations asso
ciated with the defective knowledge of the nu
clear data (mainly 7Li (n.n'aT), °Li((n,a), 
0tot' oel>.P b<< ni 2 n).°inel>» B«( n. 2 n)) " evalua
ted with the help of sensitivity analysis tech
niques such as sensitivity profiles and cova-
riance matrices4. 

(1) Complete Tritium extraction from a daily cir
culated breeder 

(2) Assumed fractional burn-up of SX 
(3) Permeation barriers sre assumed fo fully in

hibit the permeation to the primary coolant 
(4) Assumed permeability of the primary circuit 

of 300 %liJfi 
(5) Assumed total allowable tritium leakage of 

100 Ci/d 
Table 9 

Comparison of Required and Calculated Breeding 
Potential for Both Considered Blanket Concepts 

Assuming that realistic values for the ef
fective coverage ratio range from 0.80 to 0.85, 
makes it possible to derive for each proposed 
concept, the available margin to compensate for 
additional breeding requirements associated with 
effects neglected in the table 9. This margin 
respectively amounts to 2.9-9.31 and to 15.2-
ll.i*% for the proposed liquid and solid blan
kets ; it may be considered as an offset to the 
possible penalty brought by the recovery of an 
increased proportion of the bred Tritium from 
the primary coolant (if the control of the Tri
tium permeation proves to be difficult) or by 
the non radioactive Tritium losses inherent to 
the reprocessing operations (and particularly 
those associated with the plasma exhaust repro
cessing, which are amplified by the number of 
recyclings required by the low fractional burn-
up) . A more in depth comparison of the breeding 
potential of both concepts is beyond the scope 
of the present study and should account for de
trimental effects to be anticipated as the de
signs gain in realism ; such effects could arise 
from the design of the first wall, from the in
centive to deal with a aingle coolant (H2O or 
D2O), from the necessity to increase the water 
proportion in the front region of the Li|7Pb83 
blanket, and from the need for an increased 
steel proportion, particularly detrimental for 
the Be/Ceramics blankets. 

VII. ENGINEERING STUDIES 
TORUS (NET) 

FOR THE NEXT EUROPEAN 

A. Adaptation of Reference Blanket Concepts 
to the NET Boundary Condit ions 

The figure 4 i l lustrates a possible adap
tation of the CEA water cooled Li^Pbgs blanket 
to the NET boundary conditions. The number of 
breeder rows i s respectively decreased to 2 and 
3 within the 0.35 m thick inboard and 0.65 m 
thick outboard blankets. Such a moderate neu
tron wall loading as 1.3 MW/m2 makes i t possible 
to decrease the water proportion to 71 in the 
f irs t row and s t i l l respect the temperaturz limi
tation dictated by corrosion. Furthermore, a 
sl ight decrease of the coolant working tempera
ture ([270;300]°C) permits to limit the water 
pressure to 10 MPs and thus to reduce the struc
ture proportion. Unidimensionsl neutronic calcu
lations predict a global breeding ratio of 1.18 
with a fu l l coverage, with light water as coo
lant and with a 30Z enrichment of Li^Pbgj in 
6 Li . 

A possible adaptation to NET of the helium 
cooled canister blanket is shown on figure 5. 
The design involves a total number of 16 000 
generic c e l l s arranged with a variable pitch 
ranging from 0.15 to 0.20 m. The polofdal hea
ders of both helium circuits are housed within 
an actively pumped manifolding chamber which 
acts as intermediate vacuum boundary and l imits 
the consequence of a pipe failure. Typical he
lium working conditions such as 6 MPs and 
I250;400]*C, are expected to provide quasi i ao -
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Figure 4. Adaptation to NET of the Propoted Water 
Cooled Lii 7 Pb 8 3 Blanket Concept and Principle of 
the Segment Handling Scheme 

thermal breeder operating condition! about 420 *C, 
auitable for the tritium recovery from Boat ce
ramic breedera. Considering for NET the uie of a 
caniater blanket on the outer tide of the torui 
only, where enough apace ia available to r e a l i s -
t i ca l ly houae radial blanket concept!, leada to 
a ainimuB breading potential of 1.08, with a full 
outboard coverage and a 0.5 a thick Be/LiAH^ 
breeding tone. Recently developed alternative 
deiigni baaed on in i c r i t i cooled toroidal bree
der rowi, exhibit a better adaptability to blan
ket! of reatricted thickneaa, and riae beyond 
i.25 the achievable breeding potential of NET 
with a full coverage. 

Figure 5. Adaptation to NET of the Proposed 
Helium Cooled Be/LiA102 Caniiter Blanket 

B. NET Blanket Pi «noun tint and Handling 
Scheme 

Other engineering atudie» ipeci f ical ly 
devoted to NET relate to the developeaent of • 
Maintenance scheme exclusively baied on vert ical 
and horizontal displacement a to di«mount and 
to handle alternatively inboard and outboard 
blanket icgnenti through the 8 top accen door» 
of the NET II-B veriion (divertor located at the 
top). The combination of permanent and removable 
track», enable! a rolling handling device to 
take up poaition above each of the 6 acceaaible 
blanket legmenta from a tingle acceia port, 
whilat the coolant supply l ine i concentrated at 
the bottom of the plaam» chamber are remotely 
disconnected from underneath through apecial 
openinga. Even though loaehow complex becauae 
of the numerous requiaitt atepa, thia handling 
acheme exhibit! both advantages of relying on 
already developed technique! and of enabling the 
removal of larger blanket segsents than autho
rised by purely radial translations, under the 
constraint of given poloîdal magnet number (16) 
and s i ze . 
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VIII. CONCLUSION 

The preaent work, performed in the frame of 
the European Fusion Technology Programme, exami
nes the potential interest of two blanket concepts 
recommended among others, as guidelines for fu
ture engineering studies by the initial Fusion 
Reactor Blanket Comparative Evolution Study'. The 
proposed Li|7Pbg3 blanket combines the advanta
ges inherent to the liquid breeders, with that of 
water cooling ; the suggested design in the form 
of internally cooled polotdal breeder rows is 
intended to accommodate the apecific require
ments of the liquid metals and those of the steep 
heat deposition within Li|7Fbg3 power blankets. 
Conservative assumptions about the temperature 
limit for corrosion prove a minimum breeding po
tential of 1.3 with a full coverage to be acces
sible with such moderate power conditions as 
Pn t. 2 MW/m2. The major identified critical is
sues for this design relate to the blanket weight, 
to the necessity to efficiently inhibit the per
meation to the coolant and to the consequences 
of a IS MPs pressurized cooling pipe failure. 
The proposed solid blanket combines the attrac
tive thermal performances of helium cooling in 
the radial direction, with the promising bree
ding capability of composite Be/LiA102 breeder 
elements. The considered canister design provi
des quasi isothermal breeder working conditions 
(50O±2O *C) and thus brings a valuable margin 
to offset any change in thermal and heat trans
fer characteristics, ..hat could remove part of 
the blanket from the requisite temperature range 
of a satisfactory Tritium recovery. Breeding 
performances in excess of 1.45 with a full cove
rage and a typical pumping power fraction of IZ 
are proved to be compatible with such a moderate 
wall loading as 2 HW/m2. The major identified 
critical issues for this design relate to the 
size and complexity of the pololdal manifolds, 
to the great number of tubes and connections, 
which questions the system reliability, and to 
the significant Tritium permeation from the pur
ge circuit to the primary coolant. Both proposed 
blsnket designs are in process of adaptation to 
the NET European Torus apecific operating and 
geometrical conditions. 

Future engineering studies will include the 
assessment of the potential benefits to be ex
pected from alternate concept* such as helium 
cooled lobular' or multipasses toroidal blrnkets 
or from water cooled system*. Essential infor
mation for the guidance of these studies is ex
pected from the soon available results of the 
European Li|7Pbg3 and breeder ceramics experi
mental programs. 
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