
AN ASSESSMENT OF THE BASE BLANKET FOR ITER 

A. R. Raffray, M. A, Abdou, and A. Ying, Mechanical, Aerospace and Nuclear 
Engineering Department, University of California, Los Angeles, CA 90024-1597 

Abstract 
Ideally, the ITER base blanket would provide the necessary 

tritium for the reactor to be self-sufficient during operation, while 
having minimal impact on the overall reactor cost, reliability and 
safety. A solid breeder blanket has been developed in the CDA phase 
in an attempt to achieve such objectives. The reference solid breeder 
base blanket configurations at the end of the CDA phase has many 
attractive features such as a tritium breeding ratio (TBR) of 0.8-0.9 
and a reasonably low tritium inventory . However, some concerns 
regarding the risk, cost and benefit of the base blanket have been 
raised. These include uncertainties associated with the solid breeder 
thermal conwol and the potentially high cost of the amount of Be used 
to achieve high TBR and to provide the necessary thermal barrier 
between the high temperature solid breeder and low temperature 
coolant. 

This work addresses these concerns. The basis for the 
selection of a breeding blanket is first discussed in light of the 
incremental risk, cost and benefits relative to a non-breeding blanket. 
Key issues associated with the CDA breeding blanket configurations 
are then analyzed. Finally, alternative schemes that could enhance the 
attractiveness and flexibility of a breeding blanket are explored. 

Considerations in ITER Blanket Selection 

A blanket will be required for ITER. It will need to perform 
heat removal functions as well as neutron capture functions. The 
question is whether it will also perform tritium breeding functions. 
Selection of an ITER breeding blanket over a non-breeding blanket 
has to be based on considerations of incremental risks, costs and 
benefits. 

Major issues in this area are associated with reliability and 
safety. 

A breeding blanket will require additional regions for the 
breeder and multiplier as well as a purge system, which would result 
in more complex design and assembly requirements. However, it is 
not clear that a breeding blanket would have a significantly lower 
reliability than a non-breeding blanket. For instance, Figures 1 and 2 
show examples of a breeding blanket configuration designed as part 
of the CDA effort [ 11, and of a non-breeding blanket configuration 
from a pre-design study for NET [2]. Both of these configurations 
use a layered design. From these example configurations, there 
seems to be a comparable number of welds and joints in contact with 
the coolant in the higher fluence regions. Furthermore, failure that 
would require reactor shutdown and component replacement and, 
thus, which could have a major impact on the overall reactor 
availability are mostly concemed with: coolant channel rupture or 

Figure 1. Cross-sectional view of a multi-layered ceramic breeder 
blanket design configuration developed during the ITER CDA phase 
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blockage; and structure embrittlement and failure. These issues are 
common to both breeding and non-breeding blanket. 
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Figure 2. Cross-sectional view of a "welded plates" concept for the 
NET shielding blanket [2]. 

A key safety issue is accidental tritium release, which leads to 
the need of minimizing the tritium inventory components. Much of 
the tritium inventory, for instance, in the fueling system, would be 
unaffected by the blanket choice. However, a non-breeding blanket 
would increase accumulative tritium transportation inventory and 
storage inventory, whereas a breeding blanket would result in a finite 
blanket tritium inventory. Another safety issue relates to loss-of-flow 
or loss-of-coolant conditions. A non-breeding blanket confuguration 
would consist only of structure and coolant, resulting in higher 
activation and afterheat which would require corrective actions 
sooner than a breeding blanket. 

C Q a  

The cost of Be, in particular for blankets making intensive 
use of Be, and the cost of the tritium extraction system are major 
parts of the incremental capital cost associated with a breeding 
blanket. This has to be compared to the additional tritium purchasing 
cost in the absence of mtium breeding, presently estimated at about 
$1200M per MW-dm2 of operation assuming a unit purchasing price 
of $29K/g. 

For solid breeder blankets using Be as a multiplier, it is 
possible to minimize the amount of Be while still achieving good 
tritium breeding. For example, for configurations with a separate Be 
region in front of the breeding region, the maximum TBR is achieved 
with a thickness of about 6.5 cm of fully dense Be, whereas for 
configurations where the Be is homogeneously mixed with the solid 
breeder, the maximum TBR is obtained for a Be/SB volume fraction 
ratio of about 80/20 [3,4]. Based on the total thickness of solid 
breeder layers in the two variants of the CDA layered blanket 
configuration [ 11, this corresponds to a thickness of about 6.8 or 
10.2 cm of fully dense Be. For ITER application, this results in a Be 
mass of about 60 tons. At $6OO/kg, the cost of Be will then be about 
$36M, which is less than 5% of the total reactor system cost and less 
than 1% of the total reactor cost. 

Benefits 

The benefits from operating a breeding blanket relate to the 
value of the information obtained based on application to DEMO and 
commercial reactors. This includes: information on integrated 
behavior of solid breeder blankets; crucial data on tritium self 
sufficiency which cannot be obtained from test modules; information 
on performance and reliability of blanket and auxiliary systems ; and 
substantial information and experience that will be needed for DEMO 
qualification. 



Based on the above discussions, there seems to be clear 
benefits for operating a breeding blanket in light of the application to 
DEMO and commercial reactors. The incremental capital costs seem 
reasonable, particularly when considering the minimization of the 
amount of Be while still providing adequate tritium breeding. There 
is a trade-off involved regarding the amount of tritium required and 
its costs as a function of the machine fluence. The incremental risk 
associated with a breeding blanket seems minimal in terms of the 
overall effect on the reactor availability. In terms of tritium risk, a 
non-breeding blanket would result in higher storage and 
transportation inventories, whereas a breeding blanket would result 
in a finite tritium inventory in the blanket. The key question, thus, is 
whether the tritium generated in the blanket will come out fast enough 
so that the resulting blanket inventory is kept at a reasonable level and 
the bred tritium can be recovered for fueling the reaction. 

Blanket Con figuration 

During the Conceptual Design Activity (CDA) phase of 
ITER, the ceramic breeder concept has been selected as the first 
breeding blanket option. Since power production is not an objective, 
the coolant can be kept at low temperature and low pressure based on 
safety and reliability considerations. Water at about 60-100 C was 
specified as coolant, and austenitic steel, Type 316 solution annealed, 
as structural material. For a solid breeder design requiring high 
breeder temperature for tritium release, this means that a thermal 
resistance region must be provided between the breeder and coolant. 

Two configurations were considered in detail: a multilayer 
configuration, as illustrated in Fig. 1, consisting of solid breeder 
layers separated from the water coolant by a sintered-block or 
packed-bed Be region; and a breeder-in-tube configuration, 
consisting of poloidal tubes in which the solid breeder region is 
separated from the water coolant by a helium gap [l]. Both 
configurations use Be as neutron multiplier and highly enriched 
lithium ceramic (Liz0 or a ternary ceramic: LiA102, LipZrO3 or 
LiqSiO4). Calculations indicate that the net tritium breeding ratio is 
about 0.8-0.9. 

Data from small-scale fission-reactor experiments indicate 
good tritium release from solid breeders over a wide range of 
temperatures [e.g.5-8]. For example for Li20, an acceptable 
temperature range for tritium release is about 350-800 C, and up to 
lo00 C under certain conditions. Estimates of the maum inventory in 
the blanket based on experimental data and on existing models 
indicate an inventory of 10 g or less under normal operating 
conditions. The tritium generation in Be is estimated at about 1 kg 
over the ITER lifetime. Recent experimental data indicate better 
release than previously thought and the possible dependence of 
mtium release on the Be microsrmcture which could be tailored for 
optimal release [9]. However, a purge flow would be required for the 
Be region also. 

Beeding Blank- 

The key issues which emerged from the design analyses of 
these configurations can be broadly listed as follows: 

1. Solid breeder thermal contrd . The required thermal 
insulation between the solid breeder and coolant, as shown in the 
schema of Figure 3, is provided either by a helium gap of a Be region 
using sintered block or packed bed form. The key concern is to 
maintain the desired thermal resistance during operation, and 
mechanisms which offer the possibility of accommodating large 
power variation would be more robust in allowing for uncertainties in 
parameters during operation that might affect the thermal resistance of 
the region. In addition, any means of active thermal control would 
significantly enhance the blanket operating flexibility. 

This issue is discussed in detail in Ref. [lo]. To help in 
determining the thermal control performance of each mechanism, 
calculations were done based on ITER-relevant parameters. A 1-cm 
thick Liz0 solid breeder region was considered, sandwiched between 
two thcrmal conml regions. Water coolant at 70 C flows on the other 
sides of the thermal control regions. A solid breeder temperature rise 
of 100 C, a hear flux of 0.1 MW/m2 from the solid breeder to the 
thermal control region, and a film temperature drop of 30 C were 
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Figure 3. Schema of thermal control region between high- 
temperature solid breeder region and low-temperature water coolant. 
assumed for a reference first wall load of 1.2 MW/m2. The minimum 
and maximum allowable Liz0 temperatures were set at 400 C and 
lo00 C respectively and the interface conductance was assumed to be 
2000 W/m2-K. The results are briefly reported below. 

The helium gap provides for a reasonable range of power 
variation. For the ITER-relevant conditions assumed in Ref.[ 101, a 
1.5-mm He gap would accommodate first wall loads of 0.55 to 2 
MW/m2 excluding radiation. Radiation could significantly extend the 
wall load range to a maximum of 0.68-3 MW/m2 depending on the 
surface emissivity. However, the gap size is small raising the 
concern of maintaining close tolerance during manufacture and 
operation. This concern is exacerbated for a poloidal configuration 
where the gap size must vary poloidally to account for spatial power 
density variation and where the gap size must be maintained while 
bending the tubes to accommodate space restriction or reactor 
contour. 

Under similar conditions a 5.3-cm Be sintered block region 
would accommodate a wall load range of 1-2 MW/m2. Concerns 
arise mainly from the high ratio of Be to He thermal conductivity (of 
the order of 500), whereby formation of a small gap at the Be/clad 
interface could significantly affect the overall thermal resistance of the 
region. Of particular concern are the Be block deflection under 
differential thermal expansion and the predictability of the Be/clad 
interface contact resistance during operation. 

A 1-cm Be packed bed region under similar conditions would 
accommodate a wall load range of 0.82-1 MW/m2. One of the 
advantages of a packed bed is the possibility of active control through 
gas pressure adjustment of the bed thermal conductivity. If provision 
for varying the He pressure from 0.02 to 0.2 MPa is provided, the 
allowable wall load range can be extended to 0.58-2 MW/m2. 
Concems include the apparent sensitivity of the bed effective thermal 
conductivity to small  changes in the packing fraction, in particular for 
binary beds [l 11. This means that extra care would be needed during 
assembly to provide the bed packing fraction called for in the design. 

2. Solid breeder & mu ltidier material characterization. Many of the 
design uncertainties stem from the lack of property data, particularly 
for irradiation conditions. For example, the tritium inventory in the 
solid breeder is estimated as being reasonably low. However, effects 
such as LiOT precipitation at low temperature and mass transfer at 
high temperature, and irradiation-induced trapping and microsmcture 
changes have to be better understood and addressed through a series 
of laboratory as well as in-reactor experiments. Fundamental data on 
basic surface processes under different conditions are also required, 
so that model predictions for the blanket tritium behavior could be 
based on accurate property data for individual transport mechanisms. 
The models would then be calibrated by analyzing data from small- 
scale integrated experiments before extrapolating to the range of 
ITER conditions. 

Similarly for Be, irradiation effects such as swelling, tritium 
retention and compatibility with the structure have to be 
experimentally determined. Concems about Be-steam reaction under 
accident conditions, which could pose significant hydrogen 
generation risks, need to be addressed. 

3. Structu ral material performance. 

Issues relate mainly to aqueous stress corrosion and 
irradiation effects on low temperature fracture toughness of Type 
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316 steel. Indications are that aqueous stress corrosion tends to be 
low at low temperature whereas embrittlement and irradiation creep 
tend to be more severe at low temperature. Irradiation effects on 
mechanical properties and on welded and brazed joints also need to 
be better characterized. 

Confieuration Assessment 

The above-mentioned issues are important, and an R&D 
program is underway to address them. However, in view of the 
consequences associated with them and of the existing range of 
alternative materials, configurations and mechanisms, they are not 
judged as being feasibility issues, but rather engineering issues. 

Within the blanket configurations considered during the CDA 
phase, alternatives already exist reducing the impact of some of the 
key issues. For example, three mechanisms for providing thermal 
control of the solid breeder have been proposed. For the case of the 
Be region providing thermal control, if the blanket cost driven by Be 
is an issue, use of the packed bed form results in a significant 
reduction in the amount of Be. The packed bed form offers also the 
potential for active control which is a most attractive feature for 
accounting for uncertainties during operation. Use of Be as neutron 
multiplier also provides the flexibility of designing a breeding blanket 
using highly enriched 6Li and switching to pure 7Li for minimal 
mtium production if further R&D casts a shadow on the expected 
mtium release from the solid breeder. This follows from the high 
neutron energy threshold for 7T production which will be minimal 
based on the low energy of multiplied neutrons. This would result in 
a low breeding blanket with the same configuration as. a breeding 
blanket and with lower afterheat generation when compared to a non- 
breeding blanket. 

Other alternatives that offer attractive features which would 
help resolve key issues are: use of 7Li as thermal control region to 
relieve the concern of having Be perform both neutron multiplying 
and thermal control functions; and use of He as coolant which would 
relieve the need for and concerns associated with a thermal control 
region, as well as safety concerns associated with the Be-steam 
reaction under accident conditions. These alternatives are discussed 
below in light of the benefits provided and of issues raised. 

7Li Thermal Control Region 

A possible thermal control mechanism that would resolve the 
concerns associated with the uncertainty in the thermal performance 
of Be and with the maintenance of a thin He gap is a 7Li region. 
Basically the region is a continuation of the solid breeder region but 
includes only 7Li which shows minimal tritium breeding in the 
presence of multiplied neutron. This results in the elimination of one 
clad and of the associated interface conductance uncertainty. 

A similar calculation to those done for the other thermal 
control mechanisms was performed to evaluate the allowable wall 
load range as a function of the thickness of the 7Li region. The 
calculations were based on the ITER-relevant parameters described in 
the previous section. The configuration consisted of a highly- 
enriched Liz0 sintered-block breeding region separated from the 
water coolant by a packed bed region of Liz0 with 7Li only. The 
results are summarized in Figure 4. For a reasonable thermal-control 
region thickness of about 0.8 cm, the allowable wall load range is 
about 0.7-1.7 MW/m2. 

One concern of this design is that the small amount of tritium 
produced in the pure 7Li region would be trapped. Neutronics 
calculations indicate that for the tube dimensions assumed above, 
about 5% of the tritium production is bred in the pure 7Li region. 
However, if under normal conditions the highly enriched Liz0 region 
operates between about 500 C and 600 C , a good part of the pure 
7Li region would also be at a temperature higher than 400 C resulting 
in part of the tritium produced there being released. Any period of 
higher temperature operation would also release a substantial part of 
the tritium from that region. Thus, it is expected that the total tritium 
inventory there would be of the order of 1-2 kg over the life of ITER 
(3 FPY). 
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Figure 4. Range of allowable neutron wall load as a function of pure 
7 ~ i  thermal control region thickness. 

He Coolant 

At this stage, it seems reasonable to consider again the 
possibility of He as a coolant. Use of He would help resolve some of 
the key issues associated with the breeding blanket, such as thermal 
control and Be-steam reaction under accident conditions. Helium 
would be operated at a high enough temperature so that no thermal 
control region would be required between the coolant and breeder. In 
addition, flexibility exists to set the inlet temperature of helium at a 
range of levels in order to optimize mtium release. Other advantages 
of He include: the provision of more reactor-relevant information 
since most recent commercidpower reactor design studies use He as 
coolant (e.g. ARIES[12] and PROMETHEUS[13]); and the 
possibility to boost TBR if required by flowing 3He although at the 
cost of processing the tritium out of the coolant. 

Two major reasons for the consideration of water instead of 
helium for the coolant were the concern of high pressure operation 
and of helium leakage. However, ITER power density is much lower 
than that of previously studied power reactors, and studies have 
shown that He could be operated at moderate pressure in ITER to 
enhance reliability and safety. A moderate pressure would also 
reduce any mtium leakage. For example, Ref. [14] shows that He 
coolant at 1.5 MPa could be used in the breeding blanket of ITER, 
even for first wall cooling. Ref. [13] shows an ICF commercial 
blanket design using low pressure He (1.5 MPa) by taking advantage 
of the fact that a substantial part of the power is taken by the first wall 
protection system. An example calculation was done based on an 
effective power deposition of 1.8 MW/m2 in the blanket. Figure 5 
shows the helium pressure drop as a function of the inlet pressure 
and the flow area for a blanket module in which helium flows 
toroidally in channels of thickness 0.5 cm and length 2 m. The 
helium temperature rise is set to the low value of 100 C for better 
uniformization of the blanket temperature and mtium release. For a 
1.5 MPa inlet pressure and a fractional flow area of 6% (which 
corresponds to a total helium volume fraction of 12% when 
considering both He inlet and outlet), the pressure drop is 47 kPa. 
This calculation assumes commercial piping roughness. This blanket 
pressure drop is quite reasonable and even if the external cooling 
system pressure drop is included, the total value would still be about 
510% of the inlet pressure. The corresponding helium velocity is 45 
m/s. Note that the helium void fraction could be reduced by relaxing 
the temperature rise requirement or by allowing for higher pressure 
drop. 

Key issues that need to be addressed and put into perspective 
are the possible requirements of a separate first wall water cooling 
system, helium leakage from the cooling lines, and incremental 
shielding and manifolding sizes. At this stage, a separate first wall 
cooling system already exists, the question with helium being that a 
different coolant might be needed. A helium first wall coolant would 
be advantageous for bake-out. Concerns arise when using super- 
heated steam at high pressure for this purpose. Thus, even if water is 
used as coolant for the first wall, it is possible that hot He might be 
circulated through the cooling system prior to operation to bake-out 
the first wall. A key issue is the effect of regular dry-out of the water 
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Figure 5. He coolant pressure drop in ITER blanket as a function of 
fractional flow area for different inlet pressures, assuming an 
effective power deposition of 1.8 MW/m2 and inlet and outlet 
temperatures of 250 C and 350 C respectively. 

system on corrosion and structural performance of the cooling 
system. The extent of He leakage has to be assessed although the 
moderate operation pressure would tend to result in lower leakage 
than for the usual high pressure He cooling system. Additional 
shielding and larger manifolds will be required for helium and would 
depend on the fractional flow area. This is mainly a problem for the 
inboard where space is restricted and where inclusion of a breeding 
blanket is more problematic. 

Summarv 
Placing a breeding blanket in ITER is likely to have minimal 

incremental effect on reliability since failures requiring shutdown and 
component replacement are associated with coolant channel blockage 
or rupture and structure embrittlement, which are essentially the same 
for both breeding and non-breeding blanket cases. The economics of 
a breeding blanket compared to a non-breeding blanket depends on 
the level of fluence desired. If most of the incremental cost of a 
breeding blanket is due to Be, its volume fraction can be minimized 
while keeping the tritium breeding ratio at an acceptable level. On a 
purely economic basis, the tritium purchasing cost for 0.1 MW-a/m2 
of operation is estimated at about $120M, which would have to be 
weighed against the incremental cost for a breeding blanket. Other 
considerations such as the reactor-relevant information obtained and 
the future R&D cost saving increases the attractiveness of a breeding 
blanket. For device fluences significantly greater than 0.1 MW-a/m2, 
the benefits of a breeding blanket are clear. 

Issues exist with a breeding blanket. However, the depth of 
blanket design is considerable in view of the maturity of the field and 
of the number of alternate schemes and configurations developed 
over the years. Consequently, the issues are viewed more as 
engineering issues to be addressed by an R&D program rather than 
feasibility issues. For example, a key question regarding the breeding 
blanket relates to the tritium inventory in  the solid breeder and Be. 
Experimental evidence tends to show that tritium will come out of the 
solid breeder quite readily over a wide range of temperatures. 
However, if low temperature coolant is used based on reliability 
considerations, a thermal control regibn is required between the solid 
breeder and coolant. There are issues that relate to the predictability 
of the thermal conductance of such a region. Three mechanisms have 
been considered as part of the CDA effort and each is found to 
provide substantial flexibility in accommodating power variation or 
uncertainties. In addition, the Be packed bed mechanism offers the 
possibility of active control through gas pressure adjustment. 

Another thermal control mechanism using a pure 7Li solid 
breeder region was explored. It provides for separation of neutron 
multiplication and thermal control functions and results in a 
reasonable region size. It also eliminates one clad and the associated 
interface contact uncertainty. However, a major concern is the end- 
of-life.tritium inventory which is estimated at 1-2 kg for 3 FPY of 
operatlon. 

Risks associated with the breeding blankets must be weighed 
against risks associated with the absence of a breeding blanket. For 
example, hazards associated with tritium transportation to the site 
depends strongly on the ITER site and the location of the tritium 
source. It is clear though that from an accident standpoint, the larger 
the amount of tritium that needs to be shipped the larger is the 
transportation risks. 

Consideration of He as coolant would substantially reduce the 
perceived risks associated with thermal control and the associated 
mtium release concern and with the possibility of Be-steam reaction 
under accident conditions. He coolant would also provide more 
reactor-relevant information. The decoupling of the pressure and 
temperature of helium allows selection of operating temperatures 
which are optimum for providing adequate tritium release from the 
breeder without the need of a thermal control region and for 
minimizing radiation effects in the structure. For example, based on 
ITER power density, He could operate at a moderate pressure of 1.5 
Mpa and at temperatures of about 250-350 C. This is beneficial from 
the point of view of embrittlement and radiation creep of austenitic 
stainless steel. Concerns relate mainly to helium leakage, f ist  wall 
cooling, additional shielding and larger manifolding. 

Acknowledgement 

This work was supported by USDOE contract DE-FG03- 
88ER52150 

References 
1. ITER Blanket, Shield and Materials Data Base, ITER 
Documentation Series No. 29, IAEA, 1991. 
2. B. Bielak, et al., "Predesign and Feasibility Studies of the NET 
Shielding Blanket Segments," Fusion Technology 1990, B. E. 
Keen, M. Huguet, R. Hemsworth (editors), Elsevier Science 
Publishers, 401-405, 1991. 
3. M. A. Abdou, et al.,"Modeling, Analysis and Experiments for 
Fusion Nuclear Technology," Fusion Engineering and Design, 6, 3- 
64, November 1988, January 1987. 
4. "ITER Shield and Blanket Work Package Report," U.S. ITER 
Nuclear Group, ANL/FPP/88- 1, Argonne National Laboratory, 
Argonne, Illinois, June 1988. 
5. M. Briec, et al., "The MOZART Experiment: In-Pile Tritium 
Extraction from Lithium Oxides, Aluminates, Zirconates," presented 
at the 15th Symposium on Fusion Technology, Utrecht, The 
Netherlands, September 1988. 
6. T. Kurasawa, et al., "In-Pile Tritium Release Behavior from 
Lithium Aluminate and Lithium Orthosilicate of the VOM-23 
Experiment," Journal of Nuclear Materials, 155- 157, 544-548, 
1988. 
7. R. A. Verrall, et al., "CRITIC-I Irradiation of Li20," presented at 
the International Conference on Fusion Reactor Materials 111, 
Karlsruhe, Germany, October 1987. 
8. M. Briec, "The TEQUILA Experiment, In Pile Tritium Extraction 
from LiA102," Centre dEtudes Nucltaires de Grenoble, Grenoble, 
April 1990. 
9. G. Longhurst, personal communication, August 1991. 
10.A. R. Raffray, et al., "Thermal Control of Solid Breeder 
Blankets," presented at the Second International Symposium on 
Fusion Nuclear Technology, Karlsruhe, Germany, June 1991, to be 
published in Fusion Engineering and Design. 
11.M. S.  Tillack, et al.,"Experimental %:dies of Active Temperature 
Control in Solid Breeder Blankets, presented at the Second 
International Symposium on Fusion Nuclear Technology, Karlsruhe, 
Germany, June 1991, to be published in Fusion Engineering and 
Design. 
12. F. Najmabadi, et al., "The ARIES-I Tokamak Reactor Study," 
Fusion Technology, Vol. 19, No. 3, Part 2A, 783-790, May 1991. 
13. M. S .  Tillack, et al., "Design and Analysis of the 
PROMETHEUS Wetted Wall IFE Reactor Cavity," presented at the 
14th Symposium on Fusion Engineering, San Diego, CA, October 
1991. 
14. A. R. Raffray, et al., "Tritium-Producing Blanket for Fusion 
Engineering Facility," Fusion Engineering and Design, 8, 101-107, 
1989. 

1 I26 


