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ABSTRACT 

Themomechanical performance of the ITER breeding blanket is an important design 
issue because it requires frst, that the thermal expansion mismatch between the blanket 
structure and the blanket internals (such as, beryllium multiplier and tritium breeders) can 
be accommodated without creating high stresses, and second, that the thermomechanical 
deformation of various interfaces within the blanket does not create high resistance to heat 
flow and consequent unacceptably high temperatures in the blanket materials. Thermo- 
mechanical analysis of a single beryllium block sandwiched between two stainless steel 
plates was carried out using the finite element code ABAQUS to illustrate the importance of 
elastic deformation on the temperature distributions. Such an analysis for the whole ITER 
blanket needs to be conducted in the future. Uncertainties in the thermomechanical contact 
analysis can be reduced by bonding the beryllium blocks to the stainless steel plates by a 
thin soft interfacial layer. 



1 .O Introduction 

In addition to performing all the shielding functions of the Basic Performance Phase 
(BPP), the ITER breeding blanket [l] also provides the necessary tritium fuel to achieve the 
fluence goal during the Enhanced Performance Phase (EPP). To maintain compatibility 
with the ITER design of the BPP, litl&m zirconate (Li,ZrO,) ceramic breeder and water 
coolant are have been proposed for the EPP. Enriched lithium and beryllium neutron 
multiplier are utilized to enhance the tritium breeding ratio, to reduce the radial blanket 
thickness, to improve the shielding performance, and to reduce the breeder material fraction 
in the blanket. Both forms of beryllium material, blocks and pebbles are used at different 
blanket locations based on design requirements. As for the shielding blanket, Type 3 16LN 
austenitic steel is used as structural material. 

The present paper is concerned with the problem of heat transfer across all interfaces 
of the inboard blanket and, in particular, thermomechanical interactions between the first 
wall and the beryllium block immediately behind it. 

2.0 Description of Blanket Module 

The inboard blanket modules have two breeder zones embedded in beryllium with 
three coolant panels (Fig. 1). The first wall has the first coolant panel to remove the surface 
heat flux and the nuclear heating from the front section of the breeding blanket. It consists 
of 13 mm thick Type 316LN stainless steel plate with built in rectangular coolant channels 
4 mm x 10 mm separated by 4 mm walls. A 5 mm beryllium is used as coating material to 
protect the first wall from the plasma interaction. The second panel is located between the 
two breeder zones separated by beryllium. The last coolant panel is located at the back 
section of the module to remove the nuclear heating from the back section of the breeding 
blanket and the module structure. 

A critical factor in the ITER breeding blanket design is the ability to predict heat 
transfer across various interfaces so that the temperature of the breeder can be kept within a 
prescribed range while at the same time keeping the maximum stress in the first wall due to 
contact pressure from the beryllium within reasonable limits. As will be illustrated in this 
paper, thermomechanical contact is an important design issue that may impact the blanket 
performance. An alternative design approach proposed by the European Union is to use a 



soft layer at the interfaces to reduce the uncertainty in the thermal resistance at the 
interfaces. 

3.0 An Illustration of Thermoelastic Contact 

Thermoelastic contact between two solids is a complex nonlinear phenomenon [2-31 
requiring iterative solutions between thermal and stress analyses. Detailed analysis of 
thermomechanical contact between a single block of beryllium held under pressure between 
two rigid stainless steel plates was presented in Ref. 4. It was shown that the maximum 
temperature drop through the beryllium block due to a surface heat flux could be 
significantly higher when thermoelastic deformations were taken into account as compared 
to when the contact is uniform. 

To illustrate the thermoelastic contact problem, a two-dimensional iterative 
thermomechanical analysis using the finite element code ABAQUS was conducted for a 
symmetrically situated 127 mm thick and 100 mm wide beryllium block subjected to a 
volumetric heating rate of 30MW/m3. The block was sandwiched between two 9 mm thick 
clamped stainless steel plates internally cooled by water at 423K. To exaggerate the 
thermoelastic effects, cooling was deliberately chosen to be insufficient and all the 
thermophysical properties were assumed to be independent of temperature. Thus the 
problem does not represent a realistic design but is used only as an illustration. Analyses 
were conducted for two interfacial conditions. In the first case, the beryllium block was 
perfectly bonded to the stainless steel; the temperature gradient along the contact surface of 
the stainless steel is -100K (Fig. 2). The heat flow from the beryllium to the coolant holes 
in the stainless steel plates are approximately uniform along the width of the beryllium 
block. In the second case, the beryllium block was not bonded but was simply in contact 
with the stainless steel plates with the thermal conductance at the interfaces varying as a 
function of the gap created during deformation [5 ] .  The effects of a change in interfacial 
pressure or radiation on interfacial heat transfer were ignored. As shown in Fig. 3, the 
resulting heat flow pattern changes drastically and a temperature gradient > lOOOK is 
created along the contact surface of the stainless steel between the region of contact and the 
region with gaps. Although such extreme temperatures cannot occur in reality, 
thermoelastic deformations will very likely play an important role in determining the 
temperature distribution in the blanket. An attempt to solve a two-dimensional 
thermomechanical contact problem for the complete midplane section of the ITER inboard 
blanket by the finite element code ABAQUS is currently under consideration 



4.0 Results of Analysis Using Soft Interface Layers 

An alternative to bypass the uncertainties in heat transfer across contacting interfaces 
is to bond the beryllium blocks to the stainless steel plates by means of a soft interfacial 
layer. For the present purposes, each beryllium-to-stainless steel interface was assumed to 
be bonded by a 1 mm thick layer having the same thermal properties as stainless steel but 
with a reduced modulus of elasticity, which was varied to simulate layers with different 
stiffness. A simplified model of half of a mid plane section of an ITER inboard blanket 
module was analyzed by the ABAQUS finite element code. The first wall was taken as a 
sandwich of a 3 mm and a 6 mm plates separated by 4 mm high coolant channels with a 5 
mm beryllium tile. The beryllium blocks were slotted with 1 mm wide slots and 1 mm 
thick ligaments. Thermal conductivity, thermal expansion coefficient, and elastic modulus 
of each component (beryllium was assumed to be 85% dense) were input as functions of 
temperature. The surface heat flux on the fist wall was 0.5 MW/m2 and a radially varying 
nuclear volumetric heating rate appropriate for ITER corresponding to an average neutron 
wall loading of 1 MW/m2 was used. The coolant temperature was 423K. 

A temperature profile across the whole module cross-section is shown in Fig. 4. The 
temperature in the first breeder layer varied between 600K and 900K and that in the second 
breeder layer varied between 600K and 770K. For lithium zirconate breeder, these 
temperatures result in 100 gram tritium inventory in the breeder material for the whole 
reactor, which is quite satisfactory. Because of heating from both sides, the temperature 
profile across the first wall is approximately symmetric with a maximum -570K (Fig. 5). 

The maximum compressive toroidal stress in the first wall decreases significantly 
with decreasing stiffness of the interfacial layer although the maximum tensile stress 
increases somewhat (Fig. 6) .  Because of the assumption of generalized plane strain, the 
maximum poloidal stress stays relatively constant at 770 MPa (compressive). Since the 
beryllium blocks are segmented both poloidally and toroidally, this is an overestimate of the 
poloidal stress. A three-dimensional model is needed to obtain a better estimate of the 
poloidal stress. 

5. Conclusions 

The heat flow across the interface and the temperature distribution of two contacting 
bodies can be significantly affected by thermoelastic deformation of the bodies. Therefore, 



it is recommended that the ITER blanket design be validated by testing in a fission reactor 
to simulate the nuclear heating in the different materials and the heat transfer across all 
interfaces correctly. 

An alternative is to bond the beryllium blocks to the stainless steel plates by a thin 
and soft bond layer. The maximum toroidal stress in the frrst wall can be reduced 
significantly by reducing the stiffness of the bond layer. However, a three-dimensional 
model is needed to properly evaluate the poloidal stresses. Further, the integrity of the 
bond layer under shear loading has to be demonstrated. 
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Figure 1. ITER inboard blanket cross section 
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Figure 2 Temperature (in K) distribution in one of two cooled stainless steel plates 
symmetrically bonded to a central beryllium block which is subjected to volumetric 
heating. The plates are deliberately cooled insufficiently to exaggerate the 
difference between the bonded and the thermomechanical contact cases. 
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Figure 3 Temperature (in l9 distribution in one of two symmetrical cooled stainless steel 
plates in themnoelastic contact with a central betyllium block which is subjected to 
volumetric heating. The plates are deliberately cooled insufficiently to exaggerate 

the difference between the bonded and the thermomenhanical contact cases. 
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Figure 4 Temperature (in K) distribution in the lTER inboard blanket for the case where the 
beryllium blocks are bonded to the stainless steel plates. 
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Figure 5 Temperature (in K) distribution in the ITER inboard blanket first wall subjected to a 
surface heat flux of 0.5 M W / d  for the case where it is bonded to the beryllium 
blocks. 
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Variation of the maximum tensile and compressive stresses in the first wall with 
decreasing stiffness of the interface layer. 


