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PREFACE 

This report represents Volume A of 6 volumes directed towards the 
resolution of special topics associated with a reference fission-suppressed 
tandem mirror fusion breeder reactor design developed during 1981-1982 
(D. H. Berwald, et. al., "Fission Suppressed Hybrid Reactor - The Fusion 
Breeder", Lawrence Livermore National Laboratory Report, L'CID-19638, 1982). 
The six special topic reports are as follows: 

Volume 1: Liquid Metal MHO Pressure Drop Effects in The 
Packed Bed Blanket by T. J. McCarville, D, H. Berwald, 
and C. ?. C. Wong. 

Reactor Safety As essnent by I. Msya, C. G. Hoot, 
C. P. C. Wong, K. R. Schultz, J. K. Garner, 
S. J. Bradbury, Y. G. Steele, and D. R. Bervald. 

Beryllium Lifetime Assessment by L. G. Miller, 
J. M. Beeston, B. L. Harris, and C. P. C. Wong. 

Structural Analysis by G. Orient, R. A. Westnann, 
S, M. Ghonien, J. K. Garner, and R. G. Groaada. 

Neutronics Issues and Optimization by J. D, Lee. 

Materials Compatibility Issues and Experimental 
Results by J. H. DeVan and P. Torterelli, 

The reference fusion breeder first wall is a liquid metal filled, 
composite cylinder loaded in compression by the coolant pressure. Lithium 
and lead-lithium cooled blankets can make use of composite structures to 
increase the moment of inertia of the first wall with little neutronic 
penalty because the structure can be filled (and cooled) with the liquid 
metal. Recent reactor design studies have taken advantage of this concept. 
The MARS high temperature blanket first wall is very similar to the fusion 
breeder first wall. The Blanket Comparison and Selection Study (BCSS) also 
made use of this concept in a lithium cooled vanadium tokanak blanket design, 
although the first vail is loaded in bending rather than compression. This 
report provides insight into the global thermal stresses that arise when 
attaching a composite first wall to the back of the blanket. 

Volume 2: 

Volume 3: 

Volume 4: 

Volume 5: 
Volume 6: 



The results of this structural analysis have motivated design 
modifications which consist of decoupling of the composite first vail 
from the back of the blanket to reduce the stress. The analysis 
indicates that the. design is conservative. Consequently, it appear* 
possible to remove structure and thus improve neutronic performance. 
The major difficulty in proceeding in this direction is the lack of 
data and understanding of Irradiated structural materials properties 
and structural response. Buckling under irradiation creep is a 
particularly difficult problem that may result in added structure. 

A possible design approach that has not been considered here is 
to support the first wall structure in tension from the back wall. 
This approach is attractive because it results in containment of the 
coolant pressure with the minimum amount of structure. Helium cooled 
blanket concepts generally use a pod type structure in which the pressure 
on the first wall lobes is taken in hoop stress. The semi-cylindrical 
lobes are suspended tensionally from the back of the blanket. The helium 
and water cooled blankets in BCSS, as well as several other blankets 
described is the literature, use pods to contain the high coolant 
pressures. The reference blanket uses a compresisionaly loaded first wall 
because the coolant pressure is relatively low (1-0.7 MPa versus t5 MPa 
for helium cooled blankets), 2nd because it appears to offer a simpler 
solution to the configuration problems associated with coolar.t flow 
paths and gravity fuel dump. However, the tensionally loaded conci.pt 
would result in less structure and therefore would be well worth exploring 
in future studies. 

J.K. Garner 
December 1984 
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ABSTRACT 

This report presents a structural analysis of the reference fission 
suppressed fusion breeder blanket. An axisymmetric structural motel is used 
to analyze thermal and pressure stresses In the blanket. Results Indicate 
that the first vail must be decoupled from the back of the blanket to avoid 
large thermal stresses. The composite first wall appears to be adequate to 
resist buckling, and is further strengthened by radial diaphragms. Serai-
eiiptical closures for the module ends appear to be feasible, although the 
attachment of these end closures to the composite first wall has not been 
analyzed. Radiation effects have not been Included in the structural model, 
but an assessment of creep and swelling indicates a 4 to 5 year blanket life 
at an assumed strain limit of 2%. Design modifications which will teduce 
thermal stresses and simplify manufacturing are recommended. 
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CHAPTER I 

ICTRODTCTION' 

Successful development of a fusion breeder depends upon an acceptable 
solution of a series of problems including the disciplines of heat transfer, 
material science, plasma physics, neutronics, economics, and structural 
mechanics. In the Initial phase of such a design, the structural analysis 
is conducted at a relatively elementary level to ascertain the feasibility 
of the initial configuration when subjected to the estimated thermal and 
mechanical loads. 

As the development of the breeder proceeds, more detailed analyses 
in the different disciplines are conducted to refine initial estimates and 
determine the effects of altering certain aspects of the initial design 
configuration. This process continues until a satisfactory solution is 
achieved, or it is determined that an economical solution does not exist. 

A key to the successful design of a fusion breeder is the 
amount of structural material in the first wall of the blanket. The first 
vail must support dynamic and static siechanical loads whila at the same time 
sustaining the thermal gradients arising from the coolant temperature. 
It is most important that neutron absorption and inelastic scattering in 
the first wall be minimized thereby maximizing the fissile breeding. 

The structural design of the breeder blanket must not only satisfy the 
steady state operating conditions, but must also meet cyclic conditions due 
to start-up and shut-down and emergency procedures such as loss of pressure. 
Throughout the life of the blanket it will be subjected to a radiation 
environment causing radiation Induced creep and swelling. Satisfacotry 
structural design requires that all of these operating conditions be met 
without loss of structural integrity of the system. 

The initial design cancer : -" ••• reference fusion breeder was presented 
in the Lawrence Livermore National Laboratory report of December 1982 entitled 
"Fission-Supressed Hybrid Reactor - The Fusion Breeder," (UCID 19638) (Ref. 1). 
Preliminary estimates of the overall goemetry and component dimensions were 
presented along with values of the thermal fields and mechanical loads. The 
nature of the design at ..hat time required only a preliminary structural 
analysis. 

1 



The purpose of the current work reported herein is to develop a oore 
refined structural analysis of the initial- design, to suggest modifications 
to the reference design, to resolve key issues, and to ijnprove its structural 
efficiency. Care must be used in selecting the structural analysis scheme. 
A precise detailed analysis, (e.g., finite elements) would lead to an 
expensive numerical solution that might not be quickly modified. On the other 
hand a totally analytic approach would be too simplistic and would not 
capture many important structural detail*. 

As a compromise between the two extremes, a structural mechanics model 
of the blanket consisting of plate and she?., elements has been used. This 
permits a quick numerical solution of the problem, provides adequate accuracy 
for this stage of the design, and is sufficiently flexible so that design 
modifications can be quickly incorporated. 

In the following section the structural model is described in detail 
and an outline of the numerical solution method is provided. Numerical 
results are presented for the original reference configuration of the 
blanket as well as a modified version. The dependence of the stress fields 
upon the thermal fields and pressure loads is shown. In addition, results 
of an analysis of the internal plate-diaphragm spacing are presented along 
with an analysis of the blanket end closure. 

The structural response of the blanket reported here is important 
in that it shows that thermal and mechanical loads can be sustained without 
an unduly thick First wall. The stress levels presented here can be used 
to develop preliminary estimates of the irradiation induced creep and swelling 
response of the blanket. In addition, this analysis has been used to 
suggest ways in which the mechanical design of the reference blanket must 
evolve to resolve key stress issues and provide an expectation of improved 
breeding and blanket life. 
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CHAPTER II 

STRUCTURAL MODEL 

II. A GEOMETRY 

The reference breeder blanket is shown in Figure 1. The structural components 
of the breeder blanket surrounding the plasma consist of four complete concentric 
shells with annular diaphragms connecting them (Figure 2). There are numerous 
mechanical details such as inlets, outlets, access holes, etc., which are 
ignored for this level of stress analysis. 

The radii of the four concentric shells are taken to be 150.2, 156.0, 
176.8 and 197,9 cm, while the total length of the blanket is fixed at 380 cm. 
The thickness of the shells and diaphragms are variable and the number 
and spacing of the diaphragms may be changed. 

The attachment of the diaphragms to the back wall (relatively rigid 
shields) is considered to be either totally fixed or completely free. All 
of the connections between shells and diaphragms are assumed to be complete. 
The two innermost shells (first and second walls) will be modeled as either 
being independent of each other or acting together in a composite manner. 

All materials are assumed to be elastic and isotropic with a Young's 
modulus and Poisson's ratio of £ « 2.39 x 10 7 psi and v - 0.3. The coeffi
cient of thermal expansion is taken to be a - 1,22 x 10~ / C. 

The thermal and mechanical loading is taken to be axisymmetric with 
respect to the longitudinal axis of the breeder. Neglecting the effects 
of dead load permits one to assume the structural response of the blanket 
is also axisymmetric thereby simplifying the analysis considerably. Varia
tions in thermal and mechanical loading along the longitudinal axis of 
the breeder may be considered. 

II. B THERMAL AND MECHANICAL LOADS 
The reference temperature is taken to be 20 C. The axisymetric temperature 

field varies from shell to shell and along the axis of breeder. Values used in 
the analysis are shown in Figure 3. Between diaphragms the pressure is taken 
to be constant while the thermal field may depend upon the axial length 
variable in a linear manner.* 

For symmetry reasons and numerical convenience the thermal field was taken to bfe 
constant in the direction of the x coordinate. 
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The pressure in the plasma is assumed to be 0 p.si (absolute). However, 
Inside the blanket the pressures are nonzero varying from 150 psi to 50 psi 
(figure 3). The annular closures on the ends of the blanket contain the 
internal pressure and are subjected to an external pressure of 0 psi (absolute). 

The pressure difference in the radial dimension acting on the third and 
fourth shells are actually due to the fuel pebbles being pressed up against the 
shells by MHD forces. The lithium pressure does not drop suddenly as it passes 
the shells. It drops in a continuous manner in passing through the fuel pebble 
bed, transferring force to the pebbles which then press against the shells. 
This is modeled as a static pressure force as stated above. Perforations in the 
shells, which allow the lithium to flow through, are neglected. 

The thermal fields and pressure distributions are inputs to the structural 
analysis and may be readily varied. The dead weight of the structure is neglected 
in order to preserve the axial symmetry of the structural reSDonse. 

II. C STRUCTURAL THEORY 
Classical thin shell theory is used to derive the stress field between 

diaphragms in the cylindrical shell elements.. The displacement noreal to the 
shell surface is denoted by w and is governed by the ordinary differential 
equation (Ref. 2, 3). 

dx 

where x is the axial coordinate and 
3 D * Eh h - shell thickness 

12U-V 2) 
4 43 * Eh r - radius of shell 

r 2D 

C., C, constants depending upon thermal field 

Ap pressure differential across shell thickness 
Solution of this equation for the transverse displacement w and subsequent 
operations lead to the moments and shears and the axial and hoop 
stresses in the shell. In a similar way, the axial displacement u, axial force 
resultants and axial stress are determined. Completion of those details permits 
the final expression of the displacement and force and moment resultants in each 
shell element in terms of six unknown constants. 
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In case of the diaphragms, each annular region between the shells is 
modeled structurally by classical thin plate theory. If in this case 
u and w denote the inplane and transverse displacements of the plate, 
the governing differential equations become (Ref. 4, 5). 

These equations are readily solved so that the plate displacements, moments 
and force are all expressed In terms of six unknown constants for each 
annular region. 

It remains to determine the six constants describing the structural 
response for each shell element and each diaphragjs section. These constants 
are determined by enforcing equilibrium and continuity conditions at 
each nodal point (intersection of a diaphragm and shell element). 

To see this consider Figure A which shows an interior joint. Equili
brium requires that 

N 1 - N 1 - 1 + Q̂  - Q^ - 1 = 0 x x r r 

N j - JjJ-1 + Q*"1 - Q 1 - 0 r r i 

M 1 - M 1" 1 + M 3 - 1 - M* - 0 x x r r 

while compatibility will be satisfied if 

i 1-1 J J-l u « u ™ vr - w 

w 1" 1 - w 1 - uj -= J-1 

dw 1

 m dw 1 " 1 _ dw£ _ dw 3 " 1 

dx dx dr dr 
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Fig. 4. Forces and moments acting on an 
internal point 
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In this way one finds 12 algebraic equations at each interior connection 
to determine the unknown, constants. Proceeding in a similar way for all 
the joints gives a sufficient number of linear algebraic equations to 
determine all of the unknown constants describing the structural response 
of the blanket. 

II. D COMPOSITE FIRST WALL 
In the reference design the first tvo shells are corrugated (as indicated 

In Figure 1) and they are also connected to one another with 9o equally 
spaced radial ribs which extend the full length of the module. (See reference 
1, sectionII.B.3) The purpose of the attachments is to transfer shear forces 
between the two shells so that they act as a composite. The attachments must 
also allow the coolant to flow in the axial direction. An analysis of this 
concept has not yet been perfonsed. In this global analysis, the corrugations 
have been eliminated and the attachment has been idealized. It is assumed that 
the two innermost shells are attached in a manner that transfers only shear 
forces and permits the two shells to act together in an integral manner. 
Analysis of this configuration requires modification o± the preceeding method. 

Figure 5 shows the geometry of the composite wall. The analysis of 
the composite follows directly if one treats it as an equivalent shell with 
modified properties h,D defined by 

h = h s + h s + 1 

3 2 - 3 2 "» 3 3 

3(1 - v 2) 

Equivalent force and moment resultants are then defined for the composite 
from which the composite stresses can be found. 

The governing differential equation for the composite can then be 
solved and all of the structural quantities defined in terms of six unknown 
constants as before. 

10 



" 

h 

n 

h 5 

Fig . 5. Composite f i r s t wal l 

11 



CHAPTER III 

NUMERICAL SOLUTION 

The statement of the structural problem begins with the input of 
specific component thicknesses, material constants and diaphragm spacing. 
This information plus a. statement of the back face boundary conditions 
establishes the matrix of the structural system. 

The forcing vector is determined once the values of the thermal field 
and pressure loads are prescribed. This leads to a large algebraic system 
of equations for the n sets of six coefficients for each of the n 
structural elements. As each structural element is only associated with two 
sets of connection conditions, the matrix is banded and assumes the form 
shown in Figure 6. 

To reduce the number of unknowns, it is further assumed that the 
blanket and its loading are symmetric with respect to the midlength plane. 
This algebraic system is then solved numerically and the displacement and 
stress fields quickly recovered. In order to maintain accuracy a special 
subroutine was developed for solving a system of euqations with a general, 
nonsymmetric banded coefficient matrix. The subroutine operates on a 
matrix stored in band storage mode, so that the smallest possible storage 
area is utilized. Since many entries are zero, an optional feature of the 
equation solver is the screening for zero elements to further er.̂ ance accuracy. 

The program was run on the UCLA IBM 3033 mainframe computer. One 
geometric and load configuration needs approximately 7.2 sec CPU time on 
the FORTRAN Gl compiler. Each time the accuracy of the equation solver is 
checked by back substitution. The product of the coefficient matrix and 
the solution vector is calculated and compared to the right hand side of 

-4 the equation. Tne maximum relative error was always less than 10 percent. 
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CHAPTER IV 

DISCUSSION OF RESULTS 

IV. A PRELIMINARY ANALYSIS 
The first structural configuration analyzed assumed the diaphragms 

were rigidly attached to the back wall. With two exceptions the geometry 
and component thicknesses were the sane as in the preliminary design outlined 
in Reference 1. The end plate thickness was taken to be 4 cm in anticipa
tion of the high bending stresses and it was further assumed the first and 
second walls of the blanket acted independently o c each other. Table 1 
shows all of the relevant dimensions. 

Figure 7 presents a summary of the stress analysis and shows the 
location and range of the stress state. In this figure effective stress 
o is used which is defined as e 

2 2 2 
% ' °1 ~ ala2 + °2 

and is a suitable scalar measure of the biaxial stress field. From this 
figure it is apparent that the stress field is unacceptably high. The 
reasons for this are two-fold. 

(a) The rigid attachment of the blanket to the back wall 
forces the blanket to expand as the temperature field is 
increased; hence large thermal stresses are induced. 

(b) The first and second walls, acting independently, each support 
a large pressure load which results in high stress values. 

This preliminary analysis shows the need to tie the first two walls 
of the blanket together so they act as a composite and the necessity of 
separating the blanket from the back wall so the blanket structure can 
expand and contract as the thermal field changes. 

14 



TABLE 1 Blanket Dimensions 

All dimensions in cm 

Total length • 380 
Thickness of the interior diaphragms K 1.5 
Thickness of the end plate a; 4 
Thickness of the first wall = 0.41 
Thickness of the second wall = 0.6 
Thickness of the third wall = 2.0 
Thickness of the fourth wall a 2.0 
Radius of the first wall » 150.21 
Radius of the second wall = 156.01 
Radius of the third wall - 176.81 
Radius of the fourth wall = 197.93 
Outermost radius - 229.58 
Spacing between diapragms ~ 38 

15 \:: 
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IV. B ANALYSIS OF MODIFIED STRUCTURE 
In the following it is assumed that the structural changes proposed in 

IV.A are made and that the dead/buoyant weight of the blanket is suspended 
from the backwall so that' the blanket is free to expand. Further
more the first two walls are tied together to achieve composite action but 
' the sandwich core still permits the effective flow of coolant. The 
structural dimensions remain the same as in Table 1. The pressure and thermal 
loads are acting simultaneously. 

Figure 8 presents a summary of the stress analysis showing the range 
and location of the effective stress. In this case the maximum value of 
0 is 32,000 psi and only in one small region, where the first wall meets 
the end closure. Rounding out this corner, or using a toroidal end closure 
as discussed in the next section, may reduce this value. The remainder of 
the structure is stressed at a much lower level. 

Figure 8 shows that the second wall and the end plate are the most 
highly loaded sections of the structure. Figures 9, 10, 11, and 15, 16, 17 
present detailed stress distributions for these components. The stress 
fields in the fourth wall and first diaphragm are presented in Figures 12, 
13, 14, 18, 19, 20 for comparison purposes. 

These detailed distributions show that (except for the end plate) the 
maximum value at the effective stress is only 19,000 psi with most parts 
of the structure supporting much lower stress levels. The exception to 
this is the end plate which has a local region where 0 reaches a 
peak value of 32,000 psi. 

This is a marked reduction in stress levels over the first configureLion 
and is a reasonable set of values for design purposes. Design allowables are 
discussed in Chapter V. 

IV. C MODIFICATION OF END CLOSURE 
While the flat plate closure offers certain geometrical advantages it 

does experience some localized higher stresses (for plate thickness of 4 cm). 
As an alternative a toroidal end closure with an elliptical cross-section was 
considered. The ratio of major and minor axes was taken to be two and the 
average pressure in the individual regions, 100 psi, was used. 
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It was found that to support the membrane forces in the meridian and 
hoop' directions a vail thickness of at least 1 cm was necessary to keep 
the membrane stresses below 20 ksi. One can expect that local bending 
stresses induced by connecting the end closure to the rest of the blanket 
will be at least that high. Effect of thermal fields were not considered. 
A more detailed structural analysis needs Co be conducted to determine the 
actual shell thickness required to reduce the closure stresses to an 
acceptable level. 

IV. D VARYING DIAPHRAGM SPACING 
The number of diaphragms (or equivalently diaphragm spacing) needs 

to be selected so as to reduce the stresses in the first wall or alternatively 
reduce the thickness of material in the first wall. To this end, the 
structure was analyzed for varying number of diaphragms. 

Figure 21 shows the maximum equivalent stress in the first wall as 
a function of pressure load alone, thermal loading alone and the tvo combined. 
It is apparent that the effects of thermal and pressure loading tend to 
cancel each other somewhat. 

In selecting the optimum number of diaphragms from this graph it must 
be recognized that the breeder might operate at no pressure (loss of 
pressure accident) or with no thermal load (start up ). Accordingly the 
optimum number of plates is about seven resulting in a maximum possible 
effective stress of 7500 psi and an operating stress of 4500 psi. Figure 22 
shows that this selection of diaphragm spacing will result in a maximum plate 
stress of 14,000 psi (thermal load only) and an operating stress of 
11,000 psi. T'.iese low stress values suggest that the wall thickness could 
be reduced somewhat. 

IV. E BUCKLING OF FIRST WALL 
The safety factor against buckling collapse of the composite first 

wall Lmst be assessed. An estimate is readily obtained by defining an 
effective thickness h* of the composite 

h* = {jW)D_ }
1 / 3 

E 
which is the thickness of a homogeneous plate with the same flexural 
stiffness as the composite wall. The mean radius of the composite is 153 cm 

h* so ~ = 0.015. 2a 
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An estimate of the buckling pressure is readily obtained for the case 

where E = 30 x 10 psi (a little high) and the yield stress is 26,000 psi 

(rather Ion), then from Fig. 239, page 452 of Reference 4 one finds 

p » 780 psi 

provided — < 2. In the most extreme case where there are no interior 

diaphragms, i - 380 cm so that -s-~ < 1.24. This results in a safety factor 

against buckling of 5.2 for the composite vail with dimensions given in 
Table 1. 

IV. F DEAD LOADS 
The effects of dead load were ignored in this structural analysis 

in order to preserve the axial symmetry at the stress field. The total 
weight of the blanket and load is 175,600 lbs. or 14,600 lb/ft. This 
load can be supported by hangers which will permit axial and radial 
expansion of the blanket. It is expected that the dead load stress field 
will not seriously alter the stress levels reported herein. 

IV. G ADDITIONAL POSSIBLE STRUCTURAL MODIFICATIONS 
Two additional structural configurations were considered. The 

first change consists of uncoupling the third and fourth blanket walls 
from the diaphragms (Fig. 23a). An analysis of this geometry shows that 
Lhe maximum equivalent stress, 18,000 psi, occurs at the joint of the end 
closure and the composite first wall, while for the second wall O = 13,000 psi. 

The second modified structure considered consists of a composite 
first wall without any interior diaphragms (Fig. 23b). The third and fourth 
walls are loosely connected to f-c end plates. It results in this case that 
the hoop stresses in the composite wall da not exceed 24,0QG psi. 

IV. H GENERAL COMMENTS 
This report outlines a refined structural analysis suitable for 

the preliminary design of the hybrid reactor blanket. The structural model 
and its numerical implementation offer the following advantages: 

. economical to use 
• flexibility with respect to geometry & boundary conditions 
• permits consideration of a range of thermal & pressure loads 

The results of the analyses show chat as far as the elastic response to 
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thermal and pressure loads is concerned, the initial design concept is 
structurally feasible. As pointed out earlier, the blanket must be separated 
from the back wall, the first two interior walls must be tied together 
structurally and care must be taken in designing the end closures. Further
more it appears that lower stresses may be achieved by altering the number 
of diaphragms, changing a few wall thicknesses and decoupling the third 
and fourth walls from the interior plates. 

In applying the results of the analysis it must he kept In mind that 
the reactor is operated through a range of temperatures and pressure fields. 
As the breeder is started up, shut down or experiences an emergency change 
the combination and magnitudes of the loads vary. Accordingly the designer 
must consider a number of load combinations to properly represent the 
real load environment of the breeder reactor. 

The analysis presented here did not consider the effects of dead/ 
buoyant weight of the structure. As shown in Sec. IV. F these are not 
expected to be significant but they should be analyzed. 

The results presented herein are also useful in developing estimates 
of radiation induced creep and swelling. While knowledge of the elastic 
stress levels is a starting point it is stiil necessary to conduct a 
total creep and swelling analysis of the entire structure. Such an analysis 
will give the stress and displacement fields as a function of tine and 
will properly account for all structural components and their interaction. 

The key structural element In the blanket is the composite first 
wall. A detailed design of this component must be completed that will meet 
the requirements of coolant flow and heat ransfer. A careful structural 
analysis of this composite is then necessary to ascertain its performance 
in the thermal, pressure and radiation fields of the hybrid reactor. 
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CHAPTER V 

RADIATION EFFECTS OH THE BLANKET STRUCTURE 

AND POSSIBLE DESIGN MODIFICATIONS 

V.A RADIATION' EFFECTS 

Swelling and creep strains cause and relax stresses as a function of tine 
in the fusion environment. Material properties also change as a function of 
the irradiation tine. For example, the yield of the material increases with 
tine, thereby strengthening the structure. Therefore, one oust perform time 
dependent inelastic structural analysis including radiation swelling and creep 
in order to properly account for the effects of radiation on a blanket 
structure. This would require a modification of the present model, where the 
effects of swelling and creep can be incorporated as input strains to the 
problen. As was previously performed for the MARS blanket a time-dependent 
solution can be formulated where stresses and displacements are simultaneously 
calculated. 

Failure criteria should also eventually be included as a part of the 
analysis. The ferrltlc structure looses ductility by more than one oechanism, 
depending on the temperature of operation. This loss of ductility Is a major 
concern for failure of the structure. Mechanical engineers who are fimlllar 
with design procedures follow very rigid rules concerning the determination of 
structural failure. Safety factors are also ~ften used to account for unknown 
statistical factors. It is premature, at this level of analysis, to consider 
sophisticated elasto-plastlc structural analysis Including radiation effects 
and failure criteria. Therefore, we have adopted a "convenient" design 
philosophy based on consideration of possible failure nodes of ferritic 
structures in operating fusion conditions. 

The present design philosophy can be summarized as follows: 
(1) The structural temperature is purposely limited to less than 420 c. 

With any stressed component, this will ensure safety against thermal creep. 
The stress level calculated in the previous section indicates that the maximum 
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stress is on the order of 20 ksi, and occurs at the semi-eliptical end caps of 
each nodule. At temperatures below the creep range, the design stress Is the 
minimum of 2oyy.j, 2CTQ >2/3» a n d a

v ^ (ASME Code Case 1592). oy Is the 
yield, <JQ 2 i s the C.2X offset strength and o u Is the ultimate tensile 
strength. Both HT-9 and 2 V4 Cr-lMo are suitable structural materials under 
these criteria. 

(2) Minimum structural temperature Is designed to exceed 360*C, such that 
no significant shift In the Ductile-to-Brlttle-Transltion-Temperature (DBTT) 
occurs. Although we haven't performed structural analysis for crack 
propagation under Irradiation, current data on ferrltlc alloys show that 
brittle failure at temperatures greater than 3fcO*C is improbable. 

(3) The present philosophy of design Is based on a maximum amount of 
tolerable strain in the structure before failure. It is debatable, at this 
point in tine, whether radiation strains are damaging or not. However, design 
experience at elevated tenperatures dictate an upper Holt for the accumulated 
strain due to thermal creep. This upper strain Halt Is only 15E, and includes 
a significant safety factor against structural Instability. He will, 
likewise, Unit the naxlnun amount of accumulated strain to 21, Therefore, 
our assumed design criterion will be 

<t'e + If'tc + f>ic + If's « 2* 

where e • elastic strain, tc • thermal creep, ic • irradiation creep, s « 
swelling. For a 5 meter nodule, the maximum allowable axial elongation is 
therefore * 10.0 c«. The 2% strain I mlt is somewhat arbitrary, but we 
belie' e that a strain limit exists and that its value will be near 2%. 

Stress analysis has been performed in the previous chapters. The results 
show that the stress levels on the first wall are quite low (0-3 ksi), and 
that the second wall carries most of the stress. Equivalent stresses on the 
order of 16 ksi are calculated. He will be more concerned with the 
performance of the more highly stressed second wall under irradiation. The 
module end caps, which may have slightly higher stresses, are not considered 
because the stresses are not as well quantified, and the higher stress may be 
made to occur away fron the high radiation damage areas by design. 

As was mentioned above, it is a risky step ta try to separate radiation 
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deformation from stress redistribution. However, In view of the need to 
evaluate the structural lifetime, we will attempt a conservative estimate. 
We use here the equivalent stress as our driving function for irradiation 
creep deformation. Even though stress is known to influence the magnitude of 
swelling (stress affected swelling) we will Ignore this effect. Data is 
virtually non-existent on stress effects on swelling. 

The swelling rate of HT-9 is a function of both displacement daisage rate 
and temperature, as given by our equation: 

2 
~- (%) - 0.681 {0.036 5 - 0.074) exp[-(^~) ) 

and the linear strain as 

,& , 1 r4v, 
cs " [ T ! s • 3 l ~ ] 

where 6 i s the displacement dose and T is the local temperature (°C). For 
irradiation creep of HT-9, we adopt the following formula: 

eic - l J K c " ™ 

where B Is a constant (0.1 - 2xl0~ 1 Z dpa-' Pa - 1) and o is the equivalent 
stress. Stress relaxation Is expected to occur, thereby reducing any large 
Initial secondary stress. To assess this affect of stress relaxation, we must 
solve the stress problem in a time-dependent fashion, including creep and 
swelling. We have chosen the maximum equlvalant stress of 16 ksi, neglecting 
relaxation for conservatism. We have also used the highest value for 

— 19 —1 i 
Irradiation creep compliance (B » 2x10 l dpa Pa ). Thermal creep strain 
has not been considered because the design temperature is below the thermal 
creep range. 

Figure (24) shows total accumulated strains in the relevant temperature 
range 360 - 420°C, d-v to both creep and swelling. With these very 
conservative assumptions, it can be concluded that the lifetime i s likely to 
exceed 4-5 FPY or 60-80 dpa. As shown in Figure 24, the major contribution 
to total strain comes from irradiation creep. 
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V.B POSSIBLE DESIGH MODIFICATIONS 

As mentioned above in Section IV.G, it appears to be feasible to 
decouple the first wall entirely from the radial diaphragms. This section 
outlines a design option which takes advanv.:ge of decoupling to simplify 
manufacturing and reduce thermal stresses while providing support for weight 
and buoyant fources. It should be noted that additional design work could 
also result in lowering the structural fraction near the front of the blanket, 
reducing parasitic neutron absorption, and thereby increase breeding performance. 
However, the major issue of buckling under irradiation creep is not well enough 
understood to proceed with such reductions. Further, we do not believe that a 
substansial increase in performance is likely to result from such modifications. 

The proposed alternate design of the first and second blanket wall 
retains the sandwich construction with slight structural modifications. The 
sandwich construction results in the highest strength-to-weight ratio available 
and is easiest to cool due to its thin wall construction. A structurally sound 
first and second wall would weigh approximately 40" less than a single pressure 
resistant wall and increases neutronic performance. The redesigned sandwich 
construction wall includes flat plates instead of corrogated panels, and the 
use of staggered channel sections welded to both the first and second walls. 
(See Figures 25 and 26.) 

The design issues related to attachment of circumferential diaphragms 
to the outer wall and the large stresses developed in the blanket can be 
resolved by allowing for more flexibility in the structure. Each circumferential 
diaphragm should be replaced with three concentric diapragms. Each concentric 
diaphragm is attached to the third, fourth, and outer walls, respectively. The 
diaphragms are split to reduce stresses resulting from radial temperature gradients. 
Each wall supports, in tension only, the flow induced pressures. Bending and 
thermal stresses are significantly reduced in the third, fourth, and outer walls. 

Supporting the weight of the assembly while allowing for unrestricted 
thermal growth is expected to be adequately handled by the proposed design. 
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SADDLE SUPPORT 

F i g . 25 . Cross Sec t ion of the A l t e r n a t e Blanket Design 
Showing Radial Arrangement of Conponents 
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F i g . 26 . Cross Sec t ion of t h e A l t e r n a t e 31anket Design 
Showing Axial Arrangement of Components 
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The weight of each wall, fuel spheres, and coolant are transmitted downward 
through the diaphragms to two saddle supports located below the blanket assembly. 
The axially spaced diaphragms Insure continuous support along the length 
of each shell, resulting In thinner vails and less structure. Supporting 
the walls at each end Is not recommended because the support members would 
have to protrude through the coolant channels, and the cylindrical walls would 
have to be stiffened In the axial direction to maintain structural integrity. 
Clearances of roughly 1 mm between interior members will allow for unrestricted 
thernial expansion. 

The modular nature of each wall section will reduce manufacturing tine 
and simplify assembly. Each section will stack within each section forming 
a final concentric assembly. The addition of the end caps and inlet-outlet 
fuel ducts would complete the blanket assembly. 

In support of the alternate blanket design, it is recommended chat 
additional structural analysis be performed. Analysis to be performed 
should include the following* 

1. The sandwich structured wall should be analyzed to optimize 
the strength-to-weight ratio of the assembly. 

2. The interior walls and ribs should be analyzed to obtain the 
va.ll thickness and rib spacing required to support the flow 
induced pressures and deadweight of the assembly. 

3. The end closures should be analyzed to determine what affect 
the thermal expansion of the outer wall has on the stress 
distribution in the structure, 

4. The location of the saddle supports should be analyzed to minimize 
the stresses developed in the blanket components. 
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