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ABSTRACT

In this paper, a pressurized lobular blanket
configuration is neutronically optimized. The
blanket configuration features the use of beryl-
1iva and LiAl0; s0lid breeder pins in a helium-
cooled cross-flow pattern. One-dimensional
nsutronic optimization calculations are performed
to maximize the tritium breeding ratio (TBR).
The procedure involves spatial allocations of Be,
LiAl0y, 9-C (low-activation ferritic steel), and
He, in such a vay as to maximize the TBR subject
to smeveral material, engineering and geometrical
constraints. Consistent with all imposed engi-
neering constraints, a TBR of 1.17 is achieved
for a relatively thin blanket (=43 cam depth).

I. INTRODUCTION

The development of blanket concepts based
upon individual pods or canisters has deen pur-
sued since the early days of conceptual fusion
deligns.l' Several perceived advantages have
beert considered for these designs. Results from
a recent Blanket Comparison and Selection Study
(3c35)3 have indicated that a combination of
helium as a coolant and ceramic Li-bsaring solid
breeder can satisfy necessary neutronic and
thermomechanical performance criteria. In a
version of a GA blanket de-ign,“ the L{50 eceramic
breeder has been proposed in the form of clad
plates. However, several critical areas remain
unaddressed in the previous studies:

1. The plate cladding structure, with its thin
dimensions, may not be tolerant to thermal
and irradiation inelastic strains resulting
in reduced lifetimes.

2. "Box-type" structures are gensrally prone to
stress concentrations at corners, leading to
early failure,

3. BEven though Lis0 has a higher lithium aton
density as compared to LiAlO,, its swelling
rate {3 about an order of magnitude larger.

4. With & greatly reduced structure-to-breeder
rat{o, the breeding ratio was found to be
sarginal.

Recent efforts undertaken at CEA Saclay

(France) have concentrated on clad breeder ele-
ments. This has been dictated by the desire to
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saintain a resascnable breeder geometrical integ-
rity and a well controlled working temperature.
Their studies of canister blankets with berylliua
multiplier and solid breeder indicated that
better tritium breeding is achieved when beryl-
1tun is mixed with the solid breedsr.” The
chenical compatibility problems, which are eru-
cizl for the viability of such a design, remain
to be resolvad.

The philosophy of the present design study
follows the following lines:

1. A pressurized lobular configuration is used

. to allovw for flat side plates as shown in
Fig. 1. 7The configuration is well suited for
tight-fitting locations, such as the in-board
blanket,

2. Pressurized heli{um flows in the radial 4i-
rection, achieving thermal homogensity, as
dascribed in Ref. [6].

3. The use of beryllium in the front zone of the
blanket is consistent with its high conduc-
tivity. The lower conductivity breeder
naterial is used deep inside the blanket,
where the nuclear heat gensration is lowar.

4. Beryllium and solid breeder pins are srranged
such that helium cross-flowv conditions are
achieved. The small size of the pins ensures
minisum teaperature assymmetries. This is
shown to rssult in minimal bewing and de-
flections within the blanket.’

S. The side plates are tapered from the back to
the front in ordsr to accommodate the high
internal pressure (ses Ref. [B]).
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Fig. 1. Preliminary pressurized lobular blanket
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Ve present here the results of mneutronic
optimization calculations of a solid breeder
blanket. The objective is to maximize the tri-
tium breeding ratio by optimizing the spatial
material allocations in the blanket, consistent
with a mmber of engineering constraints. The
materials used in the present analysis are given
below:

1. Structural Material: Low activation material
9-C. This materlal, which iz structurally
oquivalsm: to HT-9, has the following compo-
sition:

Cr = 11.81%
W = 0.89% Mn = 6.47%
N = 0.0033 P < 0.005%
Fe = vemainder
The 9-C structural material is used for the
lobe shell, and also for cladding the solid
breeder material.

C =0.0978 V = 0.28%
§1 = 0.11a

§ < 0.005%

2. Solid Breeder Material: 1L11Al0,, with vari-
able enrichment of Li to be determined by the
optimization study

3. Neutron Multiplier: Beryllium

4. ,Coolant: Helium

S. "Shield-1: WVWater and ferritic steel Fe-1422

6. Shield-2: Water, ferritic steel Fe-1422, and
B,4C

II. SYSTEM CONFIGURATIONR AND MODELING

The ANISN neutron transport code.lo which
utilizes the S-N method of solution to the trans-
port problem, provides for approximate 1-D solu-
tions for infinite slabs or cylinders. The
actual blanket configuration, shown in Fig. 1,
reveals more geometric details than can actually
be modeled fn 1-D calculations. For example, the
solid breeder pins are also clad with the 9-C
ferritic material. To determine such details,
many engineering factoxrs have to be considered.
The f£inal blanket configuration must result in
acceptable neutronic and thermostructural per-
formance. A basic consideration, however, is how
to maximize the tritium breeding ratio by an
appropriate spatial distribution of materials,
without exceeding or conflicting with other
enginsering constraints.

A 1-D model is obtained by tresating the
various zones as cylindrical shells of infinite
height. Materials are smeared within each zone
according to their densities. This is consistent
with a flat flux approximation, where
self-shielding effects are neglected.

The neutron transport and gamma production
cross sections were obtained as a coupled set of
46 neutron groups and 21 gamma groups produced by
the AMPX modular code systenn from the nuclear
data in ERDF/B-IV. The cross sections were
weighted with & 1/E spectrum for E; > 0.345 eV,
and with a Maxwellian distribution for E, < 0.345
eV. The gumma interaction cross sections were
uniformly weighted. Because of cost limits, the
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46 neutron-group cross sections were collapsed to
a smaller mumber of groups.

In the next section, we briefly describe the
methodology adopted in this optimization study,
outlining the basic principles of the technique.
This i1s followed by the results of optimization
studies, starting with modeling an idealistic
system without any constraints. Finally,,  the
results are presented for a nearly optimum systenm
with all necessary engineering constraints. :

III. THE SWAN OPTIMIZATION CODE

SWAN12 {s a code developed for the analysis
and optimization of the mucleonic characteristics
of CTR blankets. Any nuclear system that is
dsscribed by the inhomogensous linear transport
equation can be analyzed by the SWAN code. SWAN
is composed of two modules, ANISN and SWIF. SWIF
is a code developed for perturbation calculations
and optimization studies. The type of opti-
mization problems that can be handled by SWAN can
be characterized as follows.

Given the external source distribution
S(x) = S(z,E,f) (1)

and the atomic density distribution Nj(x) for all
I materials, the density of which are variables
of the optimization, find the material density
distribution that will extremize the functional
Fe(N;,Ng, ..., N7) subject to:

1. The constraints imposed by the density limits
Ming s j@) s M@ s M@ . (@)

vhere these densities are assumed constant in
each zone, NJ2% ig the maximum allowable
material density, and R§(r) is the natural
material density at location .

2. The constraint on the total volume fraction
available:

1

N
@ _ const s 1.0- 3

{=1 1(:.-)

3. Preservation of the value of the constraints
[denoted by the functional F.(Nj,Np,...,Np)]
imposed on the problea.

The characteristic to be extremized (F,) can
be either of two general categories: a weight-
type characteristic or a mnucleonic character-
istic. A weight-type characteristic is any
characteristic expressible in the form

1
Ry Mg, WD) = ) [ €6y (0 M@ . @)
=y
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‘to be referred to as a weight functional. A
nucleonic chsaracteristic is one axpressible in
the form of & bilinear functional:

Fp(Ry,Np,...,Np) = j' d;[«,.p + <$t,5>
- <4.88], (5)

{using the notation <,> for dE Q ) wvhere the
flux ¢ = ¢(r,E,0) and the adjoint ¢f = ¢}(x,E.0)
are the solution of, respectively, the linear
Boltzmamn esquation and its adjoint.

The material densities for the nth iteration
are obtained from the parameters in the (n-1)
fteration as described in detail in Ref. [12].

IV. OPTIMIZATION RESULTS
A. Preliminary Calculations

Preliminary calculations were first
performed with slab geometry. In this case, we
assumed 608 enrichment of the L16 in L1A10; at
958 of the theoretical density. Volume fractions
were taken as 0.4 for 1iAl105, 0.18 for 9-C, and
0.48 for He. The first shield was assumed to be
95% Fe-1422 and 5% Hy0, while the second shield
was assumed to contain the following materials:
Fe-1422 = 45%, Hy0 = 5%, B,C = 508. Reference
calculations were performed using the S16-P3
approximation [10].

Because of the cost of optimization pro-
cedures, & smaller set of groups was used. A
small library of 9 neutron groups and 3 gamma
groups was creatsd by collapsing the basic 11i-
brary of 46 n groups and 21 vy groups using flux
weighting from preliminary blanket calculations.
It was.found that the TBR for the collapsed group
procedure is within 108 of the uncollapsed case.
Moreover, the relative spatial allocation of
materials was relatively unaffected.

B. Stage I: Unconstrained Optimization at
Maximum TBR

The objective of this phase of the study
is to allocate various materials in fixed geom-
etry in order to obtain the maximum tritium
breeding ratio. The choice of materials is
limited to LiAlO;, 9-C, He, and Be within the
blanket. The coupositlon of the two shields was
not changed however. The arrangement of ma-
terials i{s shown in Fig. 2.

First Mani-
. Blenket t Shield 1 Shisid 2
Wali] old
Plasma
He | *LIAIO,, TLIAIO,, | 9-C |Fo 1422 Fe 1422, H,0
C{ Be. C: He He He 8,C
!!.l" _70 O 10 | 20 | - 80 {
Fig. 2. A 1-D blanket model for maximum TER.
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Starting with a uniform distribution of
materials in the blanket, the SWAN code calcu-
lates the effectiveness of each material at each
spatial point. JXNew material distributions are
then calculated using the method of steepest
descent. No constraint is imposad on the distri-
butions except that the volume fractions must be
politivc and must add up to unity. The new
material distributions are then used o cslculate
a nev value of tritium breeding ratio and to
generate nev effectiveness functions. This
iterative scheme is repeated until convargence is
achieved.

First, it was found that the TBR was in-
creased from 0.94 to 1.54, wvhich is an increase
of 648 due to the optimized allocations. Figure
3 indicates that the TBR is very sensitive to the
location of Bs. The material distributions, as
shown in Fig. 3, display simllar trends as the
effectiveness functions. Be is shown to occupy
the front zone of the blanket, with small
contributions from other materials. Except for
the front section, where Be is dominant, all
other materials maintain a uniform distribution
with the following ratios: (a) Breeder to struc-
ture ratio =4, (b) 116 enrichment of 60%. Nu-
clear heating, like most other reaction rates,
was found to be high in the front, and decreases
rnpidly with depth. In LiAlQy, the heating rate
gound to be quite high in the front zone (126
V/cn

C. Stage II: Optimization for a Two-Zone
" Constrained Blanket

Even though very high TBR values were
obtained in the previous case (1.54 for He and
1.7 for a similar water-cooled case), the spatial
allocation of materisls was mnot subject to geo-
metrical or engineering constraints. We then
attempted to impose realistic constraints on the
optimization. A two-zone blanket was first
subjected to anslysis and optimization where a
beryllium gone was introduced behind the first
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Fig. 3. Results of optimm material distributions
for maximum TBR for He-cooled desigus.
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wall. This zone coumprised 6 rows of 1.71-cm-
thick unclad Be rods (0.3 cm rod spacing). The
composition of this zone was not changed during
subsequent optimization. The back zone of the
blanket was a mixture of LiAl
vith a fixed Li% enrichment of 608. The struc-
ture to breeder ratio was varied and its effect
on the TBR was studied. Calculations with the
full 46 group library resulted im a TBR of 1.42,
which is 8% lower than the 12 group results due
to spectral differences.

The nuclear heating was found to be high in
the front of the second zone, with a cell average
value of 65 V/cn3. However, averaging over
separate materials showed esven higher values
reaching 98.8 W/cm in LiAl07 alone. These high
heating rates have led to temperatures wall asbove
the 1100°C limit set for LiAl0;. This in turn
led to the next and final optimization step which
is to include temperature limits as well as
density constraints.

D. Stage III:
Blanket

Final Optimization of & Thin

The previous optimization studies are
quite 1dealistic, since materials compositions
have been continuously changed throughout the
blanket. This is an impractical situation and
one should account for simplicity of manufactur-
ing as well as engineering asseambly. For these
reasons, we chose to arrange the pins into one
neutron multiplier zone and two tritium breeding
zones.
result in a “theoretical” maximum TBR, it pro-
duces a nsar-optimum value.

Nuclear heating and rod temperature limits
were considered as drivers for the blanket ar-
rangements. Based upon the results of previous
stages, a three-zone arrangement was set.

Zone 1: 6 rows of bare Be rods
(1.7 cm 0.4d.)

2one 2: 5 rows of LiAl0,/9-C rods
(1.22 em 0.4.) -

Zone 3: 5 rows of L1A102/9-C rods

(3.22 cm o0.4d.)
The cladding thickness was chosen as 0.1 em, with
a nominal gap thickness of 0.01 cm. The distance
between adjacent pins was taken as 0.3 cm.
Thermal and mechanical considerations for these
choices can be reviewed in Refs. [6-7]. The
final blanket configuration is shown in Fig. &.

Throughout all previous optimization
studies, the breeder density was taken as 95%.
However, modaling of tritium transport indicated
that such a high density ug' result in unaccept-
able tritium 1nvom:oty.1 Consequently, the
density of L{A10; was reduced to B85% of the
theoretical density. Furthermore, the total
blankat depth was reduced to about 0.5 =,
including helium gas manifolds, so that modules
can fit sither in the out-board or in in-board
sections of the tokamak. With all imposed con-
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Even though this arrangsment does not
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Fig. 4.

Final configuration of optimized
reference blanket.

straints and the reasonably short blanket
modules, it was found that the tritium breeding
ratio is 1.175.

For a 14.1 MeV neutron incident on the first
wall, the integrated values of nuclear heating
were calculated as follows:

First wall 2.45 MeV
Beryllium 5.25 HeV
LiAl109 8.85 MeV
9-C cladding 1.52 MeV
Manifold section 0.54 MeV
Shield-1 2.20 MeV
Shield-2 _0.34 eV

TOTAL 21.15 MeV

As can be seen, the heat generated in the first
wall, Be, L1Al107/9-C, and manifold section is
18.61 MeV, yielding an energy multiplication
factor of 1.32. The actual volumetric heat
distribution in the blanket is shown in Fig. 5.
It is to be noted that the maxisum values for
LiA10; heat generation rate is 179 W/cm”, while
that for Be is 35 W/cm’. However, when averaging
is performed over rod dimensions, the following
maximun values are cbtained:

Beryllium 35 W/emd
LiAl10, (1.22 em 0.d.) 127 W/emd
L1A107 (3.22 cm o.d.) 21 ufen?

These values wers found to result in acceptable
tenperature distributions within the breeder and
Be rods.® .

The distribution of tritium production in the
LiA10, throughout the blanket is shown in Fig.
6. It was found that the average tritium pro-
duction rate is 4.31x10°° wppn/s (1359 wppm/yr).
However, 76% is produced in the first bresder
zone and only 24% §s produced in the back breeder
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Fig. 5. Distribution of volumetric heat genera-
tion rate within the reference blanket.
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Fig. 6. Distribution of tritium product:l:on
within the reference blanket.

zone. Nearly 99% of produced tritium was in Li6
reactions. Tritium was also found to be produced
in beryllium, with an average rate of 122.8
appn/y, and a paximum value of 204.5 appm/y.
Burnup calculations are not included. However,
the reaction profiles are expected to remain
nearly similar to those presented hers, with a
gradual shift into the blanket with accumulated
fluence.

Helium was found to be produced in all
blanket materials. MHowever, the production rate
of helium in LiAl0; was found to be sxceptionally
high, reaching a maximum of 85,000 appm/y.
Displacement danage rates in the first wall,
L1A105 bresder, and the 9-C cladding were calcu-
lated, giving a maximum first wall value of 64
dpa/y.
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V. CONCLUSIONS AND RECOMMENDATIONS

The present calculations have shown the
wviability of a pin-type solid breeder blanket for
tritium breeding. Engineering materials and
geometrical constraints were all considered
self-consistently, without & sacrifice of tritfum
self-sufficiency. Moreover, the final reference
blanket is quite thin, with a total .depth of 46.3
ca including the manifolds and first wall zones.
The amount of bresder material is small, since
the solid breeder zone is only 21.8 cm. It was
also found that all reaction rates display a
steep dspendence on distance into the blanket.
Thus, across the breeder zone only, the tritfum
production rate decreases by a factor of 25, the
heating rate by a factor of 16, and helium pro-
duction by a factor of 26. As in many other
blanket designs, this behavior is a result of the
nature of the fusion reaction, producing neutrons
that impinge on one side of the blanket. The
volume utilization of the blanket is less than
optimal, and consequently, the design can be
further improved. A double optimization for a
maxismun TER and energy multiplication factor can
improve the overall performance of the blanket.
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