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ABSTRACT

A self-~consistent procedure has been established
for economic design optimization of the lithiua-
lead (LiPb) blanket for the MARS tandem mirror
reactor. The procedure is necessarily iterative
and enables progress in blanket design to be as-
sessed in terms of the minimization of an eco-
nomic figure of merit F for the complete reactor
system. Typical economic design questions re-—
garding blanket and central cell parameters such
as tritium breeding ratio, neutron energy multi-
plication factor, thermal cycle efficiency,
blanket radial thickness, magnet radii, etc.,
can then be addressed in terms of their influ-
ence on overall system costs. This procedure is
not necessarily specific to MARS and has general
applicability to fusion reactor blanket design
optimization. Application of the procedure re-
sulted in 2 blanket with small (~ 38 cm) radial
thickness, highly eariched (90%Z) lithium, ade-
quate tritium breeding ratio (1.14) and a
neutron enerzy wmultiplication and thermal ef-
ficlency approaching those for blankets of
considerably larger radial dimensions.

INTRODUCTION

The Mirror Advanced Reactor Study(l) (MARS)
is a major coaceptual desiga study of a commer-
cial tandem mirror fusion reactor. MARS has
evolved from an original 3500 MW fusion power,
1700 MW electric device, to the current baseline
(March 1983) of a 2574 MW, 1200 MW,, device.
This analysis will be for the original 1700 MW,
case although the principles are completely
zeneral. Thermal power production and tritium
breeding in MARS take place in a cylindrical
central cell region of 150 m length which is
divided into 84 blanket modules. In addition to
electric conversion of the blanket thermal
power, a significant fraction (~ 26%) of the
total electrical output of the reactor is pro-
vided by the plasma direct convertors located at
each end of the device.
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A cross—section through the MARS blanket
and central cell 1s shown in Fig. 1. The
blanket comprises the flowing 1liquid metal
eutectic Lil7Pb83, performing a dual breed-
er/coolant role, contained in HT-9 ferritic
steel structure. A water—cooled reflector com—
posed of Fe-1422 surrounds the blanket. The re-
flector is, 1in turn, surrounded by a separate
water-cooled shield for protection of the
central cell superconducting magnets. It should
be noted here that the coolant water from the
reflector contributes to the overall thermal
cycle as subsidiary feed-water heating to the
main LiPb stream. Depending on the blanket
design parameters, a relatively large fraction
of the total recoverable enerzgy is deposited in
the reflector, thus the overall energy multipli-
cation 1is sensitive to the choice of reflector
material and its radial thickness.

Fig. 1. Cross Section of the MARS Central Cell.



Under the original terms of reference of
the MARS study, the blanket was required to be
simple in concept, easy to fabricate and provide
for convenient mwmaintenance. However, given
these 1initial constraiats, the following im—
portant question was posed: "For a fixed fusion
power and, therefore, for a fixed incident
neutron power, how should the structural and
neutronic design of the blanket proceed so that
its economic performance can be optimized?”
Clearly, examination of possible optimization
procedures leads to associated performance
questions such as: What tritium breeding ratio
(T) should be required? What is the maximum
adeutron energy multiplication (M) attainable for
this value of T? Should we design a thick
blanket in order to maximize M or should we de-
sign a thin blanket in order to minimize blanket
and supercounducting magnet costs? Would a thin
blanket with corresponding thick radiation
shield be more ecoaomic than a thick blanket
with corresponding thin radiation shield? Would
a thinner blanket result 1in a larger energy
deposition in the reflector/shield with associ-
ated economic penalty in the thermal cycle effi-
clency? What maxiaun fraction of the total
neutron enerzy should be permitted to be
deposited in the reflector and shield? =Zte.

Ideally, the above design optimizatioa
questions would be answered by a formal reactor
systeas cost code. However, although such cost
codes ?fEB)in regular use for tokamak re-
actors,“? at the outset of the MARS study
there existed no convenient code for tandem
airrov devices. Accordingly, a blanket design
optimization procedure was established such that
progress in the evolving engineering design of
the MARS LiPb blanket could be assessed in terms
of improving economic performance. As will be
seen in the following sectlons this procedure is
aecessarily iterative aund requires the uinimiza-
tion of an economic figure of merit F for the
overall reactor system.

DESIGN OPTIMIZATION PROCEDURE

The following procedure was adopted for
design aptimization and coded accordingly:

1. Establish a self-consistent economic figure

of merit F for blanket design optimization
(see below).

2. Specify the desired tritium breeding ratio
(T) for the blanket system.

3. Establish a blanket and reflector point de-
sign by specifyinz dimensions, volume
fractions of the constituents (LiPb/HT-9

for the blanket and Fe-1422/H,0 for the fe-
flector) and percentage eunrichment of °Li
in the LiPb.

4. Perform uneutronic analyses oa this point
design to obtain the neutron energy multi-
plication M and fractional energy depo-
sition 1ian the reflector for the constant
tritium breeding ratio T.

5. Determine gross thermal efficliency n and
LiPb pumping power for the thermal hydraul-
ic (energy conversion) system.

6. Determine neutron/gamma desizn constraints
for the central cell superconducting mag-
nets and required external radicactivity
conditions at shutdown. Desizn blaunket
shield so that all conditions are satis~
fied. This requires an “inner-iteration”
routine to minimize the sum of shield
costs, magnet costs, cryoplant capital
costs and cryoplant operating costs.

7. Given the outer radius of the shield from
above and, therefore, the minimum {inside
radius of the central cell magnets, deter-
mine magnet winding pack dimensions and
center to center spacing.

8. Cost all reactor items whose specifications
depend on either the blanket multiplication
M or thermal cycle efficiency n (i.e.,
blanket, reflector, shield, magnets, therm—
al hydraulic system, turbine plant and
electric plant).

9. Compute the figure of merit parameter F
(see below).

10. Iterate this procedure from step 3 and, by
variation of the blanket/reflector point
design, minimize the figure of merit para-
meter F.

THE ECONOMIC FIGURE OF MERIT PARAMETER

It is now necessary to select an appropri-
ate economic filgure of merit F for the blanket
system such that minimization of F in the above
iteration procedure leads to an optimized de-
sign. From a cursory view of this problem, it
would appear expedient to ninimize the capital
cost of the central cell through design; i.e. a
thin blanket iuplies a small inner bore for the
central cell magnets and, therefore, low capital
costs. However, it is not sufficient for the
blanket optimization to just minimize central
cell costs or, equivalently, just wmaximize
central cell thermal parameters. Instead it



must seek to maximize the overall economic
performance of the reactor through blanket de-
sign. Further elucidation of these arguments
requires the formulation of a detailed sensi-
tivity study with explicit functional depend-
encies on M and the thermal cycle efficiency n
and, as such, is beyond the scope of this paper.
Accordingly, further details may be found in an
associated publication™ where the definitive
figure of merit F employed for the MARS study is
shown to be:
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where: CCC = total central cell costs

Cpyg = cost of thermal hydraulic system
CTP = cost of turbine plant equipment
C"P = cost of electrical plant equipment

Cyp cost of miscellaneous plant equip-
ment

Cpy = cost of plug magnets

pc = cost of direct coavertors

Cg = cost of buildings and site facili-

ties
ch = electric power from central cell
P;C = electric power from direct con-
vertors
P; = glectric power requirements of LiPb
pumps

P, = recirculating electrical power re-
quirements for reactor less the
LiPb pumping power
M = blanket multiplication factor
n = thermal cycle efficiency

F as defined here is thus the overall capital
cost of the reactor normalized to the net
electrical output. It 1is commonly expressed in
units of $/kW,. It should be noted JLhat, con-
ventionally, the LiPb pump power PP would be
included in the overall recirculating power
requirements of a reactor. It is separated in
this analysis so th%§ the net recirculating
power requirements PR can be expressed inde-
pendently of Mn. ’

Note the following interesting properties
of F. The first four terms in the numerator
(Coe» Cpy» Cpp and CEP) are dependent on the
blanket and thermal cycle properties and there-—
fore on the product of Mn as shown, while the

last five terus (C‘ C A? CH’ e and C¥) are
independent of the %lan&et properties. the
denominator, the first and third terms (P P )
are blanket dependent (and, therefore, rﬁ] de—
pendent) while the second and fourth terms
(PD and PR) are blanket-independent. In ad-
dition, for a tandem mirror such as MARS, the
electrical output from the direct convertor P
is comparable in magnitude to tge sun of the
recirculating power requirement P, and the LiPb
pumping power P Depending on %he particular
design, these three terus can effectively cancel
each other in the denominator.

The figure of merit can therefore be repre-
sented as

CMn) + C'

e .
Pcc(‘m) '
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where C represents the cost of all blanket-
dependent 1items, C' represents the cost of all
non-blanket-dependent items and P is the
electric power from the central <ceéll only.
Notice now that there is a large tera C' in the
numerator which 1s independent of Mn and,
therefore, of blanket properties, while the
denominator is directly proportional to Mn. The
figure of merit parameter F is, therefore, quite
sensitive to changes inethe blanket properties
Mn via the denominator P , while 1t is not so
sensitive to changes ia the blanket-dependent
costs C (which are dependent on Mn) due to the
influence of the large constaant term C'.

APPLICATION OF THE FIGURE OF MERIT PARAMETER TO
THE MARS BLANKET

A wide range of polnt blanket designs for
MARS was 1nvestigated for the same fusion
neutron power via the iterative procedure above.
Each iteration incorporated the systematic
adjustment of one of the four key design para-
meters: blanket ,radial thickness, LiPb/UT-9
volume fraction, 6Li enrichment and reflector
material. All neutronics/photonies calculatioans
were performed with the 3-D Monte Carlo trans-—
pozf code MCNP with evaluated data from ENDF/B-
Blanket thermal cycle efficiencies n were
evaluated for the same LiPb 1inlet and outlet
temperatures, namely 350°C and 500°C, respec—
tively.

Two major conclusions resulted from the
optimization study. First, maximum values of
the product of Mn and, therefore, maximum values
of the central cell electric power PCC are ob-



tained for a blanket of large radial thigkness
containing natural isotopic enrichment of "Li in
the LiPb coolant/breseder. By contrast, the cost
of the blanket-dependent items 1is minimized for
a blanket of small radial thickness containing
highly eariched °Li. (Note that, due to high
atomic fraction of Pb in the Li;7Pbgy eutectic,
the c%st of LiPb containing highly enriched
(90%) "Li is only ~ 11.6 $/kz compared with
~ 3.75 $/kg for LiPb contaéning natural (7.42%)
isotopic composition of “Li.) However, the
blanket of small radial thickness exhlbits a
lower value of the !Mn product thaan the former
design and, therefore, a lower value of P ..
3lankets with thicknesses intermediate betwWéen
these extremes and designed for the same tritium
breeding ratio exhibit corresponding properties
which interpolate approximately linearly with
radial thickness. The optimum blanket {s that
which minimizes the figure of merit parameter F
in terms of overall $/kW,.

It 1is 1instructive here to examine some
selected results from this study for two near-
optimum central cell designs which differ pri-
marily in the vadial thickness of their blanket
regions. For convenience of identification
below, they will be designated the “"thin" and
"thick” blanket designs, respectively. Accord-
ingly, Table 1 compares the principal design
features for these two blankets 1in the MARS
central cell including geometry, composition and
neutronics properties. Note that in the case of
the thin blanket, 28% of the total recoverable
blanket energy appears as heat in the water-
cooled reflector. Since this heat is employed
only as feed-water heating to the main LiPb
cycle, the thin blanket suffers an economic
penalty in terms of overall thermal cycle efFi-
clency.

Table 2 1illustrates the cost for those
items of the reactor system which are dependent
na the blanket design and, therefore, on the
parameters M and n. The basis for these costs
is given 1ia Ref. 1. These 1items 1include the
central cell components (blanket, reflector,
shield and magnets) together with the thermal
hydraulic system (LiPb piping, pumps and double-
wall heat exchangers), turbine plant equipment
and electric plaat equipment. Note that the
total central cell costs are dominated by the
magnet costs. It is evident that the difference
in blanket-dependent costs for the thin blanket
and thick blanket systems is mainly due to the
difference in magnet costs. These magnet costs
are strongly dependent on magnet bore radius
and, therefore, oa blaaket radial thickness.

TABLE 1. Principal Design Features of the
Thick and Thin LiPb Blankets

Thin LiPb Thick LiPb

Blanket Blanket
Blanket radial 0.382 0.872
thickness {(m)
Reflector thickness (a) 0.43 0.28
Shield thickness (m) 0.41 0.44
Mean radius of magnet 2.49 2.93
winding pack (=)
Neutronzwall loading 5 5
6 G
Li enrichment (%) 90 7.42
Fraction of energy in 27.6 13.4
reflector (%)
Blanket multiplication M 1.390 1.374
Tritium breeding ratio T 1.135 1.078
Gross cycle efficiency n 0.40 0.42
Mn 0.556 0.572
LiPb pumping power(Mwe) 54.7 63.6
Net cycle efficiency 0.386 0.400
Central cell thermal 3892 3847
power (MWE)
Central cell gross 1556 16903
electrical power (Mwe)
Central cell net 1501 1539
electrical power (Mwe)
TABLE 2

System Costs for Blanket-Dependent Items?

Thin LiPb Thick LiPb

Blanket Blanket
Blanket cost (M$) 36.1 63.8
Reflector cost (M$) 53.4 46.8
Shield cost (MS$) 31.0 40.8
Magnet cost (M$) 309 390.3
Total c. cell cost (M$) 429.5 541.7
Thermal hydraulic
system (M$) 262.5 279.1
Turbine Plant (M$) 262.7 266.8
Electric Plant (MS$) 158.1 161.2
Total blanket-dependent
items (M$) 1113 1249

2Costed in 1982 current dollars



TABLE 3

System Costs for Non-Blanket-Dependent Items®

Miscellaneous plant equipment (M$) 150
Plug magnets (M$) 250
Direct coavertor (M$) 142
Buildings and Site Facilities (M$) 300
Heating Systems (M$):

ECRH 280.2

Neutral beams 14.0

ICRH 14.8

Heating total 309

Total non~blanket—dependent items (M$) 1151

8Costed 1n 1982 current dollars.

TABLE 4

Summary of Economic Parameters
and Figure of Merit

Thin LiPb Thick LiPb

Blanket Blanket

Cost of blanket-— 1113 1249
dependent items C (M$)

Cost of aon-blanket 1151 1151
dependeat {tems C' (M$)

Total system direct 2264 2400
costs (M$)

Central cell electric 1556 1603
power (MW,)

Direct convertor electric 545 545
power (Mwe)

et recirculating power 367 367
tequirements (MW,)

LiPb pumpinj power 54.7 63.6
requirements (Mwe)

Total system net 1679 1717
elactric power (Mwe)

Figure of nmerit 1348 1398
patameter F ($/kW,) (1.0) (1.04)

Table 3 shows the cost breakdown for the
non-blanket-dependent items of the reactor
systems. Included here are the cost of all
items which have no dependence (or very weak
depeadence) on the blanket parameters ¥ and n.
It should be noted that these figures represent
initial estimates of direct capital costs and

.most economic option,

should aot be taken as final definitive costs
for the system. 1Indeed these figures apply to
the point MARS reference design as of December
1982 and are subject to fluctuations as the
plasma engineering design progresses. As will
be seen below, the fact that these figures are
subject to some uncertainty does not compromise
the validity of the conclusious of the optimi-
zation procedure.

Table 4 summarizes the important economic
factors for the thin and thick blankets 1in-
cluding the blanket-dependent and non-blanket-
dependent costs and the net electric power from
the central cell and the overall system. Note
that the electric power output from the dlrect
convertors at the ends of the machine effective-
ly supplies the electric power requiremeats for
both the net recirculatiag power and the LiPb
punping power.

The figure of merit parauweter ¥ is shown in
Table 4 for both the thin and thick blankets.
It is evideat that the thin blanket provides the
since its F parameter is
~ 4% smaller than that for the thick blanket.
This {s a small but significant difference.

It might be argued that any uncertainties
in the costs C' of the non-blanket-dependent
items from Table 3 would tend to mask the signi-
ficance of a 4% dJifference in the F-parameters
for the two blankets. That this is not so can
be seen from Fig. 2. Here the relative para-
meter:

Fthick blanket/Fthin blanket ~ !

is plotted as a function of the cost C' of the
non-blanket~dependent items. Clearly while this
parameter remains greater than zero, the thin
blanket is economically preferable. The present
design point of C' = 1151 M$ with a correspoad-~
ing relative F-parameter vatio of ~4% is indi-
cated. The essential feature of Fig. 2 is that
the cost of the non-blanket-dependent items C'
would have to increase from 1151 M$ to ~ 4875 M$
(L.e. a factor of 424%) for the optimization
conclusion to be reversed and the thick blanket
to prove the most economic option. Therefore,
although absolute magnitude cost fijures have an
associated degree of uncertainty, the uncertata-
ty in the ratio of the F-parameters is very
insensitive to the uncertainty in C'.

CONCLUSIONS
A range of point LiPb blanket designs for

the MARS tandem mirror reactor were investigated
via the iteratalve procedure above employing the
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Fig. 2. Ratio of the F-parameters for the thick
and thin blankets as a function of the cost of
the non-blanket~dependent items.

economic figure of merit parameter F. Optimized
performance in terms of minimization of F was
obtained for the “"thin" blanket parameterized in
Tables 1, 2 and 4. This optimized design is

achieved by utilizing a LiPb/HT-9 blanket region
of small radial, thickness containing highly en-~
riched (90%) Li, therefore enabliaz other
central <cell radial dimensions (reflector,
shield, magnets, etc.) to also be kept small.
Overall central cell costs are therefore mini-
mized. This blanket 1is able to achieve a
neutron energy multiplication factor M approach-
ing that for blankets of considerably 1larger
radial thickness while retaining an adequate
tritium breeding ratio of ~ 1.14. With these
features, this compact blanket design exhibited
the lowest value for the figure of merit para-
meter F and, therefore, proved to be the most
economic In terms of overall s/kwe for the re-
actor system.
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