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SH ELDI NG DESI GN OPTI ONS AND | MPACT ON REACTCR SI ZE
AND COST FOR THE ADVANCED FUEL REACTCR APOLLO

Laila A El -Cuebaly
Fusi on Technol ogy Institute
Uni versity of Wsconsin
1500 Johnson Drive
Madi son, W 53706- 1687

Abst ract

Apollo is a D-3He fueled tokamak
reactor which directly converts synchrotron
radiation to electricity wusing rectenna
circuits. The |low |level of neutron production
allows for significant reduction in the shield
size, particularly on the inboard side. Special
enphasi s has been placed on the design of the
i nboard shield since it directly inpacts the
size of the machine and thus the cost of
electricity (COE). Several shield design
options were analyzed and the effect of the
shield type and thickness on the overall nachine
size and cost was assessed. Besides shielding
performance, the choice between the different
materials was governed by sonme safety-rel ated
i ssues, such as tritium production, decay heat
generation, and waste managenent. The nost
attractive shield design option is the water
cooled SS shield. The econonic analysis shows
that although the SS shield results in a thicker
i nboard shield, the COE is slightly |ower than
that of a machine enpl oying an i nboard W shi el d.
This is because the | ower shield cost has offset
the slightly | arger nachine cost.

I ntroduction

The design parameters of Apollo are
constantly being revised and the details of the
"nost -up-to-date” design are presented in Ref.
1. 1In general, the major and minor radii of the
different designs are in the range of 7-8 and 2-
3 m respectively. Apollo produces 1200 MN of
net electric power with an overall efficiency of
_40% Only the synchrotron radiation (which
carries _60% of the energy) is directly
converted by rectennas to electricity (at 80%
efficiency) and the present design makes no
provision for recovering the brensstrahlung,
divertor, or neutron power. A high machi ne
availability of 85% was chosen for Apollo
because the solid-state rectenna systemis nore
reliable than thermal cycles with turbines.

In Apollo, the neutron production
level is very low (factor of _50 | ower conpared
to DT reactors). The plasma operates at a 3He:D
fuel ratio of 2:1 and the neutron wall | oading
is constrained to < 0.1 MW n?. The reduced
neutron production results in |ow radiation
damage and thus allows the first wall and
structural conponents to last the entire 30 full
power year (FPY) reactor life. |In addition, the
radi oactive inventory in the shield at the end
of operation is quite |low and the decay heat
level is sufficiently low that the reactor is
considered inherently safe [2]. These
advantages are translated into economic credits,
as discussed later, by enploying non-nuclear
grade components for Apoll o.

The goal of this study is to deternine
the sensitivity of the nachine size, cost, and
performance to the inboard (i/b) shield type and
t hi ckness. The selection of the i/b shield
materials is driven by several factors including
the radiation level limtations inposed by the
magnet design, and sone safety-related concerns
which restrict the level of tritiumgenerated in
the shield. In this regard, the performance of
various candidate materials for protecting the
toroidal field (TF) magnets was exanmined. This
was followed by an econonic evaluation of the
shield and the various reactor conmponents in
order to make a conparison between the
alternative shield designs based on the cost of
the reactor as a whol e.

Neutroni cs Anal ysi s

The neutronics performance of the
shielding naterials was exam ned using the one-
di mensi onal code ONEDANT [3] with the XSLIB
cross section library based on the ENDF/B-V
eval uation in 30 neutron and 12 ganma groups,
and the P3-Sg approxi mation. The reactor
components were nodeled as infinite cylinders
around the machine axis, permtting the
representation of both i/b and o/b shields. The
neutron source was taken to be isotropic with an
energy distribution in which _30% of the
neutrons are at 14 MeV and _70% at 2.45 MeV.
For an average neutron wall |oading of 0.1
MN n?, the peaks in the i/b and o/b regions are
0.12 and 0.15 MV n?, respectively.

The radiation effects in the nagnet
nmust be below certain limts in order to insure

the proper performance of the magnet. For
i nstance, the fast neutron fluence (E, > 0.1
MeV) is limted to 109 n/cnm? to avoid

degradation of the critical properties of the
Nb3Sn superconductor. The end-of-life dose to
the polyimde should not exceed 1011 rads to

insure the nmechanical and electrical integrity
of the insulator. A limt of 2 nWcm is
i nposed on the peak nuclear heating in the

wi ndi ng pack to avoid a high cryogenic |oad.
Prelimnary neutronics cal cul ati ons based on the
D-3He neutron source spectrumindicate that, at
a wall loading of _0.1 MWn?, the limting
factor for the shield design is the neutron
fluence rather than the flux. This is because
the reactor operates for extended periods (30
FPY) at a relatively | ow neutron wall | oading.

Very critical to the overall size of
the machine is the space between the plasm
boundary and the wi ndi ng pack of the TF coils at
the mdplane of the inboard side. This space
(8 and its constituents are shown in Fig. 1.
The first wall has 1 cm SS and the gap includes
the thermal insulation for the mgnet.
In general, the /b shield thickness
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Fig. 1 Schematic of i/b shield and nagnet at

m dpl ane.

depends on the nagnet radiation linmits, neutron
wal I | oading, and the effectiveness of the
shiel ding materials. The candi date materials
for Apollo are SS, W boron steel (B-SS), B4C,

and Pb for the shield, and water or borated
water (B-HO as a coolant. Qur analysis shows
that the hydrogen conmpounds (e.g. HxO are

superior in slowi ng down the fast neutrons when
combined with SS or W The boron conpounds
(like B4C, B-SS, B-HO) significantly inprove
the performance of the shield. However, the
relatively high level of tritium production in
the boron raised sone safety-related concerns
and a decision was made to exclude all borated
materials fromthe shield. The Pb was not found
effective in reducing the fluence (which is the
shiel d design driver). Therefore, two shield
options remain to be eval uated: the SS/HO
shield and the WHO shield. Note that at the
|l ow neutron level of Apollo, the decay heat
probl em of Wshoul d not cause any concer n.

A set of calculations was performed to

indicate the optinmm content of the water
coolant in the Wand SS shields. Upon varying
the volunmetric water content in the shield

between 5 and 35% the fast neutron fl uence was
found to minimze at 15 v/o and 30 v/o for the W
and SS shields, respectively. Repl aci ng the
last few centimeters of the shield by a thin
| ayer of HpO hel ps reduce the fluence further.
The variation of the danmage at the nagnet with
the thickness of the optimzed shield is shown
in Fig. 2. At least 45 cmof Wshield or 56.5
cm of SS shield is needed to satisfy the 1019
n/cm? fluence limt for the magnet. The
correspondi ng nuclear heating in the w nding
packs for the two shields are 1.7 and 2.2 kW per
met er height of the inner |egs of the magnets.

In order to estimate the total nuclear
heating deposited in the TF coils, the power
rating (in kWn) has to be integrated over the
pol oi dal length of the coil. It is assuned that
enough shi el ding spaces of at |east 60 and 80 cm
are provided in the divertor and outboard
regi ons, respectively, in order for the heating
to be sufficiently lowin the top/bottom parts
and outer |egs of

INBOARD SHIELD THICKNESS (cm)

; —
: s
8 10 20 3 LB S S S SE ey T r—rrTrTTTT] 1 0 5
@ F ?\""M =
TP
£ i S§S SHIELD ™. i >
gv e g
=10, i1 =
wl T . \\\ ] =
o *.\‘. \\\ —
Z " W SHIELD >~2P S
: .~.~v \\\\ ;
d ~'*.~. \\\ <
b 108k \"w. 3.1 W
= [ Hx\ ] I
2 .1 3
2 2
=z 10 b I PP T S P TI SENr AU SR T S R U T S .01 ]
r 50 55 60 65 &
< (e
(TN -

Fig. 2. Variation of radiation effects at the
magnet with the inboard shield
thickness of two different types of
shi el d.

the magnets. The height of the inner legs is

~10 m and the average wall |loading on the
i nboard side is _0.08 MWn?. It is assunmed that
the inboard shield follow the plasma boundary
and its thickness increases when proceeding from
the mdplane towards the top and bottom ends.
Combi ning these effects, the total heating in
the magnets is estimated to be _12 and 17 kW for
the Wand SS shields, respectively. This heat
is renoved fromthe magnets by a cryoplant at a
power |level of 300 W per watt of nuclear
heati ng.

Econom ¢ Anal ysi s

The Generomak [4] code was used to
perform the costing analysis for Apollo.
The details of the code are described in Ref. 4
and we used nost of the unit costs contained
therein except in specific areas where the code
itself and sone cost accounting techniques were
extensively nodified, as discussed later, to

reflect the characteristic features of the
Apol |1 o desi gn. Because of the safety credits
that are attributed to the D-3He system non-

nucl ear grade conponents are partially enpl oyed
in the design and non-nuclear wunit cost
estimates were applied to the very |ow activated
conmponents used in Apollo.

The first major nodification to the
Generomak code was the deletion of the sinpli-
fied physics nodule. Instead the required
physi cs paraneters which are generated fromthe
physi cs code DHE3TOK [5] are input to the code.
The second maj or nodification regards the issue
of energy conversion. The question arises of
whether to <convert only the synchrotron
radiation directly to electricity or to also
convert the brenmsstrahlung, transport, and
neutron energies through a thermal cycle.
Therefore, the costing technique of the code
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Fig. 3. The wi nding pack averaged current

density as a function of peak field at
coil for several scaling | aws.

was modified to allow three energy conversion
schemes for the D-3He concept: m crowave con-
version only at 80% efficiency, full microwave
conversion at 80% efficiency and thermal con-
version at 40% efficiency, and thermal conver-
sion of all energies at 40% efficiency. Oher
changes to the code include a new formula for
the magnet stored energy and a nore realistic
expression for the recircul ating power in order
to include the injected power (which is required
to maintain the plasma current) and the
cryogenic power (which is proportional to the
nucl ear heat generated in the nmagnet). Some of
the unit costs were updated. For instance, the
auxiliary heating system 3He fuel, and rectenna
circuits are costed at 2.25 $/W of injected
power, 1000 $/gram of 3He, and 0.27 $/ W of
m crowave power, respectively.

The Apoll o design enploys high field
(20 T) TF superconductor magnets. In order to
keep the magnet cost reasonable, a magnet design
with high current density (J) is highly
reconmended for Apollo. Three nmagnet design
options are available in the Generomak code.
The J (averaged over the w nding pack) vs. B
(peak field) relationship is shown in Fig. 3 for
the different options. In option (II1), the
current density is averaged over the w nding
pack excluding the SS structure and our estimate
woul d be the dashed curve IIl if the structure
i s included. Option 111 provides the highest
current density anong the 3 options and we used
it in costing the magnet of Apollo presented
herein. In nore recent studies [1], the |atest
magnet technol ogy advances [6] known today were
used. This is presented as option IV in the
figure and this option is now available in the
Generomak code. The inproverments in J of option
IV translate into a significant reduction in the
TF magnet cost (factor of _2) and approximately
5 mlls/kWwh less in the COE. It should be
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Fig. 4. Conparison of the cost of reactors

enploying SS and W in the inboard
shi el d.

mentioned that the high beta (_.109%9 of the
Apol | o design requires massive secondary coils.
In the analysis, the mass rati o of the secondary
coils to the primary TF coils is taken as 0.8.

The inmpact of the i/b shielding material and
t hi ckness on the plasnma paraneters, overall size
and cost of Apollo were assessed using the
DHE3TOK and Generomek codes. The i/b shield
thi ckness was varied over the range 45-60 cm at
an increment of _ 5 cm For each shield
t hi ckness and type, the nuclear heat load to the
TF coils was estimated and the appropriate
amount of recirculated cryogenic power was
cal cul at ed. The key parameters and cost
breakdown are given in Table 1 and 2 for the
di fferent designs using 1200 MAé net power
output, 0.1 MVn? wall loading, 20 T maxi num TF
coil field, and m crowave power conversion only.
The unit costs for the SS and Ware taken as 20
and 60 $/kg, respectively. The direct cost and
CCE of the SS shield design are conpared to that
of the Wshield in Fig. 4. As expected, the
decrease in the i/b shield thickness produces a
smal | er machine and |lower cost. As indicated
earlier in Fig. 2, 56.5 cmof SS shield and 45
cm of W shield give equivalent attenuation
factors and satisfy the 1019 n/cn? fluence linit
for the magnet. Conparing these two cases, the
cost difference results primarily fromthe cost
of the shield and nagnet. For the W shield
machi ne, the shield is 52 MP nore expensive
because of the higher unit cost of Wand the
magnet is 36 Mb | ess expensive because of the
smal l er TF magnets. The COE of the SS shield
design is slightly |ower because the |ower
shield cost has offset the slightly I|arger
machi ne cost. On this basis we conclude that
there is no clear advantage for using Win the
i/b shield of Apollo.



Table 1
Key Paraneters and Cost Breakdown for Reactors
Enpl oying SS in the Inboard Shield

o (cm 75 80 85
Shi el d Thi ckness (cm 51.5 56.5 61.5
R(m 7.93 8.0 8. 06
a (m 1.98 2.0 2.02
PE (MY 2738 2720 2689
Pm (MY 1651 1648 1641
Cost EMBQ
Shi e 52 55 57
Magnet 642 656 668
QO her React or

Conponent s 73 74 75
React or Bui | di ng 206 209 213
Rect enna System 450 448 445
Wavegui des 21 21 21
El ectric Pl ant

Equi prent 74 74 74
G her Reactor Pl ant 138 138 139

Equi prent
M scel | aneous 29 29 29
Total Direct Cost 1685 1704 1721
I ndi rect Cost 505 512 516
Cont i ngency 329 332 336
Over ni ght Cost 2519 2548 2573

CCE (mill s/ kW) 46.11 46.29 46.39

Concl usi ons

Several shielding materials were
exam ned to assess their ability to protect the
magnet of Apollo. The Generonmak costing code
was used to evaluate the inpact of the i/b
shield material on the total systens cost. The
econom ¢ analysis indicates that the SS shield
is cost effective and there is no cost benefit
for using Win the inboard shield. Because of
the safety credits that are attributed to the
D-3He concept, Apollo enploys non-nucl ear grade
conmponents and costing nethod. The highly
reliable rectenna systens allow the nmachine to
operate at a relatively high availability of
85% Based on the Generomak code, the cost of
electricity is _46 nmills/kwW which is conparable
to that of a simlar sized DT reactor.
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Table 2
Key Paraneters and Cost Breakdown for Reactors
Enpl oyi ng Win the Inboard Shield

o (cm 68.5 75 85
Shi el d Thi ckness (cm 45 51.5 61.5
R(m 7.81 7.91 8. 06
a (m 1.95 1.98 2.02
PE (MY 2726 2713 2689
Pm (MY 1635 1634 1641
Cost EMBQ
Shie 107 113 123
Magnet 620 640 668
O her Reactor

Conponent s 76 78 80
React or Bui | di ng 202 207 214
Rect enna System 442 441 445
Wavegui des 21 21 21
El ectric Pl ant

Equi prent 74 74 74
G her Reactor Pl ant 136 137 140

Equi prent
M scel | aneous 29 29 29
Total Direct Cost 1707 1740 1794
I ndi rect Cost 511 522 538
Cont i ngency 333 339 350
Over ni ght Cost 2551 2601 2682
CCE (mi |l s/ kW) 46.57 46.92 47.39
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