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BLANKET

The efficiencies of blankets for fusion reac-
tors are usually in the range of 30 to 40%, limited
by the operating temperatures (500°C) of convention=-
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Abstract

oy
al structural materials such as stainless steels.
Tn this project "two-zone' blankets are proposed;
these blankets consist of a low-temperature shell
surrounding a high-temperature interior zone. A
survey of nucleonics and thermal hydraulic param-
eters has led to a reference blanket design con-
sisting of a water-cooled stainless steel shell
around a 3e0Q, ZrQ; interior (cooled by argon) uti-
lizing Lij0 for tritium breeding. In this design,
innroximately 60% of the fusion energy is deposited
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in the high-temperature interior. The maximum argon

temperacture 1s 2230°C leading to au uverall efficien-

cy estimate of 35 to h0Z for this reference case.
Introduction

intent of this research is to de-
gn a near-term Zusion power plant with a high-
iciency power cycle. In order to achieve high
iciency in a thermal power cycle, high coolant
emperatures are necessary; in general, the higher
~he temperature available the higher the efficiency
of the cycle. The operating temperatures of con-
ventional structural materials such as austenitic
or ferritic steels are limited to ~500°C which cor-
responds to a maximum cycle efficiency of about 40%.
‘ligher coolant temperatures are attainable utilizing
either of the following approaches: (1) structural
material with higher temperature capability (e.g.,

a refractory metal like molybdenum (TZM) or niobium)
can be used; or (2) the blanket can be designed to
be a ''two-temperature-zone' blanket in which the
first wall and structural material operate at a much
lower temperature than the bulk of the blanket. The
former approach requires either a liquid metal (or
vapor) coolant or an irert gas coolant. Structural
strength considerations limit the maximum tempera=-
zure to 800 to 1000°C, depending on choice of cool=-
ant and blanket design. In the two temperature ap-
nroach, first proposed by 3NL! for minimum aCCLvity
blankets, the high-energy neutrons (14 MeV) from
the DT reaction penetrate deeply and deposit their
2nergy over the volume of the blanket, rather than
on the first wall. If a thermally insulating layer
is placed between the hot interior and the cooler
structural shell of the blanket module, heat can be
extracted at two different temperature levels by
separate coolant streams for the interior and struc-
tural shell,

The overall

In general, the temperature available in the
coolant from the hot interior will be limited by
the corrosion/erosion behavior of the interior ma-
terial in the coolant and not by structural stress
considerations. With inert gas coolants (e.g., He
or A) and refractory interiors (e.g., graphite,
oxides, or carbides), it appears possible to achieve
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coolant temperatures up to 2500°C. With more reac-
tive coolants (e.g., steam or potassium vapor) ac-
companied by the use of a refractory metal struc-
ture, maximum coolant temperatures will be somewhat
lower, though they can still be very high. For
example, materials experiments with steam coolant
have been carried out at BNL as part of a develop-
ment program on high-temperature blankets for syn-
fuel applications,® and indicate that coolant tem-
peratures of at least 1500°C are practical using
aither 2r0; or Al,03. In fact, higher operating
temperatures may be possible with yct'la-s'aax"" ad
Zr0s, judging from tests on this material in high-
temperature wind tunnels.

The mode of tritium breeding will also affect
the temperature capability of two-zone blankets.
The temperature capabilities discussed above assume
that there is no tritium breeding in the hot inte-
rior of the blanket (though breeding could be car-
ried out in the low-temperature shell). If critium
breeding takes place in the hot interior, allowable
coolant temperatures will be significantly reduced.

There appear to be two approaches to breeding
tritium in the hot interior--solid lithium compounds
and liquid lithium in refractory metal tubes. In
the first approach, high melting point solid lith-
ium compounds (e.g., Lip0 or LiAlOz) can be used in
the module interior; the bred tritium would be re-
leased to the high-temperature coolant stream, with
subsequent recovery and recycle to the plasma. How-
ever, in order to ensure adequate tritium release
capability, it is necessary to maintain small par-
ticle size in the solid lithium compound and to pre-
vent sintering. Tests at 3NL® have investigated
the tritium release characteristics of solid lith-
ium compounds at elevated temperatures (up to
1000°C) for extended periods of time (up to three
months). Lis0 and LiAlO; appear suitable for use
to at least 1000°C and possibly higher. It is

doubtful, however, that substantially higher oper-
ating temperatures can be achieved, since at 1000°C
the materials are entering the range (V0.6 of Tp)

where sintering effects become important.

Thus tritium breeding in the hot interior ap-
pears to limit maximum coolant temperatures to
n~1000°C, assuming inert gas coolant. Tritium breed-
ing with a reactive coolant such as steam is prob-
ably not feasible because of the chemical reaction
between steam and solid lithium compounds and the
difficulty of isotopically separating tritium from
hydrogen in steam.

The two-temperature-zone blanket approach can
be used with a hot interior of liquid lithium in
refractory metal tubes (with a thermal insulator
between the hot interior and the cooler metal shell).
The interior would then be cooled either by an in-
ert gas or potassium coolant. Tritium would de ex-
tracted either by circulating the lithium to an
external processing unit or by releasing it to the
coolant stream with subsequent trapping. Compati-
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y and structural considerations appear to
maximum coolant temperatures to about 1200°C
h licuid iithium interiors.
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A survey analysis of several variations of the
above combinations of macerials, coolants and breed-
ing options has been performed.” Yeutronics and
nhotonics analyses along with thermal hydraulic
analysis lead to two favorable conclusions regard-
ing two-zone blankets with solid tritium breeding
compounds in the hot interior: (1) Two-temperature
zone=blankets can be designed with a high (60 to
70%) efficiency for deposition of fusion energy in
the hot interior, and (2) blankets with solid lith-
ium compounds in the hot interior can achieve tri-
tium breeding ratios of ~1.5 if suitable neutron
multipliers are used. These favorable character-
istics led to the selection of a blanket of this
type as a starting point in the detailed design
study which follows.

Design Selection
2 B

Tor purposes of this design study, an ETZ-
sized plasma is presumed.’ The major radius of the
Tokamaz is 3.5 m. The plasma has a D-shaped cross
section with a half width of 1.34 m and an elonga-
cion of 1.5 to 1.0. Impurities are controlled by
means of a bundle divertor which has a 10-cm scrape-
off layer. The divertor is assumed to be 'w30% ef=
Zicient in terms of total alpha particle power ab-
sorbed. The plasma thermal power is 1080 MW, which
Leads to a neutron wall loading of 2.1 Mi/mZ.

The previous survey mentioned above aided in

the selection of blanket composition and layout.
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Figure 1 illustrates the blanket layout which was
utilized for nucleonics (neutronics and photonics)
and thermal hydraulics analyses< ) Ig &umanner of
speaking, this schematic represents g'":h:ee-zone”
blanket: (1) low-temperature first ‘wall and,struc-
ture, (2) high-temperature blanket and neutzos multi-
plier, and (3) intermediate-temperature breeding
bHlanket, It is the detailed composition of “these
chree zones which will constitute the reference high
afficiency blanket design. The first wall consists
of water-cooled stainless steel (SS 316) tubes; chis
first wall is 1.5 cm thick and has approximactely 70%
steel and 30% water. The first wall is followed by
a 2-cm-chick "mop up" breeding zone composed of lig-
uid %L1 mixed with lead-Llswuth wizh varying volume
fractions of these components. The first wall and
mop-up zones are thermally insulated from both the
high-temperature blanket and breeding blanket by a
l-cm-thick insulator of BeO or ZrQ; with a volume
fraction of 20%. The high-temperacture blanket is

20 co 30 cm thick and has various optloas for com-
position. The use of BeO, 2r0;, and Zr either
ﬁ?lng'l'd:"y ar in comdpinacivn with sac’t nrher has
been considered. This region is cooled 5y high pres-
sure argon gas which f£lows vertically through this
region with 20% voidage. The high-temperature blan-
ket is insulated from the breeding blanket by a l-cm-
thick insulator of the same compositicon as mentioned
previously. The breeding blanket 1s composed of
poruvus INCONCL tubes containing Lij0 and rods nf
ZrOz. This region is 30 em thick and is cooled by
argon. This coolant flows in two separate streams,
one through the center of the Li0 and the second
upward through the thermal insulator to cool the
high-temperature blanket. The overall height of
these modules is 55.5 to /0.5 cm, while the width

is 43 cm, Three of these modules will fit side-by=-
side on a larger blanket segment backed by a shield
of 88 316, B4C, and water. The chicimess of this
shield will e 70 to 90 cm depending on space limit-
ations on the inboard side of the torus.

Yucleonics and thermal hydraulics have been sur-
veyed for a variety of cases., Cases were examined
to determine the effects of thickness and composi=-
tion of the high-temperature 5lanket; materials used
were BeO, Z2r0z, and Zr in 10, 20, and 30 cm thick=-
nessas. Due to insufficient tritium breeding ratios
in the earlier cases examined, a survey was also
made to determine the effect of increasing the volume
fraction of lithium in the mop-up breeding zone from
near zera to 8%, In 3Ll the cases Invascigated, Lhe
make up of the main breeding blanket was Lis0 (50%
enriched) with a volume fraction of .20, 2rQ; with a
volume fraction of .50, the porous INCONEL tubes with
a volume fraction of .10, and the remainder of the
zone was voidage (argon coolant). A constant thick-
ness of 1.5 cm for the first wall and a thickness of
1.0 cm for the thermal insulators were maintained
throughout all the cases examined. Values of Q (the
energy released in plasma and blanket per fission
event) and 3R (the tritium breeding ratio) are shown
in Table 1, as functions of high-temperature blanket
composition and thickness and lithium volume fraction
in the mop-up zone.

The cases chosen for the reference desizn and
an alcernate backup case are indicated on Table 1,
The dramatic increase in breeding ratio is shown
clearly in all cases but perhaps is most evident in
the reference case where the imorovement is a factor
of 70% via the addition of the mop-up breeding zone
containing 8% °Li. This increase in breeding ratio
takes place with an accompanying drop in Q value



Table 1

Tritium breeding ratios and Q values

Mop-up breeding zone
volume fractions

11 .001 ST iR L1 .08
Pb .001L Pb .10 Pb .40
BR Q BR Q BR Q
High-temperature-zone composition (MeV) (MeV) (MeV)
1
o oo B B3 B3N 006 BEs1  p.dl . 2214
Zr07 20 cm
Be0 30 cm 0.42 24,58 0.78 22.94 0.92 22.47
Zr02 10 em
Be0 20 cm (Reference) 0.65 23.59 0.97 22.15 1250 P S5 47
Be0 30 cm 0.41 24.86 Sl 23.10 0593 2. 6%
2r0sz 207 em 0.60 21550 077 20.90 0.88 20.83
Z2r0p 20 cm 0.541 22.30 0.64 21.44 0.78 21 .29
43 20 em - - 0.84 2057 0.91 20,53
2T 30 cm (Backup) - - 0.85 2%.03 0.93 20.92
fdue to the absorpticn of neutrons closer to th
Zirst wall) of only 87%. Subtracting the plasma fu-
sion energy of 17.5 MeV enables the determination
of drop in blanket Q value. This drop turns out to
se 307 which must again be weighed against the over- 1.5 em FIRST WALL o i B

111 increase of 707 in breeding ratio, which is a
nost equitable exchange. The dack-up case exhibits
a2 lower breecding ratio and Q value. A mechanism
sheredy this lower bdreeding ratio can be counter=
balanced will be discussed in the next Section.

In addition to breeding ratio and Q, blanket
heating rates, fractions of energy deposited in the
blanket interior and thermal hydraulics parameters
were also surveyed to aid in the selection of the
raference and back-up cases which are defined in the
Zollowing Section.

Reference and Back-up Designs

Figure 2 illustrates the detailed module con-
figuration for doth the reference and back-up de-
signs. The reference design has a high-temperature
zone thickness of 20 cm of BeC rods (1 cm diameter);
the zone is approximately 207 voids. The main breed-
ing zone, which is 30 cm thick, also contains rods,
chis time they are Zr0, with 1 cm diameter, also

present are norous INCONEL tubes filled with LijO0.
This zone is also approximately 20% voids. The mop-

up breeding zone is composed of 40% Pb-Bi and 8%
Liquid °Li and is the same for both the reference
and back-up designs. The back-up design has a high-
temperature zone (composed of l-cm-diameter Zr rods)
ich is 30 cm thick. The main breeding zone in the
hack-up design is the same as the reference case.

7

Table 2 illustrates the fractions of energy (Q)
ubsorbed in each of the module zones for the refer-
cnce and back-up cases., In both cases, the total
fraction of energy absorbed in the hot interior
(zones 6, 7, and 9) approach 60%. YNote that for
both cases very small energy amounts penetrate to
the shield. The fraction £:/f, illustrates quite
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clearly one of the reasons for the selection of the
reference case: twice as much energy is absorbed ir
the high=-temperature blanket as in the main breeding
zone. This larger fraction of high-cemperature heat
will convert more efficiently to electricity chan in
the back=-up case. These energy absorption fractions
are closely related to the neutron fluxes illustrated




Table 2 Fractions of energy absorbed

Reference Backup

Zone design design
3. Fipst wall R v 28
4. Mooup breeding 2% e
5. Insulation .01 .00
5. High temperature 23 <09

and = fl
7. Multiplier .14 <19 )
3. Insulation .00 .00
2. Main breeding .18 .30 = f2
10, Shield .00 .06

f,/f2 217 0,23

Q 21.77 (MeV) 20.92 (MeV)

in Figures 3 and 4. Figure 3 shows the total and

+ MeV fluxes for the reference case while Tigure 4
lepicts the same fluxes for the back-up case. The
calculation of these fluxes was detailed in a pre-
vious report.' ''hé etridiendy ot énergy absorntion
in the high-temperature blanket of the reference
case is indicated by the fall-off of the 14 MeV neu-
tron flux bv a factor of 40 in this zone. The l4=-
HeV flux falls off by only a factor of 6 over the
aigh-temperature zone in the back-up case. Two-
dimensional neutronics calculations performed pre-
viously® indicate that there will be only a slight
reduction of the 607 energy absorption factors de-
zermined in the one-dimensional analysis performed
here.

The next step in the design analysis was the
determination of neutronic and photonic (gamma) heat-
ing profiles shown in Figures 5 and 6 for the refer-
ence and back-up cases, respectively. The reference
case, shown in Figure 5, depicts for the most part an
2asy to handle heating profile, the 2 to 3 W/cm?
average across the high-temperature zone is removed
1 a peak argon temperature of 2230°C. The sharp
heating rate increase near the front of the main
>reeding zone is cause for some concern and a solu-
tion to this sharp profile is discussed later.

Sharp profiles in both the high temperature and
bSreeding zones of the back-up design heating rates
will also require similar attention. The heating
rates identified hers led to the parameters listed
in Tables 3 and 4. Table 3 shows the calculated
blanket temperatures for the first wall and struc-
ture as well as the high temperature and breeding
zones. The peak temperature of 2230°C in the high-
temperature zore should prove an excellent aid in
increasing power cycle efficiency. The outlet tem—
nerature of 1030°C in the breeding zone should cre=-
ate no probdlems with Li;0 melting or tritium extrac-
tion. Tritium removal will be accomplished basic-
ally throuch the secondary argon coolant stream
flowing through the center of the INCONEL-encased
Li0 in a manner similar to that proposed in the
STARFIRE design.7 Pressure drops are indicated in
fable 4 on a per module basis. Once again, these
data indicate that both the designs are problem-
free in this area.

The question of heat removal in the sharply-
peaked front edge of the main breeding zone indi-
cated on 5 is addressed in the following

manner: i-0 (the principle neutron absorber and,
hence, heat generator) is varied in concentration
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Table 3 Coolant pressure drops

Reference Backup
Water
Inlet manifold 4,65 psi 4,40 psi
Cooling tubes 7.85 3.54
Outlet manifold 4,65 4,40
3 meters of piping 14,00 6.60
Argon
3reeding zone 0,10 psi 0.05 psi
High temperature zone 0.10 0.088
10 £t of 3 in, duct 0.45 .225
Table 4 Temperatures in blanket
Reference Backup
e e
Water
(wall coolant)
p = 1800 psia
Inlet 100 100
Qutlet 327 327
Argon
(blanket coolant)
p = 30 atm
Breeding zone
Inlet 481 214
Outlet 1027 1027
High temperature zone
Inlet 1027 1027
Qutlet 2227 2227

throughout the main breeding zone. Figure 7 lists
these Lip0 fractions along with breeding ratios in
specific regions of the main breeding zone. Regions
9 to 12 are 1 cm thick while region 13 is 26 cm thick
maintaining the 30 cm thickness of the main breeding
zone. Figure 7 also shows the thermal neutron flux
across the breeding zone. It is these thermal neu-
trons which account for the vast majority of breed-
ing reactions. This stepping of Li;0 concentration
reduces the overall breeding ratio by about 3%, while
alleviating the problems caused by sharp peaks in the
heating rates.

The low breeding ratio (0.93) in the back-up
case presents somewhat of a problem., It would be
necessary to utilize a superbreeding blanket (BRv1,8)
for 207 of the total blanket around the reactor if
the back-up concept were to be part of a viable re-
actor concept. The design of this superbreeding
blanket is currently under way as part of a synthetic
fuel investigation at BNL.

Three blanket modules are placed side-hy-side
on a shield/backing plate to form blanket segments,
These segments then surround the minor circumference
of the torus. The segments are 1.4 m deep by L.3 m
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wide and the length of the segments varies from 1.5
m inboard to 3.0 m outboard of the plasma. This
irrangement of segments is analogous to that pro-
nosed for the STARFIRE design.’ Each segment will

be self-contained in coolant headering for both
water and argon. The primary argon circuit (p = 30
acm) will have argon channeled into the bottom of
segments and will then flow upward penertrating
thermal insulation “etween the breeding zone

and the high-temperature zone and will be channeled
ouc at the apex of the high-temperature zone. The
secondary argon flow (maintained at less than 30 atm)
/411 be through the Li0 tube centers into tube
teads at both module ends. The water (1800 psia)
£low will also be from tube heads and flow will be
along the length of the segments.

=ha

zhe

Conclusions

The blankets designed in this report exhibit
several of the features of the STARFIRE design while
sized to the smaller ETF reactor. When coupled
vith high-efficiency power conversion cycles, ef-
iencies of 530 to 607% are attainable. These ef-

: much as a 1007 increase over

ciencies represent as
ARFIRE and other more traditional fusion reactor

0'(0

Preliminary costing studies indicate that near-

1

ly all of this efficiency improvement will be reflec-
ted as savings in capital costs of this fusion re-

actor. A reasonable expectation for similar savings
in 2lectricity costs is also indicated.
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