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ABSTRACT 

We adapted the helium-cooled, FLiBe-breeder 
blanket t o the commercial tandenrmirror 
fusion-reactor design, MINIMARS. Vanadium was 
used to achieve high performance from the 
high-energy-release neutron-capture reactions 
and from the high-temperature operation 
permitted by the refractory property of the 
material , which increases the conversion 
efficiency and decreases the heliua-pumping 
power. Although th i s blanket had the highest 
performance among the MINIMARS blankets 
designs, measured by Mn.h (blanket energy 

multiplication times thermal conversion 
efficiency), i t had a co3t of e l ec t r i c i t y 
(COE) 18* higher than the University of 
Wisconsin (UW) blanket design (42.5 vs 35-9 
mills/kW-h). This increased cost was due to 
using higher-cost blanket materials (beryllium 
and vanadium) and a thicker blanket, which 
resul ted in higher-cost cent ra l -ce l l magnets 
and the need for more blanket mater ia ls . 
Apparently- the high efficiency does not 
substant ial ly affect the COE. Therefore, in 
the future , we recommend lowering the helium 
temperature so that f e r r i t i c s tee l can be 
used. This wil l r e su l t in a lower-cost 
blanket, which may compensate for the lower 
performance resul t ing from lower efficiency. 

INTRODUCTION 

The helium-cooled, FLiBe-breeder blanket 
formed the basis for the Princeton reference 
design —the f i r s t , large , multidisciplinary 
fu3ion-reaccor design study. With th i s 
design, t r i t ium breeding was submarginal, but 
adding beryllium corrects th i s problem. A 
large amount of beryllium in a zone of pebbles 

"Work performed under the auspices of the U.S. 
Department of Energy by the Lawrence Livermoro 
National Laboratory under contract number 
W-7405-ENG-48. 

0.5 • thick resu l t s in such a good breeder 
that t h i s idea formed the basis for the 
fusion-breeder design described in Ref. 2. 
One fusion-breeder' plant using th i s blanket 
design can produce 1 GW of e l ec t r i c i ty and 
enough f i s s i l e material (6 tonnes/y) to fuel 
fif teen 1-GW light-water reac tors . The 
e l ec t r i c power-plant version of th i s fusion 
reactor was proposed to the Blanket Comparison 
and Selection Study (BCSS)3 for evaluation on 
a common basis with other designs. The BCSS 
design i s documented in a ser ies of a r t i c l e s 
in Ref. 4. An adaptation of the BCSS blanket 
design for use in MIHIMARS-' 
1 and 2. 

i s shown in Figs . 

Our goals for the MINIMARS design are (1) 
to achieve a low COE through high performance 
that r e su l t s from high-temperature operation 
and from a large value of blanket energy 
multiplication and (2) t o design passive 
afterheat-removal methods that use lower-cost 
non-nuclear grade material for the balance of 
plant . We use vanadium to achieve high 
performance through a high-energy release from 
neutron-capture react ions. Employing vanadium 
as a s t ruc tura l material also permits higher 
temperature operation, which both increases 
the conversion efficiency and decreases the 
helium-pumping power. For t h i s Lawrence 
Livermore National Laboratory (LLNL) blanket, 
the product Mn.. (M i s the energy released ?.n 

the blanket per incident 14-MeV neutron 
divided by 14 MeV, and n f c h i s the thermal 
conversion efficiency) i s 0.80 compared with 
0.61 for the reference UW blanket design. 
Although the LLNL blanket had the highest 
performance measured by Mn . , I t resulted 
in a COE 181 higher than the UW design (42.5 
vs 35.9 mills/kW«h). This increased cost 
the product of using higher-cost blanket 
materials (beryllium and vanadium) and ofj 
using a thicker blanket, which result) 
higher-cost cent ra l -ce l l magnets. 

asTOBUTKWOFTHiSDoajiecrisuMumna 



MotMnsalttn 
tubts 

(btryllium pabblts 
tutwMn tubts) Kig. 1. One module of a 

helium-cooled molten-salt 
blanket. Helium under 8-MPa 
pressure flows from the inlet 
ring header to the apex of each 
pod, then radially outward 
through the blanket to the 
outlet ring header, and then 
to heat exchangers to generate 
electricity. 

Drain tuba* for baryKum pabMas 

conc lus ion from the economic a n a l y s i s 
(d i s cus sed i n more d e t a i l l a t e r ) i s that the 
high performance al lowed by the use of a th ick 
beryl l ium zone and vanadium i s not c o s t 
e f f e c t i v e by a margin of 13% when e l e c t r i c i t y 
i s the only product f o r s a l e . 

The blanket parameters are summarized in 
Table 1. For t h i s b lanket , the des ign s t r e s s 
was i n i t i a l l y taken t o be 2fl0 HPa for vanadium 
and l a t e r was reduced t o 160 HPa. The co3ta 
were based on the higher 3 t r e s s . To 
accommodate t h i s des ign change, the f i r s t w a l l 
i s 0 .75 cm thick rather than 0 .5 cm, and the 
s t r u c t u r e volume f r a c t i o n i s 6} ra ther than 
the assumed 5%, That i s , i f \% o f the volume 
i s i n the form of vanadium t u b e s , then 5% 
would g i v e 160-HPa average s t r e s s ( i . e . , 80 
atm - 8 MPa; 8 MPa/0.05 - 160 HPa). The 
amount of vanadium used should be increased by 
20$; t h i s should have a r e l a t i v e l y small 
e f f e c t on the C0E. 

begins at 0.6-m r a d i u s , the volume and C03t 
per meter of l ength for each material was: 

The volume f r a c t i o n s of the blanket are 
g iven i n Table 2 f o r the higher s t r e s s . We 
-assumed a u n i t c o s t of 250$/kg for vanadium, 

/ k g f o r bery l l ium, 37*/kg f o r FLiBe, and 
for SIC. Assuming t h a t the f i r s t wal l 

r - - . • * . * 

-assume* 

0.19 m* and $0.85 million for vanadium, 1.15 
m and $1.17 million for beryllium, 0.31 m 

and $0,022 million for FLiBe, 1.36 m and 
$0.22 million for SiC. We have estimated the 
coat of beryllium to be 350$/kg, but we use 
the consensus value from the BCSS of 110$/kg. 

NUCLEAR DESIGN AND ANALYSIS 

The initial nuclear design and analysis 
of this blanket was done at LLNL while the 

1 final analysis was done at UU using the 

thickness used (23 CM at full density) was 
taken to be a reasonable coaproaise between 
maximizing neutron multiplication and 
minimizing Be zone and overall blanket 
thicknesses, but no cost minimization was done 
specific to MIMIHARS. The desired tritium 
breeding or 1.05 is obtained by varying the 
amount of natural FLiBe (2.5% in this case). 
The excess neutrons produced by Be (n, 2n) 



This design has provision 
for gravity draining both 
B« bells and salt. 

Fig . 2 . c r o s s s e c t i o n along the a x i s o f one segment o f a he l lus t -cooled 
m o l t e n - s a l t b lanket , showing arrangement of helium flow and o f bery l H U H 
spheres and tubing for the molten s a l t s . Vanadiusi was chosen a s the 
s t r u c t u r a l mater ia l for high teaperature and for l a r g e neutron-capture 
energy r e l e a s e , but, for lower performance and lower c o s t , f e r r i t i c s t e e l 
could be used. 

r e a c t i o n s are captured in V to g i v e t h i 3 
blanket i t s high M of 1 .80 . 

ANALYSIS OF ECONOMIC PERFORMANCE 

The COE was H2.5 mills/kW-h for the LLNL 
blanket , which was 18.4% more than the COE f o r 
the UW blanket . This i n c r e a s e i s pr imari ly 
due t o two f a c t o r s : the higher plant c o s t and 
the higher component replacement c o s t , both 
r e s u l t i n g from the use or l a r g e amounts of 
expensive beryl l ium and t o a l e s s e r degree 
expensive vanadium. For the LLNL p l a n t , t h e 
d i r e c t c a p i t a l c o s t i s $997 m i l l i o n , $90 
m i l l i o n or 9.8% more than the c o s t of the UW 
p l a n t . The LLNL b l a n k e t , c o s t i n g $133 
m i l l i o n , i s $112 m i l l i o n more than the UW 
blanket and accounts for most of the increased 
plant c o s t . Thus, the increased blanket c o s t 
accounted for ha l f the i n c r e a s e i n COE. The 
LLNL case has a scheduled component-
replacement c o s t of $28 .7 m i l l i o n / y , which i s 
97% more than f o r the UW c a s e ; a s i n g l e , 
automated, hot r e p r e s s i n g may be a l l that i s 

needed t o r e u s e the beryl l ium at a lower c o s t , 
and, t h e r e f o r e , reduce t h i s component-
replacement c o s t . A beryl l ium r e c y c l e c o s t of 
200$/kg i s used here; however, we have 
e s t imated t h a t beryl l ium pebbles can be 
r e c y c l e d for 75$/kg ( s e e Ref. 2 , p . 4 7 0 ) . The 
blanket c o s t c o n s i s t s of -52% f o r beryl l ium 
and -38% for vanadium. I f the amount or the 
c o s t of beryl l ium and vanadium were cut i n 
h a l f , the COE would drop by 10%. 

Vanadium a l lows a he l ium-coolant 
temperature of 675*C. Apparently, t h i s high 
e f f i c i e n c y does not s u b s t a n t i a l l y a f f e c t the 
COE. By lowering the helium temperature, 
f e r r i t i c s t e e l can be used with a lower 
blanket c o s t , which may compensate for the 
lower performance r e s u l t i n g from lower 
e f f i c i e n c y . Furthermore, the beryl l ium zone 
t h i c k n e s s may be t o o l a r g e . Another way t o 
reduce blanket c o s t i s to increase the f i r s t -
wal l r a d i u s . There are fewer cub i c meters by. - , : 

20% of b lanket -per -wa l l area at r . . . . 
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- 1.2 m, when compared wi th 0 .6 m. I f we 
i n c r e a s e t h e f u s i o n power and hence t h e t o t a l 
power, t h e b l a n k e t becomes p r o p o r t i o n a t e l y 
l e s s c o s t l y and , s i m i l a r l y , h i g h e r M b l a n k e t s 
become r e l a t i v e l y more e c o n o m i c a l . 

I n conclusion, we found t h a t t h e h i g h -
t e m p e r a t u r e o p e r a t i o n p e r m i t t e d by the use of 
vanadium and t h e h igh b l a n k e t - e n e r g y 

m u l t i p l i c a t i o n p e r m i t t e d by t h e use of a t h i c k 
b e r y l l i u m zops were not c o s t e f f e c t i v e when 
compared w i t h t h e UW b l a n k e t . We s p e c u l a t e 
t h a t op t imized d e s i g n s u s i n g l e s s o r no 
vanadium and l e s s b e r y l l i u m w i t h l a r g e r 
e l e c t r i c power o u t p u t would produce a lower 
COE, but t h e s e des ign changes may no t r e s u l t 
in a COE t h a t i s lower than t h e COE fo r an 
op t imized UW b l a n k e t . 

T a b l e 1 . B lanke t p a r a m e t e r s . 

T ( D C) 
Vanadium max 

F i r s t - w a l l des ign s t r e s s 
0 .5 cm t h i c k (HPa) 
0 .75 cm t h i c k (MPa) 

T r i t i um b a r r i e r and c o r r o s i o n i n h i b i t o r 
Tungsten b a r r i e r on i . d . of t u b e s (um) 
Tungsten b a r r i e r on s t e a m - g e n e r a t o r t u b e s (um) 
Aluminum on low~tempera tu re s e c t i o n of t u b e s (mm) 

F i r s t wa l l ( s t r u c t u r e and t u b e s ) 
Neut ron m u l t i p l i e r 
T r i t i u m b r e e d e r 
T r i t i u m b r e e d i n g r a t i o 
Coolant 
M 
n t h 

Mn, \h 

' f u s i o n < M W ) 

P e l e c t r i c <M W> 

r (HW/m2) 

L c e n t r a l c e l l l m ) 

675 
350 
725 
<100 

210 
160 

10 
10 
1 
Vanadium 
Be p e b b l e s 
F L i B e - i n - t u b e s 
1.05 
Helium 
1.8 
0.117 

0.80 

989 

600 

1.05 

62.1 

COE (mi l l s /kW-h) 12.5 



Table 2. Radial build for neutronio3 
calculations. 

Thickness Material 
(cm) (vol fraction %) 

First wall 

Manifold 
V (6) 

Inner blanket 

Outer blanket 

V (5) 

FUBe 3 2.5 
Be (98J dense) (17) 

V (5) 
SIC (80) 

Manifold 

Back wall 
V (15) 

^LiBe (17 molj Li(nat)F • 53 molj BeF 2). 
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