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ABSTRACT 

Th is  document prov ides an i n v e s t i g a t i o n  o f  t he  f e a s i b i l i t y  o f  us ing  

a bundle d i v e r t o r  on t h e  Reference Design f o r  The Next Step (TNS) evolved 

a t  Oak Ridge Nat iona l  Laboratory  (ORNL) du r ing  FY 1978. Add i t i ona l  
i n fo rma t ion  on the  Reference Design and the  FY 1978 Oak Ridge TNS 

a c t i v i t i e s  can be found i n  t h e  associated techn ica l  memoranda, ORNL/TM- 

6 7 20-0 RN L /TM - 6 7 26 a n d 0 RN L /TM - 6 7 2 8-0 RN L /TM - 6 7 3 3. 

x i i i  



INTRODUCTION 

The Next Step (TNS) represents t h a t  phase o f  f us ion  energy develop- 

ment i n  which t h e  major emphasis would be d i r e c t e d  toward engineer ing 

t e s t i n g  and demonstration. The o b j e c t i v e  o f  t h e  TNS s tud ies  ( i n i t i a t e d  

by t h e  Department of Energy's Off ice o f  Fusion Energy) has been t o  

d e f i n e  t h e  c h a r a c t e r i s t i c s  and requirements o f  a f a c i l i t y  dedicated t o  

the  engineer ing t e s t i n g  phase o f  f us ion  power development. 
reason, the  TNS study r e s u l t s  a re  p rov id ing  a bas is  f o r  d e f i n i n g  an 

Engineer ing Test F a c i l i t y  (ETF). 

f o r  a TNS/ETF w i l l  f i r s t  be a v a i l a b l e  f o r  t h e  tokamak concept, t h e  
r e a c t o r  core o f  the  f a c i l i t y  has been based on t h e  tokamak concept. 

However, the  commitment t o  an ETF w i t h  a r e a c t o r  core  based on t h e  

tokamak concept does n o t  represent  a commitment t o  tokamaks as t h e  

u l t i m a t e  power r e a c t o r  concept. 

i n i t i a t e d  i n  FY 1977. 

scoping s tud ies  i n  th ree  broad areas: 
modeling, and program planning. 
e f f o r t s ,  i t  was judged t h a t  cont inued a c t i v i t i e s  i n  the  Oak Ridge TNS 
program should be d i r e c t e d  toward preconceptual design ulikh p d c m  
mphmh placed on e n g i n e d n g  ~QaclibLLLty. As a p o i n t  o f  depar ture f o r  

t h e  FY 1978 a c t i v i t i e s ,  a base l ine  design was selected, based on t h e  

systems modeling e f f o r t  o f  FY 1977. 
TNS e f f o r t  has been t o  evolve t h e  Basel ine Design toward a preconceptual 
design. 
intended t o  l ead  t o  a completed preconceptual design. Therefore, t he  
design r e s u l t i n g  f rom t h i s  y e a r ' s  e f f o r t  i s  r e f e r r e d  t o  as a re fe rence 
design, r a t h e r  than as a preconceptual design. 

Beyond these broad ob jec t i ves  , we q u i c k l y  f i n d  ourse lves addressing 

the  ques t ion  o f  whether a p a r t i c u l a r  system should be inc luded on TNS i f  

i t  c l e a r l y  does n o t  meet t h e  cond i t i ons  o f  a commercial demonstrat ion 

r e a c t o r  (DEMO). 
f o r  each system by eva lua t i ng  t h e  e f f e c t  t h e  system w i l l  have on t h e  

plasma behavior.  

For t h i s  

Because t h e  s c i e n t i f i c  bas is  requ i red  

The TNS s tud ies  a t  Oak Ridge Nat ional  Laboratory  (ORNL) were 
Dur ing FY 1977 t h e  Oak Ridge e f f o r t  pursued 

plasma engineer ing,  systems ' 
Based upon the  f i n d i n g s  o f  the  FY 1977 

The pr imary o b j e c t i v e  o f  our  FY 1978 

However, i t  i s  emphasized t h a t  the  FY 1978 e f f o r t  was n o t  

The ques t ion  should be answered on an i n d i v i d u a l  bas is  

The i n t e r a c t i o n  o f  t h e  plasma and a d i v e r t o r  (bo th  i n  

1 
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general and f o r  spec i f i c  types of d iver tors )  i s  poorly enough understood 
tha t  th i s  w r i t e r ' s  view i s :  We must assume tha t  there would be s i g n i f i -  
cant differences i n  the plasma behavior w i t h  and w i t h o u t  a bundle 
diver tor .  
shou ld  not be included on TNS i f  for some reason i t  i s  n o t  feas ib le  fo r  
DEMO. 
feasi  bi 1 i t y  f o r  DEMO. 

dea l t  w i t h  for two reasons: 

Following this premise, we conclude tha t  a bundle  diver tor  

T h u s ,  much of what follows addresses the question of technical 

Structural  considerations for the bundle diver tor  have n o t  been 

( 1  ) 

( 2 )  

Experience with the Divertor and Injection Tokamak Experiment 
(DITE) indicates no d i f f i cu l ty  with s t ruc tura l  f e a s i b i l i t y .  
To deal conclusively w i t h  these considerations would require 
careful design, selection of the highest strength nonmagnetic 
materials,  and detai led analysis of complex shapes. This level 
of treatment was deemed t o  be beyond the scope of  this report .  
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. 

1 .  PLASMA PHYSICS 

The successful production of power 

REQUIREMENTS 

from fusion reactors depends on 
a number of fac t0rs . l  
formance i s  the concentration of Z # 1 impurities i n  the otherwise 
hydrogenic plasma. 
for impurity control i s  the magnetic f i e l d  diver tor .2  The experimental 
evidence from exis t ing tokamak devices indicates t h a t  divertors do 
indeed prevent impurity b ~ i l d u p . ~ , ~  There may, however, be problems i n  
extrapolating the presently implemented divertor designs t o  large-scale 
fusion reactors.  
central theme of this paper. 

length e1sewhere;l only a brief description of the topology i s  warranted 
here. As shown i n  F i g .  1 . 1 ,  the h o t  fusing plasma i s  contained i n  a 
central chamber by an appropriate magnetic f i e l d  configuration. The 
magnetic f i e l d  l ines  i n  t h i s  core region continually c i r c l e  the machine 
and never wander f a r  from a given constant pressure surface. 
a divertor configuration, a coil p a i r  i s  attached t o  the chamber (as  
shown i n  F i g .  1 . 1 ) .  
l i nes ,  or f l u x ,  t o  be pulled from the main confining zone and diverted 
i n t o  a remote collection chamber. The spat ia l  boundary separating the 
main confining zone from the region where the magnetic f i e ld  l ines  are  
diverted i s  called the separatrix surface. 
from the core region across the separatrix and i n t o  the region of diverted 
f i e l d  l ines  (sometimes called the scrape-off zone) follows these f i e l d  
l ines  i n t o  the remote collection chamber where par t ic le  collection and 
heat removal can be accomplished. 
of the task requires tha t  the collection process have a minimum impact 
on the purity of  the main plasma core. 

Recent studies undertaken a t  ORNL have addressed the problems 
involved in par t ic le  collection and power handling in t h i s  remote "burial 
chamber." 
here. 

One of the factors  influencing the plasma per- 

For the tokamak approach,l one possible technique 

The extrapolation of the divertor concept i s  the 

Tokamak reactors as  fusion power candidates have been discussed a t  

To produce 

These co i l s  cause a "bundle" of magnetic f i e ld  

The h o t  plasma t h a t  diffuses 

I t  must be remembered t h a t  the success 

Some of the i n i t i a l  findings from these studies are  reported 
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NONDIVERTED 

FIELD LINE 

DIVE RTO R 
TARGET / \  STAGNATION AXIS . 

Fig.  1.1. Schematic o f  tokamak equipped w i t h  a 
bundle d i v e r t o r .  P r i n c i p a l  fea tures  o f  t h e  magnetic 
c o n f i g u r a t i o n  are  shown. 
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Before these problems can be addressed, t h e  p a r t i c l e  (e lec t rons  and 
ions )  and energy f low r a t e s  t o  t h e  b u r i a l  chamber must be estimated. 

This t a s k  i s  w i t h i n  the  domain of plasma physics, and a d e t a i l e d  desc r ip -  
t i o n  of how the  numbers a re  computed i s  beyond t h e  scope o f  t h i s  paper; 

f o r  our purposes, i t  i s  s u f f i c i e n t  t o  use a range o f  poss ib le  values. 
The ORNL TNS Reference Design i s  assumed t o  have a f u s i o n  power output  
of 1445 MW(th). Of t h i s  power, 226 MW shows up i n  t h e  plasma and must 
be handled through heat  t r a n s f e r  systems, e i t h e r  on t h e  w a l l s  o f  t h e  
main confinement chamber o r  i n  the  c o l l e c t i o n  reg ion  o f  the b u r i a l  

chamber. As a conservat ive est imate,  i t  i s  assumed t h a t  the e n t i r e  
226 MW must be handled i n  t h e  b u r i a l  chamber. 

b u r i a l  chamber has been estimated, based on t h e  experimental data on 
p a r t i c l e  confinement t imes i n  the  D I V A 4  and ALCATOR5 tokamaks. 

average p a r t i c l e  f l u x e s  l e a v i n g  these devices a r e  i n  t h e  range o f  

1021-1022 ions/m2/sec. M u l t i p l y i n g  these f l u x e s  by the  s e p a r a t r i x  
sur face area o f  t he  ORNL TNS Reference Design, 314 m2, g ives p a r t i c l e  
f l u x  r a t e s  i n  the  range o f  3 x 1023-3 x 
energy o f  each p a r t i c l e  t h a t  crosses t h e  s e p a r a t r i x  i n t o  the  d i v e r t o r  

scrape-of f  zone i s  i n  t h e  range o f  4.7 keV t o  470 eV. 

The p a r t i c l e  f l u x  t o  t h e  

The 

p a r t i c l e s / s e c .  The average 

Two quest ions must be addressed: 

(1 )  

( 2 )  

What i s  the a b i l i t y  o f  var ious m a t e r i a l s  t o  c o l l e c t  and r e t a i n  

t h e  ev iden t  plasma ions  (deuterium, t r i t i u m ,  and hel ium)? 
What i s  t h e  maximum heat l oad  t h e  c o l l e c t o r  m a t e r i a l  i s  capable 

o f  t o l e r a t i n g ?  

I n  the  study presented here, t he  c o l l e c t o r  m a t e r i a l  was chosen t o  be 

l i t h i u m .  
t h e  data are a v a i l a b l e .  

The extens ion t o  o t h e r  m a t e r i a l s  i s  s t ra igh t fo rward ,  prov ided 
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2.  BASIC MAGNETIC CONCEPTS 

2.1 MAGNETIC FIELD PERTURBATION 

A single ver t ical  conductor placed near a toroidal magnetic f i e l d  
will diver t  a bundle of f i e l d  l i nes ,  which then loop around the conductor 
a s  shown in Fig. 2.1. 
toroidal f i e l d  must be reversed and there must be a null point a t  which 
the toroidal f i e l d  i s  zero, as shown i n  Fig. 2 .2 .  Figure 2 . 2  a lso shows 
the e f f ec t  of the ver t ical  conductor on the f i e l d  l ines .  In zone 1 ,  the 
f i e ld  l ines  c i r c l e  the conductor and do  not travel around the torus 
( these are  sometimes known as private l i nes ) .  In zone 2 ,  the f i e l d  
l ines  loop around the vertical  conductor and travel around the torus.  
The outer boundary of zone 2 delineates the edge o f  the plasma as deter-  
mined by a l imi te r .  Clearly, zone 2 must avoid any s t ructure;  other- 
wise, t ha t  s t ructure  will assume the role of a l imiter .  I n  zone 3, the 
f i e ld  l ines  do n o t  loop around the conductor, b u t  they deviate from the 
magnetic configuration without the vertical  conductor. This deviation 
implies a perturbation i n  the toroidal magnetic f i e ld  strength. The 
quantity most often used t o  express t h i s  perturbation i s  the toroidal 
magnetic f i e l d  produced by the divertor a t  the plasma center l ine,  B ,  
normalized t o  the basic toroidal magnetic f i e l d  strength a t  tha t  point, 

BT. 

conductor configurations. 
Ref. 6 ,  which points o u t  t h a t  the centerline perturbation caused by a 
single ver t ical  conductor i s  excessive and can be lessened by the a d d i t i o n  
of more conductors, arranged t o  produce l i t t l e  o r  no e f f ec t  on the f i e l d  
near the ver t ical  conductor b u t  t o  cancel the f i e l d  fa r ther  from the 
ver t ical  conductor. This type of behavior can also be obtained w i t h  a 
pair  of adjacent dipole c o i l s  of opposite sense, as shown i n  F i g .  2.3. 
Near where the two co i l s  touch, the f i e l d  i s  determined almost en t i re ly  
by the magnitude of the coil  currents;  fa r ther  from the co i l s ,  the f i e l d  
i s  small because the two dipoles are  nearly of opposite sense. 
typical s e t  of conditions,6 the perturbation produced by a pair  of 
c i rcu lar  co i l s  i s  1/33 of t h a t  produced by a ver t ical  filament. 

In order for  t h i s  bundle t o  be diverted, the 

(This i s  discussed i n  detai l  i n  Sect. 2 . 2 . )  
These basic features apply i n  a general way for  several different  

Some of these configurations are examined i n  

For a 
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DIVERTED 
F L U X  BUNDLE 

VERTICAL 
CON DUCTOR 

Fig. 2.1. Magnetic field lines diverted by a 
single vertical conductor. 

ORNL-DWG 79-3218 FED 

CONDUCTOR 

Fig. 2.2. Cross section showing effects of ver- 
tical conductor on field lines. 
BT = 0. 
the diverted field lines; and zone 3, field lines that 
deviate from the magnetic configuration without a 
di vertor . 

At the null point, 
Zone 1 contains "private" field lines; zone 2, 
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Fig. 2 . 3 .  Adjacent dipole co i l s  o f  opposite sense. 
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2 . 2  APPROXIMATE METHOD FOR TREATING MAGNETIC FIELD PERTURBATION 

The magnetic f i e l d  strength produced a t  the center of a c i rcu lar  
filament coil  i s  

where u0 i s  the magnetic permeability of vacuum, I i s  the coi l  current ,  
a n d  r i s  the coil  rad ius .  I f  the s ize  of the coil  is increased (e .g . ,  
by increasing the radius, r ) ,  then the f i e l d  strength a t  the center of 
the coil  ( the  same scaled location) remains the same, provided the 
current i s  increased by the same factor .  More generally, the scaled 
geometry o f  f i e l d  l ines  and the scaled d i s t r i b u t i o n  of magnetic f i e ld  
strength for a given d i s t r i b u t i o n  of current elements are unique as the 
l inear  dimension scale  factor  i s  changed. I t  follows t h a t  i f  the f i e l d  
strength i s  normalized t o  tha t  a t  a par t icular  point i n  the scaled 
geometry of current elements, the normalized f i e l d  strength dis t r ibut ion 
i s  a lso unique as a function of scaled pos i t i on .  
simplify the analysis of the perturbation discussed i n  Sect. 2 .1  for  
par t icular  coil  configurations. 

respect t o  the toroidal plasma axis and w i t h  respect t o  the conductor 
a r ray  ( t h i s  point i s  dea l t  w i t h  l a t e r ) .  Producing the null p o i n t  a t  a 
par t icular  scaled location w i t h  respect t o  the c o i l s  is similar t o  
normalizing a t  t h a t  p o i n t .  A moment's thought reveals t ha t  such normal- 
i z a t i o n  r e su l t s  i n  a fractional perturbation of the preexisting toroidal 
f i e l d ,  where the value used for normalizing i s  the necessary f i e l d  
strength for  creating a null point a t  the desired location, B n u l l .  
important quantity t o  the plasma physicist i s  the perturbation on the 
plasma axis namaeized ;to ;the pmexibf ing  d i d d  a;t pa in t .  This 
renormalization i s  eas i ly  taken care of by the 1 / R  scaling of the basic  
toroidal f i e l d ,  BT. 
coi l  pair  decreases, the perturbation will  a lso decrease. This s i tua t ion  

These basic fac ts  

We assume t h a t  the desired location of the null p o i n t  i s  fixed w i t h  

An 

We now see qual i ta t ively tha t  as  the s ize  of the 
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i s  i l l u s t r a t ed  i n  F i g .  2 .4 .  
plasma a x i s  i s  fixed. T h u s ,  the small co i l s  are  a greater scaled dis- 
tance from the plasma axis than the large c o i l s ,  which leads t o  a reduced 
perturbation w i t h  the small coi ls .  

power, 12R, is minimized when the distance from the null point t o  the 
center of the coi l  pa i r ,  a ,  i s  abou t  equal t o  the coi l  radius ( i . e . ,  the 
null p o i n t  is a t  a fixed scaled location as  coil  s i ze  changes). This 
was found t o  be the case for values of a, the half angle between the 
co i l s  ( F i g .  2.4),  from 50" to  90".  The coil  cross section was 0.3 x 0.6 m 
w i t h  a = 1 m. Another necessary ingredient for  the immediate purpose i s  
supplied by Ref. 8,  i n  which i t  is  shown t h a t  the curve defining the 
normalized toroidal f i e l d  between the null p o i n t  and the plasma center- 
l i ne  is  almost completely independent of the angle cx over the range of 
50" t o  90".  

i s  shown in F i g .  2.5. 

in the plasma region are  

The distance between the n u l l  point and  the 

Reference 7 shows t h a t  as  the mean radius of  the coil  changes, the 

A curve defining this f i e l d  perturbation for  filament co i l s  

I n  summary, the factors  for  considering magnetic f i e l d  perturbation 

( 1 )  

( 2 )  

( 3 )  the minimizing of 1 2 R  for  a/r 1 ,  
(4) 

the uniqueness of scaled f i e l d  l ines  and l B l  dist r ibut ion for a 
given conductor configuration, 
the same uniqueness when the f i e l d  strength i s  normalized t o  
the basic toroidal f i e l d  a t  the n u l l  p o i n t ,  

the approximate uniqueness of the normalized 1B1 curve between 
the n u l l  point and the plasma center l ine fo r  any reasonable 
value of a ,  and 
the use of the f ac t  tha t  BT = const/R. ( 5 )  

For filament-like coi l  pairs tha t  have the n u l l  point located a t  
a = r ,  the location required t o  produce a perturbation of  1.5-2% i s  
reasonably exp l i c i t  and the distance from null point t o  plasma axis i s  
about 2.5-3 times the distance from n u l l  point t o  coil  center. Further 
inspection of Fig. 2.5 reveals tha t  trying t o  reduce f i e l d  perturbation 
by enlarging the co i l s  and backing  them away i s  counterproductive, 
because t h i s  reduces the r a t i o  of  these two distances and increases the 
f i e l d  perturbation a t  the plasma axis.  
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This discussion recognizes only the existence of the toroidal 
field. Reference 6 deals with a more realistic case that includes the 
magnetic field from the plasma current as well as vertical fields imposed 
to maintain plasma equilibrium. However, treatment of these nontoroidal 
fields is not necessary for preliminary purposes such as ours. 

2 . 3  TREATING MAGNETIC FIELD PERTURBATION FOR TNS 

For TNS, the device major radius, Ro, is 5.0 m, and the distance 
from the device center t o  the null point is 6.2 m. We assume that the 
centerline perturbation, defined as lABI/[BT(Ro)], i s  to be limited to 
1.5% and use the scaling concepts defined in Sect. 2.2 to determine the 
size of the coil pair required. The perturbation limit relative to the 
preexisting field at the null point is 

0.015 x (6.2 m/5 m) = 0.0186 . 

Figure 2.5 indicates that this perturbation will occur 2.78 m from the 
null point. 
the null point to the plasma axis i s  

From the assumed dimensions, we know that the distance from 

a = 6 . 2 m - 5 m = 1 . 2 m  , 

so we may scale to obtain the actual coil radius, 

r = (1.2 m/2.78 m) x 1 = 0.43 m . 

This is a very small coil with inadequate room for shielding (as discussed 
in Sect. 4). 
perturbation to increase rapidly. 
coil radius to r = 0.75 m and keep a = 1.2 m, we obtain a ratio of 1.6. 
The value of B/Bnull for this ratio is 7.5%, which implies a perturbation 
of 

However, increasing the coil size causes the centerline 
I f ,  for this example, we increase the 

0.075 x (5 m/6.2 m)  = 0.060 , 

or 6%, four times the initial limit of 1.5%. 
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3 .  SCALING RELATIONS 

3.1 SCALING RELATIONS 

AND CONCLUSIONS FROM RESULTS OF OTHER STUDIES 

Rigorous establishment of the scaling concepts presented below was 
Illustrative verifi- considered to be beyond the scope of this report. 

cation is used to convey the concepts. 

3.1.1 Current Scal i ng 

For a change in dimensional scale of the basic toroidal configuration, 
a change of the same scale in the divertor coils, and the same magnetic 
field strength, the bundle divertor current scales as the dimensional 
scale factor. 
at a fixed scale position, as illustrated in Fig. 3.1. The two cases 
shown represent bundle divertor coils with dimensional scales differing 
by a factor of 2, with the null point in the same scaled location. 
postulate that the current requirement for case ( b )  is one-half that for 
case (a). 
for the magnetic field, B, at the center of a circular filament coil, 

The requirement is to produce a particular magnetic field 

We 

For a simple case, we may verify this by taking the equation 

Thus, if the scale factor increases by a factor o f  2, then the coil 
current I must also increase by a factor of 2 to maintain the same field 
strength at the null point. 

3.1.2 Resistance Scaling 

Dimensionally, the electrical resistance can be described as 

R = l/aL , 
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where L i s  the l inear  dimension and u i s  the e lec t r ica l  conductivity. 
From this, we may infer  tha t  the resistance of the bundle divertor co i l s  
varies inversely w i t h  the scale factor .  

3.1.3 Power Scaling 

We combine the current and resistance scaling relat ions t o  give a 
dimensional r e su l t  of 12R and conclude tha t  the power consumption of a 
coil  s e t  (within the context used here) varies d i rec t ly  w i t h  the scale 
fac tor .  

3.1.4 Current Density Scaling 

From the current scaling relat ion and area considerations, 
conc 

3.2 

we 
ude tha t  the current density varies inversely with the sca e factor .  

CONCLUSIONS FROM RESULTS OF OTHER STUDIES 

The most recent magnetic treatment of bundle divertorsg has generated 
a dis t r ibuted coil  configuration t h a t  permits s ignif icant ly  ( ‘ ~ 3  times) 
thicker shielding t h a n  e a r l i e r  ~ t u d i e s , ~  as well as a reduction of the 
current density in the conductor. The improvement a r i s e s  mainly from 
the way in which the cross-sectional area of the divertor co i l s  i s  
d is t r ibu ted ,  which deviates more from circular  filament co i l s  than 
earl  i er  studies . 
study i s  shown in F i g .  3.2. 

Sect, 3.1 t o  a r r ive  a t  our conclusions about the bundle divertor co i l s  
fo r  TNS. Table 3.1 l i s t s  pertinent parameters for  the reference reactor 
of Ref. 9 and for a TNS-size power-producing reactor.  As indicated by 
the tab le ,  the plasma regions o f  the two reactors are  not quite geo- 
metrically s imilar ,  b u t  they a re  similar enough that  we t r e a t  them as 
though they were and scale on the values fo r  horizontal semiaxis and 
toroidal f i e ld  requirements. 
diver tor  are  compared with those of Ref. 9 in Table 3.2. 

The bund1 e d i  vertor conf i gurati on devel oped i n the 

We have used the methods of Ref. 9 and the scaling relat ions of 

T h e  scaled parameters fo r  the TNS bundle 



18 

ORNL-DWG 79-3223 FED 

r 

40 

MAJOR RADIUS R ( m )  

Fig. 3 . 2 .  Bundle diver tor  configuration developed i n  Ref. 9. 



c 

19 

Table 3.1. Parameters of Culham reactor (Ref. 9 )  
and TNS-size power-producing reactor 

Cul ham TNS-s i ze 
reactor reactor 

~~ 

El ec tri c power output 
A1 pha par t i  cl e power 910 MW 226 M W  
Ma j or rad i us 7.4 m 5 m  
Plasma semiaxis (horizontal ) 2.1 m 1 . 2  m 
Plasma semiaxis ( v e r t i c a l )  3.7 m 1.92 m 
Toroidal f i e l d  a t  plasma centerline 4.1 T 5.28 T 

2500 M W (  e )  500 MW(e) 

Table 3.2. Parameters of TNS bundle divertor c o i l s ,  
scaled from Cul ham reactor coi 1 parameters 

Cu 1 ham TNS-si ze 
reactor reactor 

Mean coil radius,  r 
Shield thickness 

1.8 m 1.03 ma 
0.75 m 0.43 mb 

Current density 1 .5  kA/cm2 2.63 kA/cm2 
Total power consumption fo r  

water-cooled copper coi 1 ( f o r  
a single bundle diver tor)  

Percent o f  e l e c t r i c a l  output ( f o r  

Maximum f i e l d  i n  d iver tor  co i l  7 T  

92 MW 

a s ingle  bundle diver tor)  3.7% 

68 MW' 

14% 
9 Td 

Scaling calculation: 1.8 m x (1.2 m/2.1 m )  = 1.03 m.  a 

bScaling calculation: 0.75 m x (1.2 m/2.1 m )  = 0.43 m.  
'Scaling calculation: 92 MW x (1.2 m/2.1 m )  x (5.28 T/4.1 T )  = 68 M W .  
dScaling calculation: 7 T x (5.28 T/4.1 T )  = 9 T. 
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T h e  most important conclusions from the scal ing s tudies  fo r  the 
TNS-size reactor a re  

( 1 )  

( 2 )  

the shield thickness does n o t  permit the  use of superconducting 
or cryogenic normal c o i l s ,  and 
the power consumption of water-cooled copper co i l s  i s  excessive. 

The water-cooled copper divertor co i l s  are  reasonable f o r  the large 
Culham reactor b u t  unreasonable for  the TNS-size reactor  because the 
power production ( f o r  fixed power density) var ies  as  the cube of the 
scale f ac to r ,  while diver tor  power consumption varies l inear ly  w i t h  the 
scale  fac tor .  This scaling strongly favors large reactors.  However, i t  
i s  important t o  rea l ize  t h a t  optimization of magnetic configurations - 
an area i n  which efforts t o  date have been f a r  from exhaustive -may 
have a s ign i f icant  e f f e c t ,  and the negative conclusions reached above 
shou ld  be viewed with t h i s  in mind.  
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4. SHIELDING, CONDUCTOR, AND INSULATOR CONSIDERATIONS 

4.1 SHIELDING CALCULATIONS 

One o f  t h e  more d i f f i c u l t  c o n s t r a i n t s  on t h e  use o f  bundle d i v e r t o r  
c o i l s  i n  power-producing reac to rs  i s  t he  requirement o f  s h i e l d i n g  t h e  

c o i l s  from neutron and o the r  i r r a d i a t i o n ,  which i s  i n  d i r e c t  c o n f l i c t  

w i t h  t h e  need t o  have the  c o i l s  c lose  t o  the  plasma (discussed i n  
Sect. 2 ) .  

Ref. 10, i n c l u d i n g  s h i e l d i n g  f o r  t o r o i d a l  f i e l d  (TF) c o i l s .  Although 

the  geometry o f  t h e  bundle d i v e r t o r  c o i l s  i s  somewhat more complex than 

t h a t  o f  TF c o i l s  (suggest ing t h a t  f o r  p r e c i s e  t reatment  three-dimensional 

c a l c u l a t i o n s  would be needed) , f o r  our purposes t h e  one-dimensional 
t reatment o f  Ref. 10 should be adequate. 

The s h i e l d  composi t ion used i n  Ref. 10 cons is t s  o f  30 cm o f  s t a i n -  

l e s s  s t e e l  nearest  t he  plasma, fo l lowed by a l a y e r  of 50% s t a i n l e s s  
s t e e l  and 50% B4C. To account f o r  cool ing,  10% o f  t h e  volume i s  vo id.  
The r e s u l t s  can be a p p l i e d  t o  s p e c i f i c  cases w i t h  va ry ing  parameters 

(e.g. , s h i e l d  th ickness) .  

s h i e l d i n g  m a t e r i a l  i s  evaluated i n  Ref. 11, which i n d i c a t e s  t h a t  the 

same s h i e l d i n g  can be achieved w i t h  15% l e s s  th ickness. The r e s u l t s  
below a r e  obta ined us ing  t h e  methods o f  Ref. 10. 
s u b s t i t u t i n g  tungsten f o r  s t a i n l e s s  s t e e l  would improve t h e  r e s u l t s  by 
the  order  achieved i n  Ref. 11. 

Several aspects of s h i e l d i n g  i n  tokamak reac to rs  are discussed i n  

The use o f  tungsten r a t h e r  than s t a i n l e s s  s t e e l  as t h e  pr imary 

It i s  expected t h a t  

4.2 SHIELDING REQUIREMENTS 

4.2.1 Superconducting C o i l s  

The neutron w a l l  l oad ing  f o r  TNS i s  est imated a t  2.4 MW/m2. I n  

o rde r  t o  r e s t r i c t  t he  reduc t i on  i n  c r i t i c a l  c u r r e n t  dens i t y  o f  t h e  

superconductor t o  10% over a 2 -y r  per iod,  t he  s h i e l d  th ickness must be 

a t  l e a s t  0.85 m, and i n  order  t o  r e s t r i c t  t he  r e s i s t i v i t y  o f  t h e  copper 
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s t a b i l i z e r  i n  a superconducting coi l  t o  3 x 
ness must be a t  l e a s t  0.95 m.  
almost twice the shield thickness of 0.43 m suggested by our scaling 
s tudies ,  we may effect ively ru l e  o u t  superconducting c o i l s .  

n cm, the shield thick- 
Since even the lower requirement is  

4.2.2 Water-cooled Copper Coils 

Given the TNS wall loading of 2.4 M W / m 2 ,  we estimate tha t  w i t h  a 
shielding thickness of 0.4 m ,  the neutron fluence i n  the insulator  of a 
copper coil would reach 1021 n/cm2 i n  0.63 y r .  While this  i s  not 
acceptable f o r  organic e l ec t r i ca l  insulation, i t  appears t o  be a reason- 
able l imitat ion f o r  ceramic insulator ,  as discussed i n  Sect. 4.3. 
Reference 12 indicates t h a t  the r e s i s t i v i t y  of water-cooled copper will 
increase by %lo% a t  1021 n/cm2, a lso a reasonable l imitation. 

4.2.3 Cryogenic Aluminum Coils 

Appendix 1 discusses the potential f o r  reduction of power consumption 
through the use of very h i g h  purity aluminum i n  the 15K temperature 
range. 
f i e l d  of G4 T, the power consumption (including refr igerat ion power) i s  
about a f ac to r  of 9 lower than t h a t  f o r  copper a t  room temperature. 
However, this conclusion does not take in to  account the e f f ec t s  of 
neutron i r radiat ion,13 and therein l ies  i t s  f a t a l  flaw. 

The r e s i s t i v i t y  used t o  obtain optimum performance i n  Appendix 1 i s  
4.5 x I f  the r e s i s t i v i t y  were t o  increase t o  22.5 x lom9 n cm, 
f ive  times the optimum value, the power consumption advantage of operating 
a t  cryogenic temperatures would be substant ia l ly  destroyed; the damage 
would have t o  be annealed by allowing the coi l  t o  warm to  room tempera- 
ture .  
this increase i n  the r e s i s t i v i t y  is  0.11 x 1Ol8 n/cm2. 
Sect. 4.2.2, f o r  a 0.4-m-thick shield the neutron fluence reaches 
1021 n/cm2 i n  0.63 y r ;  l i nea r  interpolation i s  j u s t i f i e d  and leads t o  
the conclusion t h a t  the co i l  must be annealed a t  room temperature every 

A t  th i s  temperature, w i t h  99.999% pure aluminum i n  a magnetic 

s2 cm. 

According t o  Ref. 13, the neutron fluence required t o  produce 
As noted i n  
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36 minutes While i t  i s  possible t o  imagine other technological problems 
associated w i t h  s o f t ,  h i g h  purity aluminum, the extreme sens i t i v i ty  of 
the materi. 1 t o  neutron i r radiat ion and the absurd  annealing requirement 
render such questions academic. 

4.3 INSULATION 

The maximum allowable radiation doselo for organic insulation 
(e .g . ,  epoxy) with a l i fe t ime of 12.5 y r  i s  ' ~ 4  x lo9 rad.  To prevent 
exceeding t h i s  dose in the 2.4-MW/m2 wall loading of TNS, 1 .O  m of 
shielding is  required. For the 0.4-m-thick shield we propose, the 
radiation dose i s  %lo4 times the maximum. 
inorganic insulation (e.g. ,  ceramics). 

fo r  temperatures well above those expected for insulators i n  water- 
cooled copper co i l s ;  however, based on these somewhat limited d a t a  and 
our present understanding of fundamentals, a neutron fluence of 1O2I n/cm2 
should present no major problems for  typical ceramics.14 The require- 
ments i n  terms of e lec t r ica l  and mechanical properties and swelling 
behavior are  expected t o  be modest, which fur ther  supports our conclusion. 

A technology base for the building of ceramic-insulated magnet 
co i l s  i s  presently being established. 
showed t h a t  beam-deflecting magnets us ing  inorganic insulation have been 
b u i l t  a t  a l l  the accelerator laboratories,  with the most common insulator  
being magnesium oxide. 

n o t  especially s t r ingent  because: 

T h u s ,  we must consider 

Most of the data on neutron i r radiat ion e f f ec t s  for  ceramics are  

A recent survey of the f ie ld15 

The requirements for  insulation i n  the bundle divertor co i l s  are  

( 1 )  even i f  the insulator i s  poor by normal standards, copper i s  

an extremely good conductor and current paths parallel  t o  the 
basic one can be acceptable, and 
a1 though ceramics are inherently b r i t t l e ,  i t  i s  conceptually 
possible t o  entrap the ceramic body so t h a t  cracking can be 
tolerated.  
an extreme case t h a t  i l l u s t r a t e s  t h i s  point. 

( 2 )  

The existing practice of using powdered ceramic i s  
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4.4 CONCLUSIONS 

Given the 0.4-m-thick shielding proposed for  the TNS bundle diver tor  
c o i l s ,  we conclude t h a t  neutron i r radiat ion e f fec ts  render b o t h  super- 
conductors and cryogenic aluminum unacceptable and a l s o  prevent the use 
o f  organic insulation in water-cooled copper co i l s .  
co i l s  with ceramic insulation can be used i f  they are  replaced on an 
interval o f  ~l y r ;  in addition, advances i n  the technology of ceramic 
insulation a re  needed. 

Water-cooled copper 
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5. ION AND ENERGY COLLECTION 

5.1 PREVIOUS CONCEPTS 

5.1.1 Solid Metals 

Data from experimental s tudies  on the a b i l i t y  of various so l id  
metals t o  co l l ec t  and r e t a in  ions of hydrogen isotopes a re  presented i n  
Ref. 16 ,  which a l so  contains original data of the same nature on l iquid 
lithium. 
with ions ranging i n  energy from 3 t o  30 keV, t o  a fluence of 2 x 1019 
ions/cm2; the r e su l t s  a re  presented in  Fig. 5.1. Additional data on 
titanium a re  presented i n  Ref. 17 for  a s ingle  specimen cycled through 
the collection-thermal unloading cycle three times. 

area t o  reach the saturat ion fluence of Ref. 16 i n  one cycle, we obtain 
a surface area of 300 m2 and a heat load of 0.75 MW/m2. The number of 
collection-thermal unloading cycles fo r  TNS will be %lo5. Obviously, 
ac t ive  cooling methods having thermal and mechanical properties compatible 
with good s t ruc tura l  materials will  be required t o  perform t h i s  tech- 
nological l y  formidable task. 

Two approaches t o  the use of s o l i d  metals can be formulated. In 
the f i r s t ,  ion col lect ion and material regeneration take place in  a 
fixed location. This approach appears t o  be mechanically feas ib le .  The 
second, however, involves moving be l t s  or pa r t i c l e  beds, and i t s  feas i -  
b i l i t y  i s  ser iously questioned. 

There are  two other considerations t h a t  make the  use of so l id  
metals questionable. 
Ref. 18) dealing w i t h  the e f f ec t s  of hydrogen on the mechanical prop- 
e r t i e s  of metals (including two of the most l i ke ly  candidates f o r  this  
application, titanium and zirconium). 
t h a t  even a few atomic percent of hydrogen on a l-cycle basis can cause 
degradation of mechanical properties;  thus, i t  i s  unreasonable t o  expect 
t ha t  much higher concentrations of hydrogen fo r  lo5 cycles will  leave 
the construction material i n  an acceptable condition. Second, the 

The data on so l ids  were obtained by bombarding a t a rge t  surface 

If  we assume a power-on cycle of 20 min and s i ze  the t a rge t  surface 

F i r s t ,  there i s  a substant ia l  body of data (e.g., 

In general, i t  has been shown 
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removal of deuterium from samples subjected t o  ion implantation has been 
shown t o  require several hours a t  temperatures of 800-1000°C.17 This 
appears t o  be f a r  from acceptable for TNS. 

5.1.2 Liquid Lithium 

I t  i s  c l ea r  t h a t  the a b i l i t y  t o  pump the working medium as a f lu id  
would have strong advantages in the areas of cooling the medium and 
removing the deuterium and t r i t ium fo r  recycling. The use of l iquid 
lithium fo r  this purpose has been suggested in three p r o p o ~ a l s , ~ 9 - ~ ~  
a l l  based on incorporation in to  the poloidal diver tor  concept. 

take place in a s t rong  toroidal magnetic f i e l d ,  and t h i s  i s  the case in  
Refs. 19-21. 
col lect ion and removal process. 

surface of the l iquid must be avai lable  and the flow velocity must be 
suf f ic ien t  t o  carry away heat and trapped ions. 
t ha t  the lithium flow be a gravity-driven, f r e e  surface flow on a metal 
sheet;  Refs. 20 and 21 a l so  suggest gravity-driven flow b u t  introduce 
constraint  by capi l la ry  action via contact with a s t a in l e s s  s teel  screen. 
Figure 5.2 i s  a schematic i l l u s t r a t i o n  of gravity-driven f r ee  surface 
flow. 

The exis t ing poloidal diver tor  concepts require tha t  the col lect ion 

However, t h i s  f i e ld  can cause serious problems in the 

In order for the lithium t o  carry o u t  i t s  ion ta rge t  role ,  a f r ee  

Reference 19 suggests 

Liquid metal MHD s tudies  began in the l a t e  1930s, when Hartmann 
obtained an analyt ical  solution fo r  an incompressible conductive l iquid 
flowing between f l a t  plates  with a magnetic f i e l d  perpendicular t o  the 
flow, as  shown i n  F i g .  5 . 3 .  
t o  be driven by pressure gradients,  comparison of the boundary condition 
of gravity-driven f r e e  surface flow with t h a t  of Hartmann flow reveals 
enough s imi la r i ty  t o  permit an adequate approximation of the e f fec ts  of 
the magnetic f i e l d  on the  gravity-driven flow. 

flow occurring in half  the channel width of Fig. 5.3. We approximate 
the s t a in l e s s  s t ee l  screen of Refs. 20 and 21 w i t h  a sheet having the 

Although Hartmann flow i s  generally presumed 

The open channel flow of Fig. 5.2 can be seen t o  be the same as the 
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same cross-sect ional  area ( t o  p rov ide  the same e l e c t r i c a l  res i s tance  i n  

order  t o  determine t h e  c u r r e n t  f l ow) .  
Hartmann f l o w  a r e  presented i n  Ref. 22 and may be w r i t t e n  as 

The p e r t i n e n t  equations f o r  

dx A2 M - tanh M 1 + C 

- nv M2 tanh M 

- -( 
where p i s  t h e  pressure, dp/dx i s  the pressure g rad ien t  i n  the  d i r e c t i o n  

o f  t h e  f low,  rl i s  t he  v i s c o s i t y  o f  t h e  f l u i d ,  v i s  t he  v e l o c i t y ,  A i s  

h a l f  t he  p l a t e  spacing, MI i s  t h e  Hartmann number, 

C i s  t he  conductance r a t i o ,  

C E (uwtw)/uA , 

Bl i s  t h e  component of t h e  magnetic f i e l d  perpendicu lar  t o  t h e  f l o w  

plane, u i s  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  uW i s  t h e  e l e c t r i c a l  c o n d u c t i v i t y  
o f  t h e  w a l l  ( o r  p l a t e ) ,  and tw i s  t h e  w a l l  th ickness. 

The value of A i s  taken as 1 mm, which i s  rep resen ta t i ve  o f  t h e  

th ree   proposal^.^^-^^ The pressure gradient ,  dp/dx, i s  taken t o  be t h e  
h y d r o s t a t i c  gradient ,  which i s  equal t o  the  d e n s i t y  by weight o f  l i t h i u m .  

L i t h i u m  p r o p e r t i e s  a r e  taken from Ref. 23 and s t a i n l e s s  s tee l  p r o p e r t i e s  

f rom Ref. 24. 

v e l o c i t y  as 0.17 m/sec, a f a c t o r  of 24 lower than the  4-m/sec v e l o c i t y  
t y p i c a l  o f  Refs. 19-21, 

proposed approach o f  g r a v i t y - d r i v e n  f l o w  w i t h  c o n s t r a i n t  t o  a boundary 

w a l l  ( o r  screen) i s  n o t  feas ib le .  , d d i t i o n a l  quest ions about t h i s  

approach inc lude  the  s t a b i l i t y  o f  such a f low,  the  f e a s i b i l i t y  o f  

c o l l e c t i o n  o f  t h e  f l o w  i n  a s t rong  magnetic f i e l d  once i t  has t raversed 

the  intended g r a v i t y - d r i v e n  reg ion,  and t h e  problems o f  MHD f l o w  i n  t h e  
necessary supply and r e t u r n  ducts. 

Using t h i s  in format ion and Eq. ( 1 ) ,  we c a l c u l a t e  t h e  achieved f l o w  

This  ca l cu  a t i o n  s t r o n g l y  suggests t h a t  t he  
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5.2 PROPOSED APPROACH 

5.2.1 The Droplet Cloud Concept 

Our search fo r  a means t o  avoid the severe d i f f i c u l t i e s  with MHD 
flow discussed in Sect. 5.1 has resul ted i n  a proposal t o  induce h i g h  
velocity flow in a region nearly f r ee  of magnetic f i e l d ,  as i l l u s t r a t e d  
in Fig. 5.4. 
expected t o  break u p  into droplets (see Appendix 2 )  short ly  a f t e r  they 
leave the nozzles, forming a droplet  cloud. 
h i g h  magnetic f i e l d  region, the velocity of the droplets i s  uniform, 
there i s  no wall bounding the droplets,  and the only Lorentz forces 
tha t  a r i s e  are  caused by nonuniformity of the magnetic f i e l d .  
high f i e l d  region, ions impinge on the droplet  cloud, a r e  captured, and 
have t h e i r  k ine t ic  energy converted t o  heat. 
the high f i e l d  region and a re  collected; the resul t ing lithium stream i s  
processed t o  remove heat and the  collected hydrogen isotopes,  which a re  
returned t o  the plasma. 

The success of t h i s  approach depends on having regions t h a t  are  
nearly f r e e  of magnetic f i e l d  in  which t o  form the  je ts  and droplets and 
co l l ec t  the lithium. The bundle diver tor  c ~ n c e p t , ~ ~ ~  as i l l u s t r a t e d  in  
Fig. 5.4, c lear ly  meets this requirement. 

T h e  lithium flow leaves the nozzles as j e t s  which a re  

As this cloud enters the 

In the  

The droplets then leave 

5.2.2 Projected Performance 

I t  i s  assumed t h a t  the  j e t s  a re  formed outside the magnetic f i e l d  
a t  a pressure of 6.89 MPa (1000 ps i ) .  
assuming a lo s s l e s s  conversion of pressure in to  k ine t ic  energy, the  j e t  
wil l  break up i n to  0.25-cm-diam droplets w i t h  a velocity of 166 m/sec 
s l i gh t ly  less t h a n  1 m from the nozzle. I f  each droplet  occupies 1% of 
the volume of a cube of space, the edge dimension o f  each cube will  be 
0.94 cm, and the droplet cloud must be 75 cm thick in order t o  in te rcept  
99% of the collimated ions. 

In passing t h r o u g h  the ta rge t  a rea ,  the droplet  velocity will  
decrease by 1 .2  x m/sec from the i n i t i a l  166-m/sec velocity.  The 
tendency toward disruption of the droplet  i s  negl igible  compared t o  the 

Under these conditions, and 
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TOROIDAL MAGNETIC 
F I E L D  LINES 

TOR01 D A L  
FIELD COILS '. . 
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DIVE RTER 
M AGNE TIC 
FIELD LINES 

DIVERTER HORNS 

000 

000 
000 

DROPLET CLOUD 
COLLECTING IONS 
AND THEIR ENERGY 

JETS BREAKING 

UP INTO DROPS 0 0 0  

DIVERTER HORNS 
IONS FOLLOWING 
DIVERTER MAGNETIC 

F I E L D  L I N E S  0 0 0  

0 0 0  

-&a* 
3a-a ,--DROP COLLECTOR 

F ig .  5.4. D rop le t  c loud concept, app l i ed  t o  TNS 
bundle d i v e r t o r .  Regions o f  low magnetic f i e l d  a re  
a v a i l a b l e  f o r  j e t  fo rmat ion  .and l i t h i u m  c o l l e c t i o n .  
The s i z e  of  t h e  t a r g e t  area can be v a r i e d  by us ing  t h e  
expander c o i  1 s .  
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surface tension force,  and transverse deviation from a b a l l i s t i c  path i s  
completely negligible.  
the ion absorption dose i s  1.1% of saturation for  each pass of the 
droplets. 
in Appendix 2 ) ,  a heat f lux absorption capabi l i ty  of 1 kW/cm2 appears 
easy t o  achieve and a value as high as  8 kW/cm2 may be feasible .  

The peak temperature was taken t o  be 500°C, and 

Given these estimates (which a re  supported by analyses detailed 

5.2.3 Choice of Fluids 

I t  has been strongly suggested t h a t  the f lu id  should be a hydride 
former, although consideration of ion t r a p p i n g  in some metall ic sol ids  
tha t  a re  n o t  hydride formers indicates t h a t  t h i s  may n o t  be necessary. 
As a case i n  point, the t r a p p i n g  of deuterium ions in s ta in less  s tee l  
has been measured a t  ion/cm2 (Ref. 25). Presumably, t h i s  t r a p p i n g  
occurs when energetic ions are  embedded in the s ta in less  s t e e l .  When 
fast  moving l iquid droplets impinge on the collection s t ructure ,  the 
drops  break up. This may tend t o  f ree  hydrogen isotopes tha t  are not 
chemically held and t h a t  would otherwise have t o  diffuse o u t .  

pressure. 
does not have a s tab le  hydride. 
beyond recognition of the f ac t  t h a t  ion bombardment will cause t h e i r  
chemical decomposition. 

The mechanical t r a p p i n g  of embedded ions  and  the droplet breakup 
probably contribute i n  a major way t o  the question of whether the droplet 
cloud scheme can pump helium. Basic factors  suggest t ha t  the scheme can 
probably pump neutral hydrogen isotopes. While the equilibrium pressure 
over the hydride i s  higher t h a n  desired, pressure in the range of 
S iever t ' s  law constant should be useful. These points need t o  be 
speci f i cal ly  addressed. 

Another factor  in the choice of f lu ids  i s  the l i qu id ' s  vapor 
Tin, one of the l iquid metals having a lower vapor pressure, 

Molten s a l t s  a re  largely unevaluated 
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6. CONCLUSIONS AND RECOMMENDATIONS 

. The droplet cloud concept may be the only  feasible  approach t o  
handling the large heat and ion fluxes in a divertor.  
a TNS-size power-producing reactor ,  the outlook for using a bundle 
divertor i s  questionable, because 

In addition, fo r  

( 1 )  the available shield thickness (0.4 m )  does n o t  permit the use 
o f  superconducting coi 1 s , and 

( 2 )  while ceramic-insulated, water-cooled copper co i l s  with a 
re la t ive ly  short  ( s l -y r )  replacement cycle appear technically 
feas ib le ,  the power consumption for  a single divertor i s  %14% of 
the reac tor ' s  to ta l  e lec t r ica l  o u t p u t ,  which may be excessive. 

Both  of these problems are ameliorated i n  larger  reactors. 

divertor f o r  TNS, two areas are  most important: 
In connection w i t h  establishing the technical feasi  b i  1 i t y  of a 

( 1 )  The configuration of the divertor current elements and the mag- 
net ic  f i e l d  should be optimized. (For example, a l l  the toroidal 
f i e l d  co i l s  should be t reated as  variables i n  an evaluation of 
the magnetic f i e ld . )  The basic requirement i s  t o  minimize the 
e f fec ts  o f  f i e l d  pe r tu rba t ion  on the plasma while diverting 
an acceptable bundle of f i e l d  l ines .  
The ion pumping performance of the droplet cloud scheme should 
be assessed. Probably foremost i s  the question of whether the 
t r a p p i n g  of energetic ions w i t h o u t  chemical b i n d i n g  (e.g. , alpha 
par t ic les  and l iquid droplets)  i s  a viable pumping method. 

( 2 )  

In  a d d i t i o n ,  the areas of droplet col lect ion,  the degree t o  which 
magnetic f i e lds  can and should be reduced i n  the droplet formation and 
collection regions, and  the j e t  breakup should be addressed. 
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APPENDIX 1 

M I N I M I Z A T I O N  OF POWER CONSUMPTION I N  H I G H  PURITY 

RE FR I G ERATE D ALUM I NUM co I L S* 

We consider  a r e f r i g e r a t i o n  c y c l e  represented i n  F ig .  A1.1, where 
QL i s  t h e  low temperature i n p u t  t o  the  c y c l e  and f o r  t h i s  case i s  t h e  

ohmic heat ing  c o n t r i b u t i o n ,  w i s  t h e  work, and QH i s  t h e  h igh  tempera- 

t u r e  heat  f l o w  from t h e  cyc le  and i s  a l s o  the  t o t a l  energy requ i red .  
The c o e f f i c i e n t  o f  performance, 6, i s  assumed t o  be K t imes t h a t  o f  an 

i dea l  r e v e r s i b l e  cyc le ,  where K i s  the  r a t i o  of 6 f o r  t he  r e a l  c y c l e  and 
the  i d e a l  cyc le  [TL/(TH - TL), where T i s  absolute temperature], and may 
be w r i t t e n  as 

(A1 .l ) 

We d e f i n e  QL as K/u(TL), where K i s  a constant  and u i s  t he  c o n d u c t i v i t y  

and a f u n c t i o n  o f  TL. 

i s  t h e  q u a n t i t y  we wish t o  minimize, as 

Using t h i s  d e f i n i t i o n ,  we may w r i t e  Q,, which 

I f  we d i f f e r e n t i a t e  QH and s e t  i t  equal t o  zero, we ob ta in  

(A1 .2 )  

(A1 . 3 )  

* 
Th is  argument app l i es  o n l y  i n  the  absence o f  neutron i r r a d i a t i o n  e f f e c t s .  
As discussed i n  Sect. 4.2.3 o f  t h i s  repo r t ,  f o r  t he  assumed 0.4-m s h i e l d  
th ickness  these e f f e c t s  des t roy  the  power consumption advantages. 
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Q H  

Fig. A1 . l .  
refrigeration cycle. 
minimize. 

Schematic representation of 
Q, is the quantity to 



39 

For the reversible  cycle ( K  = 1 ) ,  

L L 

Figure A1.2  shows the genera shape of the 

(Al.4) 

7 vs TL curve a t  cryogenic 
temperatures and indicates t h a t  E q .  (A1.4) i s  s a t i s f i e d  when the tangent 
t o  the curve passes through the origin.  Data taken a t  4 T a r e  plotted 
i n  F i g .  Al.3 (Ref. 1 ) , and the tangent t o  the curve has been drawn and 
indicates an optimum temperature of ~14 .2K f o r  a reversible cycle. 
i s  very nearly the same a s  the operating temperature derived from 
Eq. (A1.3), as shown by the calculated values l i s t e d  i n  Table Al.l.  
values f o r  d(l/a)/dTL were obtained by measuring slopes. 
t ha t  the optimum temperature f o r  K = 0.3 is  only s l i g h t l y  greater than 
tha t  fo r  K = 1 (the reversible case).  

In Table A1.2, we compare the energy consumption of room tempera- 
tu re  copper, room temperature aluminum, and cryogenic aluminum. 
t h a t  the energy consumption f o r  cryogenic aluminum i s  0.16 times t h a t  
f o r  room temperature copper and 0.11 times t h a t  f o r  room temperature 
a1 umi num. 

T h i s  

The 
I t  i s  obvious 

We find 

REFERENCE 

1 .  J .  R .  Purcell and R .  B. Jacobs, Cryogenics 3, 109 (1963). 

e 
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Fig. A1.2. General shape of resistivity 
(l/a) vs temperature (TL)  curve at cryogenic 
temperatures. The dotted line indicates the 
tangent to the curve. 
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Table A1 .l. Calculated values o f  Eq. (Al.3) 
for various temperatures 

Temperature 
T ~ / T ~  1 

1 OK 1.44 x 
15K 3.2 x 
20K 5.6 x 
25K 10.6 x 

3.69 x 
3.32 x 
2.96 x 
4.76 x 

Table Al.2. Energy consumption for different materials 

Room temperature Room temperature Cryogenic 
copper a1 uminum a1 umi num 

2.8 x 10-6 n cm 1 / o  2 x 10-6 n cm 4.5 x 10-9 n cm 
TH = 320K 
TL = 15K 
K = 0.3 

. 
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APPENDIX 2 

DETAILED PERFORMANCE ESTIMATES FOR DROPLET CLOUD CONCEPT 

1. METHOD OF ESTIMATING JET BREAKUP LENGTH 

We assume t h a t  the  d r o p l e t  f l o w  i s  es tab l i shed i n  a reg ion  o f  

n e g l i g i b l e  magnetic f i e l d ,  which a l lows us t o  evaluate the  j e t  breakup 
leng th  f rom data on incompressible f low.  

o f  emp i r i ca l  data on t h e  breakup of j e t s  o f  l i q u i d  i s s u i n g  from round 
nozzles i n t o  a reg ion  where the  gas dens i t y  i s  low enough t h a t  t he  j e t  

behavior i s  unaf fected.  [Such a j e t  i s  sometimes c a l l e d  a f r e e  j e t  ( i n  
c o n t r a s t  t o  a submerged j e t ,  which issues i n t o  a reg ion  f i l l e d  w i t h  the  
same f l u i d ) . ]  The data c o r r e l a t e  the  dimensionless breakup length ,  A ,  

as a f u n c t i o n  o f  t he  Weber number f o r  t he  j e t ,  We 
t u r b u l e n t  j e t s  i s  

Reference 1 presents a summary 

The c o r r e l a t i o n  f o r  
j '  

A = L /d  = 55 + 1.085 3 Y 

where L i s  t he  j e t  breakup length,  d i s  t he  j e t  diameter ( d  = 0.25 cm), 
and 

We. E p.(v2d/T)  , 
3 J 

J 

( v  = 166 m/sec), and T i s  t he  
c o r r e l a t i o n  y i e l d s  a breakup 
t o  p lace  the  nozzles a t  l e a s t  
n e t i c  f i e l d .  I f  the  breakup 
there  appears t o  be no reason 

ength, L 
t h i s  f a r  
ength i s  
why cont  

where p;  i s  t he  j e t  d e n s i t y  ( p  = 500 kg/m3), v i s  the  j e t  v e l o c i t y  j 
surface tens ion  (T = 0.365 N/m). This  

o f  0.97 m. It seems reasonable 
f rom the  beginning o f  t he  mag- 
s u b s t a n t i a l l y  g rea te r  than 0.97 m, 
nuous j e t s  cou ld  n o t  be used. 
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2. METHOD OF ESTIMATING REQUIRED DENSITY AND SPACING OF DROPLETS 

We assume t h a t  a l l  t he  space i n  the  d r o p l e t  c loud cons is t s  o f  

cubes, each con ta in ing  a 0.25-cm-diam d r o p l e t  t h a t  occupies 1% o f  t h e  
volume o f  t h e  cube. 
o f  0.94 cm. 

For a p a r t i c l e  ( i o n )  t r a v e l i n g  i n  a s t r a i g h t  l i n e ,  t h e  p r o b a b i l i t y  

o f  h i t t i n g  a d r o p l e t  i s  t he  area r a t i o ,  0.056. 
p a r t i c l e  n o t  h i t t i n g  a d r o p l e t  a f t e r  passing through n cubes i s  0.094n. 
I f  an acceptable va lue o f  0.094n i s  taken t o  be 0.01, then n = 80. 
Given t h e  cube edge dimension o f  0.94 cm, we f i n d  t h a t  t h e  t o t a l  t h i c k -  
ness o f  t h e  d r o p l e t  c loud i n  t h e  d i r e c t i o n  o f  i o n  t r a v e l ,  tc, should be 
80 x 0.94 cm, o r  75 cm. 

Th is  means t h a t  each cube must have an edge dimension 

The p r o b a b i l i t y  o f  t he  

3. METHOD OF ESTIMATING THE EFFECT OF LORENTZ FORCES ON THE DROPLETS 

I n  o rder  t o  est imate t h e  e f f e c t  o f  Lorentz  fo rces  on the  d rop le ts ,  
we must approximate t h e  magnetic f i e l d  s t reng th  i n  the  d r o p l e t  c loud  
reg ion .  
plasma as 20% o f  t h e  l i m i t e r  rad ius ,  rL, and a l s o  descr ibes t h e  approx i -  
mate c o n f i g u r a t i o n  bounding t h e  d i v e r t e d  f l u x  reg ion  i n  a cross sec t i on  

o f  t h e  plasma d i a m e t r i c a l l y  opposi te  t h e  bundle d i v e r t o r ,  as shown i n  
F ig .  A2.1. 

36% o f  t h e  t o t a l  plasma area. 
occupies one-s ix th  o f  t h e  annulus area; thus,  i t  occupies 6% o f  t h e  
t o t a l  plasma area, o r  0.43 m2 f o r  TNS. 

Expanding t h e  d i v e r t e d  f l u x  l i n e s  t o  pe rm i t  energy c o l l e c t i o n  a t  a 

heat  f l u x  o f  1 kW/cm2 requ i res  a c o l l e c t o r  area o f  23 m2. 
l i n e s  are  expanded t o  t h i s  area, t h e  product  o f  area and magnetic f i e l d  

s t r e n g t h  must be constant.  I f  we assume t h a t  t h e  f i e l d  s t reng th  i n  t h e  
d i v e r t e d  f l u x  r e g i o n  ( t h e  shaded area i n  F ig .  A2.1) i s  4 T, then we may 

es t imate  t h e  un i fo rm magnetic f i e l d  s t reng th  i n  t h e  c o l l e c t o r  area, B o ,  as 

Reference 2 est imates the  scrape-o f f  th ickness f o r  a c i r c u l a r  

The scrape-o f f  th ickness o f  0.2 rL means t h a t  t he  annulus occupies 

We es t imate  t h a t  t he  d i v e r t e d  f l u x  reg ion  

When t h e  f l u x  

Bo = 4 T x (0.43 m2/23 m2) = 0.075 T . 
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ORNL-DWG 79-3230 FED 

0.2 rL  

F ig .  A2.1. Cross sec t i on  of c i r c u l a r  plasma 
oppos i te  bundle d i v e r t o r ,  showing scrape-o f f  th ickness 
and d i  ve r ted  f 1 ux bund1 e. 

. 
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Means f o r  approximate analysis of the e f f e c t s  of this magnetic f i e l d  on 
the droplets a re  derived i n  Ref. 3 .  

the magnetic f i e l d ,  we use an equation from Ref. 3 ,  
To estimate the change i n  velocity,  A V ,  caused by passing through 

A v  = a2r~uB~/40pL , 

where rd i s  the droplet rad ius  (rd = 0.125 cm), u is  the e l ec t r i ca l  
conductivity ( 0  = 2.86 x 106 mhu/m), p is  the lithium density ( p  = 500 
k g / m 3 ) ,  and L i s  the f i e l d  entry length (assumed t o  be 1 m ) .  
yields  a r e s u l t  of A V  = 1.24 x 
w i t h  the assumed velocity,  v = 166 m/sec. 

use another equation from Ref. 3 ,  w h i c h  calculates  the r a t i o  of the 
change i n  magnetically induced pressure, ~ p ,  t o  the pressure induced by 
surface tension forces,  p,, 

S u b s t i t u t i o n  
m/sec, which is  negligible compared 

To estimate the d i s t o r t i o n  of a droplet  by the magnetic f i e l d ,  we 

where T i s  the surface tension ( T  = 0.365 N/m) 
gradient (aBo/az = 0.075 T/m). S u b s t i t u t i o n  y 

ay = riL2tCo( aBo/az)3/20pvBo . 

and aBo/az i s  
e lds  a dimens 

the f i e l d  
on1 ess  

r e s u l t  o f  ap/p, = 0.00178, which indicates t h a t  droplet  d i s t o r t i o n  i s  
negligible. 

enters  o r  leaves the f i e l d ,  we use a third equation from Ref. 3 ,  
To estimate the transverse displacement, ay, of a droplet  as  i t  

Substi tution y ie lds  a r e s u l t  o f  1.1 x lom8 m y  which i s  completely negli- 
gible.  
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. 

4. METHODS OF ESTIMATING LIMITS ON DROPLET VELOCITY, 
TEMPERATURE, I O N  DOSE, AND HEAT FLUX 

4.1 DROPLET VELOCITY 

We assume t h a t  t h e  d r o p l e t  v e l o c i t y  i s  l i m i t e d  by t h e  supply pressure, 

which i s  somewhat a r b i t r a r i l y  s e t  a t  6.89 MPa (1000 p s i ) .  

viewed as an approximate p r a c t i c a b i l i t y  l i m i t .  We then assume l o s s l e s s  
acce le ra t i on  from t h i s  h i g h  pressure, n e g l i g i b l e  v e l o c i t y  cond i t i on  and 
conver t  the  pressure i n t o  k i n e t i c  energy. 

166 m/sec. 

This i s  

The r e s u l t i n g  v e l o c i t y  i s  

4.2 TEMPERATURE 

Several f a c t o r s  a r e  taken i n t o  cons idera t ion  i n  t h e  s e t t i n g  o f  the  

peak temperature of t h e  l i t h i u m .  
associated w i t h  t h e  h o t t e s t  l i t h i u m  zone appears throughout t h e  plasma, 

then us ing  
temperature of about 340°C. However, cons idera t ion  of the  ac tua l  con- 

d i t i o n s  i n  t h e  c loud, t h e  bundle d i v e r t o r  geometry, and the  mass f l o w  

r a t e  i n d i c a t e s  t h a t  t h i s  assumption i s  o v e r l y  pess im is t i c .  
We a n t i c i p a t e  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  d r o p l e t  c loud w i l l  

be a t  temperatures w e l l  below t h e  peak temperature. 
be a vapor f l o w  between t h e  h o t t e r  and coo le r  reg ions,  w i t h  a consequent 

reduc t i on  i n  t h e  vapor pressure away from t h e  cloud. 
Inspec t ion  of t h e  bundle d i v e r t o r  geometry (see F ig.  5.4 o f  t h i s  

r e p o r t )  shows t h a t  t h e  area of t h e  magnetic expansion horns i s  much 
g rea te r  than t h a t  o f  t h e  d i v e r t o r  t h roa ts .  
w a l l s  o f  t h e  d i v e r t o r  can be mainta ined a t  room temperature. Thus, 

assuming vapor f l o w  (as discussed above) i n  t h e  molecular  regime, we 
expect t h a t  very  l i t t l e  of t h e  l i t h i u m  vapor w i l l  en te r  t h e  plasma 

region.  

reg ion  o f  low pressure w i t h  an express ion taken from Ref. 5, 

If we assume t h a t  t h e  vapor pressure 

t o r r  as t h e  vapor pressure l i m i t 4  g ives us a peak 

The r e s u l t  should 

Also, i t  i s  assumed t h a t  t he  

(Th is  appears t o  be an advantage unique t o  the  bundle d i v e r t o r . )  

We may c a l c u l a t e  t h e  mass f l o w  r a t e  from a h o t  l i t h i u m  sur face  t o  a 

. 
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G = 5.833 x 10'2p 

where G i s  the mass f l u x  from the surface ( i n  g/cm2 s e c ) ,  p is the 
pressure ( i n  t o r r ) ,  m i s  the molecular weight, and T i s  the absolute 
temperature. I f  T = 500°C, then the f l u x  from the lithium-free surface 
i s  G = 2.5 x We apply th i s  t o  the 2.7 x 4.2 m area on 
e i the r  side of the t a rge t  area of the divertor and find t h a t  5.7 g/sec 
i s  collected on the cold surface. To regenerate this surface,  the 
divertor can be valved o f f  and the surface heated. 
600°C would produce a mass f l u x  13 times greater than t h a t  for  500°C; 
because t h i s  applies t o  the large area of the horns, the mass flow ra t e  
should be much greater t h a n  the 5.7 g/sec above. Gravity flow may be a 
stronger mechanism for removing lithium from the heated walls. 

the desire  t o  have temperatures tha t  a re  useful i n  a thermodynamic cycle 
and the minimum useful temperature. 
allows for  a temperature r i s e  of 264°C from a minimum of 236°C ( the  
melting point of l i t h i u m  plus 50°C). 

g/cm2 sec. 

A temperature of 

Other factors  considered in determining the peak temperature a re  

The temperature selected,  5OO"C, 

4.3 ION DOSE 

We assume tha t  the t o t a l  heat load for TNS, 226 MW, should be 
dis t r ibuted so tha t  the heat f l u x  would be no more than 10 MW/m2. The 
diver tor  col lector  surface area (on e i the r  s ide of the ta rge t  area)  i s  
22.6 m 2 ,  as shown i n  Fig. 5.4 of th i s  report. 
be 3.5 x 1023 ions/sec; combining these values, we obtain a f l u x  of 
1.53 x 1018 ions/cm2 sec. 

Given the droplet cloud velocity of 166 m/sec, the time for  the 
cloud t o  pass through the target  area is 0.016 sec. This leads t o  a 
fluence per pass of 2.45 x 1OI6 ions/cm2, which i s  very low compared 
w i t h  the ion dose of 2.2 x 10 l8  ions/cm2 reported i n  Ref. 6. 

The i o n  flow is  taken to  

8 
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4.4 HEAT FLUX 

Classical t rans ien t  heat conduction analysis was used to  approxi- 
mate the heat f lux absorption capabili ty of the droplet cloud. 
problem needing analysis,  t h a t  of a sphere w i t h  a surface heat f lux on 
one side, was approximated by a cylinder having a diameter and a length 
equal t o  the sphere diameter and heated only on one face. This is  the 
t radi t ional  s lab problem. 

value and therefore use a l imiting case f o r  the s lab problem, the semi- 
i n f i n i t e  sol id  solution. 

The 

We wish t o  be able t o  l imi t  the temperature r i s e  t o  a predetermined 

For this  case, we apply the relation 

where ;Iff is  the surface heat f lux ,  k i s  the thermal conductivity, AT i s  
the temperature r i s e  a t  the heated surface, y is the thermal d i f fus iv i ty ,  
and t i s  the duration of the heat f lux.  

duration of the heat f lux i s  determined by the droplet  velocity,  166 m/sec, 
and the f l i g h t  distance,  2.7 m; we assume t h a t  the heat flux i s  uniform 
over this  distance, so t = 0.016 sec. To estimate the e f f ec t  of highly 
peaked heating, we s e t  t equal t o  the time required t o  traverse 10% of 
the f l i g h t  distance,  t = 0.0016 sec. We assign the values k = 46 W/m"C 
and y = 2.2  x 
and obtain the r e s u l t s  presented i n  Table A2.1. 

I t  i s  c l ea r  t h a t  the semi-infinite sol id  solution will underestimate 
A T  and thus yield an overestimate of ;Iff f o r  the s lab problem. Following 
Ref. 7 ,  we find t h a t  i f  we take the s lab thickness (which represents the 
sphere diameter) t o  be 1 mm, the values presented i n  the  table  f o r  
t = 0.016 sec a r e  4.2% too h i g h ,  while those f o r  t = 0.0016 sec a r e  
<0.1% too h igh .  For any larger s l ab  thickness, the e r ro r  i s  even smaller. 
T h u s ,  we conclude t h a t  f o r  a sphere diameter of >1 mn, our estimates of 
;Iff a r e  reasonable, and we have assumed a heat f lux absorption capabi l i ty  
of 1 kW/cm2 fo r  most of our calculations.  

Our objective i s  t o  maximize ;Iff f o r  a spec i f i c  value of AT. The 

m2/sec, take the lithium density a s  p = 500 kg/m3, 
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Table A2.1. Surface heat f lux fo r  two 
temperature 1 i m i  t s  

t AT = 200°C AT = 400°C 

0.016 sec 1494 W/crn2 2 7 49 W / cm2 
0.0016 sec 4346 W/crn2 8692 W/crn2 
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