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ABSTRACT 

An eva lua t i on  of t he  proposed design f o i  t h e  f i r s t  b lanke t  zone o f  
the DEMO fus ion  device a t  Oak Ridge Nat ional  Laboratory was per-  
formed by determining temperature p r o f i l e s  f o r  a number o f  poss ib le  
design geometries. Only one design c o n f i g u r a t i o n  was acceptable 
and f u r t h e r  evaluated by determining two-dimensional steady s t a t e  
temperature and tri t i  um concentrat ion p r o f i l e s  w i t h i n  the  u n i t .  
The t r a n s i e n t  response o f  t h i s  design du r ing  per iods o f  plasma 
shutdown was a l s o  determined t o  evaluate t h e  maximum and minimum 
poss ib le  s t r e s s  on t h e  s t a i n l e s s  s t e e l  coo l i ng  tubes. The prepon- 
derance o f  unacceptable designs o f  those i n v e s t i g a t e d  l e d  t o  the 
recommendation t h a t  f u t u r e  s tud ies  consider o n l y  modules l e s s  than 
25 cm t h i c k  and coolant  temperature r i s e s  l e s s  than 67°C. 
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A new blanket design for  the DEM Fusion @evice has been proposed a t  
Oak Ridge National Laboratory. 
of replacement and the ab i l i t y  t o  reduce neutron flux, recover thermal 
energys and breed tri t ium as fue l ,  
are composed of a ser ies  o f  s ta in less  s teel  U-tubes enclosing lithium. 

The design incorporates the feature of ease 

"The removable sections (or  modules) 

Collisions o f  the neutrons with the lithium produce tri t ium. 
of niobium capillary tubes a re  placed w i t h i n  the module creating a wall 
which is  effect ively adiabatic and highly permeable t o  t r i t ium. 
tr i t ium can be removed and recovered as i t  diffuses through the t u b e .  

A ser ies  

T h u s  the 

This project investigated the temperature and tritium concentration 
profiles for possible configuration of t h i s  module during steady s t a t e  
operation and during t ransient  periods of plasma shutdown. 

A computer program was written which applied an overall energy balance 
t o  vari ous possible cassette designs and sal  culated the cool a n t  temperature 
prof i le  and the various design parameters including heat trans ier  coeffi-  
c ients ,  Reynolds numbers, and position of the niobium wall. One hundred 
s ixty possible module configurations were studied by application o f  the 
overall energy balance. Po l imit  the number o f  cases, a one-dimensional 
approxiration t o  the two-dimensional steady s t a t e  temperature prof! l e  
within the lithium was developed by assuming tha t  plasma flux variation 
along the length o f  the module was negligible. Applying maximum tempera- 
ture and temperature difference c r i t e r i a  t o  these cases revealed only one 
case which met the c r i t e r i a .  HEATING5, a computer program developed a t  
ORNL, was used wi t h  the coolant temperature prof i le  already produced t o  
generate the temperature prof i le  t h r o u g h  the lithium within the casset te  
for  t h i s  chosen case. The i n p u t s  t o  HEATING5 were then modified t o  pro- 
duce a steady s t a t e  t r i t ium concentration prof i le .  Integration of this 
prof i le  led t o  determination o f  the anlount of  t r i t ium within the module. 

Po evaluate the stress on the cooling tubes d u r i n g  t ransient  periods 
of plasma shutdown,  HEAPING5 was again used, th i s  time t o  obtain a solu- 
t ion fo r  the t ransient  behavior. Since HEATING5 i s  n o t  designed t o  solve 
systems containing flowing f luids ,  i t could only be used t o  determine the 
maximum and minimum temperature differences across the cooling tubes. 
This placed upper and lower bounds on the stress.. 

I t  was conclluded tha t  cassettes greater than 25-cm thick and coolant 
temperature r i ses  greater than 67°C resu l t  in unacceptable blanket designs. 
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2. INTRODUCTION 

2.1 Background 

Tokamak-type f u s i o n  devices are character ized by a t o r o i d a l ,  D-shaped 
plasma. The plasma i s  maintained i n  i t s  t o r o i d a l  shape by magnetic f i e l d s  
f rom supercooled magnets surrounding t h e  system. A region, c a l l e d  the  
blanket,  i s  contained between t h e  plasma and the  magnets. I t s  purpose i s  
t o  reduce neutron f l u x  and recover t h e  k i n e t i c  energy o f  the  neutrons and 
t o  breed t r i t i u m  as shown i n  Eqs. (1)  and (2).  The b lanket  contains heat 
exchanger tubes through which a coo lan t  ( e i t h e r  a molten s a l t  o r  hel ium) 
c i r c u l a t e s  t o  recover t h e  thermal energy f o r  e l e c t r i c  power generation. 

6 3 L i  + n + H + He + 4.78 MeV 

7 3 L i  t n +  n t H + He - 2.78 MeV 

I n  a d d i t i o n  t o  a f l u x  of neutrons l e a v i n g  t h e  plasma, there  i s  a l s o  
the  re lease o f  alpha and beta p a r t i c l e s .  The measure o f  t h i s  f l u x  a t  t h e  
sur face o f  t h e  b lanket  i s  c a l l e d  t h e  charged p a r t i c l e  loading.  This  f l u x  
n o t  o n l y  de ter io ra tes  the  b lanket  surface b u t  a lso  releases molecules o f  
b lanket  m a t e r i a l  i n t o  t h e  plasma. Such i m p u r i t i e s  severe ly  h inder  main- 
tenance o f  t h e  plasma. 

A device c a l l e d  a d i v e r t o r  can be added t o  the  system which, i f  100% 
e f f i c i e n t ,  would magnet ica l ly  remove a l l  t h e  charged p a r t i c l e s .  However, 
i t  i s  b e n e f i c i a l  t o  l e t  some o f  t h e  p a r t i c l e s  s t r i k e  the  b lanket  sur face 
t o  recover t h e i r  k i n e t i c  energy. Since a l l  t h e  p a r t i c l e s  are n o t  be ing 
removed, a bu i ldup i n  t h e i r  concentrat ion occurs. This necess i ta tes a 
b r i e f  p e r i o d  o f  plasma shutdown of roughly  one minute fo r  every 20 min o f  
opera t ion  (13). 
res ta r ted .  
t i o n  o f  the  b lanket  zone p e r i o d i c a l l y .  

Based on the  above c r i t e r i a ,  a new design f o r  t h e  b lanket  has been 
proposed (14) (F ig .  1 ) .  The b lanket  zone i s  d i v i d e d  i n t o  th ree  sect ions,  
each o f  w h z h  i s  removable. 
the  cor ros ion  o n l y  occurs in t h e  module ad jacent  t o  the  plasma, t h e  f i r s t  
b lanket  zone, o n l y  these modules must be removed. 
t i c l e  f l u x  i s  n o t  the  o n l y  source o f  damage t o  t h e  module. Neutron pene- 
t r a t i o n  a l s o  damages the  modules u n t i l  t h e  f l u x  i s  reduced t o  an acceptable 
l e v e l .  T h i s  l e v e l  i s  genera l l y  a t t a i n e d  w i t h i n  a b lanket  th ickness o f  
roughly  25 crn (E). 
a t  l e a s t  25 cm. 

Dur ing t h i s  t ime the  plasma i s  purged, then recharged and 
The b lanket  degradation makes i t  necessary t o  rep lace a por- 

Since t h e  charged p a r t i c l e  f l u x  and t h e r e f o r e  

However, charged par-  

The thickness o f  replaceable sect ions must then be 

F igure 2 shows a d e t a i l e d  end view o f  a module. The module w a l l  i s  
made up o f  a s e r i e s  o f  s t a i n l e s s  s t e e l  U-tubes l a i d  s i d e  by side. The 
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i n t e r io r  of the "U" contains lithium for  t r i t ium breeding. To recover the 
t r i t ium, each module contains a wall o f  niobium capi l lary tubes, since 
niobium i s  highly permeable t o  tr i t ium. By drawing a vacuum on the tubes, 
the tritium i s  removed from the reactor and recovered. Stainless s tee l  i s  
a lso permeable t o  t r i t ium, b u t  i t  i s  assumed tha t  the cooling tubes are 
coated with a material t h a t  i s  impermeable to  t r i t ium. 

2 .2  Objectives 

The objectives were: 

1 .  To develop an overall energy balance for  the module and t o  use i t  
as a basis for  the design procedure. 

2. To determine the steady s t a t e  temperature prof i le  i n  the module. 

3. 
the module. 

To determine the steady s t a t e  t r i t ium concentration prof i le  in 

4. To calculate the thermal s t r e s s  on the cooling tubes d u r i n g  t r an -  
s ien t  periods o f  reactor shutdown. 

3 .  APPROACH 

3.1 Assumptions 

The conceptual model of the module incorporated the fo l lowing  assumptions: 

1 .  The niobium capi l lary tube acts  as an adiabatic wall. 

2. The U-tube i s  coated with a substance which i s  impermeable t o  
t r i  t i  urns 

3. The t r i t ium concentration on the in t e r io r  o f  the niobium wall i s  
zero because the tr i t ium i s  quickly removed by the vacuum. 

4. The par t i t ion function o f  t r i t ium between the lithium and the 
niobium i s  1.0.  

5 .  The coolant physical properties are  constant. 



3.2 Choice o f  Var iab les 

The module design parameters i n c l  uded cool i ng tube i n n e r  diameter , 
coo lan t  temperature change, coo lan t  v i s c o s i t y ,  coo lan t  heat  capaci ty, cool -  
an t  densi ty,  charged p a r t i c l e  loadings, neutron loading,  and niobium w a l l  
th ickness.  To per form a case study o f  poss ib le  module designs us ing an 
energy balance program, appropr ia te  choices had t o  be made fo r  t h e  var ious 
parameters, both constant  and var iab le .  The choice o f  constant  parameters 
was based on the  proposed design supp l ied  by the  ORNL Fusion Energy D iv i s ion .  
Coolant phys ica l  p roper t i es  were those f o r  HITEC coolant ,  and the  coo l i ng  
tubes were considered t o  be 316 s t a i n l e s s  s t e e l .  Upper and lower l i m i t s  
e x i s t  on the  coo l i ng  tube diameters t h a t  can be used. A t  t he  lower l i m i t ,  
pressure drop through the  tubes, and thus t h e  requ i red  pumping costs  be- 
come s i g n i f i c a n t .  
ments a re  small, t he  coo l i ng  tubes are  becoming a s i g n i f i c a n t  f r a c t i o n  o f  
the t o t a l  module volume. This  excludes l i t h i u m  from being i n  t h a t  volume 
and reduces the t r i t i u m  breeding c a p a b i l i t i e s  of t he  b lanket .  
problem, a range o f  0.5 t o  4.0 cm i n s i d e  diameter was chosen. 

I n  the  l i m i t  o f  l a r g e r  diameters, w h i l e  pumping requ i re -  

For t h i s  

The temperature r i s e  o f  t he  coolant  between i n l e t  and o u t l e t  must be 
rough ly  200°C t o  supply the  necessary d r i v i n g  fo rce  f o r  the  power generat ion 
system downstream o f  the  r e a c t o r  (13). 
the modules e x i s t  i n  banks o f  t h r e F ( F i g .  1) .  Therefore, t h i s  temperature 
r i s e  may be achieved by running the  module coo lan t  systems i n  se r ies  o r  i n  
p a r a l l e l .  
w i l l  be the  i n l e t  t o  the  next,  and each module w i l l  then supply one t h i r d  
o f  the 200 o r  67°C. I n  cont ras t ,  p a r a l l e l  arrangement requ i res  t h a t  each 
module supply the  e n t i r e  200°C r i s e .  Thus, 67 and 200°C were t h e  coo lan t  
temperature increases inves t iga ted .  

W i th in  the  proposed b lanke t  design, 

I f  they are r u n  i n  ser ies ,  the  coo lan t  o u t l e t  f rom one module 

The charged p a r t i c l e  load ing  can be v a r i e d  by a l t e r i n g  the  d i v e r t o r  
e f f i c i e n c y  (a device t o  magnet ica l l y  remove these p a r t i c l e s ) ,  c o n d i t i o n  o f  
the  plasma, l o c a t i o n  o f  t h e  b lanket  wa l l ,  and l e v e l  o f  contaminants w i t h i n  
the  plasma. A range of loadings from 0.1 t o  1.0 M W / d  then represents the  
achievable loadings based on v a r i a t i o n  o f  the  above r e a c t o r  cond i t ions .  
These th ree  v a r i a b l e  parameters ( c o o l i n g  tube I D ,  coo lan t  temperature 
r i s e ,  and charged p a r t i c l e  load ing)  are those over which t h e  desjgn engi -  
neer has t h e  most con t ro l .  

3.3 Overa l l  Energy Balance Program 

To minimize the thermal s t ress  on the  f r o n t  p a r t  o f  t he  U-tube, the  
heat  f l u x  i n t o  the  tube from the  plasma s i d e  due t o  charged p a r t i c l e  rad ia -  
t i o n  was equated t o  the  heat f l u x  i n t o  the  tube from the  l i t h i u m  s ide  due 
t o  thermal energy generat ion from neutron c o l l i s i o n s  w i t h  l i t h i u m  i n  the  
f r o n t  p a r t  o f  t he  casset te .  
was between the tube on the  plasma s ide  and the  a d i a b a t i c  niobium w a l l .  
This balance s p e c i f i e d  the  niobium w a l l  p o s i t i o n .  

The f r o n t  p a r t  o f  t he  casset te  was t h a t  which 



The niobium w a l l  placement was c a l c u l a t e d  i n  a computer program 
I n  add i t i on ,  t h i s  program solved the  o v e r a l l  w r i t t e n  by Huxford (6).  

energy balance o f  t h e  system t o  f i n d  the  heat t r a n s f e r  coe f f i c i en t ,  coolant  
.flow ra te ,  t o t a l  casset te  power product ion ra te ,  pressure drop through the  
coolant  tube, and requ i red  pumping power. 
t h i s  r e p o r t  t o  d i v i d e  t h e  coo l i ng  tube i n t o  regions and c a l c u l a t e  the  
average coolant  temperature i n  each reg ion a t  steady s t a t e .  

The program was mod i f i ed  i n  

3.4 Use o f  HEATING5 - Steady S ta te  Temperature P r o f i l e  

Knowledge o f  the average coolant  temperatures and o f  the heat t rans fe r  
c o e f f i c i e n t  w i t h i n  the  tube al lowed a two-dimensional temperature p r o f i l e  
w i t h i n  the  tube w a l l  and l i t h i u m  t o  be determined by a p p l i c a t i o n  o f  the 
steady s t a t e  energ.y equation: 

a aT a aT 
0 = ax - (k - )  ax + a y ' k  ay' f s, ( 3 )  

i n  which x i s  the h o r i z o n t a l  and y i s  the  v e r t i c a l  d istance. The appro- 
p r i a t e  boundary cond i t i ons  are: 

A t  t he  i n t e r f a c e s  between the  coolant  and the tubing, 

aTt hc(Tc - Tt)  = - k  (-) h o r i z o n t a l  i n t e r f a c e  t ax 

hc(Tc - Tt) = -k (-) aTt v e r t i c a l  i n t e r f a c e  
t aY 

A t  the top of t h e  U-tube ma te r ia l  , 

a T  . I o  
t o p  

A t  t he  i n t e r f a c e s  between the niobium tubes and t h e  l i t h i u m ,  

= Q  aT 
(%) in ter face ( 7 )  
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An ORNL computer program c a l l e d  HEATINGS, developed by Doyle Turner 
e t a i ! .  (11) was a v a i l a b l e  f o r  s o l v i n g  problems of  t h i s  nature. 
casset te  was d i v i d e d  i n t o  appropr ia te regions as r e q u i r e d  by the  HEATING5 
i n p u t  requirements, and t h e  temperature p r o f i l e  was determined by HEATING5. 

The 

3.5 Use o f  HEATING5 - Steady Sta te  T r i t i u m  Concentrat ion P r o f i l e  

The t r i t i u m  concentrat ion p r o f i l e  i n  the  l i t h i u m  was determined i n  
the  same manner by use o f  the  steady s t a t e  equat ion o f  c o n t i n u i t y :  

w i t h  boundary cond i t ions  : 

a t  t h e  i n t e r f a c e  w i t h  the  coo l ing  tubes 

a t  t h e  top o f  the  U-tube and 

( ' ) in ter face = o  

a t  t h e  i n t e r f a c e s  between t h e  niobium tubes and t h e  vacuum. 
s t a t e  equat ion o f  c o n t i n u i t y  i s  analogous t o  t h e  steady s t a t e  energy 
equation. 
by r e p l a c i n g  c o n d u c t i v i t y  w i t h  d i f f u s i v i t y ,  temperature w i t h  concentrat ion,  
and heat generat ion w i t h  mass generation. 
temperature; s ince temperature var ies  throughout t h e  cassette,  so does 
d i f f u s i v i t y .  However, the  data i n p u t  f o r  HEATING5 o n l y  a l lowed d i f f u s i v i t y  
t o  be a constant f o r  each m a t e r i a l  o r  t o  vary w i t h  concentrat ion.  
approximat ion was made by consider ing the  l i t h i u m  and niobium t o  each con- 
t a i n  a number o f  regions w i t h  each reg ion  conta in ing  a " d i f f e r e n t "  mater ia l ,  
and t h e r e f o r e  a d i f f e r e n t  constant d i f f u s i v i t y .  The d i f f u s i v i  t i e s  were 
c a l c u l a t e d  from t h e  average steady s t a t e  temperature i n  t h e  reg ion.  
t h i s  reason, the  temperature p r o f i l e  must be determined p r i o r  t o  t h e  
determinat ion o f  t h e  concentrat ion p r o f i l e .  

The steady 

Therefore, HEATING5 was used t o  so lve t h e  concentrat ion p r o f i l e  

D i f f u s i v i t y  i s  a f u n c t i o n  o f  

An 

For 
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Application o f  the three computer programs i n  se r ies  ( the overall 
energy balance and the two applications o f  HEATINGS) providedthe steady 
s t a t e  temperature and cancentration prof i les .  

3.6  Use of HEATINGS - Transient Solution 

The f inal  objective,  the calculation o f  thermal s t r e s s  i n  the U-tube 
during the period of reactor shutdown (2 1 min  fo r  every 20-min r u n )  was 
achieved by calculating i t s  t ransient  temperature prof i le .  This prof i le  
was solved for  the maximum possible value of thermal s t r e s s  w i t h  HEATING5 
by changing the governing equation to:  

w i t h  the coolant temperature constant and a t  the maximum value: 

- 
Tc - 'cma x 

thereby making the flux between the lithium and tube a m i n i m u m .  
t ransient  prof i le  was also calculated t o  calculate  the m i n i m u m  thermal 
s t r e s s  by repeating the above procedure w i t h  Tc = Tcmin. 

The 

3.7 Design Evaluation Cri ter ia  

Since r u n n i n g  HEATING5 required a large amount of computer and  data 
preparation time, only a limited number o f  design cases could be considered. 
To a id  i n  the selection o f  these cases, ranges of three important design 
parameters, cooling tube inner diameter,charged par t ic le  loading and coolant 
temperature change, were r u n  on the overall energy balance program. One 
cr i te r ion  which must be met t o  keep corrosion a t  an acceptable level i s  
tha t  the t u b e  wall facing the plasma never exceed 400°C. Knowledge of the 
coolant temperatures and the heat t ransfer  coeff ic ients  allowed calculation 
of this tube wall temperature. This reduced the number of cases which a re  
plausible. 
allawable temperature gradient across the niobium tube. T h i s  required t h a t  
an approximation of the temperature prof i le  be obtained. 
wa5 achieved by a one-dimensional solution which ignored flux i n  the ver t i -  
cal direction of the U-tube: 

Further reduction was accomplished by specifying the maximum 

T h i s  approximation 

a aT 
ax  a x  0 -(k--) + S 
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If  conductivity i s  assumed to  be constant over a small increment, the 
temperature a t  the next  original position p l u s  the increment could be cal-  
culated from the temperature a t  the original position. 
GRADT, was writ ten t o  determine a temperature prof i le  by s t a r t i ng  h t  the 
coolant tube wall, where the temperature was known, and moving across the 
U-tube i n  l-mm increments. The resul t ing temperature prof i le  yielded the 
temperature gradient across the niobium tube, thereby eliminating more 
cases from consideration. The selected cases were t h e n  r u n  in the HEATING5 
programs previously described and data analysis was performed. A summary 
of the approach is  seen i n  Fig. 3 .  

A computer program, 

4. RESULTS 

4.1  Overall Energy Balance 

cons 
both 

A case study was run on the overall energy balance program, ENBAL, t o  
The chosen parameters, 

constant and variable,  a r e  shown i n  Table 1. For each of the 160 
cases considered, a coolant temperature prof i le  and a set of module design 
parameters were produced. To narrow down the number of cases t o  be con- 
sidered fur ther ,  the various evaluation c r i t e r i a  were applied. The f irst  
c r i te r ion  used was the l imit  of 400°C on the outer surface of the plasma 
side cooling tube. The resu l t s  o f  this analysis are shown i n  Tables 2 
and 3 for  the 67 and 2 0 0 O C  temperature r i s e s ,  respectively. A s igni f icant  
number of the 200°C cases and many of the 67°C cases were t h u s  eliminated. 
Those cases which exceeded this 400°C l imi t  are  marked w i t h  dashes. Wall 
temperatures for  a few of  the acceptable cases a re  shown. 

ider  a variety of possible casset te  designs. 

By l imiting the temperature difference across the niobium wall t o  
less  than Z O O O C ,  the number of cases to  be considered was reduced more. 
This was done by r u n n i n g  the one-dimensional temperature prof i le  program, 
GRADT, f o r  a number o f  the cases. The resu l t s  of  this analysis a r e  shown 
i n  Tables 4 and 5 for  the 67 and 2 O O O C  temperature r i s e  cases, respectively. 
As can be seen, trends i n  the r e su l t s  were v is ib le ,  makjng i t  unnecessary 
to  r u n  a l l  the cases. The cases marked w i t h  dashes a re  those tha t  were 
eliminated by application of the f i r s t  c r i te r ion .  
for a number o f  the cases as supplied by GRADT a re  shown. 

Temperature differences 

I n  the case o f  a 200°C coolant temperature r i s e ,  a l l  remaining cases 
surpass t h i s  c r i te r ion  and can be eliminated. 
seen t h a t  only one case, tha t  of a charged par t ic le  loading of 1.0 MW/M2 
and a cooling tube inner diameter o f  1 .0  cm, has a temperature difference 
o f  l ess  than 200°C across the niobium wall. 

From Table 4 i t  can be 

Other relevant o u t p u t  from the overall energy balance included the 
variation of to ta l  module power output w i t h  varying cooling tube inside 
diameter. 

power output fo r  a l l  other charged pa r t i c l e  load ings  investigated f a l l s  

These resu l t s  a re  shown i l n  Fig.  4 fo r  a coolant tern erature  
r i s e  of 67°C and charged par t ic le  loadings of 0.1 and 1.0 MW/nl 5 . The 



14 

NIOBIUM WALL P O S I T I O N  

TEMPERATURE 

HEAT I NG5 

PROFI LES STEADY STATE 
L I 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
SCHOOL O F  CHEMICAL ENGINEERING PRACTICE 

A T  
OAK RIDGE NATIONAL LABORATORY 

FLOMSHEET OF SOLUllON PROCEDURE 



15 

Table 1. Parameter Choice for Case Studies 

Variable Parameters 

Cooling tube ID 

Charged par t i  cl e 1 oadi ng 

Coolant temperature rise 

Constant Parameters 

Modul e he i gh t 

Module width 

Neutron wall 1 oadi ng  

0.5 - 4.0 cm 

0.1 - 1.0 MW/m 

67 and 200OC 

2 

4 m  

l m  

' 3.14 MW/m2 

Coolant tube thermal conductivity 19 W / m - O K  

Coolant properties: 

Speci f i  c heat 

Density 

1.54 x l o 3  J/kg-"K 

1.68 x lo3 kg/rn3 

Thermal conducti v i  ty  0.6 W/m- O K 

Viscosity 

In l e t  temperature 

Niobium wall OD 

3.0 x PaaS 

300°C 

0.5 cm 



Table 2. Outer Cooling Tube Wall Temperatures Facing Plasma 
(Coolant Temperature Rise, 67°C) 

_ _ _ _ ~  ~~ 

Charged 
Par t ic le  Load 

( MW/ rn2 

0.1 

19.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.3 

0.9 

1.0 

Cool i ng Tube Insi de Diameter (cm) 
0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 

37 2.4"C 333.9 345.7 

363.7 369.4 

391.1 

340.5 

385.5 

389.4 

402.3 - 

( - 1  indicates T > 400°C. 



Table 3. Outer Cooling Tube Wall Temperatures Facing Plasma 

(Coolant Temperature Rise, ZOOOC) 

Charged 
Par t ic le  Load 

( MW/m2) 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 .o 

Cool i ng Tube Inside Diameter (cm) 
0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 

334.5"C 398.3 - 

397.1 

(-1 indicates T > 400°C. 

<i 



Table 4. Temperature Difference Across 0.5-cm-OD N i o b i  urri Wall 
(Coolant  Temperature Rise, 67°C) 

Charged 

0.1 

0.2 

0.3 

0.4 

a. 5 

0.6 

Q .  7 

0.8 

0.9 

'I .o  

Cooling Tube Inside Diameter (cm) 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

421 0°C 2360 1608 

3660 

2'1 40 

1728 

( - )  i nd i ca tes  T > 400°C. 



Table 5. Temperature Difference Across 0.5-cm-OD Niobi um Waf 1 
(Coolant Temperature Rise, 200°C) 

Cooling Tube Inside Diameter (cm) Charged 
Particle Load 

( MW/ m2) 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 

0.1 

0.2 

4800°C 3400 

31 00 

( - )  indicates T > 400°C 
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between these two l i n e s .  The e f f e c t  of v a r i a t i o n  i n  the  c o o l i n g  tube i n s i d e  
diameter on the  r a t i o  o f  pumping power t o  t o t a l  module power ou tpu t  i s  shown 
i n  Fig.  5. 

4.2 Two-Dimensional Temperature P r o f i l e  

F igure  6 i s  a p l o t  of t h e  steady s t a t e  temperature p r o f i l e  through 
t h e  module opera t ing  a t  13.2 MW. The r e s u l t s  are shown f o r  both the  top 
and t h e  bottom o f  t h e  module, which a r e  where the  upper and lower l i m i t s  
o f  temperature occur. 

4.3 T r i t i u m  Concentrat ion P r o f i l e  

When the  inputs  t o  HEATING5 were mod i f ied  t o  g i v e  t h e  t r i t i u m  concen- 
t r a t i o n  p r o f i l e  as output ,  t h e  p r o f i l e  obta ined i s  t h a t  shown i rn  F ig .  7.. 
This i s  t h e  concentrat ion v a r i a t i o n  across t h e  top o f  the  module. 
f o r  t h e  w a l l  concentrat ions,  there i s  very l i t t l e  (%4%) change i n  the  
t r i t i u m  concent ra t ion  f o r  d i f f e r e n t  v e r t i c a l  p o s i t i o n s .  

Except 

4.4 Trans ient  Response 

P l o t s  o f  the temperature p r o f i l e  vs t ime along a cross-sect ion 2.13 
meters from the  bottom of the  U-tube dur ing  both s imu la t ions  are  presented 
i n  the  f o l l o w i n g  f i g u r e s .  
f i r s t ,  minimum cool ing,  s imu la t ion  are  shown i n  Figs.  8 through 10. The 
temperature p r o f i l e s  produced dur ing  the  second, maximum cool ing,  simula- 
t i o n  atne shown in Figs.  11 and 12. The upper curves i n  F igs .  8 and 11 
represent  the  temperature p r o f i l e s  a t  t h e  tube w a l l  face adjacent t o  the  
l i t h i u m  on t h e  l e f t  s i d e  of  the  U-tube. The temperature p r o f i l e s  a t  t h e  
w a l l  face adjacent t o  t h e  coo lan t  on the  l e f t  s i d e  of t h e  U-tube a r e  pre- 
sented as the  bottom curves i n  F igs.  8 and 11. The analogous temperature 
p r o f i l e s  f o r  the  r i g h t  s i d e  o f  the  U-tube a r e  presented i n  F igs.  9 and 
12. The temperature p r o f i l e s  on t h e  l e f t  and r i g h t  s ides o f  t h e  niobium 
w a l l  a r e  presented as t h e  lower and upper curves, respec t ive ly ,  o f  F i g .  10 
Since the  temperature p r o f i l e s  a t  t h e  niobium w a l l  a r e  near ly  i d e n t i c a l  
f o r  bo th  s imulat ions,  o n l y  one p l o t  i s  shown. The r e s u l t i n g  temperature 
changes a t  the  s i x  l o c a t i o n s  descr ibed above dur ing  t h e  t r a n s i e n t  simula- 
t i o n s  a r e  summarized i n  Table 6. 

The temperature p r o f i l e s  produced d u r i n g  t h e  
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Table 6. Results o f  the  Transient Temperature Simulation 

Left side tube wall 
adjacent t o  the coolant 

Left side tube wall 
adjacent t o  the lithium 

R i g h t  side tube wall 
adjacent t o  the coolant 

R i g h t  side tube wall 
adjacent t o  the ' I ? " t h i u m  

Left s ide  o f  the 
niobi urn wall 

R i g h t  side of  the 
niobi urri wall 

Steady 
State  
( " C )  

362 

39 1 

394 

420 

1168 

1329 

Transient Case 
M i  n Max 
( " C )  ( " C >  

32 1 330 

3 36 345 

324 363 

34 1 380 

886 888 

1074 1077 

Change f r o m  
Steady State  Temperature 
Temperature Across Tube 

Mi n Max Mi n Max 
( " C )  ( " C >  ( " C )  ("a 

32 41 
27 92 

46 55 

31 70 
6.95 120 

40 79 

280 282 
160 189 

252 255 
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5, DISCUSSION OF RESULTS 

5.1 Overall Energy Balance 

5.1.1 Elimination o f  Unacceptable Designs 

a coolant  temperature r i s e  of 200°C were unacceptable. A large number 
of these cases produced coolant temperatures on the plasma side of  the 
module i n  excess of 400°C. 
the module cannot exceed 400"C, a l l  such cases are immediately discarded. 
These cases were those w i t h  the larger  values of charged pa r t i c l e  loading. 
Such large values (forcing an equal amount of energy t o  be generated i n  
the front  l i t h i u m  zone) deposit a large fract ion (>60%) of the to ta l  
module output i n  the cooling tube  adjacent t o  the plasma. These large 
amounts of energy deposition then cause large coolant temperatures and 
consequently excessive exter ior  tube wall temperatures. 

As shown i n  Tables 3, 4, and 5, a l l  o f  the designs considered w i t h  

Since the ex ter ior  surface temperature of 

After application of the 400°C temperature l imit  c r i t e r i a ,  12  cases 
remain. 
difference maximum across the niobium wall. Since a l l  cases had values 
greater t h a n  2400"C, as  determined by GRADT, they were a l l  eliminated. 

To these cases is  applied the requirement of a 21)O"C temperature 

The same c r i t e r i a  were applied to  a l l  the cases for  a coolant temp- 
erature  r i s e  of 67°C. By l i m i t i n g  the outside of the cooling tube  adjacent 
t o  the plasma t o  a temperature o f  400°C, 30 o f  the 80 cases were eliminated 
as  shown i n  Table 2. The table  a lso p o i n t s  out a trend i n  this wall temp- 
erature.  As the charged par t ic le  loading is  increased, holding the tube 
diameter constant, the outside wall temperature increases. However, as 
one increases cooling t u b e  diameter f o r  a constant charged pa r t i c l e  
loading, the outside wall temperature a lso increases. This occurs be- 
cause, as one increases the cooling tube diameter, ho ld ing  the system d i -  
mensions constant, l i t h i u m  is e f fec t ive ly  being replaced w i t h  s a l t  coolant 
or s t a in l e s s  s t ee l  t u b i n g .  Since the heat generation rates  due t o  neutron 
f l u x  f o r  s a l t  coolant and s ta in less  steel t u b i n g  a r e  two and four times 
higher than tha t  for  lithium, increasing the cooling tube  diameter i n -  
creases the amount of  energy produced w i t h i n  the module. I n  addition, by 
keeping the charged par t ic le  loading constant, roughly the same thickness 
of f ront  lithium zone i s  required t o  balance t h i s  f lux.  
e f fec t ive  r e su l t  is t o  reduce only the thickness o f  the rear l i t h i u m  zone. 
Thus, more of the heat deposition occurs i n  the f ront  cooling tube adjacent 
t o  the plasma. 
ex ter ior  wall temperatures. 

Therefore, the 

T h i s  causes higher coolant temperatures and t h u s  higher 

Finally, the limit of  a 200°C temperature difference across the niobium 
wall was a p p l i e d  t o  a l l  the remaining cases by analyzing the o u t p u t  from 
the one-dimensional temperature prof i le .  These results appear on Table 4.  
All cases except one exceed this l i m i t  and were t h u s  discarded. The one 
acceptable case occurred for  a charged par t ic le  loading o f  1 MW/$, a 
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coo l i ng  tube i n s i d e  diameter o f  1 cm, and a coo lan t  temperature r i s e  o f  
67°C. 

A t r e n d  a l s o  appears i n  these data. As one increases the  charged 
p a r t i c l e  l oad ing  a t  a constant value o f  coo lan t  tube I D ,  the  temperature 
drop across the  niobium w a l l  decreases. Temperature grad ien ts  across 
the  niobium w a l l  occur because the r a t e s  o f  heat generat ion i n  the  f r o n t  
and back l i t h i u m  sec t ions  are n o t  equal. 
the  f l u x  due t o  t h i s  l o a d  can be matched by a very small f r o n t  l i t h i u m  
sec t ion .  This leaves a l a r g e  r e a r  sec t i on  w i t h  i t s  consequently l a r g e  
value o f  heat generation. 
produce l a r g e  temperature gradients e A t  l a r g e r  values o f  charged p a r t i c l e  
loading, t he  s i z e  o f  t he  f r o n t  l i t h i u m  sec t i on  must be increased t o  balance 
t h i s  f l u x .  Th is  reduces the  s i z e  o f  t h e  r e a r  sec t ion .  Since a t  low load- 
ings,  t he  r e a r  sec t i on  i s  s i g n i f i c a n t l y  l a r g e r  (e.g., 22 o f  25 cm), 
i nc reas ing  t h e  l oad ing  makes the  two l i t h i u m  sec t ions  more equal i n  s ize .  
Th is  b r i ngs  the  heat p roduc t ion  r a t e s  i n  the  two sec t ions  c l o s e r  together,  
lower ing  the  temperature g rad ien t  across the  niobium w a l l .  

A t  low charged p a r t i c l e  loadings, 

These unbalanced r a t e s  o f  heat p roduc t ion  then 

Another t r e n d  i s  t h a t  as coo lan t  tube i n s i d e  diameter i s  increased 
f o r  a f i x e d  value o f  charged p a r t i c l e  loading, t he  niobium w a l l  temperature 
g rad ien t  i s  reduced. This occurs f o r  a reason s i m i l a r  t o  t h a t  expla ined 
above. By inc reas ing  coo l i ng  tube I D ,  one i s  e f f e c t i v e l y  o n l y  reducing 
the  s i z e  o f  t he  r e a r  l i t h i u m  sect ion.  Th is  reduces the  heat generat ion 
r a t e  i n  t h i s  sec t i on  making i t  approach the  generat ion r a t e  i n  the  f r o n t  
sec t ion ,  reducing t h e  g rad ien t  across the  niobium wa l l s .  

These cases a re  a l l  f o r  a casset te  th ickness  o f  25 cm. The over- 
whelming t r e n d  here i s  t h a t  i n  many cases, t he  excessive d i f f e r e n c e  i n  
s i z e  between the  f r o n t  and r e a r  l i t h i u m  sec t ions  caused many designs t o  
exceed the  temperature c r i t e r i a .  Most o f  these were caused because the 
r e a r  sec t i on  was s i g n i f i c a n t l y  l a r g e r  than the  f r o n t  sec t ion .  
if modules of  a sma l le r  th ickness were used (e.g. , two modules each 12- 
cm-thick i ns tead  o f  one module 25-cni-thick), 
reduce the  r e a r  l i t h i u m  sect ion,  because the  s i z e  o f  t h e  f r o n t  l i t h i u m  
zone must remain t h e  same s i z e  t o  balance the  heat f l u x  due t o  the  
charged p a r t i c l e  load ing .  Th is  would a l l o w  the  heat generat ion ra tes  
t o  be much c l o s e r  i n  the f r o n t  and r e a r  zones, making many more cases f i t  
w i t h i n  the  es tab l i shed  c r i t e r i a .  

Therefore, 

the  e f fec t  would be t o  

Furthermore, i t  can be observed t h a t  by lower ing  t h e  o v e r a l l  tempera- 
t u r e  r i s e  o f  t h e  coolant,  t h e  ou ts ide  tube w a l l  temperature f a c i n g  the  
plasma i s  lowered, Therefore, coo lan t  temperature r i s e s  o f  lower  than 
67°C would make more cases f i t  t h e  400°C maximum and should be i nves t i ga ted .  
For t h i s  case study, the  range o f  c o o l i n g  tube diameters considered was 
0.5 t o  4.0 cm. This range o f  va r iab les  i s  a l e g i t i m a t e  choice. Since 
below a c o o l i n g  tube I D  o f  1 cm the  pumping power begins t o  be a s i g n i f i -  
cant f u n c t i o n  o f  t he  t o t a l  module power output,  t h i s  represents a lower 
l i m i t .  Furthermore, i f  one p l o t s  the  t r i t i u m  produc t ion  r a t e  i n  the  
module as a f u n c t i o n  o f  c o o l i n g  tube ID, the  r e s u l t  i s  shown i n  F ig .  13. 
By the  t ime a tube I D  o f  4 cm i s  a t ta ined,  t h e  produc t ion  r a t e  has dropped 
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t o  65% o f  i t s  value a t  0.5 cm. Since t h i s  i s  a s ign i f icant  decrease in 
t r i t ium production, 4 cm i s  an approximate upper l imi t  fo r  tube diameter. 

5.1.2 Variation of Module Power Qutpu-t;.with Variation ..___ i n  Cooling Tube ID 
and Charged Par t ic le  Loadiq" 

As can be seen from Fig. 4,  increasing the cooling tube inside diam- 
e t e r  increases the to ta l  module power o u t p u t .  T h i s  occurs because as  the 
cooling tube diameter i s  increased, lithium i s  being replaced by s ta in-  
less  s tee l  cooling tube and molten s a l t  coolant. Since the rates  of heat 
generation due t o  neutron flux a re  four and two times higher than the 
heat generation in lithium, respectively, replacing lithium w i t h  these 
other materials increases the ra te  o f  heat generation within the module, 
and t h u s  the to ta l  module power o u t p u t .  

Furthermore, the module power input increases as the charged par t ic le  
loading i s  increased. Since the neutron flux i s  constant in a l l  these 
cases, and the heat generation within the module i s  only a function of 
neutron f lux,  then the heat generation within the module will be a constant. 
Then by increasing the charged par t ic le  loading, one i s  adding add.itiona1 
energy t o  the module which will increase i t s  total  power output, and 
higher values of charged par t ic le  loading will thus produce a larger  to ta l  
module power o u t p u t .  

5.1.3 Ratio of Pumping  Power to  Total .- .- .-. Module tower O u t p u t  

The e f f ec t  o f  variation of the coolant tube ID on the r a t i o  o f  coolant 
Below a tube diam- 

This i s  because, 

pumping power t o  to ta l  module power i s  shown in Fig. 5. 
e t e r  of 1 cm, the r a t io  r i ses  rapidly, indicating a much greater  fraction 
o f  the to ta l  power o u t p u t  must be used for  pumping power. 
as the tube diameter decreases, pumping power increases due t o  increased 
pressure drop,and to ta l  module power output decreases for  the reasons 
explained above. 
Exactly the converse occurs for increasing tube diameter, resul t ing i n  the 
observed low value for  the ra t io .  

Both o f  these e f fec ts  combine t o  increase the ra t io .  

5.2 Two-Dimensional Steady State  Temperature Prof i le  

The resu l t s  of the two-dimensional steady s t a t e  calculat  on for  the 
one acceptable case of a charged par t ic le  loading o f  1 - 0  M W / n j ,  a cooling 
tube ID o f  1.0 cm, and a coolant temperaturerise o f  67°C i s  shown in F ig .  6. 
[ h i s  plot  depicts only the temperature a t  the t o p  a n d  bottom of the casset te ,  
which are the points o f  occurrence o f  the extremes in temperature. The temp- 
erature  increases on both sides o f  the niobium wall a s  t h a t  wall i s  approached, 
ending in a f l a t  prof i le  a t  the wall. 
wall boundary condition i s  specified as adiabatic.  

- 

This must he the  r e su l t  since the 
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From the computer output (Appendix 9.3.2) i t  can be seen tha t  the 
temperature decreases s l i g h t l y  a t  the very bottom of the l i t h i u m  on the 
l e f t  side adjacent t o  the lower cooling tube. 
since such a point i s  subject t o  convective cooling by the coolant and 
would, therefore,  behave much the same as  the s ide walls of the module 
which exhibi t  s imilar  behavior. 
l e f t  s ide occurs a t  a point roughly 40 cm above the t u b e  bottom. 

since temperature increases as  one moves away from the bottom of the 
module, th i s  bottom will exhibi t  the lowest temperatures. Since the top 
o f  the module is  assumed t o  be adiabat ic ,  the module top will exhibi t  
a maximum i n  temperature. 

This would be expected 

The maximum l i t h i u m  temperature on t h i s  

The r i g h t  side of the lithium behaves d i f fe ren t ly .  In t h i s  case, 

In addition, since the top and bottom profi les  r e f l e c t  the upper and  
lower bounds of temperature within the casse t te ,  the plot allows one t o  
see tha t  the temperature changes i n  the vertical  direction i s  much less  
than t h a t  i n  the horizontal direction. Therefore the assumption of no 
vert ical  temperature gradient i n  the derivation o f  the one-dimensional 
model is  valid.  

Dur ing  the course of se t t ing  up this problem fo r  HEATING5, a n  e r ro r  
was made by assigning x = 0 t o  occur a t  the inside of the r i g h t  wall o f  
the cooling tube adjacent t o  the plasma. Since the heat generation rates  
are functions of distance from the module face adjacent to the plasma, an 
e r ro r  would be introduced in to  a l l  the heat generation terms. T h i s  can 
be corrected by multiplying the heat generation function by a constant. 

5.3 Steady State  T r i t i u m  Concentration Profi le  

Figure 7 shows the steady concentration prof i le  of tritium through 
the casset te  as generated by HEATING5. 
tube walls can be seen t o  level off  due t o  the assumption t h a t  the cooling 
tubes a re  impermeable to tritium. 
decreases rapidly t o  approach the cool a n t  temperature. Since the d i  f f u -  
s i v i t y  of  tritium i n  l i t h i u m  decreases with temperature, the d i f fus iv i ty  
will be much smaller a t  the tube  walls,  accounting for the f ac t  t ha t  the 
lithium concentrations r i s e  dramatically about 3 cm from the cooling tubes. 
In addition, since the in t e r io r  of the niobium tube  i s  assumed t o  be a 
vacuum, the tritium concentration a t  the niobium m u s t  d rop  t o  zero as i t  
does. Finally,  the cooling tube  wall concentration on the r igh t  side 
of the module is much higher than the cooling tube wall on the l e f t  side.  
Since the tritium concentration ra te  i s  proportional t o  the neutron flux 
a t  any point, which drops rapidly, a corresponding decrease i n  tritium 
concentration will  be seen between the two cooling tube  boundaries. 

The concentration prof i les  a t  the 

A t  the tube walls,  the temperature 
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5.4  Trans ient  Response 

The t r a n s i e n t  s imulat ions provided several  i n t e r e s t i n g  r e s u l t s .  The 
most impor tant  i s  t h a t  the maximum temperature d i f f e r e n c e  across the U-tubes 
i s  on the  order  o f  100°C. 
proved by determining the minimum coolant  temperature more r e a l i s t i c a l l y .  
This k ~ ~ . . ~ l d  i n v o l v e  determining the minimum heat f l u x  i n t o  the  coolant  
dur ing the t r a n s i e n t  pe r iod  and i n t e g r a t i n g  over t h e  surface o f  t he  U-tubes. 
The minimum f l u x  i s  t h a t  which i s  present a t  the end o f  t he  t r a n s i e n t  
s imu la t i on  i n v o l v i n g  the maximum coolant  temperatures. 

This approximation i s  crude and cou ld  be i m -  

The d i  f.ference between the maximum and minimum temperature change 

The d i f f e r e n c e  i s  so small a t  the  niobium w a l l ,  
i s  1% a t  the niobium w a l l ,  23% a t  t he  l e f t  s i de  tube w a l l ,  and 56% a t  t he  
r i g h t  s i d e  tube w a l l .  
because t h e  d i f f e rences  between the  mininiuni and maximum bu lk  coolant  
temperatures and the  i n i t i a l  niobium w a l l  temperature are very n e a r l y  
equal. 
ences between the  minimum and maximum bu lk  coolant  temperatures and 
the i n i t i a l  w a l l  temperatures a re  n o t  nea r l y  the same. 
i s  much h ighe r  a t  the r i g h t  s ide  w a l l  than the  l e f t  s i de  w a l l  because 
the  e r r o r  i n  assuming the  minimum coo lan t  temperature t o  be the i n l e t  
temperature i s  g rea te r  on the  o u t l e t  s ide  o f  t h e  tube. 

The d i f f e r e n c e  i s  l a r g e r  a t  t he  tube wal ls ,  because t h e  d i f f e r -  

The d i f f e r e n c e  

The temperature change i s  g rea tes t  a t  t h e  niobium w a l l .  Th is  i s  
because du r ing  the t r a n s i e n t  per iod,  the heat f l u x  o u t  o f  t h e  l i t h i u m  
drops. 
temperature p r o f i l e .  
p r o f i l e  increases w i t h  i nc reas ing  distance, so i t  w i l l  reach a maximum 
value a t  t he  niobium w a l l .  

The reduced heat f l u x  i s  manifested i n  the  form o f  a f l a t t e n i n g  
The temperature change caused by a f l a t t e n i n g  

The f a c t  t h a t  t he  two sides o f  the niobium w a l l  do no t  cool  uni formly 
could cause s t r e s s  problems. 
temperature d i  f f e rence  across the  n i o b i  um tubes was near the maximum 
value al lowed by s t ress  l i m i t a t i o n s  and the  sides o f  the w a l l  cooled a t  
d i f f e r e n t  ra tes,  the temperature d i f f e r e n c e  could become l a r g e r  than the  
maximum value a1 lowed. 

I f  the module had been designed so t h a t  t he  

As expected, due t o  the  l a r g e r  i n i t i a l  temperature d i f f e r e n c e  between 
the  tube w a l l  and the coolant,  the temperature decreases much more r a p i d l y  
a t  t he  beginning o f  the maximum coo l i ng  s imulat ions (Figs.  11 and 12) 
than a t  t he  beginning o f  the minimurn c o o l i n g  s i m u l a t i o n  (F igs.  8 and 9 ) .  
This r a p i d  temperature decrease causes the o s c i l l a t i o n s  i n d i c a t e d  by 
the dashed l i n e s  i n  Fig.  12. These o s c i l l a t i o n s  a re  a product o f  t h e  
imp1 i c i  t method of  sol  v ing f i  n i  Le d i  f ference equations. The so l  u t i o n  i s  
shown t o  be s t a b l e  by the  f a c t  t h a t  the o s c i l l a t i o n s  are damped i n s t e a d  
o f  i nc reas ing  w i t h  i nc reas ing  time. 
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6. CONCLUSIONS 

1. A computer program, ENBAL, c a l c u l a t e s  o v e r a l l  energy balances 
f o r  the  casset te .  

2. A computer program, GRADT, ca lcu la tes  t h e  temperature based on a 
simp1 i f i e d  one-dimensional model. 

3. An i n p u t  procedure f o r  using HEATING5 success fu l l y  determines 
temperature p r o f i  les ,  tri t i  um concentrat ion p r o f i  1 es, and t r a n s i e n t  
behavior. 

For a casset te  th ickness o f  25 cm and f o r  a coo lan t  temperature 
increase grea ter  than 67"C, unacceptable designs f o r  the  casset te  r e s u l t .  

4. 

7. RECOMMENDAT IONS 

1. I n v e s t i g a t e  casset te  thicknesses less than 25 cm and coolant  
temperature r i s e s  l e s s  than 67°C. 

e v a l u a t i o n  c r i t e r i a  and v a r i a b l e  coo lan t  p r o p e r t i e s .  
2. Modify t h e  o v e r a l l  energy balance program t o  i n c l u d e  design 
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9. APPENDIX 

9.1 Overa l l  Energy Balance 

9.1.1 Mathematical Model 

The o v e r a l l  energy balance i s  based on the  f o l l o w i n g  equations. 
Thermal energy i s  generated from i n t e r a c t i o n s  o f  t he  neutrons w i t h  the  
molecules contained i n  the b lanke t  and from the  exothermic t r i t i u m  gene- 
r a t i o n  reac t ion .  I t  can be shown t h a t  the  heat  released from the  t r i t i u m  
reac t ions  i s  small  compared w i  t h  t h e  i n t e r a c t i o n  energy re1  eased, Neutron 
f l  ux, and the re fo re  heat generat ion decreases exponen t ia l l y  w i t h  d is tance 
i n t o  the  blanket,  and can be represented by (E): 

(15) X P,(x) = 3.74 exp(- -----) 0.385 

when the neutron w a l l  l oad ing  i s  1 MkJ/m2. 
coo lan t ,  the  heat generat ion i s  tw ice  t h a t  f o r  l i t h i u m ,  or :  

Furthermore, i n  a molten sa l  t 

(16) 
x P,(x) = 7.48 exp(- -----) 0.385 

and i n  the  s t a i n l e s s  s t e e l  coo lan t  tube wa l l s ,  t he  r a t e  o f  heat generat ion 
i s :  

X Pss(x) = 14.96 exp(- -) 0.385 

To f i n d  the heat generat ion w i t h i n  a reg ion  w i t h  boundaries a t  d istances 
Xa and xb from t h e  module face, the  appropr ia te  equat ion f o r  t h e  ma te r ia l  
be ing  considered i s  i n t e g r a t e d  over the  volume o f  t he  ma te r ia l  t o  g i v e  

Since dV i s  equal t o  Amdx, where Am i s  t he  module sur face  area f a c i n g  the  
plasma 
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The t o t a l  power generat ion w i t h i n  a module i s  then t h e  sum of  a l l  these 
e f f e c t s  w i t h i n  a l l  regions of t h e  module. 

Cor re la t ions  f o r  heat t r a n s f e r  c o e f f i c i e n t s  f o r  var ious values o f  
Prandt l  number were obta ined from the l i t e r a t u r e  (1). 

The niobium w a l l  was placed t o  minimize t h e  thermal s t r e s s  on t h e  
c o o l i n g  tube adjacent t o  the plasma. This  i s  done t o  ma in ta in  the  s t ruc-  
t u r a l  i n t e g r i t y  o f  t h e  module. Since t h e m 1  s t r e s s  i s  caused by a temp- 
e r a t u r e  g rad ien t  across the  tube, t h i s  g rad ien t  was reduced t o  zero by 
balanc ing t h e  heat f l u x e s  through the opposing tube w a l l s .  
t h i s  balance can be represented as: 

Q u a n t i t a t i v e l y ,  

T T T + NPSSIWt = NP W + NPLilWNb Qi nc ss2 t 

where Qinc  i s  the i n c i d e n t  f l u x  due t o  r a d i a t i o n  o f  charged p a r t i c l e s  from 
t h e  plasma ranging from 0.1 t o  1 .O MW/m2 and P s g  and Pss2 g i v e  t h e  heat  
generat ion f o r  the  plasma s i d e  and l i t h i u m  s ide,  respec t ive ly ,w i th in  the  
f i r s t  s t a i n l e s s  s t e e l  tube, w h i l e  P L i l  i s  t h a t  generated w i t h i n  t h e  f i r s t  
1 i t h i  um region. 

D e f i n i n g  the  p o s i t i o n s  o f  t h e  var ious boundaries as i n  Fig.  14 and 
s u b s t i t u t i n g  i n  the appropr ia te expressiors g iven above gives: 

XO X1 Qi nc + (14.96)(0.385)[exp(- m) - exp(- ----)IN 0.385 

c (1 4.96) (0.385) [exp 

+ ( 3.74) ( 0.385) [exp ( - 

x2 x3 - - exP(- -----)IN 0.385 

Once a tube diameter, tube w a l l  thickness, neutron loading, and i n c i d e n t  
energy due t o  charged p a r t i c l e  load ing  are  spec i f ied ,  t h i s  equat ion can 
be so lved f o r  x5, t h e  p o s i t i o n  o f  the  niobium w a l l .  

The o v e r a l l  energy balance i s  a l s o  used t o  determine t h e  temperature 
p r o f i l e  through t h e  coolant.  Since t h i s  in format ion i s  i n p u t  t o  HEATING5 
t o  determine the  two-dimensional l i t h i u m  temperature p r o f i l e ,  t h e  casset te  
was d i v i d e d  i n t o  44 regions. Since each reg ion  must have a uni form boundary 
c o n d i t i o n  over each surface, t h e  average coolant  temperature i n  each o f  
regions 1 through 12 and 33 through 44 must be determined. This  i s  done 
w i t h  an energy balance over a s e c t i o n  through t h e  cool ing tube. 
balance on the  coolant  would be: 

An energy 
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f o r  any reg ion  i on the  f r o n t  h a l f  o f  the module. By beginning i n  reg ion  1 
where T i n  i s  t he  i n l e t  coolant  temperature and knowing a l l  the heat genera- 
t i o n  terms, heat capaci ty,  and mass f low ra te ,  one can then determine the  
temperature p r o f i l e  throughout the  coolant.  

A s i m i l a r  equat ion holds on the  back s ide  o f  the  niobium tube where 

The heat generat ion terms i n  the  s ta in less  s t e e l  and s a l t  now r e f e r  t o  
those i n  the tub ing  i n  the r e a r  o f  the module. 
r e a r  tube s ince the  r e a r  o f  the module has no f l u x  of  charged p a r t i c l e s  
i n c i d e n t  upon it. 

and 34. Since reg ions 11 and 34 have no sur face adjacent  t o  the  l i t h i u m ,  
there  w i l l  be no heat f l u x  i n t o  these sect ions.  
e ra tu re  i n  reg ion 11 w i l l  be the same as the e x i t  temperature from region 
10. S im i la r l y ,  the bu lk  temperature i n  reg ion  34 w i l l  be the  same as the 
e x i t  temperature from reg ion  33. To inc lude regions 12 and 33, i t  was 
assumed t h a t  the  f l u x  through a u n i t  leng th  i n  any of these reg ions was 
equal. Since neutron and charged p a r t i c l e  loadings are n o t  func t ions  o f  
pos i t i on ,  the  heat generat ion i n  each o f  regions 13 through 22 w i l l  be 
equal , and the generat ion i n  regions 23 through 32 are s i m i l a r l y  equal. 
A t  steady s ta te ,  the r a t e  o f  heat generat ion i n  any reg ion  (e.g.$ 15) must 
equal the r a t e  o f  heat l o s t  through i t s  surfaces. 
t o  be much less  than aT/ax, f l u x  i n  the  y - d i r e c t i o n  w i l l  be much less  than 
f l u x  i n  the x -d i rec t i on .  Th is  w i l l  apply everywhere except a t  the bottom 
o f  the  cassette,  where convect ive c o o l i n g  w i l l  make aT/ay greater .  
cen t ra l  regions, the heat generat ion i n  any reg ion  (e.g., 17) must equal 
the f l u x  i n t o  t h e  adjacent sect ions o f  coo l i ng  tube (e.g., 6). 
f l u x  per  u n i t  d is tance i s  m u l t i p l i e d  by t he  length  o f  surface i n  a region, 
the f l u x  i n t o  t h a t  reg ion  and the re fo re  the temperature change can be 
found. 

Q inc  i s  e l im ina ted  on the  

The above model was va r ied  s l i g h t l y  t o  consider regions 11, 12, 33, 

Therefore, the bu lk  temp- 

Since aT/ay was shown 

I n  

I f  t h i s  

9.1.2 Use o f  the  Overa l l  Energy Balance Program 

The i n p u t  data requested by t h e  program i s  o u t l i n e d  i n  Table 7. A 
f lowsheet o f  ENBAL i s  shown i n  F ig.  15. 
u n i t s .  
o f  c e r t a i n  values o r  temperature p r o f i l e s  t o  be produced f o r  i n d i v i d u a l  
cases. 

A l l  u n i t s  a re  s p e c i f i e d  i n  SI 
The program al lows e i t h e r  case s tud ies t o  be performed over ranges 
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Table 7. I n p u t  Data t o  ENBAL 

Parameter 

Case study o r  temperature prof i le  

Neutron wall 1 oadi  ng  

Charged par t ic le  loading 

Upper bound 

Lower bound 

Step s i z e  
Cooling tube ID 

Upper bound 

Lower bound 

Step s ize  

Upper bound 

Lower bound 

Step size 

Coolant temperature change 

D i  vertor efficiency 

Rlanket thickness 

Niobium wall OD 

Height of blanket module 

Width o f  blanket module 

In l e t  coolant temperature 

Coolant specif ic  heat 

Coolant density 

Coolant viscosity 

Cool ant thermal conductivity 

Cool i n g  tube thermal conducti v i  ty 

Coolant temperature prof i le  output 

Module design parameter o u t p u t  

Units 

MW/m2 

MW/m2 

MW/m2 

cm 

cm 

em 

cm 

"C 
"C 

O C  

"C 
% 
cm 

cm 

m 
m 

"K 

kg/m3 
N-sec/m2 

W/m- O K  

W/m- " K 

J /  kg- "K 

Notes 

0 = temperature prof i le  
1 = case studies 

temperature prof i le  only 

case study only 

case study only 

case study only 

temperature prof i le  only 

case study only 

case study only 

case study only 

temperature prof i le  only 

case study only 

case study only 

case study only 

temperature prof i le  only 

temperature prof i le  only 
0 = o u t p u t  printed 
1 = no o u t p u t  

temperature prof i le  only 
0 = o u t p u t  printed 
1 = no o u t p u t  
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I Input Data 1 
Ca 1 cul ate Heat Generati on 

Increment Tube Diameter? 1 
no 2 Print Design Parameters 

.I. 
Increment AT? 

1 no 
I * -  

Yes Increment Charged 
Particle Foadina? 

no 
-7 

Pr i n t o u  t I D Save 
Temperature Profile? Data 
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SCHOOL OF CHEMICAL ENGINEERING PRACTICE 

AT 
OAK RIDGE NATIONAL LABORATORY 

FLOW DIAGRAM FOR ENBAL 
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When performing case s tudies ,  the program will automatically vary any 
of three parameters: the charged par t ic le  loading, the cooling tube inside 
diameter, and the temperature change in the coolant. For a l l  three of these 
variables, the lower and upper bounds must be supplied for  each parmeter  
and a step s ize .  This allows any range of these variables t o  be examined. 
I f  only one of the three values i s  t o  be considered, the lower and upper 
bounds must be typed i n  as the same value. The step s ize  may then be any 
non-zero number. Case studies may be performed on other variables,  b u t  
they must be input each time. The program then determines and pr ints  out 
the steady s t a t e  coolant temperature prof i le  and  the various module design 
parameters l i s t e d  in Table 8. No c r i t e r i a  f a r  evaluation of acceptable 
designs are considered. 
Table 9 shows a sample of the coolant temperature prof i le .  
coliimn gives the distance from the bottom of the U-tube ( i n  t h i s  case the 
U-tube was 4-m high) and represents the boundary of a region (Fig. 20) -  
The second colunin gives the e x i t  coolant temperature from each region. 
Since th i s  information i s  intended as input t o  HEATING5 t o  determine the 
two-dimensional temperature prof i le ,  column three labels the region number 
according t o  the way the HEATING5 regions are  s e t  up ( F i g .  20). 
four is  then the average temperature within t h i s  region and  i s  the boundary 
condition input t o  HEATINGS. 

Sample outputs are  shown i n  Tables 9 and 10. 
The f i r s t  

Column 

I n  performing case s tudies ,  the variable t h a t  i s  changed most rapidly 
is  cooling tube inner diameter. 
pletes one cycle o f  the range of tube I D ' S  being considered (with coolant 
temperature prof i les  being printed o u t  fo r  each case) , a table  o f  module 
design parameters as i n  Table 10 i s  printed o u t .  This table  is  a summary 
of the d a t a  in Table 8 for  each tube ID considered while holding charged 
par t ic le  loading and  coolant temperature change constant. 

Therefore, every time the program com- 

The program also has the capabili ty t o  predict one-dimensional agproxi-  
mations t o  two-dimensional temperature prof i les  through the lithium (Sect. 
9.3.2). When determining these one-dimensional prof i les ,  the program will 
only consider one value of each of charged par t ic le  loading,coolant temp- 
erature  change and  cooling tube inner diameter. Qutputs o f  the coolant 
temperature prof i le  and the module design parameters become optional. All 
input data are  stored in a d a t a  f i l e  called SDATA. Determination and 
p r i n t o u t  of t h i s  one-dimensional lithium temperature prof i le  i s  performed 
by a program cal led GRADT, which i s  explained i n  Sect. 9.2.  
program i s  called from ENBAL, a l l  data necessary for  operating the program 
must be saved before the program i s  called.  
was established. GRADT i s  called automatically from ENBAL. To f a c i l i t a t e  
determination of many temperature prof i les ,  an o p t i o n  ex is t s  within GRADT 
t o  return t o  ENBAL t o  consider another case. When t h i s  o p t i o n  i s  flagged, 
ENBAL i s  called a n d  a l l  the input data are recovered from f i l e  SDATA. This 
prevents having t o  enter a l l  the constant parameters aga in .  The values of 
any o f  the three variable input paraiiieters can then be modified by flagging 
any o f  the outputs from ENBAL for  printout.  W i t h  the modified parameters, 
the lithium temperature prof i le  i s  then determined. 
parameter t h a n  the three specified variable parameters between successive 
one-dimensional prof i les ,  the program must be restar ted.  

Since t h i s  

Therefore, the d a t a  f i l e  SDATA 

To vary any other 
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Table 8. Module Design Parameters i n  O u t p u t  Table from ENBAL 

Parameter 

Charged p a r t i  cl e 1 oadi n g  

Coolant temperature change 

Cooling tube ID 

Thickness of f ront  l i t h i u m  zone 

Thickness of rear  l i t h i u m  zone 

Coolant mass flow rate/rnodule 

Coolant linear velocity 

Coolant Reynolds number 

Number o f  casset tes  (U-tube)/module 

Film heat t ransfer  coeff ic ient  

Total thermal power output/module 

Total coolant pumping power/module 

Ratio of coolant pumping power t o  
to ta l  thermal power 

Uni ts Notes 

MW/m* 

O K  

cm several cases considered 

constant fo r  any one table  

constant for  any one table  

i n  any one table  

cm 

cm 

kg/sec 

m/sec 

.. 

- 
W/m2-"K 

Mw 

W power required t o  move 
coolant through cooling 
tubes 
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Table 9. Sample o f  Coolant Temperature P r o f i l e  

DI ST(t4 )  

4 -  
3.6 
3.2 
2 0'3 
2.4 
2 
1.6 
1.2 
0 . 8  

0 
0 
0 
0 
0 
0.4 
0.8 
1.2 
1.6 
2 
2.4 
2.8 
3.2 
3.6 
4 

0 011 

CH PAPT L O A D I N G =  0.10 M'J/N-2 
COOLANT DELTA T= 2 0 0  K - 
COOLING TflBE ID- 1.5 CJI 

TEJIPCK) ' REG X ON 

57 3 
5 7 7  e 7 9  1 
552.551 
5 5 7 * 3 7 2  
592.16 '2 
586.953 
60 1 e 744 
606.534 
611.325 
616.116 
620.906 
620.906 
622.403 
626.967 
626.367 
641.57 
656.173 
670.777 
685. 38 
6 9 9 . 9 8 3  
7 14.587 
7 2 9 .  19 
743.793 
7 5 8 . 3 9 7  
77 3. 

INLET 
1 
2 
3 
4 
5 
6 
-7 
8 
9 
1 0  
1 1  
12 
33  
34 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44 

575.395 
' 580 136 

559 e 7 6 7  
59 4 a 558 
599 . 34% 
604 e 1 39 
608  - 9 3  
613.72 
6 1 3 . 5 1 1  
620 -906 
621  0655 
624.685 
626.967 
634 0263 
640 a 8 7 2  
663.475 
579.078 
692.632 
7 07 . 2'85 
'921 0858 
736.432 
751.095 
7 65 693 

584.977 



Table 10. Sample o f  Module Design Parameters 

.- 

CH PART L O A D I N S =  a. so :47~/1.1-2 
COOLANT DELTA T= 67 K 

t-i A S S FLDJ 
/>I 0 DVL E 
(.X:G/SEC) 

105.74 

f 14.97 
119.55 
124.12  
128.67 
133.21 
137.73 

--------- 
110.35 

P v 
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9.1.3 ENBAL L i s t i n g  
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500 P R I N T  "COOLANT THERMAL COND1lCTI'~ITY (WM-I.[)r"f 
S I 0  INPIIT K2 
520 I F  V9=1  THEN 600 
530 F I L E S  SDATAa GDATA 
5 4 0  P R I N T  "CQQLING TlJBE TkiERiAL CONDfJCTIVITY ( W / M - K ) = " f  
3 5 0  INPUT X9 
555 SCPATCH bl 
560 
570 GO TO 6DO 
330 INPffT R I 0 N l > E l r B l t ~ d Z t L l ~ V ~ r T ~ ,  C l a D 2 ~ 1 7 1 , K 2 t K 9  
6 0 0  V 8 = 1  
61 0 P R I N T  "COOLANT TMPERATTTT?E PROFILE? < O=YES# 1 z N O )  "f 
620 I N P I T  7r7 
630 P R I N T  "MC?I)7lLE D E S I G N  PAFAMETERS? ( O t Y E S t  I z N O )  "i 
6 4 0  INPTfT IT6 
645 v9=@ 
650 GO TO 70 
M;0 FOR A = J 1  TO 52 STEP 5 3  
670 FOR X 1 = J 4  TO 5 5  STEP 56 
€ 8 0  13=O 
630 FOR D I = J 7  TO J8 STEP d9 
700 f J = I 3 * 1  

P R I  NT # 1, N 10 E 1 > E3 11 N2, L 10 W l r  7'81 C 1 s D2, V 1 K 20 K9 

710 O( l r  1 3 ) = D i  
720 Ql=A* C l-E/lO O)*V l"L 1" 1 0E6 
730 Tl=Dl/l8 
790 LET YO=O 
750 LET Y I = T I / I O O  
760 LET YZ=YI+D1/100 
7 7 0  LET Y3=YB+YI  
7 8 0  LET Y 4 = Y 3  
7 9 0  LET Z l=!Jl*L 1 
8 0 0  LET (324 S e 7 6 E B " N  1" C EXPC * Y O / r  385) .. EXP(-Y 1 / *  385) > * 5  1 
81 0 LET Q3= 2 , 8 8 E B * N l * (  EXPC-Y 1 / o  385>-EXP<-Y2/*388) l"2 I 
820 LET (341 5.76Eb*NI*CE'XP<-Y2/ .  3BS)-FXPC-Y3/0 385) ) * Z  I 
830 LET YLr=Y4**001 

850 LET Q5= t o 4 4 E 6 * N l b C M P ( - Y 3 / ,  385)-EXP(-Y4/* 385) ) * 2  1 
a 0  LET Y9=ZR1/100 

860  LET Sl=(QI*Q2>-(Q$+QS) 
570 IF Sl*O THEN 830 
880 IF S l c = O  THEN 890 
890 LET YS=(N2/100)+Y4 
90 0 LET Y6s  C B I / f 0 0 1 - C T 1 / S O ) - (  D1 / I  0 0 )  
9 1 0  LET Y?=Y6+Tl/100 
920. LET YSsY7+CD1/100) 
930 LET ( a 6 m  I c 44E6*M 1" ( l%P<-YS/r 38 5 )  .. FXPC -Y  ti/* 385) 1 * Z  I 
940 LET Q7f 5 07 6EA"N 1* ( EXPC-Y6/* 38 5 )  * wSP(-Y'?/* 385) > "Z 1 
950 LET ~ 8 = 2 . 8 8 E B " N 1 * C E C F C - Y 7 / , 3 8 S > - E T C P ( - Y 8 / . 3 8 5 ~ ) ~ 2  1 
96 0 L ET Q9= 5 7 6E6*N I * C EXP( -Y8/  4 38 5 )  .. EXPC -Y9 / 38 5 )  > "2 1 
97 0 LET 
980 LE? T3=CYS-Y3) *100  
99 0 LET 12.: ( Y 6 - Y S )  * 1 0  8 

QU= C Ql+Q2+ Q3+Q4,* QS+Q6+ Q7+ Q8* Q9 ) *  1 OE-6 



m
 

0
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15 1 0  T 7 = T 7 + R 4  
1 5 2 0  T5=(T6+T7)/2 
1 5 3 0  IF V 7 = 1  "HEN 1 5 6 0  
1540 PFINT 0 " , T 7 , "  33"rTS 
1550 PRINT * 0 " # T 7 r w  34" ,T7  
1 5 6 0  IO=O 
1 5 7 0  FOR I=35 TO 4 4  

1590  T6=T'7 
16 0 0 T7= T?* R6 
1610 TS=<T6+T7) / 2  
1620 S2=L 1*I 0 / 1 0  
1630 BCJ)=TS 
1640 d=J+I  
1650 IF "7=1 THEN 1 6 7 0  
1 6 6 0  PRINT S2 ,T7 ,  I I T S  
1670 NEXT I 
1575 B(2i)=T8+X1 
1 6 8 0  LET P 1 = ( ~ 7 l * C l ) M 2  
1690 IF R l c l O D 0 0  THEN 1 7 1 0  
1 7 0 0  IF R l > l O 0 0 0  THEN 1 7 3 0  

1720 GO TO 1840 

ism I a = I o + i  

17 1 0  LET H M 4 e  364*K2) IC D1/ 1 0  0 )  

1730 I F  P f < = O * l  THEN 1770 
1740 I f :  C P 1 * . 5 ) < = 1 * 5  THEM 1 7 9 0  
1750 I F  ( P 1 + 1 * 0 ) < ~ 2 I  THEN 1 8 1 0  
1760 IF P1*2U TNMV 1830 

1780 GO TO 1 8 4 0  

1 8 0 0  GO TO 1840 

1820 GO TO I840 
18 3 0  LET 
1 8 4 0  U( 1 12 I 3 ) = H  1 
I850 I F  R1<3000 THEN 1 8 7 0  
1 8 6 0  I F  R l > = 3 0 0 0  THEN 1 9 0 0  
1870 PRINT "FLOV IS LAMINAR" 
i880 LET F 1 = 6 4 / R 1  
I890 G f l  TI? 1 9 1 0  

177 0 LET H l = C  6 * 3 *  ( L 003*R!*P l )  3 *CI.(2/€ D l  / l o a )  1 

179 0 LET H I =  C O221* C PI 6)  * (P.1- -8) * (K2/( D1/10 0) 3 

18 1 0  LET K I s C  0 l S S ) * C P l " * S ) * ( R l '  o 8 3 ) * < K 2 / (  D 1 / 1 0 0 )  3 

H 11. ( L 0 1 1 8  1 * ( P 1' * 3) * ( R t ^  09 , )  * (K 2/C D 1 / I  0 0 )  1 

1 9 0 0  LET F l = e O 0 5 6 + (  * 5 * ( R l " - . 3 2 ) )  
1910 I F  P I C = O * I  WEN 2100 
1 9 2 0  I F  ( P 1 + * 5 ) < = 1 * 5  TIE23 1950 
1930 If < ? 1 + 1 . 0 ) < = 2 1  THEN 2 1 0 0  
1 9 4 0  I F  B l r 2 0  THEN 2 1 0 0  
1950 P R I N T  "GAS, MOLECULAR VEIGHT I SI CGRAMMOLE)="r' 
1960 IPJPTTT G 1 
197 0 PPI p?T " COOL ANT TTTBE I NL ET T M  PERATtfRE C DEGREE K ELVI N) = " i  
1980 IXIJfTT x2 
1990 PRINT "kT,rERAGE C O M A N T  TEMP IN DEGREES KELVIN=";  
2000 INPt?T T4 
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2510 NEXT K 
2520 NEXT X l  
2530 NEXT A 
2S4Q IF V9=1 THEN 2630 
2560 SCRATCH #2 

S E I 0  FOR 1 - 0  TO 21 
2570 P?INT # ~ J D I , H ~ J T ~ J ~ ~ ~  Q4rQ5r 06 ,  Q ? * Y ~ J Y ~ , Y ~ , ~ ~ , T ~ J T ~ '  

2590 P 9 I N T  82*8(:1> 

2610 PRINT # 2 > N 3 r K 9  
2620 C H A I N  GP-ADT 
2630 END 

2600 NEXT I 

9.1.4 ENBAL Nomenclature 

Arrays 

B(1) 

O(1,J) 

contains bulk temperature prof i le  through coolant 

contains I th  variable f o r  the Jth coolant tube ID 
( t o  be passed t o  GRADT) 

Single Variables 

A 

B1 blanket thickness 

current value of charged par t ic le  loading 

C1 cool ant  spec i f ic  heat 

D1 current value of coolant tube ID 

D2 coolant density 

D3 pressure drop across cooling tube ( fo r  gaseous 
cool ant 1 

D4 pressure drop across cooling tube ( fo r  incompres- 
s i b l e  f lu id )  

El di vertor efficiency 

f l  

G1 

f r ic t ion  factor  for  cooling tube 

molecular weight (of gaseous coolant) 

" K  

Cm 

J/kg-"K 

N/m2 

N/m2 

% 

dimensionless 

gm/mo 1 e 

62 r a t i o  o f  spec i f ic  heats ( C p / C u )  ( fo r  gaseous coolant)  dimensionless 

H1 heat t ransfer  coeff ic ient  (coolant boundary layer) W/m2-'K 
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I 

IO 

I 3  

3 

J1 

52 

53 

54 

55 

56 

5 7  

58 

59  

K 

K2 

K9 

L1 

M 1  

rd 2 

N1 

NZ 

N3 

P1 

P2 

P3 

f o r  loop counter 

region counter 

to ta l  number of coolant t u b e  diameters considered 

to ta l  number of regions considered 

lower l imit  of charged par t ic le  loading 

upper l imit  of  charged par t ic le  loading 

s tep f a r  charged par t ic le  loading ( fo r  loop) 

lower l imi t  of coolant delta T 

upper l imi t  of coolant delta T 

s tep for coolant delta T ( fo r  loop) 

lower l imi t  of coolant tube ID 

upper l imit  of coolant t u b e  ID 

s tep for  coolant tube ID ( fo r  loop) 

for  loop counter 

cool ant thermal conductivity 

cool i ng tube thermal conductivity 

length o f  blanket module 

total  coolant mass flow through module 

coolant mass flow through a s ingle  casset te  

neutron wall loading 

niobium t u b e  OD 

number of cassettes per module 

coolant Prandtl number 

average coolant pressure ( f o r  gaseous coolant) 

thermal energy absorbed by one casset te  coolant 
( fo r  gaseous coolant) 

MW/m2 

MW/m2 

MW/m2 

"K 

"K 

"K 

cm 

cm 

cm 

W/m- " K 

W/m- " K 

rn 

kg/sec 

kg/sec 

MW/m2 

cm 

dimensionless 

N/m2 

W 
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P4 

P5 

P6 

P8 

QO 

Q1 

Q2 

43 

44 

Q5 

Q6 

47 

48 

99 

R l  

R4 

R5 

R6 

R7 

R8 

R9 

S2 

r a t i o  of pumpin power t o  thermal power ( f o r  

t o t a l  pumping power f o r  module ( f o r  gaseous coo lan t )  

t o t a l  pumping power f o r  module ( f o r  i ncompressi b l  e 

gaseous coo lan t  4 - 

W 

cool  a n t  ) W 

r a t i o  o f  pumping power t o  thermal power ( f o r  incom- 
p r e s s i  b l  e coo lan t )  - 

t o t a l  thermal energy output  per  module Mw 

thermal load  (due t o  charged p a r t i c l e s )  on f i r s t  w a l l  W 

heat generat ion i n  f i r s t  tub ing  w a l l  fac ing  plasma W 

heat generat ion i n  s a l t  f a c i n g  plasma W 

heat  generat ion i n  f i r s t  t u b i n g  w a l l  f a c i n g  l i t h i u m  W 

heat  generat ion in f i r s t  l i t h i u m  breeding r e g i o n  W 

heat generat ion i n  second 1 i thium breeding r e g i o n  W 

heat  generat ion i n  second t u b i n g  w a l l  f a c i n g  l i t h i u m  W 

heat  generat ion i n  s a l t  i n  second t u b i n g  W 

heat  generat ion i n  second t u b i n g  w a l l  f a c i n g  back 
o f  module W 

cool  a n t  Reynolds number dimensionless 

coo lan t  temperature change i n  r e g i o n  33 

coo lan t  temperature change i n  reg ion  12 

O K  

"K 

coo lan t  temperature change i n  regions 35 through 44 "K/region 

coo lan t  temperature change i n  regions 1 through 10 "K/region 

coo lan t  temperature change i n  regions 33 through 44 
(smal l  increment) O K/ cm 

coo lan t  temperature change i n  reg ions 1 through 12 
(smal l  increment) O K/ cm 

d i f f e r e n c e  i n  thermal f l u x e s  t o  s ides of  f i r s t  
c o o l i n g  tube W 

dis tance from bottom o f  casset te  m 
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T1 

T2 

P3 

T4 

T5 

T6 

T7 

P8 

v1 

v2 

v9 

W1 

w2 

x1 

x2 

Y O  

Y1 

Y2 

Y3 

Y4 

Y5 

Y6 

YI 

thickness of cooling tube  wall 

thi  ckness of second (back) 1 i thi  um breedi ng region 

thickness of f i r s t  ( f ront )  lithium breeding region 

average coolant temperature ( fo r  gaseous coolant) 

average coolant temperature w i t h i n  any region 

i n l e t  coolant temperature t o  any region 

out 1 et  coolant temperature from any region 

i n l e t  coolant temperature to module 

coolant viscosity 

average cool a n t  1 i near vel oci ty 

f lag = 0 for  temperature prof i les  
f lag  = 1 for case studies 

width o f  module 

cooling tube inside diameter 

coolant temperature change across module 

coolant t u b e  i n l e t  temperature ( for  gaseous coolant) 

x-coordinate of front of module 

x-coordinate of inside f i r s t  wall, f i r s t  cooling tube m 

x-coordinate of inside second wall, f i r s t  cooling 
t u b e  m 

x-coordinate o f  outside second wall, f i r s t  cooling 
tube m 

x-coordinate of niobium wall facing plasma m 

x-coordinate of  niobium wal l  facing module rear  in 

x-coordinate o f  second cooling tube wall facing 
plasma (outside) m 

x-coordinate o f  second cooling tube wall facing 
plasma ( inside)  m 

cm 

cm 

cm 

"K 

"K 

"K  

"K 

"K 
N-sec/m 2 

Wsec 

- 
- 

m 

m 

"K 

"K 

m 



Y8 

Y9 

z1 

V8 

v7 

V6 
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x-coordinate o f  second c o o l i n g  tube w a l l  f a c i n g  module 
r e a r  ( i n s i d e )  m 

x-coordinate of second c o o l i n g  tube w a l l  
r e a r  (ou ts ide)  

area o f  module f a c i n g  plasma 

f l a g  = 0 f o r  per forming case study 
f l a g  = 1 f o r  determin ing temperature p r o f  

f l a q  = 1 - suppresses p r i n t o u t  o f  coo lan t  

ac ing  module 
m 

m* 

1 es 

temperature p r o f  i 1 e 
f l a g  = o - a l iows p r i n t o u t  o f  coo lan t  temperature p r o f i l e  

f l a g  = 1 - suppresses p r i n t o u t  o f  module design parameters 
f l a g  = 0 - a l lows p r i n t o u t  o f  module design parameters 

9.2 One-Dimensional Approximation t o  Two-Dimensional 
Temperature P r o f i l e  

9.2.1 Mathematical Model 

A one-dimensional approximation t o  the  two-dimensional steady s t a t e  
temperature p r o f i l e  may be determined based on the f o l l o w i n g  assumptions: 

1. (q) << (5). The v e r t i c a l  temperature grad ien t  i s  n e g l i g i b l e .  aT aT 

Neglect ing t h i s  g rad ien t  would keep t h e  coo lan t  temperature constant alona 
each s i d e  o f  the module, b u t  the temperature would be d i f f e r e n t  on the  f r o n t  
and back o f  t h e  module. 

2. Wi th in  an incremental  volume, l i t h i u m  thermal c o n d u c t i v i t y  i s  
constant.  
erature,  t h e  assumption i s  v a l i d .  

Since thermal c o n d u c t i v i t y  i s  n o t  a s t r o n g  f u n c t i o n  of temp- 

The equat ion o f  change o f  eqergy i n  two dimensions a t  steady s t a t e  i s  

The f i r s t  assumption a l lows one t o  neg lec t  t h e  second term which y i e l d s :  

As was shown i n  Sect. 9.1.1, t h e  heat generat ion i n  the  l i t h i u m  i s  
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X P,(x) = 3.74 exp(- ----)N 0.385 

f o r  any neutron w a l l  loading.  

There are now two cases t o  consider, as shown i n  F ig .  16A, one on each 
s i d e  o f  t he  l i t h i u m .  I n  zone 1 c a l c u l a t i o n  begins from the  l e f t  where the  
coo lan t  temperature i s  known and moves across t h e  zone by incremental volumes 
u n t i l  t he  a d i a b a t i c  niobium w a l l  i s  reached. I n  zone 2, on t h e  r i g h t  s ide,  
the increments w i l l  move from r i g h t  t o  l e f t .  Each case must be considered 
separately.  

F i r s t ,  consider an incremental reg ion i n  zone 1 as shown i n  F ig .  16B. 
To apply E q .  (241, i t  must f i r s t  be i n t e g r a t e d  t o  give:  

dT X k = (3.74)(0.385) exp(- ----) 0.385 N + a 

The niobium tube i s  ad iaba t i c  so t h a t  k(dT/dx) i s  0 a t  x = x4 which gives 

( 2 6 )  
x4 a = -(3.74)(0.385) exp(- -)N 0.385 

S u b s t i t u t i o n  i n t o  E q .  (25 )  gives: 

(27) 4 X dT X 
k ' d j  = (3.74)(0.385) [exp(- ----) 0.385 - exp(- -)IN 0.385 

According t o  the  second assumption, k can be considered constant w i t h i n  the 
reg ion under considerat ion.  
s t a n t  a t  k (T in ) .  
incremental volume t o  the r i g h t  s i d e  ( f rom Xin t o  Xout) w i l l  y i e l d :  

Since T i n  i s  known, l e t  k be considered con- 
Then i n t e g r a t i o n  o f  Eq. (27 )  from the  l e f t  s i de  o f  the 

where k i s  est imated from (10): 
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k(T)  = 30 

To besin the c a l c u l a t  

I- 0.05318 T - 1.6 x l o w 5  T2 

ons, the w a l l  temperature a, 
s t e e l  -boundary must be determined from 

(299 

he 1 i t h i  um-s t a i  n l  ess 

ASS represents the area o f  the c y l i n d r i c a l  s t a i n l e s s  s t e e l  tube adjacent  
t o  the coolant  which i s  h a l f  the t o t a l  surface area o f  t he  tube. I f  t h e  
f i l m  heat t r a n s f e r  c o e f f i c i e n t  i n  the coolant  and the thermal c o n d u c t i v i t y  
o f  t he  s t a i n l e s s  s t e e l  areknown, U can be determined from (1):  __- 

With t h e  l i t h i u m  and s t a i n l e s s  s t e e l  heat generat ion equations and the  
value f o r  T as c a l c u l a t e d  from the  o v e r a l l  energy balance, U as calcu- 

mined from Eq .  (30). 
l a t e d  from 8 q. (31) and t h e  value ca l cu la ted  f o r  ASS3 T(x3)  can be deter-  

I n  zone 2 the  r e s u l t  i s  s l i g h t l y  d i f f e r e n t .  U and T(x6) a r e  deter-  

The reg ion now being considered 
I n  t h i s  

Un l i ke  t h e  previous case, xout 

mined i n  the same manner as f o r  zone 1. Now the  incremental vo l  umes must 
be evaluated moving from r i g h t  t o  l e f t .  
i s  shown i n  F i g .  16C. 
case the  niobium w a l l  p o s i t i o n  i s  a t  x5. 
i s  now less  than Xin. Thus, the f i n a l  r e s u l t  becomes: 

As before, k i s  h e l d  constant a t  k ( T i n ) .  

o u t  X X i n  
-----) 0.385 - exp(- ~ 0.385 

- + (3.74) (0.385) N 
L U t  - T i n  k ( T i n )  

S o l u t i o n  o f  Eqs. (28) and (32) produces the  des i red one-dimensional l i t h i u m  
temperature p r o f i l e .  

9.2.2 Use o f  GRADT - One-Dimensional Tempg%-tu~e- P r o f i l e  

GRADT i s  used t o  c a l c u l a t e  one-dimensional approximations t o  two- 
dimensional temperature p r o f i l e s  w i t h i n  the l i t h i u m .  The program i s  on ly  
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usable when accessed v i a  ENBAL. Any i n p u t s  necessary f o r  determinat 
and p r i n t o u t  o f  t h e  temperature p r o f i l e s  a re  c a l c u l a t e d  i n  ENBAL and 
i n  data f i l e  GDATA. GRADT then recovers these data when i t  i s  c a l l e  
A f l o w  c h a r t  o f  the program i s  presented i n  F ig .  17. 

on 
saved 

A sample ou tpu t  i s  shown i n  Table 11. For each one-dimensional reg ion,  
t e n  temperatures are  p r i n t e d  o u t  under t h e i r  respec t ive  distances from the  
module face. The temperaturesthat always appear a re  the  two w a l l  tempera- 
tu res  a t  the  two l i t h i u m - s t a i n l e s s  s t e e l  i n t e r f a c e s  and t h e  w a l l  tempera- 
tu res  on each s i d e  o f  the niobium tube. The d i s t r i b u t i o n  of the remaining 
s i x  temperatures depends on t h e  r e l a t i v e  thicknesses o f  t h e  two l i t h i u m  
sect ions w i t h  the t h i c k e r  reg ion conta in ing  more p r i n t e d  o u t  temperatures. 
Knowledge o f  t h i s  and t h e  diameter of the  niobium tube used a l lows one t o  
determine the  p o s i t i o n  of t h e  tube on the  p r i n t e d  o u t  p r o f i l e  s ince  i t  i s  
n o t  speci f i  c a l  l y  marked. 

9.2.3 GRADT L i s t i n g  
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6 3  

6 4 0  NEXT d 

660 I F  A 9 = 1  TXEN 7 9 0  
665 REM--PRINT CYJT COYPLETE PROFILE 
67.0 P R I N T  
E 8 0  P R I N T  
690 PRINT 
7 0 0  P R I N T  - STEADY STATE TENPEPATTTYE D f  fTnI  E'TTI ON" 
710 PRINT 
720 PRINT J "HORIZONTAt DI STANCE CY) * 
730 P Q I N T  '?SING 

650 r 7 c x ) 4 2  

7401 T< 1 )  J T (  21, T( 3 ) ~  T ( 4 ) r  TC 5)r TC 6 ) r  T( '7)s T C 8 )  
740 t i f# .### I # . # # #  I # * # # #  # # . # # #  # # . # # #  # # e $ # #  # # . # # #  # I . # # #  
750 PRINT T'SING 7 6 0 ~ T C 9 ) r T C  1 0 3  
760 ¶ VERT. # # . # # #  ##*#I# 
770 PRINT "DI STCX) " J  J "TE3PERATTrRE CDEG K)" 
780 A 9 = l  
790 PRINT 
8 0 0  P R I N T  f?SINl? 8 1 0 ,  TJ9r 1 ) r  2 ) r rJC 3 ) 8 r f ( 4 > J  Iz( 3 ) r  6 )  J T ? (  7 ) r  r r ( 8 )  

820 PRINT llSIF!t; 8 3 0 r T T C 9 ) r t f C  1 0 )  
810  a # # . # #  # # # # . #  # # # i o #  dr#iry.i # # # ~ g . l y  # # # ' Y . P  PI##.#  ~ l y # ~ . i c  

830 .  1 # I # # . #  # # # # e #  

5 4 0  NEXT I 
8SO P R I N T  
860 P R I N T  
870 PRXNT 
8 8 0  PRINT 
8 9 0  GO TO 960 
89 5 RE;EI--CALCt'LATION OF TEXPERATWRE AT FAR SXDE OF INC-E- 
896 R M  - .. t.i ENTAL t!OL TM E 
9 0 0  F9z 
91 0 
920 F 8 m . Z  1 -1044 / IC9"EXPC-K8/0385)*  1*OE3*hfl+F9 

940 F8%Zl*  1.44/K9*E~F(-KB/o385)* l *OE3*Nt*F9  
950 RETTRN 
960 PRINT "MOqE TMPERATrfRE PWJFILES? C O=NOJ l = : Y E S ) "  
970 lNPfV' 7'5 
930 IF V 5 = 0  THEN 1000 
990 CHAIN ENBAL 
1000 E N D  

385* 1 * 44/X9* C EXP( -J /o 385) * EXPC-K7 /o 38 5 )  
F9*-F?* 1 OE6*N 1 

930 IF K7cJ THEN 9 5 0  
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Tab le  11. Sample of a S teady  S t a t e  Tempera ture  D i s t r i b u t i o n  

1.60 6=32*A 319.8 $ 7 5 . 1  1945.3 1913.8 131206  1653.4 1431.2 
1 1  350 6 7 0 4 0  0 

1.20 635.9 A 2 2 0 6  878.0 3943.3 1911.7 1810.8 1651.3 '1429.1 
11230.3 7 0 1 . 0  

8 .80  639 .4  8 2 5 . 6  580.9 1941.3 1909.7 iC0S.7 !649.2 1426.9 
1130.9 697.9 

e 
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9.2.4 GRADT Nomenclature - 

B ( 1 )  contains bulk temperature prof i le  th rough  coolant "K 

T ( 1 )  horizontal positions a t  which temperatures will be printed 
o u t  m 

U(1) temperature a t  p horizontal position I "K 

W(1) outside wall temperature o f  cooling tube O K  

Si ngl e Vari ab1 e 

A area for  heat t ransfer  out of  a region into coolant m* 

A9 f lag = 0 i f  t i t l e  and labels have n o t  been printed out 
f lag = 1 i f  t i t l e  and labels have been printed out 

D1 cooling tube ID cm 

E6 number of temperatures (besides wall temperature) t o  be 
printed o u t  in back lithium region 

E 7  number of temperatures (besides wall temperature) t o  be 
printed out i n  front lithium region 

E4 spacing (horizontal)  of temperatures to be printed o u t  in 
back lithium region m 

E5 spacing (horizontal)  o f  temperatures t o  be printed o u t  i n  
front 1 i t h i  urn region 

E8 temperature change across tube wall in back lithium region " K  

E9 temperature change across tube wall in front lithium 
region "K 

F8 intermediate value of 22 O K  

F9 intermediate value used t o  determine the temperature on 

H 1  coolant boundary layer heat t ransfer  coeff ic ient  W/m2- O K 

f a r  side of incremental volume = 22 "K 

I f o r  loop counter 

J 

- 

for  loop counter o r  current region under consideration 

K current region under consideration 

K7 horizontal position of  one s i d e  of incremental volume m 



67 

K8 

K9 

L1 

N3 

Q4 

Q5 

Q6 

Q7 

T1 

T2 

T 3  

U 

v5 

v9 

Y3 

Y4 

Y5 

Y6 

Z1 

22 

horizontal position of niobium wall 

i n i t i a l l y ,  thermal conductivity of cooling tube wall 
1 a t e r ,  thermal conducti vi t y  of 1 i thi um 

length of module 

number of cassettes Der module 

heat generation in f i r s t  tube wall facing lithium 

heat generation in f i r s t  l i t h i u m  breeding region 

heat generation in second lithium breeding region 

heat generation i n  second tube wall facing lithium 

thickness of cooling tube wall 

thickness of second lithium breeding region 

thickness of f i r s t  lithium breeding region 

overall heat t ransfer  coeff ic ient  for cooling tube wall 

f lag = 0 n o  more temperature prof i les  desired 
flag = 1 more temperature prof i les  desired 

ver t ical  position (distance from bottom of casse t te )  
region currently being considered 

of 

x-coordinate of outside second wall, f i r s t  cooling tube  

x-coordinate of niobium wall facing plasma 

x-coordinate of niobium wall facing module rear 

x-coordinate o f  outside second cooling tube ,  wall fac 
plasma 

known temperature on one side o f  incremental volume 

(= T9) new temperature on opposite side of incrementa 
volume from Z1 

m 

W/m- K 

m 

bl 

W 

W 

W 

cm 

cm 

cm 

W/m2-K 

m 

m 

m 

m 

m 

" K  

"K 
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9.3 HEATING5 

9.3.1 General Desc r ip t i on  

HEATING5 i s  a computer program designed to  so l ve  steady s t a t e  and/or 
t r a n s i e n t  heat conduction problems i n  one, two, o r  three-dimensional 
Cartesian o r  c y l i n d r i c a l  coordinates o r  one-dimensional spheroid coord i -  
nates. The program has p rov i s ions  for phase changes and time, temperature, 
and posi  t ion-dependent heat generat ion ra tes .  The boundary condi t ions,  
which may be s p e c i f i e d  a t  t he  i n t e r f a c e  between two regions o r  on the 
boundaries o f  a region, may be f i x e d  temperatures o r  a combination o f  
prescr ibed heat f l u x ,  forced convection, n a t u r a l  convection, and rad ia-  
t i o n .  Time and/or temperature dependence o f  t h e  boundary c o n d i t i o n  
parameters i s  provided f o r  i n  t h i s  program. HEATING5 approximates the  
p a r t i a l  d i f f e r e n t i a l  equations i nvo l ved  i n  the  fo rmu la t i on  o f  heat conduc- 
t i o n  problems by f i n i t e  d i f f e r e n c e  equations. 

To use HEATING5, t he  c o n f i g u r a t i o n  o f  t h e  problem must be approximated 
by d i v i d i n g  i t  i n t o  regions, depending on the  shape, ma te r ia l  s t r u c t u r e ,  
indentat ions,  and cutouts.  A s e t  o f  l a t t i c e  l i n e s  perpendicular t o  each 
a x i s  and extending the  e n t i r e  l eng th  o f  t he  remaining coordinates i s  then 
const ructed t o  produce the mesh requ i red  f o r  the s o l u t i o n  o f  t h e  f i n i t e  
d i f f e r e n c e  equations. The ma te r ia l  parameters and boundary cond i t i ons  
must then be entered as e i t h e r  constant, t a b u l a r  funct ions,  o r  a n a l y t i c a l  
funct ions.  I n fo rma t ion  regard ing the type o f  s imulat ion,  steady s ta te ,  
t r a n s i e n t ,  or  an a l t e r n a t i n g  se r ies  o f  steady s t a t e  and t r a n s i e n t  problems, 
and the des i red method o f  s o l u t i o n  must be entered t o  complete the  i npu ts  
necessary f o r  d e s c r i p t i o n  o f  t he  problem. 

HEATING5 au tomat i ca l l y  l i s t s  t h e  i n p u t  data and p r i n t s  o u t  t he  i n i t i a l  
temperature d i s t r i b u t i o n  f o r  any type o f  problem. The f i n a l  temperature 
d i s t r i b u t i o n  f o r  steady s t a t e  problems and t h e  temperatures as a funct ion 
o f  t ime f o r  t r a n s i e n t  problems a re  p r i n t e d  o u t  i n  t h e  form o f  two-dimen- 
s i o n a l  maps o f  t he  temperatures o f  t h e  nodes i n  each plane. The tempera- 
tu res  o f  s p e c i f i e d  nodes may be monitored du r ing  t h e  c a l c u l a t i o n  as a 
f u n c t i o n  o f  t he  number of  i t e r a t i o n s  f o r  s teady-state problems o r  the  
number of  t ime steps f o r  t r a n s i e n t  problems. 
on a s p e c i f i e d  output  u n i t  and used by a p l o t t i n g  r o u t i n e  t o  create 
var ious types o f  p l o t s .  

I n fo rma t ion  can be w r i t t e n  

9.3.2 Determinat ion o f  t he  Steady S ta te  Temperature P r o f i l e  

The steady s t a t e  temperature p r o f i l e  i n  t h e  f i r s t  b lanke t  zone can be 
The temp- determined a f t e r  the o v e r a l l  energy balance has been performed. 

e r a t u r e  p r o f i l e  w i t h i n  the  l i t h i u m  and the tube w a l l s  adjacent t o  the 
l i t h i u m  can be determined by s o l v i n g  the  heat conduction equat ion and 
imposing t h e  boundary condi t ions determined by t h e  placement o f  t he  adia- 
b a t i c  niobium wa l l ,  the coolant  temperature p r o f i l e ,  and the  heat t rans fe r  
c o e f f i c i e n t  w i t h i n  t h e  coolant.  

The steady s t a t e  heat conduction equat ion i s  given by: 
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The boundary cond i t ions  a t  the  in te r faces  between the  coolant  and tub ing  
are:  

h(Tb - Tt) = -k  (-) t 
t aY (5) 

Since the  top  o f  t h e  U-tube i s  assumed t o  be insu la ted ,  t h e  boundary con- 
d i t i o n  there  i s :  

= 0  aTt 
(5y-I top  

A t  the  i n t e r f a c e s  between the  niobium tubes and the  l i t h i u m  and the  top 
o f  t h e  b lanket ,  the boundary c o n d i t i o n  i s :  

Since HEATING5 i s  no t  capable of s o l v i n g  problems where t h e  bu lk  
coo lan t  temperature i s  a l lowed t o  vary w i t h  p o s i t i o n ,  t h e  conf igura t ion  
o f  t h e  problem has t o  be approximated by a s e r i e s  o f  d i f f e r e n t  regions 
each w i t h  d i f f e r e n t  b u l k  temperature (Fig.  18). I n  t h i s  way, a cont in -  
uous temperature d i s t r i b u t i o n  i n  t h e  coo lan t  tubes can be simulated. 
Allowance f o r  d i f f e r e n t  f i l m  heat t r a n s f e r  c o e f f i c i e n t s  i n  each r e g i o n  
has been made even though f o r  t h i s  study the  c o e f f i c i e n t  has been assumed 
t o  be constant throughout the  tube. 

A sumnary o f  the  requ i red  inputs  f o r  HEATING5 i s  presented i n  Table 

The 
12. The i n p u t  ' xxxz '  c l a s s i f i e d  the  j o b  by the  computer by g i v i n g  maximum 
CPU t ime and should be i n p u t  as 300X f o r  a steady s t a t e  s imu la t ion .  
maximum CPU t ime s p e c i f i e d  on the  data cards, I T  MAX, i s  used as a s a f e t y  
f a c t o r  t o  a1 low f o r  t h e  p r i n t o u t  o f  an i n t e r i m  temperature d i  s t r i b u t i  on 
should t h e  maximum CPU t ime be exceeded dur ing  c a l c u l a t i o n .  For  steady 
s t a t e  s imulat ions,  a value o f  300 i s  s u f f i c i e n t .  
problem i s  descr ibed by X2-X7 and Y1-Y12. 
descr ibe the  heat generat ion funct ions,  w h i l e  Tbi and h i  s p e c i f y  the  
boundary condi t i o n s  . 

The geometry o f  t h e  
PASS and POL1 are necessary t o  



Tube L i  t h i  uin Niobium L i t h i u m  Tube 

y10 - 

I 

Y8 L 
I 

Y7 - - 

h5’Tb5 

Yg --  - 

h6 9Tb6 
Y5 - - 

h7 ’Tb7 

Y4 - 
h8’Tb8 

Y3 -- - 
h9 ”b9 

Y2 - - 
hlO’Tb10 

y1 - I -- 
hi 1 l T b l  1 

!-J - - .  

44 

43 

42 

41 

40 

39 
- 

38 

37 

- 

36 

35 

_ _  
I 34 33 

- -  

h44’Tb44 

h43’Tb4: 

h42’Tb4i 

h41 ’Tb41 

h40’Tb4C 
. -  

h39’Tb35 
I- - 

38 ’ b3E 
- -  

37 ’ Tb3i  
- -  

h36 ’Tb3f 
- 

h35’Tb3E 

h349Tb3f 
- -  

ss ; I I 1 ss Tb45 
I 
I 

x2 x3 ’ h12’Tb12 “4 “5 h33’Tb33 “6 x 7  

CONFIGURATION USED FOR 
H EAT1 NG5 S IVULAT ION 
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Table 12. Summary of I n p u t s  for  HEATING5 
- 

Control Cards 

xxxz maximum CPU time in seconds, minutes, or hours, e .g . ,  100s = 100 

seconds, lQOM = 100 minutes, o r  OOlH = 1 hour 

Data Cards 

ITMAX maximum CPU time, sec 

X2-X7 defined in t h e  nomenclature 

Y1 thickness of the coolant tube wall, m 

YN ( 2  5 N 5 1 1 )  - YL -b 0.40(N - 11, m 

Pass preexponential factor  for  the dissipation of neutron energy in the 

s t a in l e s s  s t e e l ,  W/m 

1 oadi n g )  

preexponential factor  for  the dissipation of  neutron energy i n  the 

lithium, W/m (1.175 x 10 W/m for  3.14 MW/m neutron wall l o a d i n g )  

bulk temperature of the coolant f l u id  adjacent t o  region i d u r i n g  

the steady s t a t e  period, "C 

heat t ransfer  coefficient between the tube wall and the coolant 

f l u id  adjacent t o  region i ,  W / m 2 - O C  

bulk temperature of the coolant f l u id  adjacent t o  region i d u r i n g  

the t ransient  period, "C 

2 (4 .7  x lo7 W/m2 for 3.14 MW/m2 neutron wall 

I 
2 7 2  2 

Tbi  

h i  

Tti 
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A sample o u t p u t  generated by HEATING5 i s  presented on the following 
pages. 
the i n p u t  return, the user can check whether the simulation being performed 
i s  in f ac t  the desired simulation. The next three pages contain the map of 
the node numbers which describe the mesh used fo r  solving the f i n i t e  dif-  
ference equations. I f  the user wishes t o  monitor the temperature a t  spe- 
c i f i c  positions during the approach t o  steady s t a t e ,  he needs t o  merely 
se lec t  the desired node numbers and follow the procedure outlined i n  the 
HEATING5 manual (11 ) .  The i n i t i a l  temperature dis t r ibut ion i s  printed out 
on the next four pages. T h e  point which corresponds t o  the lower lefthand 
corner of the U-tube i s  located a t  the upper lefthand corner of the temp- 
erature distribution map, 
resent distance i n  the y-direction, while the numbers t o  the r i g h t  of the 
word 'DISTANCE' represent distance i n  the x-direction. The dashed l ines  
around the boundary of the map divide the map into areas where the stain- 
less  s tee l  tube wall i s  located and areas w h i c h  contain lithium. The 
niobium tube i s  located between the columns headed 'FINE GRID-14' and 
'FINE GRID-15'. The l a s t  four pages contain the steady s t a t e  temperature 
distribution. The temperature increases from the f i r s t  coolant tube wall 
t o  the  niobium wall, then decreases from the niobium wall t o  the second 
coolant tube wall as i s  t o  be expected when an adiabatic wall i s  placed 
in the middle of a heat-generating region which i s  cooled on both sides.  
The maximum and minimum temperatures as well as the elapsed CPU time are  
printed on the l a s t  page. 

The beginning of the o u t p u t  represents i n p u t  return. By examining 

The numbers i n  the column headed 'DISTANCE' rep- 

9.3.3 Tri t i  urn Concentration Profi l e  

the lithium over the volume of lithium gives the amount of t r i t ium holdup 
in the blanket. Since tritium costs approximately $1 x 106/kg, i t  i s  de- 
s i rab le  t o  have the smallest holdup possible for  a fixed production ra te .  

Integration o f  the steady s t a t e  concentration prof i le  of t r i t ium in 

Tritium generation ( a t  a s e t  neutron wall loading) i s  a function of 
distance from the plasma, which i s  approximately equal t o  distance from 
the s t a r t  of the cooling t u b e  wall. The H 3  generation ra te  i s  shown t o  
be (project calculation f i l e ) :  

inJ-sec 6.02 x 18"" 
(33) 

where x i s  the distance ( m )  from the cooling tube wall c losest  t o  the plasma. 

Concentration i s  a function s f  diffusivi ty  a n d  diffusivi ty  i s  a func- 
t ion o f  temperature. I n  the cassette,  temperature changes in both the 
horizontal ( x )  and vertical  (y)  directions.  Therefore the t r i  t i  um concen- 
t ra t ion i s  a function o f  both these coordinate values. Application of 
the equation of continuity yields:  
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45 
46 
47 
48 
49 
5G 
51 
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* * * * * * * * * E  SUMYARY OF P A T E R I b L  D A T A  *******E** 

T H F R M A L  P A R A M E T E R 5  ------------ 
NUMBER I** ME -- T E M P E R A T U R E - D E P E M ) E h T  F U f K T 1 O N  NUMBERS -- 

C O N O U C T I  V I  T I  D E N S  f 7 1  S P E C I F I C  HEAT 

_ _ _ _ _ _ _ _ _ _ _ _  MATER Ilk MATER i AL 

1 ST EE C 1 . 9 U O O O O D  0 1  7.8000000 03 5.6906000 02 

2 L I T H I U M  0.0 0 . C  4.0300000 0 3  
0 0 0 

2 3 0 

* * * 8 * * * * E * * * * C Z * * *  SUPMARY OF H E A T  G E N E R A T I O N  R A T E  D A T A  * 8 * * * * * 8 8 l C + 8 8 * * * *  

NUMB€* POWER T I M E - .  T E M P E R A T U R E - .  AFQ P O S I T I O N - D E P E N D E N T  NUMBERS 
O E N S I Y Y  T I M E  T E M P E R A T U R E  X OR R Y OR T H  2 

I 4 . 7 0 0 0 0 D  0 7  - 1  c I 0 0 
2 1 . 1 7 5 0 0 D  0 7  - 1  C I 0 0 
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NO. 

I 

2 

3 

4 

5 

6 

7 

a 
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10 

1 1  

12 

13 

14 

IS 

16 

I-? 

i e  

TYPE 

1 
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I 

1 

I 

1 

1 
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1 

1 

1 

1 

I 

1 

1 

1 

1 

I 

F CT 
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0 

0 

0 

C 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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TE HPE R f iTURE 
6 T l M E  F C T  

1.ooooM1 00 
-2 

1.0000oD 0 0  
-3 

l.dO0000 0 0  

1 . 0 0 0 0 0 0  00 
- 5 

- 4  

1.0000oD 00 
-6 

1.0000oD 00 

L.0000oD 00 

1.000000 00 

- 7 

-8 

- 9  

I.000000 00 
- 1 0  

1.000000 0 0  
- 1  1 

1.000000 00 

1.000000 0 0  

- 1 2  

- 1 3  

- 1 4  
1.0000013 0 0  

1.00000D 0 0  

1.000000 00 

- 1  5 

-16 

l r 0 0 0 0 0 D  0 0  
- 1  7 

1.OOOOOD 00 

1.0OOOOD 0 0  

- 1 8  

- 1 9  

FORCED CONV. 
ASSOC. 
F C T S  

2.429500 04 

2.429500 04  

2.429500 04 

2.42P500 Ob 

2.4'29500 04 

2.429500 04 

2.a29500 04 

2.429500 0. 

2.429500 04 

2.42950D 0. 

2.429500 04 

2.429500 O* 

2.429500 04 

2.429500 04 

2.429500 00 

2.42950D 04 

2.429500 04 

2.429501) 04 

R A D I A T I O N  

0.0  

0.0 

0 .o 

0.0 

0.0 

0.0 

0.c 

0.0 

0.0 

0 . 0  

0 . 0  

0.0 

0 . 0  

0.0 

0.0 

0.c 

0.0 

0.c 

N A T U R A L  CONV 

0.0 

0.0  

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 0  

0 .o 

0 .0  

0.0 

0.0 

0.0 

0 . 0  

0 . 0  

0.0 

0.0 

0.0 

EXPONENT 

0.0 

0 -0 

0 .a 

0.0 

0 '0 

0 .o 

0 .o 

0.0 ' 

0 .o 

0 .0  

0 r O  

0.0 

0.0 

0 . 0  

0 .o 

0.0 

0.0  

0 . 0  

F L U X  

0.5 

0 .o 

0 .c 

0 . 3  

0 .o 

0 .D 

0.3 

0.3 

0 .o 

0.3 

0 -0  

0 .3  

0 .D 

0 .o 

0 .o 

0.3 

0 .? 

0 .!? 



19 1 C i . n o n 0 0 ~  0 0  2.4295OD @4 0.c 0.0 

20 I 0 1.00000D 0 0  2 .429550  00 3.0 0.0 

2 1  I 0 i.00COOD 0 0  2 .429500  04 0.0 0.0 

2 2  0 0 0.0 0 .o 0.0 0.0 

-20 

- 2 1  

- 2 2  

0 

2 3  I 0 l.000OoD 0 0  2.429500 04 0 .0  
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GROSS L A T T I C E S  A N D  NUMBERS O F  I N C R E M E N T S  

R OR X 
0.0 0.000560 0. I 0 0 5 6 0  0 .105560  0.228 360 0.2289 10 

3 10 1 10 3 

0.0 

0.0 

0.0 

0.0 

0 .O 

0.0 

0.3 

0 .? 

0 .0 

0 .o 

0.3 

THETA OR Y 
2 .400560  

3 3 3 3 3 3 3 3 
3 3 3 

0.0 0.000560 0 .490560  0 .800560  1 .ZOO560 1 .606560 2 .000  5 6 0  
2.800560 3.2 00560 3.6C0560 4 .000560  

L I S T I N G  OF A N A L Y T I C  F U N C T I O N S  

F ( V ) =  A ( ] )  + A ( 2 ) 8 V  6 A ( 3 ) * V * 0 2  + A < 4 j * C D S ( A < S ) * V I  + A ( 6 l * E X P ( A ( 7 ) + V )  0 A i€ l )OSXN(Af9 ) *V)  + AllO)*LOG(A(PI ) * V >  

NO. A ( 1 )  A ( 2 )  A C 3 )  A ( 4 )  A ( 5 )  A t 6 1  A ( 7 )  A ( 8 )  A ( 9 )  A I 1 0 )  A ( 1 1 )  
1 0.0 0.0 0.0 0.0 0 .0  9 . 7 1 0 0- 0 1  -2.7900 0 0  0.0 0.0 0 .o 0.0 
2 3.6000 01 5.318D-02 -1.6000-05 0 . 0  0 . 0  0 .o 0.0 0.0 0.0 0 .o 0.0 
3 0.0 0 .o 0.0 0 .o 0.0 5.1710 02  -1.4900-04 0.0 0.0 0 .o 0.0 

U 
m 



FINE LATTICE,  X OR R e  Y OR T H E T A .  AND Z 

I 0 . 0  
6 0 02 0560 

11 0 070560 
1 6  0 .117840 
21 0.179240 
26 0.228543 

1 
6 

1 1  
1 6  
21 
26 
31 

0.0 
Or267227 
0 933893 
1.. 60OS60 
2,267227 
2 93 3893 
3.600560 

2 0 .000  187 
7 0.030560 

12 a. O B O S ~ O  ~- . . . . - . 
1 7  0.130120 
22 0.191520 
27 0.228727 

2 
7 

12 
I ?  
22 
27 
32 

0.000187 
O . Z O O 5 6 0  
1.067227 
1.733893 
2.400560 
3.067227 
3.733093 

0.090560 
18 0.142400 

0.203800 23 
28 o .22a9 IO 

3 0.000373 
8 0 .53  3893 

1 3  1.200360 
1 8  t -867227 _.. . _ _  
23 2.533893 
28 3 200560 
33. 3.867227 

o 0.000560 
9 0.050560 

14 0.106560 
1 9  0. IS4680 
24 0.21 6080  

4 0.000560 
9 0.66722 7 

14 1.333e93 
1 9  2 . 0 0 0 S L T O  -~ _...__ ~. 

2 a 6672 2 7 24 
29 3.3 33893 
34 4.ooa5e.o 

5 0 .  C10560 
10 0 e 060560 
15 o.:O5s60 
20 0 166940 
25 0.225340 

5 0.133893 
10 e. 800860 
IS 1.4457927 

25 
30 3.46722T 

20 2.800560 2.133s93 

THIS PROBLEM CONTAINS 952 NODES. 

THE I N I T I A L  T t R E  INCREMENT = 5.0000000 0 0  
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F I N E  GRID 
DISY ANCE 

1 0.0 
2 0.00 
3 0.00 
4 0.00 
5 0. 13 
6 0. 27 
7 0.40 
8 0.53 
9 0.67 

10 0. 30 
I 1  0.93 
12 1.07 
1 3  1.20 
14 1.33 
15 1.47 
16 1.60 
17 1.73 
18 1.87 
19 2.00 
20 2. 13 
21 2.27 
22 2.40 
23 2.53 
24 2.67 
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26 2.93 
27 3.07 
28 3.20 
29 3.33 
30 3.47 
31 3.60 
32 3.73 
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571 58 59 
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1131 114 115 
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67 .-6Js-- 
123 
151 
179 
207 
2 35 
263 
291 
319 
347 
375 
403 
431 
4 5 9  
4 87 
5 1 5  
543 
571 
596 

693 

767 

ass 
879 

62 7 
655 

? I t  
739 

799 
823 

907 
,-9as- 

1 2  
0 .08 

+e - -- 
40 
68 

124 
I52 
1 80 
208 
236 
264 
292 
320 
340 
376 
4 04 
432 
460 
438 
516 
544 
5 72 
600 

--- 
_- %--- 

_.. 
628 
6 56 
684 
712 
7 40 
768 

8 24 
8 52 
880 

--93e- 

796 

90a 

13 
0.09 --+*-- 
41 
69 - -- 9P-- 
125 
153 
le! 
209 
237 
265 
293 
321 
349 
377 
405 
433 
461 
489 
517 
545 
5 73 
a0 i 
629 

.- 



GROSS GRID 3 4 , 5  
I I I 

FINE GRID 14 1 5  16 17 I 8  19 20 21 22 23 24 25 26 
DISTANCE 0 . 1 0  0.11 0.12 0.13 0 . 1 4  0.15 0.17 0.18 0.19 0.20 0.22 0.23 0.23 1 1  0.0 -- +*-------+5-------+6 --++ ------- ++ ------ +* --_-___ ea ___-___ e+ -_----- @e -_-___ _ _ _ _ _ _  ______ 9s ______e*--- 

2 0.00 42 43 44  45 46 47 48 49 50 51 5 2  5 3  54 
3 0.00 70 71 72 73 74 75 76 77 78 79 BO 8 1  82 

2 4  0.00 ---9%f------99f-----~gg-----+e+-----+ge------+%~------+g4------++5------+es------+g*------tee------- +b9+ 110 
5 0.13 I261 1271 128 I29 130 131  I32 133 134 135 136 137 I 138 

6 0.53 2101 211 I 212 21 3 214 215 216 217 2 I 8  21 9 220 221 t 2 22 
9 0.57 2381 239 I 240 24 1 242 243 244 245 2 46 247 248 249 I 2 50 

11 0.93 2941 295 I 296 297 2 98 299 300 30 1 302 303 3 04 3051 306 
12 1.07 3221 3231 324 325 326 32 7 3 28 329 3 30 331 332 3331 3 34 

6 0.27 1541 1551 I56 157 158 I59 160 161 162 163 164 1651 166 
3 7  0.40 1821. 1831 184 163s 186 187 188 189 I90 191 I92  1931 194 

4 10 0.80 2661 267X 268 269 270 27 I 272 27 3 2 74 275 276 277 I 278 

5 13 1.20 3501 351 I 35 2 353 354 355 356 35 7 358 359 360 361 1 362 
14 1.33 3781 3791 38 0 38 I 382 3s 3 3 84 385 388 387 388 389 I 390 
15 1-41 4061 4071 408 409 4 1  0 411 4 12 413 4 14 4 1  5 4 1 6  4171 418 

6 16 1.60 4341 4351 436 437 430 439 440 44 1 442 443 444  4k51 446 

? 1 9  2.00 5181 5 1 9 1  52 0 52 1 522 523 524 52s 5 26 S27 528 5291 530 

21 2.27 5741 575 I 576 57 7 578 579 580 58 1 5 82 583 584 5851 586 
8 22 2.40 6021 (503 I 604 60 5 6216 607 608 609 610 61 1 61 2 61 3 1  614 

23 2-51 6301 631 I 63 2 633  634 635 636 637 638 639 640  6kI I 642 
24 2.67 6-1 659 I 66 0 66 I 662 66 3 664 665 666 667 666 669 I 610 

9 25 2.80 686t 6871 688 689 690 69 I 692 693 6 94 695 L 96 697 I 698 
724 7251 726 

75 1 753 I 754 
781 I 782 

'*' 752 
26 2.93 7141 7151 71 6 717 718 719 7 20 721 722 
27 3-07 7421 743 I 74 4 745 746 7 47 7 48 749 750 

10 28 3.20 7701 771 f ?72 773 t f 4  775 77b 7 77 7 78 77 9 7 80 
29 3.33 7981 7991 800 80 1 80 2 803 8 04 80 5 806 80 7 808 809 I a10 
30 3-47 8261 827 I 828 829 830 83 1 8 32 833 8 34 835 8 36 837 I 838 

32 3.7.3 8621 883 I 88 2 885 a66 087 
33 

17 1-73 4621 4631 464 46s  266 467 4 58 469 470 47 1 472 473 I 474 1s 1.87 4901 491 I 492 493 494 *9s 4 96 497 4 98 499 500 sot  1 SOP 
20 2.13 5461 547 1 54 8 54 0 550 55 I §52 553 5 54 555 5 56 557 1 558 

1 1  31 3.60 8541 8551 556 857 858 859 860 861 8 62 863 564 065 I 866 
888 889 890 89 1 092 893 I 894 -4 

922 a 913  914 915 9 1 6  PI 7 918 91 9 920 921 1 
94e------9*3------9~4------~~------9~----- 94*------9k e-- ---9+9+---*--- 

3-07 9101 9111 912 sa** ---- -949 ------ 94+ ------ 12 34 4.00 --9%M----- 



GROSS GRID 6 
I 

1 

2 

3 

4 

5 

6 

7 

9 

9 

10 

1 1  

a2 

F l N E  GR 
D I S  

1 
2 
3 
4 
5 
6 
7 
0 
9 

10 
!I 
12 
13 
14 
I 5  
16 
17 
18 
19 
20 
21 
22 
23 
24  

I D  
TANCE 

0 . 0  - 
0.00  
0.00 
0.00 
0.13 
0 . 2 7  
0.40 
0.53 
0.67 
0.80 
0.93 
1.07 
1.20 
1.33 
1.47 
1.60 
1.73 
1.87 
2.00 
2.13 
2.27 
2.40 
2.53 
2.67 

27 
0.23 --e*- - - -- 

55 
83 

1 1 1  
139 
167 
195 
223 
251 
2 79  
307 
335 
363 
391 
4 19 
447 
4 75 
503 
531 
559 
587 
615 
643 
671 

25  2. eo 
26  2.93 
2 7  3.07 
20 3.20 
2 9  3.33 
30 3.47 
31 3.60 
32 3.73 
33 3.87 
34 4.00 

699 
727 
755 

811 
8 39 
067 
095 
923 

7 a 3  

--95+---- 

25 
0.23 

-28 I 
56 I 
84 I 

1121 
1 4 0 I  
1681 
1961 
224 1 
252 I 
280 I 
3081 
3361 
364 I 
392 I 
420 I 
4481 
476 I 
504 I 
5321 
560 I 
5881 
6161 
644 I 
672 I 
700 I 
7281 
7561 
7841 
8121 
$401 
$601 
896 I 
924 I 

---9SQI( 



P 

co 
-e-v-- 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0'0 
0.0 
o*n 
640 0.0 
0'0 
0.0 
0.0 
0.0 

- 9.9- --- 0' 0 
0' 0 
0' 0 
0' 0 
0' 0 
0- 0 
0- 0 
0' 0 
68 n 
6- 6 0.0 
0.0 
0- 0 
0.0 
0.0 

-*a*-- 
0.0 
0'0 
0'0 
0'0 
0'0 
0'0 
0.0 
0.0 
o*n 
0.0 
0'0 
0'0 
0.0 
0'0 
0.0 

---_ 6W-- 
0.0 
0.0 
0.0 
0'0 
0'0 
0.0 
0'0 
0'0 
0.0 
0-0 
0'0 
0'0 
0'0 
0'0 
0'0 

0.0 a- o 0.0 0.0 
0.0 a- o 0-0 0.0 
0.0 0.0 0'0 0'0 
0'0 0' 0 o*a 0'0 
o* a Q* a 0.0 o-n 
0-0 0.0. 
0'0 
0-0 
0'0 
0.0 

c.0 
0.0 
0.0 
0' 0 
0.0 

0.0 
0.0 
0.0 
0'0 
0'0 
0.0 

0.0 0 *O 
0'0 
0.0 
0'0 
0.0 

.,a+-- 
0-0 
0 *o 
0.0 
0.0 
0.0 
0'0 
0'0 
0.0 
0.0 
0'0 
0'0 
0.0 
0.0 
0.0 
0'0 
0'0 
0'0 
0.0 
0'0 
0'0 
0.0 
0.0 

0.0 
0.0 
0'0 
0'0 
0.0 
a 90 

0.0 

0.0 0' 0 
0.0 0'0 
0'0 0- 0 
0'0 

0'0 0.0 
0'0 0.0 

0.0 

0'0 
0.0 
0.0 
0.0 
0.0 
0-0 
0'0 
n.0 
0-0 0'0 
0'0 
0.0 
0'0 
0'0 
0'0 
0'0 
0.0 
0'0 
0 -0 
0.0 
0.0 
0 '0 
0'0 
0.0 
0'0 
0.0 
0.0 
0.0 

0'0 
0.0 
0.0 
0.0 
0.0 
0.0 
0'0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0'0 
0.0 
0.0 
0'0 
0'0 
0.0 
0.0 
0.0 
0.0 

01 0 0- c 010 0.0 
010 0.0 
01 0 0' 0 
or0 0'0 
01 0 0'0 
or o 0.0 
010 0.0 
010 0' 0 
01 0 0.0 
010 0.0 
01 0 0.0 
or0 0.0 
010 0' 0 
010 0.0 
01 0 0.0 
01 0 0'0 
01 0 0'0 
or o 0'0 
090 oaa ___ 0x0 0.0 or o 0'0 
or0 0.0 
01 0 0- 0 
010 0.0 
01 0 0'0 
01 0 0' 0 
010 0.0 

Q'O 

-ese---- 
0.0 
0.0 
0.0 
0 -0 
0 '0 
0.0 
0-0 
0.0 
0.0 
0.0 
0.0 
0'0 
0'0 
0.0 
0'0 
0'0 
0.0 
0.0 
0.0 
0.0 
0'0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 *O 
0.0 
0.0 

-*I0 
0 10 
OYO 
010 
010 
010 
010 

010 
010 
010 
010 
010 
010 
01 0 
010 

oto 
010 
or0 
010 
OIO 
OYO 
010 
010 
010 
010 

010 
01 0 
O!O 

.--%I 0 
0'0 

I 
1 
I 

or0 

or0 

or0 

or0 
or0 

02.1 
10.1 
f6.O 
08.0 
L9.0 
fS.0 
OC'O 
LE'O 
El '0 
00-0 
00.0 
00 -0 
0.0 

33HVIS10 
0189 3NIj 

osm ssotm 

21 

11 

01 

6 

8 

1 

9 

5 

E 

z 

I 



82 

lrpl I 
~@000000000800000000000000000oO000e 

Q . p . . . . . . . . . . . . . . . . . . . * . . . . . . . . . . . . p  
N0000000000090008000000000000000000e 

I I 
I 
I 
I 

m l  ~ u ~ ~ ~ ? ~ s ~ ~ ~ ~ s e ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
N O O O O Q O O O O O O O O O O O O O O W O O O Q O O O O O O O O O O ~  

I 1  
I 1  I 
l l  
I I  
l l  

( u l  I 
N @ W u O O O O O O O O O Q O O O O O O O O O O O O O O O O o o O O O O O  

i 
q . , . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e  
N0~00@00006000000000000000000o00000e 

I I  
I 1  I 
I I  
I !  I 

I o i  i I 
N Q O 0 ~ 0 o 0 0 o 0 0 0 0 0 0 0 0 0 o o o o o o O o o o o o o o o ~  .................................. C 

~ O I O ~ Q 0 0 0 0 0 C C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~  

I I 1  
I 1  
I 1  
! I  

I 1  I 

~ & 0 0 ~ C O O O O O Q 0 C J 0 0 0 0 0 0 O O ~ O O O Q O V O O O O O ~  ..................................... 
N 0 ~ 0 0 Q O 0 0 ~ 0 0 0 0 C J 0 0 0 0 O O O O O O O O O O O O O O O ~ ~  

, I  I 
I 
I 
I 
I 

. .  
I I  
I I  

I .  

I I  
I 1  
I I  



GROSS G R t D  6 
I 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12  

1 
2 
3 
4 
5 
6 
7 
8 
Q 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2t 
42 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

FINE G R I O  27 28 
DISTANCE 0.23 0.23 

0.0 -----&e----- ea0 
0.00 0.0 010 
0.00  0.0 010 
0.00 
0.13 
0.27 
0.40 
0.53 
0.67 
0.80 
0.93 
1.07 
I. 20 
1.33 
1.47 
1-60 
1.73 
1.87 
2.00 
2.13 
2.27 
2.40 
2.53 
2.67 
2.80 
2.93 
3.07 
3.20 
3.33 
3.47 
3.60 
3.13 
3.87 
4.00 - 

0.0 oxo 
0.0 oxo 
0.0 010 
0.0 OIO 

0.0 0x0 
0.0 o t o  
0.0 010 
0.0 O S 0  

0.0 o a o  

0.0 oao 

0.0 o a o  
0.0 oao 
0.0 oao 
0.0 oao 
0.0 oao 
0.0 010 

0 .0  010 
0 .0  oxo 
0.0 010 
0.0 OK0 
0.0 010 

0.0 o r 0  

0.0 oxo 
0.0 o z o  
0.0  01 0 
0.0 010 
0.0 01 0 

410 -- -aI* ----- 

0.0 o a o  
0.0 o a o  
0.0 o a o  

TEMPERATURES ON NUMBERED B O J N D A R I E S  

BOUNDARY 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I 1  
1 2  
1 3  
14  
IS 
14 
1 7  
t 8  
19 
20 
? I  

NUMBER 

324.230000 
328.660000 
333.100000 
337.5300 0 0 
341.960000 
344.8 700 0 0 
347.240000 
349 3 100 00 
35 1.370500 
353.430000 
355 SO 00 00 
357.560000 
359 63 00 0 0 
361.690000 
36 3.7 50 0 00 
W , S . R > O C ) C ) ~ ~  



2 L  
2 3  

E L A P S E D  C P U  

rnE Y A X L M U H  TFYPFRATURE ! s  - 
M A X .  TEMP. A P P E A R S  A T  NODES - 

'rnE Y I M ~ Y U M  TEMPERATURE 1 s  - 
&IN. TEkla. APPEARS A T  N O D E S  - 

0.9 
345.890')OC 

T I M E  I S  19.56 

C .a 
I 
6 

1 1  
1 6  
2 1  
?fJ 
3 1  
3 6  
4 1  
4 6  

0 .o 
I 
6 

1 1  
I b  
2 1  
2 6  
3 1  
3d 
4 1  
46 

S E C J H D S  

2 
7 

1 2  
1 7  
2 2  

32  
37 
4 2  
$ I  

2 
7 

1 2  
1 7  
22 
27 
32 
37 
4 2  
4 7  

3 
8 

13 
18 
23 
28 
33 
38 
4 3  
4 0  

3 
8 
13 
18 
23 
28 
33 
38 
43 
48 

4 5 
Y 10 
14 15 
119 20 
24  25 
2 9  30 
34 35 
39 40 
44  45 
4 9  50 

4 5 
9 10 

1 4  is 
10  20  
24  25  
29 30 
34 35 
39 40  
44  45 
4 9  50 



GROSS G R I D  

1 

2 

3 

. 4  

5 

6 

7 

8 

9 

10 

1 1  

I2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
I5 
16 
17 
I 8  
I 9  
20 
21 
22 
23 
24 
25 
26 
2 7  
28 
29 
30 
31 
32 
33 
34 

F I N E  G R I D  
DISTANCE 

0.0 
0 .00  
0.00 
0.00 
0 . 1 3  
0 . 2 7  
0.40 
0 .53  
0.67 
0. 80 
0 . 9 3  
1 .07  
1.20 
1.33 
1.47 
1.60 
1 .73  
1.67 
2.00 
2 . 1 3  
2 . 2 7  

‘2.40 
2.53  
2.67 
2. 80 
2.93  
3.07 
3.20 
3.33 
3 - 4 7  
3.60 
3. 73 
3.87 
4 .00  

STEADY S T A T t  T E M P E R k l U R E  D I S T R I R U T I O Y  A F T f H  164  ITERATIONS. T I U E  = 0.0 
1 2 
I 1 
I 2 3 4 3 6 7 .  8 9 10 I 1  12  1 3  

n. on n .no n - n t  

389.46 
389.45 
387.26 
385 .06  
385.02 
382 82 
380.62 
380 .58  
378.39 
376.19 
376.15 
373 .96  
371.76 
37a.72 

399 .35  
399 .34  
397 .15  
394.95 
394 - 9 1  
392 - 7 2  
390  -52 
390.47 
388.28 
386.09  
386.04 
383.8’3 
38 I -66  
38f  a6 I 
379.42 
377 .23  
377 .18  
374  e 9 9  

. -  
4 9 4 1 7 2  

4 0 0 1 3 3  
4 0 0 x 2 8  
398109 

402153 

395190 
195185 
393166 
391147 
3 9 i ~ 2  
389123 
387104 
786199 

382160 
3 8 2  155 

3e41eo  

5 6 3 i i G  3 7 3 i 7 5  
363.91 3 7 3 1 7 2  

-3ssr9+---31 a+$+-- 

587.52  
5 8 7 . 4 6  
SRS.62 
5 8 3 . 7 7  
583 .59  
581 .72  
579.86  
579 .68  
5 7 7 . 8 3  
5 7 5 . 9 7  
5 7 5 . 7 9  
5 7 3 . 9 4  
5 7 2 . 0 8  
5 7 1 . 9 1  
5 7 0 . 0 5  
568 .20  
5 6 6 . 0 3  
5 6 6 . 1 7  
5 6 4 . 3 2  
5 6 4 . 1 4  
5 6 2 . 2 9  

7 2 9 . 7 4  
7 2 9 . 6 7  
i 2 8 , 0 3  
7 2 6 . 3 7  
7 2 6 . 1 0  
7 2 4 . 4 3  
7 2 2 . 7 6  
7 2 2 . 5 3  
7 2 0 . 8 3  
7 1 9 . 1 7  
718 .91  
7 1 7 . 2 5  
7 1 5 . 5 9  
7 i 5 . 3 2  
713 .66  
712.01 
711 .74  
710 .09  
7 0 6 . 4 3  
7 0 8 . 1 7  
706 .5  1 

3-raa67 367.39 396.02 4 0 4 1 5 6  5 6 0 . 5 2  6 8 4 . 1 7  7 a 4 . 0 3  8 6 4 . 8 1  929 .48  980.01 1 0 1 7 . ~ ~  1 0 4 3 . 9 7  1 0 ~ 9 . 2 1  
3 8 3 i 0 3  392.79 4 0 2 . 4 7  412x07 5 8 6 . 2 5  7 2 5 . 1 4  8 3 8 . 2 5  930 .59  1005.19 1064.00  1108.3E 1139.25  1157.38  
381157 391.51 401 .36  4 1 1 1 1 4  5 8 8 . 6 6  730 .27  8 4 5 . 7 0  940.08 1016.42 1076.69  1 1 2 2 . 2 1  1153.95  1 1 7 2 . 5 9  
379149 4 0 9 t 1 6  
379L48 409114 
377C28 406196 
375108 40.177 
375105 
372185 
370165 
370161 

366121 
366118 
363C98 
361178 
361175 - 

357E35 367.33  
357132 367.29 
355112 36S.09  
352191 362.89  372 .79  

350168 360.66 3 7 0 . 5 5  380C36 
348148 358.46  368 .36  378117 
348145 356.43 368.31 378112 
346125 356.23  7 6 6 . 1 2  375193 

344104 354.02 

3 ~ x 1 1 4  I 

359a95 3 6 9 i s 3  

352188 3 6 2 . ~  372 .74  

344106 3 ~ 4 . 0 4  

3 4 4 m 4 - - - ~ 5 4 ~ e e - -  

5 6 0 . 4 4  7 0 4 . 8 6  
’360.27 704 .60  
55R.43 703.96 _ _  
556;56  7 0 1 . 3 3  
556 .51  701 .20  
-6561s e--- +etr+e-- 

... . 
032 a34 
832.60 

8 2 8 . 9 5  
8 2 8 . 6 2  
8 2 7 . 0 9  
8 2 5 . 5 6  
8 2 5 . 2 3  
823 70 

8 3 o . a e  

8 4 5 . 6 7  940.46 

8 4 4 . 0 9  P3R.PB 
8 4 2 . 5 6  937.53 
0 4 2 . 2 2  9 3 7 .  I4 
840.68 935.69 
8 3 9 . 1 4  934.24 
8 3 8 . 8  1 933.85  

8 3 5  7 3  930.95 
835.40  930.57 
833.87 929.12  

927.68 
9 2 7 . 2 9  
925 .85  
924.41 
92e.03 
922.59 
921 .15  
920.76 

8 4 5 . 5 9  940 .38 

8 3 7 . 2 7  932.40 

8 2 2 . 1 8  
8 2 1 . 8 5  
6 2 0 . 3 4  
618.85 
8 1 6 . 6 8  

. - 0 + % ~ 6 6  

l O l 7 . 1 5  
1017.08  
1015.74 
1014.36 
1013.93 
1012.44 
1011.15  
10 10.72 
1009.33  
1007.95 
1007.52  
1006.14 
L 004. ?6 
iOQ4.3S 
1002.95  
1001.57 
1001.15  
999 .77  
996.39 

1077.70  
1077.63  1078.35  

1075.02 
1074.55  
1073.21 
1071.86 
1071.40 
1070.06 

1068.26  
1066.92  
L 065.58 

L 008.72 

. . . . . . - 
f O 6 5 .  12 
1 0 6 3 . 7 9  
1062.46  
1062.00 
1060+66 
1059.33  

997 .97  1056.87  

I 1 2 2 .  I S  
1 1 2 0 . 8 4  
1120.35  
I 1  19 .04  
I 1  1 7 . 7 3  
11 1 7 . 2 3  
1 1 1 5 . 9 1  
1114.62  
l l I * . l 3  ... ..- 
11 1 2 . 8 3  
1111.52  
11 I I .03 
11 09.7  3 

1 1 0 7 . 9 5  
1 1 0 6 . 6 5  
I 1 0 5 . 3 5  

i i o e . 4 3  

i i s G . 3 4  
1 1 5 5  e29 
1154.07  
1152.79  
1 1  52.28 
1150.99  
I 149 -69 
1149.19  
1147.90 
1146.61 
1146.1  1 
1144.82  
1 143 -54 ._ -.- 
I 1 4 3  -0 3 
1 1 4 1  - 7 5  
i 1 4 0 . 4 8  
1139.97 
1 1 3 8 . 6 9  
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S e t t i n g  (aC/at) = 0 fo r  steady s t a t e  and app ly ing  F i cks '  Law t o  Eq. (34) 
g ives 

Th is  equation i s  analogous i n  form t o  the steady s t a t e  energy equation. 
Therefore,Eq. (35) may be so lved by adaptat ion o f  the  HEATING5 program. 
I n  such an adaption, concentrat ion ( C ) ,  d i f f u s i v i t y  (D), and mass gene- 
r a t i o n  (R) are  subs t i t u ted  f o r  temperature (T) , thermal conduc t i v i t y  (k) , 
and heat generat ion ( S ) ,  respec t ive ly .  

t i n u i t y  i s  t he  dependence of d i f f u s i v i  ty  an temperature. HEATING5 al lows 
thermal conduc t i v i t y  t o  be a func t i on  o f  temperature, b u t  s u b s t i t u t i o n  o f  
the  mass equation r e s u l t s  i n  d i f f u s i v i t y  on l y  be ing al lowed t o  be a func- 
t i o n  of concentrat ion which i s  no t  the case. Th is  problem i s  overcome by 
approximating the  l i t h i u m  and the  niobium as a number o f  reg ions w i t h  a 
d i f f e r e n t  ma te r ia l  i n  each region. Each ma te r ia l  i s  g iven a constant 
d i f f u s i v i t y  which i s  ca l cu la ted  from the  average temperature i n  t h a t  
reg ion according t o  t h e  equations : 

One d i f f i c u l t y  i n  the  use o f  HEATING5 t o  so lve  the  equation o f  con- 

-5000/T) = 1.8 x l o w 6  (e  DN b (37 )  

where DL and DNb are the t r i t i u m  d i f f u s i v i t y  i n  the  l i t h i u m  and niobium, 
respec t ive ly .  
the  concentrat ion p r o f i l e  can be ca lcu lated.  

i n  HEATING5, the  gross l a t t i c e  l i n e s  were the  boundaries between the  d i f -  
f e r e n t  mater ia ls .  There were 15 mate r ia l  regions, 5 i n  the  y - d i r e c t i o n  
and 3 i n  the  x -d i rec t ion ,  i n  the  l i t h i u m  before the  niobium tube, and 
25 i n  the  l i t h i u m  a f t e r  t he  tube ( 5  i n  the  y - d i r e c t i o n  and 5 i n  the  x ) .  
Each w a l l  o f  the  niobium tube was d iv ided  i n t o  f i v e  reg ions i n  the y- 
d i rec t i on ,  and the  hol low space i s  d i v i d e d  i n t o  f i v e  gap regions i n  the  
y - d i r e c t i o n .  Each ma te r ia l  reg ion  was fu r the r  d i v i d e d  i n t o  f o u r  sub- 
d i v i s i o n s  by f i n e  l a t t i c e  l i n e s .  The i n t e r s e c t i o n  of two l a t t i c e  l i n e s  
c o n s t i t u t e s  a node. 
a t  each node. D e t a i l s  on data i n p u t  format a re  on f i l e  a t  the  P rac t i ce  
School. 

Therefore, the  temperature p ro f1  1 e must be obta ined be fore  

For the  tritium concentrat ion problem as i t  was i n t e r p r e t e d  f o r  use 

The HEATING5 program p r i n t s  o u t  concentrat ion values 
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The program outpu t  inc ludes a p r i n t o u t  o f  i n p u t  data, a node map i n  
which the  inc reas ing  x - d i r e c t i o n  i s  g iven from l e f t  t o  r i g h t  and the  i n -  
creas ing y - d i r e c t i o n  i s  from top  t o  bottom, a t a b l e  f o r  s p e c i a l l y  monitored 
nodes and the  corresponding concentrat ions,  and the  concent ra t ion  p r o f i l e  
map, a sample o f  which i s  shown i n  Table 13. The concent ra t ion  p r o f i l e  
i s  p r i n t e d  under the  t i t l e  steady s t a t e  temperature d i s t r i b u t i o n  ( s ince  
the  program i s  meant f o r  temperature and n o t  concent ra t ion) .  The outer-  
most row and column correspond t G  gross l a t t i c e  l i n e s ,  t he  mtiddle row 
and column t o  f i n e  l a t t i c e  l i n e s ,  and the  innerniost t o  ac tua l  d is tances.  
Once again the  i nc reas ing  x - d i r e c t i o n  i s  f rom l e f t  t o  r i g h t  and the  i n -  
creas ing y - d i r e c t i o n  i s  from top  t o  bottom. 
i n  moles/m3. 

The concentrat ions a re  g iven 

9.3.4 Determinat ion o f  the  Trans ien t  Temperature P r o f i l e  

As descr ibed i n  Sect. 3.6, t he  t r a n s i e n t  temperature p r o f i l e  i n  the  
f i r s t  b lanke t  zone du r ing  a l -m in  plasma shutdown must be ca l cu la ted  t o  
determine the  thermal s t ress  on the  coo lan t  tubes. HEATIN65, however, i s  
not w r i t t e n  t o  so l ve  t r a n s i e n t  problems i n v o l v i n g  a coo lan t  f low.  Even 
though the  t r a n s i e n t  problem cannot be solved, two l i m i t i n g  cases which 
bracket  the  ac tua l  t r a n s i e n t  response can be solved. 

When the  plasma i s  shut  down, a l l  heat  generat ion ceases. If t he  
coo lan t  mass f l ow  r a t e  remains constant,  t he  bu lk  coo lan t  temperature 
w i l l  immediately drop due t o  the l a c k  of  i n c i d e n t  heat  f rom t h e  plasma. 
The new coo lan t  temperature change across the  U-tube can be determined by 
assuming t h a t  t h e  heat f l u x  from the  l i t h i u m  s lab  remains f o r  a s h o r t  
t ime a t  the  steady s t a t e  value. 
temperature change w i l l  then be g iven from an o v e r a l l  energy balance by: 

The minimum value f o r  t he  i n i t i a l  coo lan t  

The new temperature 
manner descr ibed i n  

Since the  tube 
tu re ,  there  w i l l  be 

TCSS(PNT~ -+ + PLil + “ L i z )  
t o t a l  module power 

p r o f i l e  i n  the  coo lan t  can be approximated by the  
Appendix 9.1. 

w a l l  i s  now i n  contac t  w i t h  a lower  coo lan t  temperm- 
an immediate increase i n  the  heat  f l u x  o u t  o f  the  tube 

w a l l .  The f l u x  reached i s  t h e  maximum poss ib le  heat f l u x  t h a t  can occur  
dur ing  the  t r a n s i e n t  per iod,  s ince  t h e  w a l l  temperature w i l l  drop due t o  
c o o l i n g  o f  the  l i t h i u m  s lab,  and the  bu lk  coo lan t  temperature w i l l  r i s e ,  
i n i t i a l l y ,  due t o  the  increased heat  f l u x  c r e a t i n g  a p rog ress i ve l y  s m l l e r  
temperature d i f f e rence  between the  tube w a l l  and the  coo lan t  du r ing  the 
p l  asma shutdown. A1 though the cool  an t  temperature w i  11 eventual  l y  begin 
t o  drop, t he  temperature d i f f e r e n c e  between the  coo lan t  and t h e  w a l l  w i l l  
never be as grea t  as the i n i t i a l  value. The value o f  t he  maximum heat  
f l u x  can be ca l cu la ted  a t  each p o i n t  a long the  sur face  by a p p l i c a t i o n  o f  
t he  f o l l o w i n g  equat ion:  
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By integrating th i s  maximum heat flux over the surface of the tube, 
the maximum coolant temperature d u r i n g  the transient period can be deter- 
mined. 
tube : 

The following equation applies over each section of the coolant 

where : 

average Of  qmax(N) in region i 

Once the maximum coolant temperatures d u r i n g  the transient period have been 
determined, the maximum wall temperatures during the transient period can 
be determined by using HEATING5. The transient temperature prof i le  can be 
determined by f i r s t  performing a steady s t a t e  simulation w i t h  the original 
coolant temperatures and heat generation rates ,  then set t ing the heat gene- 
ration rates to  zero and the coolant temperatures t o  their  maximum transient 
value and  performing a transient simulation. 

The m i n i m u m  wall  temperatures during the transient period can be de- 
termined by assuming t h a t  the coolant temperature throughout the en t i re  
U-tube drops immediately t o  the in l e t  temperature a t  the outset of the 
transient period. Since no matter how low the heat flux from the lithium 
becomes, the coolant temperature can never drop below the i n l e t  value, the 
wall temperatures will never become lower than the values obtained by 
performing a transient simulation with coolant temperatures equal t o  the 
in l e t  temperature. 

The maximum s t ress  will occur when the difference between the temp- 
eratures of  the wall face adjacent t o  the l i t h i u m  and the wall face adjacent 
t o  the plasma i s  a maximum. Similarly, the minimum s t ress  will occur when 
the difference between these temperatures i e  a minimum. Since order of 
magnitude calculations showed t h a t  the temperature of the wall face adjacent 
t o  the plasma drops to the b u l k  temperature of the coolant in under one 
second, the temperature of this wall face can be taken t o  be equal to  the 
b u l k  coolant temperature t h r o u g h o u t  the transient period. Therefore, the 
maximurn s t ress  could be determined by u s i n g  the maximum wall temperatures 
(which are  the steady s t a t e  values) and  the minimum coolant temperature 
(which i s  the in l e t  temperature). Analogously, the minimum s t ress  could 
be obtained by using the m i n i m u m  wall temperatures (which occur a t  the end 
o f  the transient simulation where the coolant temperature equals the in l e t  
temperature) and  the maximum coolant temperatures ( w h i c h  are  calculated a t  
the end of the steady s t a t e  simulation). 
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The on ly  new inputs  t o  HEATING5 f o r  the  t r a n s i e n t  s imulat ions are the  
TT., t he  coo lan t  temperatures dur ing  the  t r a n s i e n t  per iod.  
t r a n s i e n t  s imu la t i on  (minimum coo l ing)  can be performed by i n p u t t i n g  the  
maximum T T . ' S  wh i l e  the  second t r a n s i e n t  s imu la t i on  (maximum coo l i ng )  can 
be p e r f o r t d d  by us ing the  i n l e t  coolant  temperature f o r  t he  TT.'s. 
maximum CPU t i m e  (xxx and ITMAX) may have t o  be increased t o  5t)O sec f o r  
t he  t r a n s i e n t  s imulat ions.  

The f i r s t  

The 

The output  generated by HEATING5 f o r  a t r a n s i e n t  s imu la t ion  begins 
w i t h  a steady s t a t e  s imu la t ion  a t  t ime equals zero (see data f i l e ) .  
lowing the  steady s t a t e  s imulat ion,  t r a n s i e n t  temperature maps are  p r i n t e d  
o u t  a t  5-sec i n t e r v a l s .  
times are  a l s o  output .  

Fol- 

Maximum and minimum temperatures and elapsed CPU 

9.4 Locat ion o f  O r i g i n a l  Data 

A l l  o r i g i n a l  data are i n  the  form o f  computer output. The data from 
the  case study run on the o v e r a l l  energy balance program a re  bound i n t o  a 
f i l e  c a l l e d  "Computer Output from Case Study on Overa l l  Energy Balance 
Program." 
o f  t he  temperature and t r i t i u m  concentrat ion p r o f i l e  and the  steady s t a t e  
s o l u t i o n  f o r  t he  maximum and minimum s t ress  ana lys is  i s  bound i n t o  a book 
called"HEATING5 Data Book." These are on f i l e  a t  the  MIT School o f  Chemi- 
ca l  Engineering Prac t ice ,  Bldg. 3001 , ORNL. 

The computer ouput from HEATING5 f o r  t h e  steady s t a t e  s imu la t ion  

A 

a 

C 

cP 
D 

D 

G 

h 

k 

M 

n 

N 

9.5 Nomenclature 

2 sur face area, m 

i nteg ra t  i on cons tan t 

3 concentrat ion o f  t r i t i u m ,  mole/m 

heat capaci ty  o f  coolant ,  J/kg-"K 

i n s i d e  diameter o f  coolant  tube, cm 

d i f f u s i v i t y  o f  t r i t i u m  through l i t h i u m  ( o r  niobium), m2/sec 

i n n e r  diameter of  niobium tube, m 

heat t r a n s f e r  c o e f f i c i e n t  ( f i l m )  f o r  coolant, W / m 2 - O K  

thermal conduct iv i t y ,  W/m-OK 

mass f l ow  r a t e  o f  coolant, kg/sec 

neutron 

neutron 1 oadi ng , MW/m 2 
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NT 
PT 

P 

PO 

Q 

molar flux o f  t r i  t i  um,  moles/m2-sec 

total  power generation within region per W / m 2  neutron loading, W/m3 

power generation (density) , (MW/m3)/(MW neutron loading/m*) 

surface ( x  = 0) power density, (MM/rn3)/(MW neutron loading/m2) 

energy depositian in coolant, W 

charged par t ic le  loading, MW/m2 

maximum possible heat flux during the transient period a t  a point N 
on the surface 

Qi nc 

qTma x 

R 

Sn 

T 

t 

'tl 

t 2  

TbTl 

Twss 

U 

V 

w 
X 

xo 
x1 

X2 

x3 

x4 

X4B 

rate o f  tritium generation, rnole/m3-sec 

rate  of heat generation due t o  neutronic col l is ions,  MW/m3 

temperature, O K  or  "C 

time, sec 

front distance between cooling tube wall and niobium wall, m 

back distance from niobium wall to coaling tube, m 

minimum possible bulk coolant temperature during transient period 

steady s t a t e  temperature on the inside of the tube wall which faces 
the lithium 

overall heat transfer coefficient between the coolant and lithium 
th rough  s ta inless  s teel  tube, W/m2-'K 

volume, rn 

w i d t h  of wall 

horizontal coordi nate 

plasma s i  de outer wall x-coordinate 

plasma side inner wall x-coordinate 

1 i thi urn s i  de inner wall x-coordinate 

1 i thiurn side outer wall x-coordinate 

front outer wall n i o b i u m  coordinate 

front inner wall niobium coordinate 

3 
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X4C back inner wall niobium coordinate 

x5 back outer  niobi um coordinate 

X6 back 1 i t h i  um si de outer wall x-coordinate 

x7 back l i t h i u m  side inner wall x-coordinate 

X8 back side inner wall x-coordinate 

x9 back side outer  wall x-coordinate 

Y ver t ica l  coordinate 

cool ant  temperature change across the U- tube during steady s t a t e  

coolant temperature change across the U-tube immediately a f t e r  
plasma shutdown 

ATcSS 

 AT^^^ 

ATma x ma x i  m um temper a t  ure 

Subscripts 

a position a 

ab between a and b 

b b u l k  coolant, posit ion b 

C coo 1 an t  

i region i 

i n  

L 1 i t h i  um 

L i 1 , 2  l i t h i u m  i n  region 1 ( f ron t )  o r  i n  region 2 (back) 

m module 

i n t o  a region being considered 

max maximum 

m i  n m i n i m u m  

Nb n i  obi um 

o u t  

ss s t a in l e s s  steel 

SSl plasma side of t u b e  

o u t  o f  a region b e i n g  considered 
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SS2 l i t h i u m  s ide  of tube 

t tub ing  

w n i o b i  um w a l l  
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