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4 su rvey  was conducted of c r i r r e n t l y  avai  l a h l e  the rma l  
energy s t o r a g e  and flywheel. ene rgy  s t o r a g e  technology and 
devel  opment programs as they may app ly  t o  nuc lea r -based ,  b u r s t  
power systems.  The manner i n  which such s t o r a g e  systems may be 
used i n  c l o s e d  cyc le ,  r e g e n e r a b l e  b u r s t  s y s t e m s  i s  d e s c r i b e d  
f o r  a number of cases u t i l i z i n g  t h e  Roil ing Potassium Rankine 
and D i a l  Loop Lithium Caoled LMKs arid t h e  Direct Cycle Brayton 
HTGR. Jn g e n e r a l ,  energy s t o r a g e  d e v i c e s  f o r  such sys t ems  
e n a b l e  use of saaller power system components by a l lowing  
con t inuous  o p e r a t i o n  over  t h e  d u r a t i o n  of  b o t h  the b u r s t s  and 
t h e  r e g e n e r a t i o n  t i m e .  The degree  of s i z e  r e d u c t i o n  depends 
p r i n c i p a l l y  on t h e  r e q u i r e d  r e g e n e r a t i o n  t i m e .  

The r equ i r emen t s  f o r  both h e a t  supply ( f r o n t  end) and 
c y c l e  heat r e j e c t i o n  s t o r a g e  are examined. T t  i s  concluded 
Lhat t h e  technology f o r  f ron t - end  h e a t  s t o r a g e ,  which r e q u i r e s  
heat s t o r a g e  materials i n  t h e  1200 t o  1600 Y temperature range 
( and  p o s s i b l y  h i g h e r  f o r  HTGR Brayton Cycle Systems) does not  
c u r r e n t l y  e x i s t .  A NASA advanced materials program, whose 
c h a r t e r  extends up t o  1400 K, may u l t i m a t e l y  p r o v i d e  technology 
s u p p o r t  a t  t h e  l o w  end of the  r e q u i r e d  t empera tu re  range.  No 
c u r r e n t  program i s  designed t o  extend t h i  5 c a p a b i l i t y  above 
1400 K. Materials f o r  c y c l e  hea t  r e j e c t i o n  s t o r a g e ,  i n  t he  
a n t i c i p a t e d  t e m p e r a t u r e  range of about 700 t o  1200 K, may be 
a v a i l a b l e  from on-going development programs in s u p p o r t  o f  
s o l a r  dynamic power systems f o r  the Space S t a t i o n  i n  solar 
receiver c o n f i g u r a t i o n s .  Enhanced c a p a b i L i t y  f o r  c y c l e  h e a t  
r e j e c t i o n  i n v o l v e s  use of l i t h f r m  h y d r i d e ,  which ;zt t h i s  c l t a p  
must be  cons ide red  s p e c u l a t i v e  i n  v i e w  of i t s  tendency f o r  
di-ssociat ion and l a r g e  volume change on me1 t f n g .  Sornc s u p p o r t  
f o r  de t e rmin ing  the  f e a s i h i l f t y  of L i H  use is beEngr; provided i n  
a DOD program. 

Flywheel energy s t o r a g e  i n  r egene rah l  e ,  nuc l  ear-based 
b u r s t  power systems a l l o w s  continiloils  o p e r a t i o n  of all the 
major  power components which permits s i z e  reduct. ion of t h e  
r e a c t o r ,  t u r b i n e - g e n e r a t o r  and hea t  r e j e c t i o n  systems r e l a t i v e  
Lo nonst-orage cases .  P r o j e c t e d  s p e c i f i c  power reqriirempnts of 
2.5 kWe/kg and s t o r e d  energies of 050 k J / k g ,  have,  h o w e v e r ,  n o t  
been proven t o  d a t e  i n  NASA, DARPA o r  DOE programs. It i s  
f u r t h e r  ohserved t h a t  no f lywhee l  e n e r g y  s t o r a g e  development 
programs c u r r e n t l y  ex is t  excep t  f o r  t h a t  p r o j e c t e d  by Lhe K4W 
Si11 Program. 
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1. INTKODUCTION 

1.1 O b i e c t i v e s  and Scoiie 

The purpose of t h i s  r e p o r t  i s  t o  p r e s e n t  an ove~'vic3w of c u r r e n t  

thermal. and k i - n e t i c  energy s t o r a g e  technology programs and t o  assess 

t h e i r  r e l e v a n c y  t o  n u c l e a r  b u r s t  power systeins.  A companion hu t  sepa- 

r a t e  r e p o r t  by Argonne Na t iona l  Labora to ry  [ F e e ,  S. C. ( t o  be pub-  

l i s h e d ) ]  cove r s  t h e  E u e l  c e l l  energy s t o r a g e  opt ion.  Then  compared 

a g a i n s t  SDI program needs ,  t h i s  su rvey  would a i d  i n  t h e  d e f t n i t i o n  o f  

t h e  energy s t o r a g e  program requ i r emen t s  i n  a way which u t i l i z e s  

a v a i l a b l e  technology and avo ids  d u p l i c a t i o n  of efEor t .  

Toward t h i s  g o a l ,  a g e n e r a l  d i s c u s s i o n  of t he rma l  and f l y ~ h e ~ l  

s t o r a g e  c h a r a c t e r i s t i c s  i s  provided i n  Sect.  1. For thermal  s t o r a g e  

& h i s  g e n e r a l  d i s c u s s i o n  i n c l u d e s  an overview of p o t e n t i a l l y  a v a i  Lable  

s t o r a g e  materials,  ranges of s t o r e d  energy d e n s i t y  arid u t i L i z a t i o n  tern-- 

peratures,  and h r o a d l y ,  a n t i c i p a t e d  c o m p a t i b i l i t y  behavior  with con- 

t a i n e r  materials f o r  each type of thermal  s t o r a g e  m a t e r i a l .  A s i m i l a r  

overview of f l . ywhee1  energy s t o r a g e  i s  p r e s e n t e d  cove r ing  expected 

ranges of k i n e t i c  s t o r e d  energy.  

The mailners i n  which thermal. and f lywhee l  energy s t o r a g e  d e v t c e s  

may be a p p l i e d  t o  nuclear h u r s t  power s y s t e m s  are o u t l i n e d  i n  Sect .  2.  

Flowsheets  f o r  R o i l i n g  Potassium Rankine, Li thium Cooled Dual Loop LMR 

and HTGR Direct cycle Rrayton Nuclear s y s t e m  are  shown f o r  cases Fn-- 

v o l v i n g  no energy s t o r a g e ,  h e a t  supply ( f r o a t - e n d )  arid c y c l e  h e a t  rejec- 

t i o n  (back-end) thermal  s t o r a g e  and f lywheel  energy s t o r a g e .  The e f f e c t  

o f  t h e  energy s t o r a g e  o p t t o n  on t h e  du ty  cycles of major systems compo- 

n e n t s  i s  shutm on t h e  presumption t h a t  t h e  h u r s t  c a p a b i l i t y  i.s r egene r -  

a t e d  over  approximate1.y one orbi. t cycle.  O the r  assumed r e g e n e r a t i o n  

ti.mcs would l e a d  t o  q u a l i t a t i v e l y  s imi l a r  a l t e r a t i o n s  i n  du ty  c y c l e  re- 

s d t i n g  from t h e  a p p l i c a t i o n  of energy s t o r a g e .  This s e c t i o n  also 

d e s c r i b e s  t h e  t y p e  oE thermal s t o r a g e  u n i t s  r e q u i r e d  and e s t i m a t e d  

t e m p e r a t u r e  ranges f o r  z h i c h  they  must be appl. ied.  

S e c t i o n s  3 and 4 ,  r e s p e c t i v e l y ,  summarize t h e  thermal  ene rgy  and  

f l y w h e e l  s t o r a g e  programs of p o s s i b l e  r e l evancy  t o  S D I  r equ i r emen t s .  
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The programs themselves ,  fn this srarvey which covers p a s t  and awrrent 

NASA, DOT) and DOE deUel(>pli1rnt programs, are o u t 1  i ~ w d  in more & q t  aF1 

Appendices A ehrough F. A p r e l i m i n a r y  e v a l u a t i o n  i s  presented  rrrgarding 

the app l i cab i  ILty o f  the energy storc9ge t echno logy  devel oped hy thest2 

prograiw t o  SOT nuclear b u r s t  power systems 

T h i s  reporL presents a d e s c r i p t i o n  of c u r r e n t  development prog;rams 

i n  t he rma l  and k i n e t i c  energy s torage  technology and an evakuat ton of 

s t a t u s  and p o t e n t L a l  of each technology. A cornpartson 1s t h e n  pr*;sertred 

r e l a t i v e  t o  p r o j e c t e d  SDT b u r s t  systems requirements for  t h e  purpose nf  

1ijgt . i l ighting t!w p r i n c i p a l  areas of developrnenl r e q u i r e d  for nuci"Lear-- 

based b u r s t  power Sys  terns. 

It I s  impor t an t  t o  p o i n t  out t h a t  t h e  p o t e n t i a l  use  of energy stor-  

age d e v i c e s  i n  such systems i n t e r a c t s  s t r o n g l y  with the presumed s y s t m  

canecp t .  TLxis i s  t r u e  b o t h  q u a l i t a t i v e l y  and quant t ta t fve ly  ; .I .e '00th 

the  manner i n  which an ene rgy  storage device is used and &he opera t iona l  

c o n d i t i o n s  of the device depend an the n a t u r e  of the  system. Therefar,-., 

t h e  c o n c l u s i o n s  p re sen ted  here a l so  depend s t r o n g l y  an t h e  system t y p e  

asswned at: t h i s  t i m e .  

In t h i s  r e g a r d ,  the p r i n c i p a l  a s sumpt ion  adap ted  h e r e  i s  rkae a 

closed cycle n u c l e a r  system i s  employed to  p rov ide  prime power wh-ich t s  

~I-ien c o n d i t i o n e d  f o r  the w a p o n ' s  w e .  Closed cycle  systems by thePr 

na tu re  r e q u i r e  h e a t  r e j e c t i o n  which may be e i ther  a thermal reservofr or 

a large r ad ia to r .  L f  i s  f u r t h e r  ps-<~sumed that the  b u r s t  systems a ~ e  bo 

be r e g e n e r a t e d  o v e r  some time p e r i o d .  For s p e c i f i c 3 t y ,  we have assumed 

regeneration within one o r b i t  cyc le ,  but assrsntrd r e g e n e r a t i o n  over any 

ohrhcr t i m e  pe r iod  would a l te r  tee d i  acussfon o n l y  qual-i & a t i v e l y e  

F u r  a c u r r e n t  view of closed s y c l e ,  n u c l e a r  b u r s t  power systems we 

have used i n f o r m a t i o n  provided by 3 NASA LeRC/SandFa b r i e f i n g  h e l d  I n  

Washington [J. Smith, et  a l .  (Yarch I19861 1 and d e s c r i p t i o a s  implie 

t h e  Multimegawatt Program Plan ( A p r i l  1986) and a communicarion Prom 

W e  Ha McCulloch (May 1986) .  However, i t  is recognfzed that thcsc 



systems concep t s  are i n  a r a p i d l y  e v o l u t i o n a r y  phase, The c o n c l u s i o n s  

p re sen ted  h e r e  r e g a r d i n g  ene rgy  s t o r a g e  p r o g r m  needs would i indoubtedl y 

r e q ~ i r e  r e - e v a l u a t i o n  at a t i m e  when systems eoneep t s  are more f i r m l y  

set .  

According t o  c u r r e n t  t e rmino logy ,  the  s h o r t  b u r s t s  o f  e lec t r i c  

power f o r  weapons o p e r a t i o n  are provi.ded by a power c o n d f t i o n i n g  s y s t e m  

s ~ u p p l i r d  by p r i m e  power from a t u r b i n s / a l t e r n a t o r  d r i v e n  by a nucl~ear  

r e a c t o r  o r  f r o m  some i n t e r m e d i a t e  e n c r , ~ y  s t o r a g e  d e v i c e .  Thus, energy 

s t o r a g e  cons ide red  i n  thf.n repoi-t  reress e i t h e r  t o  s torage  of t h e  p r i m e  

power f o r  supp ly  t o  t h e  power c o n d i t i o n i n g  u n i t s  or  t o  t h e  s t o r a g e  of 

r e j e c t  h e a t  from t h e  p r o d u c t i o n  of p r i m e  power i n  the thermodynamic 

cyc le .  However, t h e  n a t u r e  of energy s t o r a g e  by €l.ywheels i s  such t h a t  

i t  rnay p rov ide  bo th  func.t ions.  Flywheels which s t o r e  p r i m e  power m y  i n  

p r i n c i p l e  a l s o  be designed t o  be downloaded i n  b u r s t s  i f  provided with a 

s u f f i c i e n t l y  l a r g e  c a p a c i t y  g e n e r a t o r .  Thras, i t  may be p o s s i b l e  or  ad- 

vantageous f o r  f 1ywheeJ.s t o  perform both energy s t o r a g e  and power condi- 

t i-oning. 

A number of means f o r  p r o v i d i n g  prime energy s t o r a g e  may be consid- 

e red .  The r e a c t o r  ou tpu t  h e a t  may br s t o r e d  as l a t e n t  o r  s e n s i b l e  h e a t  

by placement of a thermal  s to rage  d e v i c e  i n  the prLnary c o o l a n t  loop. 

This i s  d i r e c t l y  analogous t o  t h e  thermal  s t o r a g e  f u n c t i o n  added t o  

s o l a r  rctcejivers i n  s o l a r  dynamic power systems t o  p rov ide  shadow power. 

A l - t e r n a t i v e l y ,  the n u c l e a r  power system may g e n e r a t e  e l ec t r l c  power 

which could then  he s t o r e d  e i t h e r  as mechanical energy i n  f l y w h e e l s ,  

chemical  energy l n  b a t t e r i e s  i n  e l ec t romagnec ic  f i .eIds  o r  as e l e c t r o -  

s t a t i c  energy :d.thin d i e l e c t r i c  materi-als. 'his r e p o r t  d e a l s  w$th the  

f i r s t  two s t o r a g e  d e v i c e s ,  i .e., thermal  s t o r a g e  and mechanical ene rgy  

s t o r a g e  by mans of Sl-ywheels. However, comparisons wJi.th t h e  o t h e r  

p r i m e  s t o r a g e  methods are  b r i e f l y  toriched on i n  Sect.  1.3. 

I n c e n t i v e s  f o r  t he rma l  s t o r a g e  i n  t h e  prhuasy system a r e  t h e  reduc- 

t i o n  of t h e  r e q u i r e d  s i z e  of t h e  n u c l e a r  r e a c t o r  and t h e  al lowance of 

c o n t t n u o u s  r e a c t o r  operation; i .e. ,  t h e  r e a c t o r  and prima.ry s y s ~ e m  seala 
ilot need t o  be  designed f o r  r e p e a t e d  s t a r t s  and s t o p s  f o r  t h e  dueati-on 

i n  wh€ch b u r s t s  a r e  r e q u i r e d .  However, u s e  of thermal  s t o r a g e  i n  t h e  

primary c o o l i n g  s y s t e m  would s t l l l  r e q u i r e  b u r s t  mode o p e r a t i o n  of t h e  
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ene rgy  c o n v e r s i o n  system, T n  c o n t r a s t ,  f l y w h e e l  energy s t o r a g e  and the 

other t y p e s  of prime energy s t o r a g e  being c o n s i d e r e d ,  receive e lects i  c 

ene rgy  from the energy c o n v e r s i o n  system. Yence t h e i r  u s e  allows can- 

t inuous  o p e r a t i o n  of bo th  t h e  r e a c t o r  ana ene rgy  c o n v e r s i o n  systems f o r  

t h e  d u r a t i o n  i n  whic'n b u r s t  energy is s u p p l i e d .  These c o n s i d e r a t i o n s  

,XP r e f l e c t e d  i n  t h e  comparisons of t h e  d u t y  c y c l e s  of t h e  major s y s t e m  

components f o r  b u r s t  systems with and Without prime energy s t o r a g e .  

In  c o n t r a s t  t o  a number o f  a v a i l a b l e  methods f o r  s t o r i n g  prime 

power9 t h e  n a t u r e  of power p r o d u c t i o n  hy thermodynamic cycles is such 

t h a t  reject h e a t  a t  t h e  back end may be sco red  o n l y  by the rma l  s t o r a g e  

d e v i c e s .  The pr lmary advantage t o  be ga ined  by hack-end ~ y c l e  h e a t  

s t o r a g e  i s  a r e d u c t i o n  i n  the s i z e  of the u l t i m a t e  heat reject  system t o  

space .  That is, t h e  reject  h e a t  l o a d  t o  space may be d i s t r i b u t e d  over  

the d u r a t i o n  of r e g e n e r a t i o n  i n s t e a d  of j u s t  d u r i n g  b u r s t  o p e r a t i o n .  

T h i s  i s  accomplished by dumping t h e  re ject  h e a t  i n i t f a l l y  t o  a h e a t  

s t o r a g e  d e v i c e  which i t s e l f  i s  c:ooled by a secondary  system dJ acharg ing  

heat t o  space.  lloing so r educes  t h e  r e q u i r e d  r a d i a t o r  s i z e ,  aad may 

a l s o  s e r v e  t o  reduce t h e  t o t a l  h e a t  r e j e c t i o n  system weight .  Some addi-  

t i o n a l  b e n e f i t s  r e s u l t i n g  from back-end thermal  s torage  may alqo be con- 

s i d e r e d .  A n e t  i n c r e a s e  i n  system hardness and lowered o r b i t  d r a g  would 

r e s u l t  from use of a 5mall.e.r r a d i a t o r ;  a l s o  p rocedures  f o r  i n - o r b i t  

assembly may be eased  o r  comple t e ly  e l i m i n a t e d .  It may a l s o  be t r u e  

tha t  use of back-end the rma l  s t o r a g e  r e s u l t s  i n  o p t i m i z a t i o n  of t h e  

power sys t em t o  a h i g h e r  t he rma l  e f f i c i e n c y  by means of a redaic.Ei(,n tra 

the  h e a t  reject  temperature .  This w u l d  be accomplished by use of a 

somewhat l a r g e r  r a d i a t o r  s i z e  than i n d i c a t e d  by i t q  improvement i n  t4llty 

cycle  r e s u l t i n g  from t h e  use of t h e  s t o r a g e  dev ice .  

1.3 Energy S to rage  Options and Ranges 
I 

1.3.1 Thermal Energy S to rage  (TES) 

As d e s c r i b e d  more f u l l y  i n  ,%ct. 2 ,  t he rma l  energy s t o r a g e  I n  or- 

b i t i n g  n u c l e a r  energy systems may be used e i t h e r  as a h igh  temperat-lire 

energy r e s e r v o i r  f o r  p r o v i d i n g  b u r s t  power, or as a s i n k  f o r  r e j e c t  h e a t  

f r o m  t he  thermodynamic c y c l e .  A p p l i c a t i o n  of ene rgy  ~ ~ p p l y  o r  f r o n t  end 
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heat s t o r a g e  i n  b u r s t  mode o p e r a t i o n  pe rmi t s  u se  of s m a l l e r  n u c l e a r  

power p l a n t s ,  which i s  the  main b e n e f i t  t o  be t r a d e d  a g a i n s t  t h e  added 

weight of t he  s t o r a g e  system. S i m i l a r l y ,  a p p l i c a t i o n  of TKS f o r  cyc1.e 

heat re j  e c t i o n  p e r m i t s  u se  of smaller r a d i a t o r s ,  whlich i s  t h e  p r i  ncipaP 

t r a d e  b e n e f i t  a g a i n s t  the added weight oE t h e  low temperatlure TES 

d e v i c e ,  One should n o t e  t h a t  smaller r a d i a t o r s  c o n t r i b u t e  b e n e f i t s  i.n 

s eve . r a l  a r e a s :  (1 )  p o s s i b l e  lower weight of  t h e  Iient reject system, 

( 2 )  smaller system s i z e  f a c i l i t a t i n g  f a b r i c a t i o n  and a s sembly ,  

( 3 )  ha rden ing  of t h e  system t o  iinQacts, ( 4 )  r e d u c t i o n  of d r a g  t h e r e b y  

r educ ing  the rate of o r b i t  decay.  In  inddi t ion,  u se  of thermal  s t o r a g e  

i n  the h e a t  re jec t  s y s t e m  may l e a d  t o  lower optimum v a l u e s  of t h e  cyc1.e 

re ject  t e m p e r a t u r e ,  which would i n  t u r n  improve c y c l e  the rma l  e f f i c i e n c y  

and reduce t h e  s i z e  of the power supply.  

At  t h i s  s t a g e ,  p r i o r  t o  performance of t h e s e  t r ade -o f f  s t u d i e s ,  t h e  

t e m p e r a t u r e  r anges  of i n t e r e s t  fo r  f r o n t  end or  hea t  r e j e c t i - o n  TES can 

on ly  be approximated.  However, we may r e a s o n a b l y  assume t h a t  h e a t  re- 

jeeticm s t o r a g e  m u l d  o p t i m i z e  somewhere between 700 and 1200 K while 

f r o n t  end TES would r e q u i r e  t empera tu res  i n  t h e  1300 t o  1800 K range. 

I n  g e n e r a l ,  Brayton c y c l e  systems u s i n g  a r e c u p e r a t o r  would re ject  h e a t  

a t  t h e  lower end of t h e  c i t e d  t empera tu re  r ange ,  p o s s i b l y  even below 

TOO K. R a n k i n e  and Brayton c y c l e  s y s t e m  rJl.th no r e c u p e r a t i o n  would 

l i k e l y  o p t i m i z e  a t  a h i g h e r  h e a t  r e j e c t o r s  t e m p e r a t u r e ,  p o s s i b l y  i n  t h e  

1000 t o  1200 K range. 

1.3.1.1 High Temperature Phase Change Materials (PCPl's) --I e Peak 

P f f i c i e n c i e s  of power cycles and components employed i n  power c y c l e s  a r e  

g e n e r a l l y  a t ta i .ned f o r  a r e l a t i v e l y  narrow range of t empera tu re ,  -flow 

and f l u i d  p r o p e r t y  c o n d i t i o n s .  Hence use  of thermal  s t o r a g e  components 

i n  thermodynamic c y c l e s  f o r  e i t h e r  energy supp ly  ( f r o n t  end) or  f o r  h e a t  

r e j e c t i o n  most would c o n v e n i e n t l y  employ a phase change material .  ( PCM) 

a t  i t s  t r a n s i t i o n  temperature .  I d e a l l y ,  t h e  PCM s u p p l i e s  o r  Teegives 

tiiermal energy near  i t s  t r a n s t t i o n  t empera tu re  d i f f e r i n g  only by t h e  

temperature d r i v i n g  f o r c e  r e q u i r e d  t o  e f f e c t  t h e  h e a t  t ransfer .  The PCM 

would be s e l e c t e d  t o  y i e l d  t h e  h i g h e s t  p r a c t f c a l  h e a t  of t r a n s i t i o n  p e r  

u n i t  mass a t  t h e  t e m p e r a t u r e  r e q u i r e d  f u r  t h e  p a r t i c u l a r  theriiaodynamic 

cyc le .  
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G t  si 
--V----- -30 

e d i a m o n d  c u b i c  

The s t o r a g e  mechanism i n  t h i s  case i s  t h e  i n t e r n a l  energy  d i f f e r -  

ence due t o  t h e  change i n  a tomic  r o t a t i o n a l  and t r a n s l a t i o n a l  k i n e t i c  

ene rgy  caused by t h e  t r a n s i t i o n  between t h e  s o l i d  and t h e  l i q u i d  phase,  

S ince  t h e  phase change i s  n e a r l y  i s o t h e r m a l  and r e v e r s l b l e ,  t h e  l a t e n t  

h e a t  i s  r e l a t e d  t o  the e n t r o p y  changed by change by 

- 

where ASf and AHf are r e s p e c t i v e l y  t h e  e n t r o p y  and t h e  h e a t  of f u s i o n  a t  

t h e  phase t r a n s i t i o n  t empera tu re ,  Tf* 

Metal. and A l l o y  PCM's. Most metals g e n e r a l l y  have f a i r l y  low 

e n t r o p i e s  o f  f u s i o n ,  I n d i c a t i v e  of small changes i n  a tomic  v e l o c i t i e s  

a c r o s s  t h e  phase  t r a n s i t i o n .  F igu re  1.1 [Barol (1985) ] i l l u s t r a t e s  t h e  

well-known r u l e  t h a t  A S f  v a l u e s  f o r  most metals l i e  between 6 and 10 

(J/g-atom K). N e v e r t h e l e s s ,  metals are c o n s i d e r e d  as c a n d i d a t e  h e a t  

s t o r a g e  materials due t o  t h e i r  h i g h  the rma l  c o n d u c t i v i t y  and g e n e r a l l y  

Y 

? 

- 2 5  
4 

20 ,m 

Sb 
& 

J t "8; rhombohedral 
.) 

LIC 

6t 
,I "Go 

Fig .  1.1. Fus ion  e n t r o p y  change f o r  metals [ reproduced  from Rarol 
(1985) i.n Mohley and Rapp ( 1 9 8 6 ) ) .  
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lower  voli i ine change on m e l t i n g  i n  comparison t o  r iol ten s a l t  systems.  L u  

a d d i t i o n ,  a few metals,  which a c t u a l l y  l i e  near  t h e  bo rde r  of the metal/ 

non-metal boundary of t h e  p e r i o d i c  t a b l e ,  p o s s c s s  s i g n i f i c a n t l y  h i g h e r  

e n t r o p i e s  of f u s i o n ,  and hence would be p a r t i . c u l a r l y  d e s i r a b l e  phase 

change i n a t e r i a l s .  F t g u r e  1.1 shows tha t  & and Si possess valuer,  

of AS nea r  30 J/g-atom K ,  ahout  t h r e e  t L m e s  t h e  g e n e r a l  v a l u e  f o r  most- 

metals. ( J n  a d d i t i o n ,  boron, w i th  a pliase change e n t r o p y  of 22 J/g-atoiu 

K a t  a t empera tu re  of 2300 K should be kept  i n  mind as a p o t e n t i a l l y  

use fu l  component of m e t a l l i c  PCMs f o r  ex t r eme ly  hiEh t empera tu re  a p p l i -  

c a t i o n s . )  

f 

The l a t e n t  h e a t s  of e u t e c t i c  a l l o y s  may be e s t i m a t e d  from Eq. (1.1) 

by us ing  t h e  t r a n s i t i o n  e n t r o p i e s  of t he  pure a l l o y  components molar--  

averaged € o r  the e u t e c t i c  cornposi t ton,  AS,, and t h e  e u t e c t i c  t r a n s d t i o n  

t empera t i i r e ,  T,, i n s t e a d  of T f ,  t h e  f u s i o n  temperatiire of t h e  pure 

material, Thus, f o r  t h e  e u t e c t i c ,  

AHe = ASeTe . 
T f  s i g n i f i c a n t  s o l i d  s o l u t i o n s  form on freezing a t  t h e  e u t e c t i c  composi- 

t i o n ,  t h e  heat and e n t r o p i e s  O F  forming tlie s o l i d  s o l u t i o n s  must i n  

a d d i t i o n  he  t a k e n  i n t o  accoun t  by meihods d e s c r i b e d  by Baarob (1985)  and 

8 i r c h n e l J  atid Reichiiian (1980).  Thr s r  methods were employed i n  t h e  es t i -  

mation of t h e  l a t e n t  h e a t s  of t h e  e u t e c t i c  S i  a l l o y s  l i s t e d  i n  Tab le  1.1 

[Hoffman e t  al, ( 1 9 8 5 ) I .  However, the s i m p l e  r u l e  a p p l i e s  [ f rom 

E q .  ( 1 . 2 )  and Fig. 1.11 t h a t  a l l o y s  c o n t a i n i n g  a h igh  pe rcen tage  of Si 

y i e l d  h igh  l a t e n t s  h e a t s  due t o  bo th  t h e  h igh  e u t e c t i c  t empera tu re  and 

t h e  high t r a n s i t i o n  e n t r o p y  of S i .  

In  Table  1.1 [Hoffman e t  a l .  (1985)l  a series of Si-based e u t e c t i c  

a l l o y s  arc. l i s t e d  wlth congruen t  m e l t i n g  t e m p e r a t u r e s  r ang ing  from 

1683 K ( f o r  pure S i )  t o  -850 K f o r  t h e  Al-12 Si a l l o y .  L a t e n t  h e a t s  

rang? from 1921  kJ/kg  p r o j e c t e d  f o r  the V-95 S i  a l l o y s  t o  5 7 1  f o r  

A1-12 S i .  

As noted above, o t h e r  a e t a l  a l l o y  systeins may be cons ide red  based 

on ;he o the r  t w o  m e t a l s  p o s s e s s i n g  h igh  t r a n s i t i o n  e n t r o p i e s ,  C e  and B. 
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TahXe 1 1 Sll-Lt:on eutect ics  f o r  h e a t  storage 

[ H i p f E m a n  e t  a$. (I985>] 

PI ----- .--e- .- 
E u t e c t i c  m e 1  t Eutect1i.c Calculated heat 

AI I.oy temperature cornposit ion s t o r a g e  capac i ty  

( w t  x s i )  (k.f/kg) - < 0 
I____^_ 

S i  1683 LOO 1804 

V-Si 1673 95 1921 

ZT- S1” 1633 75 1685 

Ti - S i  1603 18 I5 70 

er- si 1593 75 15 15 

Fln-Si 145 P 5 1  1090 

R e -  Si 1363  frr 1812 

Flg-Si 1213 57 1212 

Ca- S i  1296 61 1111 

Ni-S i  1239 38 689 

cu- si 1075 I6 422 

hl - Si 85 0 12 5 7 1 
-_I ”___I_- -~ ___ 

A un-tversal  d i S E i c u l t y  in the use of mi?t.allic PCM’s is their  incorn- 

p a t l t a i l i t y  w i t h  container materials * Most moPeen niesals tend tcs be 

so lven t s  f o r  potenrLal container water-hals; hence ~ practl  ca9 rea l ixa t  Lon 

of the attract€ve features of  metallic PCMs rests wi th  t h e  development 

of stable means f o r  containrnenr. One wtlaod being e x p l ~ r e d  For the 

Si-ipk alloy is self-encapsulataon i n  Si [Mobley and Rapp (1986)  a id  

Mart in  ( 1  9 8 6 )  1 Several procedures for fabricating a stable S3 coating 

f a r  an 81-Si 1.”dW have been t e s t e d  with only  par t ia l  s~iccess a t  this 

t ime I 

Molten Sal t  PCMs. Molten salts arid e s p e c i a l l y  fluoride salts, have 

the fol lowing a t t r ac t tve  p r o p e r t t e s  f o r  use as PCMsi ( 1 )  they ge i r e ra lky  

have high hatent heats, ( 2 )  t hey  pt)ssess high chernltcal stabill c y  whhch 

renders them compa t ib l e  with many containment mater ia l s ,  (3) there are 

many pure and eutectic ( b i n a r y  and t e r t ia ry)  systems to choose frc9m o v e r  

a. wide t empera tu re  range .. 



The n e g a t i v e  a s p e c t s  of molten s a l t s  l i e  i n  t h e i r  l o w  thermal  d i f -  

f w i v i t y  and o f t e n  h i g h  d e g r e e s  of volume change on phase t r a n s i t i o n  

whj-ch p l a c e  2 burden on t h e  mechanical  d e s i g n  of t h e  c o n t a i n e r .  I n  

a d d i t i o n ,  h igh  c o r r o s i v e n e s s  of molten f l u o r i d e s  have on occas ion  been 

observed caused by i n a d e q u a t e  i m p u r i t y  c o n t r o l .  

,h a t t r a c t i v e  p rocedure  f o r  i n c r e a s i n g  t h e  e f f e c t i v e  therinal d l f -  

Eijsfl.rity of iriol.ten f l u o r i d e s  i s  through use of metal-salt s y s t e m s ,  

c a l l e d  " s l u s h  systems" ( s e e  s e e t i o i l  below). 

A l i s t  of c a n d i d a t e  molten sa l t s  wi th  l a t e n t  h e a t s  g r e a t e r  t h a n  

500 k.J/kg c o n s i s t i n g  of purt?, b i n a r y  e u t e c t i c  and t e rna ry  e u t e c t i c  sys- 

tems is  g iven  i n  Table 1.2. F i v e  groups of PCFlS are l i s t e d  i f i  o r d e r  of 

phase t r a n s i t i o n  t empera tu re  from 600--500 K up t o  140C--l600 K. Note, 

t h e r e  i s  o n l y  one c a r b o n a t e  w i t h  s u f f i c i e n t l y  h i g h  l a t e n t  h e a t  t o  

q u a l i f y  i n  t h i s  t empera tu re  range. LiOH i s  c u r r e n t l y  a l e n d i n g  con- 

t ende r  Eor use i n  t h e  s o l a r  c o l l e c t o r  component of the s o l a r  dynamic 

power system of NASA's Space S t a t i o n  Program, t h e  v e r s i o n  which ernploys 

t h e  Organic Rankine Cycle.  A t  t h i s  writ i .ng,  t w o  concep t s  are be ing  

e v a l u a t e d :  an Organic Rankine Cycle  (ORC) r e q u i r i n g  a h e a t  storage 

medium i n  the? 750 K r a n g e ,  and a Closed Brayton Cycle  ( C A C )  system 

r e q u i r i n g  h e a t  s t o r a g e  i n  t h e  v i c i n i t y  of 1100 K. ,4n e v a l u a t i o n  pro- 

cedure by d e s i g n e r s  and d e v e l o p e r s  of each c a n d i d a t e  power system 

wej-glied t h e  fo l lowing  PCM p r o p e r t i e s :  (1) magnitude of t h e  l a t e n l :  h e a t ,  

( 2 )  materi-a1 c o m p a t i b i l i t y ,  ( 3 )  thermal  d i f f u s i v i t y ,  and ( 4 )  magnitude 

of volume change on 1neId.ting. A s c r e e n i n g  and t e s t i n g  procedure has 

se t t led  on iise of L I O N  as t h e  PCM for t h e  OKC and t h e  LiF-22CaF 
2 

e u t e c t i c  f o r   lie CBC. 

The l a t e n t  h e a t s  g i v e n  f o r  t h e  f l u o r i d e  eu tec t i c s  i n  Table  1.2 are 

estimates provided by Mi.sra and Wh!-ttcnberger ( 1986) u s i n g  i d e n t i c a l  

p rocedures  employed f o r  t h e  Si-based me ta l l i c  e u t e c t i c s  c i t e d  above, 

Numerous a d d i t i o n a l  pur(? and eutect5.c  molten s a l t  composi t ions are pro- 

v ided  i n  t h e  c o m p i l a t i o n  by J a m  e t  a l .  (1978) .  

The ex t r eme ly  high la tent -  hea t  p e r  u n i t  mass of L i H  s t a n d s  n u t  

prominent ly  i n  T a b l e  1.2; a t  2845 U / k g  i t  is  more t h a n  2.5 tllrnes t h a t  

of L i F ,  t-he n e a r e s t  c o m p e t l t o r .  I n  a d d i t i o n ,  i t s  h igh  specif1.c h e a t  

a r n d e r s  i t  a n  a t t r a c t l v e  f o r  s e n s i b l e  h e a t  s t o r a g e  as well. However, 
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Table 1.2. Candida te  p u r e  and eutec t ic  
molten s a l t  PCM'S' 

Ternperat u r e  T r a n s i t i o n  Laten t  
r a n g e  PCM t empera tu re  h e a t  

c K) ( K) (KJ/kg) 

600-800 LioHh 7 46 87 3 

800-1000 L I H  962 2845 

LiF-14 . 5 A 1 F 3  983 7 2  1 

1000-1200 h 
3 L i  co 

I., i F-2 2 C aF 
2 

NaF-32CaF 

NaF-23PlgF 
2 

2 

996 606 

1039 745-761 

1083 520-560 

I103 640-6 7 0 

Li F 1118 1087 

NaF-27CaF2-36MgF 1178 5 20 2 
1200-1400 CaF2-50EIgF2 125 3 610-650 

NaF 1268 789 

Na F-6 OMgF 

NaMgF 

FeP 
3 

2 

1273 700-732 

1303 7 11 

1373 553 

1400-1600 MgF2 15 36 9 33 

'Fluoride values from Mi5ra and Whlttenberger 

'Selected f o r  t h e  Solar  Dynamic Rece iver  i n  the 

(1986) 

Space S t a t i o n  Program; L i O H  for t h e  Organlc Rankine 
Cycle and MF-22CaF f o r  t h e  Closed Brayton Cycle 
system. 

2 

p r a c t i c a l  u t i l i z a t i o n  r e q u i r e s  contending with i t s  high R pressure 

(0.03 a m  at i t s  w - l t i n g  p o i n t  for  L3H w i t h  L1. present  as a second 

phase) with i t s  a t t e n d a n t  containment  problem as  w e l l  as i t s  large 

volume change on mel-t ing.  

7 

Use of Oxides o r  Oxygen-Rearing S a l t s  as High Temperature PCM's. 

TIiere: e x i s t  numerous metal oxide eutectics w i t h  melting p o i n t s  i n  the 

1100 t o  1800 K range,  as well as other t y p e s  of oxygen-Seartng s a l t s ,  
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such as s i l i ca t e s ,  b o r a t e s ,  chromates ,  e tc .  Most of t h e s e  would s__ not. be 

cons ide red  as p o t e n t i a l l y  u s e f u l  PCMs due t o  t h e i r  i n h e r e n t  inco rn  

p a t i  b t  l i  t y  wi th  t h e  r e f r a c t o r y  a l l o y  c l a d d i n g  m a t e r i a l s  t h a t  would havc 

t o  be used at  t h e s e  e l e v a t e d  tempera tures .  M O S L  of t h e s e  materials are 

o x i d a t i v e  a t  t e m p e r a t u r e s  ntlnr m e l t i n g  and t h e  r e f r a c t o r y  a l l o y s  are 

p a r t i c u l a r l y  s u s c e p t i b l e  t o  o x i d a t i v e  a t t a c k .  

P o s s i b l e  e x c e p t i o n s  t o  t h e  above g e n e r a l i t y  are t h e  o x i d e s  u f  t h e  

a l k a l i  m e t a l s  am1 a l k a l i n e  eartiis which have h igh  chemica l  s t a b i l i t y  and  

thus  may be compat ib le  with h igh  tempera ture  a l l o y  c l a d d i n g  [Mahefky and 

R e a m  (197111. A few p o s s i b i l i t i e s  based on Li  0 e u t e c t i c s  a re  list vd  i n  

Table  1.3. We n o t e  t h a t  PCMs based on l i g h t  materials l i k e  L i  0 would 

g e n e r a l l y  posscss h i g h  s p e c i f i c  l a t e n t  h e a t .  The chemfcal  c o m p a t i b i l i t y  

of such materials would a l s o  be improved by a d d i t i o n  of a l i q u i d  L i  

metal  phase t o  s u p p r e s s  oxidat i -ve a t t a c k  on t h e  c ladding .  

2 

2 

Table  1.3. 4 l k a l i  metal and a l k a l i n e  e a r t h  
o x i d e  e u t e c t i c s  as p o s s i b l e  h i g h  

t empera tu re  h e a t  s t o r a g e  media 

PCM 
(mol-%) 

L a t e n t  
h e a t  

Tm 

(K) (kJ/kg) 

Be0-21.5 L i  0 

Na,0-24.0 L i  0 
2 

L i  0-38.8 S i 0  
2 2 

2 1023 1139 

104 3 400 

1300 673 

T , i  0-25 (:e0 1333 87 1 

Li  0-40 Ge02 1391 7 38 

L i  *o 1843 1506 

2 2 

2 

ll_--.l_ _--.-___ 

Use of Metal-Sal t  “ S l u s h “  I_ Systems. Adding e x c e s s  metal t o  t h e  s a l t  

systems is  an a t t r a c t i v e  o p t i o n  f o r  coping wEth some of t h e  problems 

posed by use of pu re  o r  e u t e c t i c  s a l t  PCMs, such as low thermal  d i f -  

f u s i v i t y ,  h igh  volume change on phase t r a n s i t i o n ,  and a v u l n e r a b i l i t y  t o  

chemical. i m p u r i t i e s  w i t h  a t t e n d a n t  c o n t a i n e r  c o r r o s i o n  d i f f i c u l t y .  ‘[‘he 



e x c e s s  metal would remain Liquid across  t h e  salt  phase  t r a n s i t i o n  tea- 

perature,  and t h u s  there would be some sacr i f ice  i n  the. magnitude of the 

e f f e c t i v e  l a t e n t  heat p e r  u n i t  mass of s t o r a g e  material. The most obvi-  

ous b e n e f i t  of adding excess l i q u i d  metal i s  enhancement oE the  efCec- 

kive the rma l  d i f f u s i v i t y  of t he  PCM inlxtrire due t o  t h e  presence of ,i 

c o n t l n u o u s  metal l ic  phase.  "he alkali metal i t se l f  is known t o  be gt?rt- 

e r a l l y  a benign matzerial t o  many pote t i t i a l  c o n t a i n e r  m a t e r i a l s .  !Jse of 

" s l u s h '  systems w i t h  metals o t h e r  t han  alkali m e t a l s  needs t o  be exam-- 

iiied wi th  respect:  t o  the c o m p a t i b i l i t y  of the l i q u i d  metal w i t h  the 

c o n t a i n e r .  I n  g e n e r a l ,  h igh temperature l i q u i d  mcta1-s ( e x c e p t  a lka l  i 

and a l k a l i n e  e a r t h  metals) are good s o l v e n t s  for c a n d i d a t e  c o n t a i i w r s  e 

The presence  of a con t inuous  Liquid phase would a l s o  tend to  re- 

l i eve  stresses on the c o n t a i n e r  s t r u c t u r e  due t o  uolume changes which 

o c c u r  on phase t r a n s i t i o n .  

1 . 3 . 1 . 2  Low temperat i i re  PCMs f o r  cyc1.e h e a t  r e j e c t t o n ,  Low tem- 

p e r a t u r e  TES for c y c l e  h e a t  r e j e c t i o n  would l i k e l y  o p t i m i z e  i n  the 700 

t o  1200 K t e m p e r a t u r e  range where numerous PCM o p t i o n s  are a v a i l a b l e ,  

s e v e r a l  o f  which are L i s t e d  i n  Tab le  1.4. For c y c l e  heat r e j e c t i o n  near 

t h e  low end of t h e  t empera tu re  range, u s e  oE L i O B  a t  747 K and s t n r a g ~  

c a p a c i t y  of 1025 kJ/kg appears t o  be a good s e l e c t i o n .  T h i s  i s  che PCPf 

material which i s  t h e  c u r r e n t  l e a d i n g  c a n d i d a t e  f o r  OrganCc R a n k i w  

Cycle S o l a r  Oynamic System ( s e e  Appendix A) f o r  the Space S t a t i o n  Pro-  

grain and hence has  been the  s u b j e c t  of an e x t e n s i v e  materials compati- 

b i l i t y  t e s t i n g  program. 

* 

A t  t h e  high end of t h e  p r o j e c t e d  h e a t  r e j e c t i o n  t empera tu re  r ange ,  

s e r i o u s  c o n s i d e r a t i o n  must be g i v e n  to  the use of LFH, w i t h  a noxirial  

i i iel t ing t empera tu re  of 962 K and an ex t r eme ly  high s p e c i f i c  heat of 

f u s i o n  of 2840 kJ/kg. However, use of L i H  as a PCM a t  962 K e n t a i l s  

some problems i n c l u d i n g :  (1) loss  of hydrogen from t h e  FCM by v i r t u e  of 

t he  modest hydrogen o v e r p r e s s u r e  due t o  decompos i t i o n  and subsequen t  

* 
Brayton c y c l e  systems w i t h  r e c u p e r a t i o n  would re ject  h e a t  at  the 

l a w  end o f  t h m  range ,  and p o s s i b l y  below 700 K. Rankine systems and 
Brayton c y c l e  systems wi thou t  r e c u p e r a t i o n  would l i k e l y  require heat 
r e j e c t i o n  a t  the upper end of the s t a t e d  range. 
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Table 1.4 Some p o s s i b l e  ISW t empera tu re  
PCM's f o r  c y c l e  heat r e j e c t i o n  

(700-1200 K range)  

Mat e r i a1 
Heat o f  
f u s i o n  

Temperature 

(KJ /kg 1 ( K) 

Carbona te  S a l t s  - 
L i  *CO3 99s 606 

K2CO3-!+7 L i  C 0 3  76 1 342 

Other  b i n a r y  and t e r n a r y  eutectLcs 700-980 
2 

-150 to  -400 

F l u o r i d e  S a l t s  

KP- 3 3L i F 767 6 2 0  

KF--2S)TAiF-l2NaF 7 28 6 8 3  

Other b i n a r y  and t e r n a r y  e u t e c t i c s  700-1200 -400 t o  -600 

XS C1 

C h l o r i d e  S a l t s  

88 3 469 

KC1-44NaC1 

Other b i n a r y  and t e r n a r y  elxtectics 700-800 -250 to -500 

A l  

A1-12% 

CU-1 6 S1. 

L i O H  

I,i. Y 

Metals and Alloys 

9 3 2  387 

85 0 5 7 1  

1075 4 2 2  

Other S a l t s  

747 1025 

96 2 2840 

d i f f u s i o n  through t h e  c o n t a i n e r ,  ( 2 )  f a i r l y  large volume change o n  rnclt- 

i n g ,  and (3)  low thermal c o n d u c t i v i t y .  These may n o t  be in su rmoun tab le  

p r o b l e m s ;  € .e . ,  addCt ion  of excess Li Lo T,iH would p a r t i a l l y  suppress  

the M o v e r p r e s s u r e  and i n c r e a s e  t h e  e f f e c t i v e  thermal c o n d u c t i v i t y .  
2 
A l a rge  niimht.r of ca rbona re  b i n a r y  and t e r n a r y  e u t e c t i c s  are a v a i l -  

a b l e  w i t 1 1  me l t ing  t empera tu res  i n  t h e  700 t o  1900 K range.  Except f o r  
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I A  CO however, (T, = 994 K, Laten t  heat = GO4 kJ/kg) t h e s e  a p p e a r  t o  

be c h a r a c t e r i z e d  by a g e n e r a l l y  lower range of s p e c i f i c  h e a t  s t o r a g e  

levels t h a n  a v a i L a h l e  f r o m  f l u o r i d e s ,  LiOH and LFH. A simitar  s t a t e m e n t  

a p p l i e s  t o  the a v a i l a b l e  c h l o r i d e  salts. 

2 3 '  

As noted  i n  Seer,  1.3.1.1, metalltc PCMs as a class possess low 

heats of f u s i o n  and p r e s e n t  d i f f i c u l t  c o m p a t i b i l i t y  behav io r  with con- 

t a i n e r s .  A few e x c e p t i o n s ,  however, have unusually high 't-teixts of f u s i o n  

such  t h a t  an i n c e n t i v e  e x i s t s  f o r  a t t e m p t i n g  practical  a p p l i c a t i o n  to 

take advan tage  o f  t h e i r  high thermal d i f f u s i v i t i e s .  Two possihttities 

ate  t h e  Ai.-12 S i  and CU-16 Si e u t e c t i c s  w i t h  m e l t i n g  p o i n t s  of 850 and 

1075 K r e s p e c t i v e l y  (see Table 1.1). TJse of metall ic P O f ' s  For h e a t  

r e j e c t i o n  pu rposes  m y  ease t h e  g e n e r a l  c o m p a t i b i l i t y  problem w i t h  COII- 

t a i n e r  metals conpared with higher temperature a p p l i  cations. 

1.3.1.3 Use of S e n s i b l e  H e a t  Eor TES. S i n c e  hest  c y c l e  e f f l -  

e i e n c i e s  over  t h e  p e r i o d  of o p e r a t i o n  are o b t a i n e d  with c o n s t a n t  p. h i g h  

turbine i n l e t  t e m p e r a t u r e  and c o n s t a n t ,  low h e a t  r e j e c t i o n  t empera tu re ,  

thermal ene rgy  storage i s  most advan tageous ly  provided by a C D r k S t a I l l l  

t e m p e r a t u r e  device  such as one based on a PCW. .However, energy may also 

be s t o r e d  as s e n s i b l e  h e a t ,  which r e p r e s e n t s  t h e  sum of atomic and elec- 

t r o n i c  k i n e t i c  e n e r g i e s  o€ t h e  s t o r i n g  medium. A s  such, t h e  s p e c i f i c  

s e n s i b l e  h e a t  c o n t e n t  of a medium i s ,  t o  a f i r s t  app rox ima t ion ,  propor- 

t i o n a l  t o  i t s  temperature. TbereEare,  i t  i s  less conven ien t  t o  coup'te a 

s e n s i b l e  h e a t  r e s e r v o i r  t o  a Rankine or Brayton pawer conve r s ion  loop  

t h a n  an approxi inately i s o t h e r m a l  PCM h e a t  r e s e r v o i r ,  

N e v e r t h e l e s s ,  s e n s i b l e  h e a t  reservoirs may he used by adopt ing one  

of t h e  following f o u r  procedures .  

V e l o c i t y  and r o t a t i o n  rate c o n t r o l .  In t h i s  method, a c o n t r o l  s y s -  

t e m  sheds load  ti& d i m i n i s h e s  loop p r e s s u r e  t o  m a i n t a i n  c o n s t a n t  working 

f l u i d  v e l o c i t i e s  and turbLne r o t a t i o n  rates as t h e  front-end sensible 

heat r e s e r v o i r  loses temperature.  This is  a  omo on con t ro l  p r i n c i p l e  

employed i n  Rrayton systems, but would be more d i f f i c u l t  to a p p l y  t o  

Rankine systems s ince  a loop pressure change would a f f e c t  b o i l e r  and 

condenser b e h a v i o r  

A s e n s i b l e  h e a t  r e s e r v o i r  f o r  cycle h e a t  r e j e c t i o n  would be used in 

t h e  same way; i.e., as t h e  r e s e r v o i r  t empera tu re  l e v e l  rises, c a u s i n g  a 
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l o s s  of cycl.2 thermal. e f f i c i e n c y ,  l oad  w u l d  be shed and loop pressure 

].owered t o  ma in ta in  c o n s t a n t  loop v e l o c i t i e s  and turhi-rie rotat€on rates = 

yon-Control led,  Direct Coupling. __1 Tf t h e  s e n s i b l e  h e a t  r e s e r v o i r  is 

s u f f i c i e n t l y  l a r g e ,  i t s  t empera tu re  v a r i a t i o n  over  t h e  d u t y  c y c l e  may be 

s m a l l  enough ti> cause  a c c e p t a b l y  sina1.1 changes i n  t i i r b i n e  and cycle 

e f f i c i e n c y .  This  p r i n c i p l e  i s  c u r r e n t l y  being examined i n  a s o l a r  re- 

ceiver concept  f o r  a c l o s e d  Brayton c y c l e  s o l a r  dynamic system ( s e e  

Appendix A.2.2) .  Th i s  concep t ,  i n  which a s o l i d  Be s e n s l b l e  h e a t  

r e s e r v o i r  OF s u f f i c i e n t  s i z e  t o  ma in ta in  c y c l e  temperature v a r i a t i o n  t o  

w i t h l n  56 K, i s  being weighed agalinst more c o n v e n t i o n a l  t l u o r i d e  s a l t  

Pclal s t o r a g e  systems.  

-.- 

I s o t h e r m a l  c o u p l i n g  .- through an i n t e r m e d i a t e  l o o p  In t h i s  c o u p l i n g  

procediire, t h e  s e n s i b l e  h e a t  r e s e r v o i r  d i s c h a r g e s  i t s  h e a t  t o  ( o r  ac- 

c e p t s  h e a t  from) an i n t e r m e d i a t e  loop. Flows i n  t h e  i n t e r m e d i a t e  loop  

a r e  c o n t r o l l e d  i n  a way (iaich that i t  p r e s e n t s  a c o n s t a n t  t e m p e r a t u r e  

heat supply t o  ( o r  hea t  r e j e c t i o n  froin) the pri.:nary loop. A method f o r  

accompLishing t h i s  behav io r  i s  i l l . u s t r a t e d  i n  Fig. 1.2.  The i n t e r -  

med ia t e  loop  c o n t a t n s  two pump and two mtxing t e e ' s .  The mixing sates  

are c o n t r o l l e d  by the three t empera tu re  c o n t r o l l e d  t h r o t t l e  v a l v e s  so as 

t o  mintai . ;?  c o n s t a n t  temperature at t h e  c o n t r o l  p o l n t ,  t h e  e x i t  from t h e  

FrLmary l o o p  heat exchanger .  

T h i s  system has the advantage o f  e n a b l i n g  usc of  s e n s i b l e  h e a t  res- 

e r v o i r s  while m a i n t a i n i n g  c o n s t a n t  h e a t  supp1.y (o r  r e j e c t i o n )  temper- 

a t u r e s ,  a n  advantage which m i l s t  be t r a d e d  aga ins t  t h e  weight p e n a l t y  f o r  

the i n t e r m e d i a t e  sys te in  and t h e  AT loss i n  t h e  addi . tPonal  h e a t  ex- 

changer  . 
T11i.s coup l lng  procedure wouJ.d most c o n v e n i e n t l y  apply for i m p l e -  

menting c y c l e  h e a t  r e j e c t i o n  t o  a setislble h e a t  reservo-lr. For f r o n t  

end  heat s u p p l y ,  t h e  i n i t i a l  r e s e r v o i r  t e m p e r a t u r e  wou1-d need t o  be s ig -  

n i f i . c a n t l y  h i g h e r  t han  t h e  maxi.inum prirnary l o o p  t empera tu re .  T h e r e f o r e ,  

hea t  supp1.y by t h i s  metl iod may he o u t  of t h e  ques t ion .  

However, h e a t  r e j e c t j o n  by t h i s  coup l ing  procedure could utllize 

b o t h  the  s e n s i b l e  a n d  l a t e n t  hea t  of t h e  s torage  medium t h e r e b y  auginent- 

i n g  the s t o r a g e  c a p a c i t y .  
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F i g .  1.2. F l a w  schematic  f o r  c o u p l i n g  s e n s i b l e  heat reservoir t o  
thermodynamic cycle f o r  constant  temperature heat r e j ec t ion  o r  s u p p l y  
( s e e  acknowl~?dgemt?nts) e 

Figure  1.3 i lZustrates  the degree t o  which s e n s i b l e  h e a t  a h s o r p t  i o n  

may augment l a r en t  h e a t  storage f o r  t w o  cases: ( I )  heat r e j e c t i o n  t o  8 

L i O H  r e s e r v o i r  i n i t i a l l y  at 300 K wi th  a b s o r p t i o n  up t o  an 800 K h e a t  

r e j e c t i o n  t empera tu re .  ( 2 )  Wat r e j e c t i o n  to  a L i R  r e s e r v o i r  i n i - t i a l  Ly 

a t  3 O r l  K, w i t h  hear a b s o r p t i o n  up to 1000 K, t h e  cycle h e a t  r e j e c t i o n  

t empera tu re .  Pur both these case, seasih1.e h e a t  absorption inore than 

doubles the  heat: s to rage  capac i ty :  f o r  L i O H ,  t h e  increase I s  from 

850 kJ/!cg a:; R pure PO4 a t  746 IC i i p  t o  2200 kJ/kg f o r  a combined P@M/ 

%ens3 ble up to  890 K. 
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1.3.1.4 Con ta ine r  c o m p a t i b i l i t y  c o n s i d e r a t i o n s .  The c o m p a t i b i l i t y  

of a c o n t a i n e r  wi th  i t s  c o n t e n t s  most ofLen depends on i t s  r e s i s t a n c e  t o  

ox ida t ion ,  which could  be ci t h e r  an i n h e r e n t  r e s i s t a n c e  o r  a p r o t e c t i o n  

by v i r t u e  of a s t a b l e  c o a t i n g ,  and a s u € € i c i e n t l y  small s o l u h i l i t y  f o r  

t h e  s e r v i c e  l t f e  and c o n d i t i o n s .  Other  mechanisms hecone i m p o r t a n t  i n  

s p e c i a l  c i r cums tances .  Hydrogen e r n b r i t t l e n e n t  could  be a c o m p n t i b i l i  t y  

f a c t o r  f o r  a L i H  c o n t a i n e r  which would be s u b j e c t e d  t o  a hydrogen d i s s o -  

c i a t i o n  p r e s s u r e .  C a r b u r i z a t i o n  e f f e c t s  may come i n t o  p l a y  with a 

mol t en  c a r b o n a t e s ,  and s i m i l a r l y  n i t r i d i n g  m y  be c o t n p a t i b i l i t y  factor  

i n  t h e  i n t e r a c t i o n  of molten n i t r a t e  and metal c o n t a i n e r s .  



These conditions are of minimal concern when dealing with Flutaride 

..... 

salts Q.E the alkali metals (LI, Ma, K) and t h e  a l k a l i n e  e a r t h s  ( B e ,  Mg, 

ca) or dxtures  thereof. 13O the c a t i o n s  ( L i  w", etc,)  and t h e  F- 

anions o f  these salts are among the  most  s t a b l e  i n  e x i s t a n c e  aid hence 

c a n  pose RO n x i d a t i o n  t h r e a t  t o  any rw,taELi.e coraQ 

9 

s t u r e  or a 0rgat15.c conti3tIti t ill the flt1orid.e would form the n)%ra?t;- 

sitre acid, RF9 which a t t a c k s  all. types  o f  container metals. W n w ,  good 

en f l u o r i d e  en rnpa t ih i l i ky  requires h i g 9 i  p r l t y  $11 the sait e 

In a d d i t i o n  to good behavior relative to o x i d a t i o n ,  metals gen- 

erally p ~ s s e s s  low solubility in f luor ide  sa s of the a lka l i  a.nd a l -  

k a l i n e  ear th  metals. This is especially true f o r  the mall cat ioi i  

salts, t i F  and NaF which form t i g h t  ion ic  bonds periaitt.fog little $11- 

t e r i o n i  c s o l u t i o n .  

Some further b e n e f i c i a l  ctiemical. features of these molten Fluori .des 

are t h e i r  chemical simplicity and the i r  i n a b i l i t y  t o  dissociate TO form 

a gas phase under any realizabZe conditions. The first it; due to the 

fact t h a t  a l l  D F  t h e  involveci salt elements are monovalent, w h i ~ h  con- 

tributes to their chemical simplicfty. The seconcl feature is that 

molten f l u o r i d e s  do not react chemica l ly  to  static pressure change, as 

do carbonates, nitrides and hydrides .  Therefore, thc ' f r  chemical 

composition and t h e i r  compatibility behaviar do not depend on equi l i  bra- 

tion d t h  d e c o i p o s i t i o n  gases (again, as carbonates g nitrides and 

hydrides do) 

Ala of the above features app ly  in kind but to a Lesser degree t o  

chlorides. The Cl- anion i s  still q u i t e  s t ab le :  and, as with the  

fluorides, t h e r e  is no oxidation t h r e a t  to metals from pure  chlorides, 

HtIawever, it: is f a r  lefis electronegative t han  F- due t o  i t s  larger  s i z e ,  

re, i t  bonds less s t r o r i g l y  wtth t h e  cation eat! so permi t s  gen- 

eral ly  h i g h e r  metallic solubiliry. T h e r e f o r e ,  wca mag anticipate some- 

what poore r  c o m p a t i b i l i t y  with mcztaPa f o r  the c h l o r i d e s  relative t o  t h e  

f I -uor ides  

O f  t h e  numerous elements wi th  m u l t i v a l e n t  ca t ions  which form 

f l u o r i d e s ,  o n l y  Fe (as FeF 1 wotild br cotrsi.dered as B PGF4 dae to a m e l t -  

ing poin t  s t r a t e g i c a l l y  located a t  1373 K. (However, ita heat of  fus ion 
2 
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i s  a margi-rtal 550 k,J/K.g.) T h e  chemical  s t a b i l i t y  of t h i s  s a l t  re la t i -ve  

t o  d i . s p r o p o r t i o n a t i o n  ( i  .e I ~ fo rma t ion  of Fe"3 and d e p o s i t i o n  of F e n )  

and the  deg ree  of metal s o l u b i l . i t p  i n  FeF re!nai.n t o  be de t e rmined .  
2 

Molten sa l t s  which may decompose t o  form a gas  phase p r e s e n t  8n 

added degree  o f  chemical complexi ty .  For  example, the c a r b o n a t e  i o n  a t  

h i g h  t empera tu re  may dec.oinpose t o  form 0- i o n  and 0 gas t o  a degree  de- 

pending on the s t a t i c  p r e s s u r e .  A t  high t empera tu re ,  t h e  CO formed by 

t h e  decompositi.on may be c o r r o s i v e  t o  i u e t a l s  and t h e r e  i s  evidcnc-e t h a t  

metal s o l i i h i l i t g  i s  a l so  a f f e c t e d  by t h e  deg ree  of CO.'..'.. decomposi t ion.  

U l t i m a t e l y ,  metal  ox ides  w i l l  p r e c i p i t a t p  a t  high degrees of d i s s o c i -  

a t i o n  by rc?ac.ti.on of t h e  c a t i o n  with 0-. Thus, both c o n t a i n e r  compat- 

i h i l . i t y  and sa l t  s t a b i l i t y  become complex i s s u e s  nrl't'ti c a r h o a a t e s  a t  high 

t empera tu re  r e l a t i v e  t o  t h e  molten h a l i d e s .  

2 2 

2 

3 

2 

Other  oxygen-bearing s a l t s ,  such as borates9 s i l i c a t e s  o r  alum- 

i n a t e s ,  are soiuetiraes mentioned f o r  use a t  very h igh  t e m p e r a t u r e s ,  i..e., 

f o r  T > 1400 K. mile t h e s e  materials cannot  be totaJ . ly  d i smis sed  a t  

t h i s  s t a g e ,  they p r e s e n t  some potent ia l1 .y  formidable  d i f f i c u l t l e s .  It 

i-s I . ikely t h a t  t h e s e  s a l r s  would o x i d i z e  t h e  r e f r a c t o r y  metal contai-ner  

inateriaL r e q u i r e d  a t  t h e s e  e l e v a t e d  t empera tu res .  I n  a d d i t i o n ,  t h e y  

each  tend t o  form several  metal-oxygen gas speci.es at e l e v a t e d  t e m -  

p e r a t u r e s .  Mence, t o  some unknown degree che melt composi t ion and be-  

h a v i o r  depends on t h e  p r e s s u r e  d t h i n  the c o n t a i n e r  and t h e  d i s p o s i t i o n  

of t he  gas phase.  

A few metals f o r  example S i ,  posses s  s u f f i c i e n t l y  high spec i - f i c  

l a t e n t  h e a t s  t o  be c o n s i d e r e d  f o r  use as a PCM. ! I o ~ m v e r ~  molten metals 

in general  ( excep t  t h e  a l k a l i  metals W, Na, e t c . )  t end  t o  be good sol-- 

v e n t s  and hence p r e s e n t  d i f f i c u l t  contai.ner c.ompatibi1.i . t~ s i t u a t i o n s .  

1.3.2 Flywheel energy s t o r a g e  

Use of f lywhee l s  f o r  p r i m e  energy .-.ol----pI- s t o r a g e o  The a p p l i c a t i o n  of f l y -  

whee l  energy s t o r a g e  t o  R o i l i n g  Potassium and nrial T,oop, Li-cooled 1 , M R " s  

arxd HTGK hea t  supply systems i s  d e p i c t e d  i r n  f lowshee ts  provided i n  % c t .  

2 .  These f lowshee t s  i l l u s t r a t e  how f l y w h ~ 0 . l  s to rage  would he u t i l i z e d  

i n  the systems,  t h e  major sys t em components, and t h e  way t h e  du ty  c y c l e s  

of each major component are a f f e c t e d  i n  s y s t e m s  wi th  p r i m  ene rgy  

- _.II 
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s t o r a g e .  For each case, t h e  b e n e f i t  of reduced r e a c t o r  s i z e  must bc: 

t r a d e d  a g a i n s t  t h e  added weight  and complex i ty  o f  t h e  s t o r a g e  d e v i c e ,  

Flywheel energy s t o r a g e ,  however, has an a d d i t i o n a l  b e n e f i t  not 

s h a r e d  by o t h e r  methods - prime ene rgy  s t o r a g e  i n  f l y w h e e l s  i n  a d d i t l o n  

t o  the p u r e l y  s t o r a g e  f u n c t i o n ,  may be des igned  t o  p rov ide  pu l sed  elec- 

t r i c  power. In o t h e r  words, t h e  f l y w h e e l s  cou ld  p r a v i d e  a power eondi-  

t i o n i n g  as w e l l  as a s t o r a g e  f u n c t i o n  i n  b i i r s t  mode o p e r a t i o n .  

Flywheels  have seen L i m i  tetl u s e  i n  space. P r i m a r i l y  they  have beer, 

used i n  t h e  a t t i t u d e  c o n t r o l  system (e.g. c o n t r o l  rnomen t  gyro sys t ems)  

f o r  s p a c e c r a f t .  S ince  t h e  energy s t o r a g e  r e q u i r e m e n t s  have no t  been t h e  

major d e s i g n  conce rn ,  low performance metal r o t o r s  have been used .  

A f lywhee l  s p r i n t  power ~ 1 ~ ~ d ~ i 1 . e  mu1.d. c o n s i s t  o €  t h r e e  major sub- 

systems:  rotor,  s u s p e n s i o n  and power components. The r o t o r  incI.udes 

t h e  s h a f t  and web s t r u c t u r e  t h a t  c o n n e c t s  t h e  r i m  t o  t h e  s h a f t .  The 

power components i n c l u d e  t h e  motor used t o  cha rge  t h e  f lywhee l  and t h e  

g e n e r a t o r  t h a t  i s  used t o  d i s c h a r g e  %he s p r i n t  power module. In gen- 

eral ,  the energy d e n s i t y  of t h e  u n i t  i s  f i x e d  p r i m a r i l y  by t h e  

performance of t h e  r o t o r  w h i l e  t h e  s p e c i f i c  power is determined by t h e  

g e n e r a t o r .  

The f l y w h e e l  system earl be c o n f i g u r e d  i n  a v a r i e t y  of ways; a hase- 

l i n e  conf i . gu ra t ion  uses a tandem arrangement  w i t h  a f lywhee l  of = 0.2 

( 8  i s  t h e  r a t i o  of inside t o  o u t s i d e  d i a m e t e r ) .  A huh i s  shrunk f i t  

w i t h i n  t h e  r o t o r  b a s e  and t h e  g e n e r a t o r  and motor a r e  t h e n  coupled t n  

e i t h e r  end of t h e  hub. Th i s  c o n f i g u r a t i o n  o f f e r s  t h e  g r e a t e s t  f l e x i b j l -  

ity i n  choosing a motor and g e n e r a t o r  t o  match t h e  needs of t h e  a p p l f -  

cat ion .  I n  t h e  c o n c e n t r i c  c o n f i g u r a t i o n  t h e  rnotor/genei-ator and 

h e a r i n g s  a r e  mounted w i t h i n  t h e  base of t h e  r o t o r  r i n g .  RE”ca~~se of the 

absence  of a c e n t r a l  hub component, t h i s  d e s i g n  i s  very  e f f i c i e n t  i n  

volume u t i l i z a t i o n .  However, t h e  m o t o r / g e n e r a t o r  i s  r e s t r i c t e d  t o  t h e  

permanent magnet (€‘MI b r u s h l e s s  type.  The third conccp t  would incor-  

p o r a t e  e i t h e r  t h e  motor o r  g e n e r a t o r  w i t h i n  the  r o t o r  hasr but w o u l d  

have t h e  o t h e r  a t t a c h e d  by means of a hub s h a f t .  This concept  o f f e r s  

the d e s i g n  f l e x i b i l i t y  of t h e  tandem concept  and wouPd show some of thr 

volume e f f i c i e n c i e s  of t h e  c o n c e n t r i c  des ign .  
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The r o t o r  would be suspended u s i n g  a c t i v e  magnetic b e a r i n g s .  T h i s  

overcomes t h e  l u b r i c a t l  on problems a s s o c i a t e d  wi th  b a l l  b e a r i n g  s y s t e m s  

and p rov ides  a means f o r  a d j u s t i n g  t h e  h e a r i n g  s t i f f n e s s  i n  o p e r a t i o n .  

When c h a r g i n g  o r  d i s c h a r g i n g  a s i n g l e  flywhecl. r o t o r ,  the change i n  

a n g u l a r  momentum r e s u l t s  i n  a n e t  moment be ing  a p p l i e d  t o  the s p a c e c r a f t  

s t r u c t u r e .  Th i s  moment can r e s u l t  i n  an u n d e s i r a b l e  change i n  a t t i t u d e  

of t h e  c r a f t .  The use of tw c o u n t r r r o t a t i n g  f lywhee l  r o t o r s  a l i g n e d  on 

a common s p i n  a x i s  e l i m i n a t e s  t h e  n e t  moment a p p l i e d  t o  t h e  s p a c e c r a f t .  

I n  a d d i t i o n ,  i t  i s  p o s s i b l e  to  u s e  t h e  anonent a s s o c i a t e d  w i t h  t h e  e n e r g y  

s t o r a g e  f lywhee l s  t o  c o n t r o l  t h e  a t t i t u d e  of t h e  spacecrart. T h i s  

eliminates t h e  need f o r  a n  independent  a t t i t u d e  c o n t r o l  system and re- 

duces  the o v e r a l l  mass of t h e  c r a f t .  

K i n e t i c  energy may be s t o r e d  i n  a f lywhee l  up t o  t h e  t h e o r e t i c a l  

po in t  a t  which t h e  material t e n s i l e  s t r e n g t h  a t  t h e  o u t e r  r a d i u s  may 

w i t h s t a n d  r u p t u r e  caused by stresses induced by t h e  c e n t r i f u g a l  f o r c e .  

I n  g e n e r a l ,  t h e  maximum PneKgy d e n s i t y  of a Elywheel r o t o r  can be ex- 

p r e s s e d  as a p roduc t  of material and geomet r i ca l  f a c t o r s  and 1s g i v e n  by 

where 0 i s  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  material, p i s  t h e  ma-  

t e r i a l  d e n s i t y  and E i s  the s t o r e d  energy per  u n i t  mass of  f lywhee l  m a -  

t e r i a l .  The ro to r  shape f a c t o r  R l o r  v a r i o u s  c o n f i g u r a t i o n s  a p p l i c a b l e  

t o  cornpositc. r o t o r s  i s  g iven  i n  Fig.  1.4 (from O'Connell ,  1980). The 

maximum v a l u e  of K i s  u n i t y ,  and as i n d i c a t e d  i n  Fig.  1 .4 ,  a t h i n  c i r -  

c u l a r  r i n g  has a shape f a c t o r  of 0.5. 

A s  i l l u s t r a t e d  i n  Table  1.5,  i t  1s n e c e s s a r y  t o  u s e  f l y w h e e l  r o t o r s  

c o n s t r u c t e d  of composi te  m a t e r i a l s  t o  a c h i e v e  energy d e n s i t i e s  of 

i n t e r e s t  f o r  space a p p l i c a t i o n  (Hoffman, 1985). As new f i b e r s  wi th  

h i g h e r  s t r e n g t h  become a v a i l a b l e  t h e  energy d e n s i t y  of f lywhee l s  can be 

i n c r e a s e d .  Tne newest g r a p h i t e  mater ia l  a v a i l a b l e  h a s  a t ens i le  

s t r e n g t h  of 5200 MPa (750 k s i ) .  Th i s  y i e l d s  an u l t i m a t e  energy d e n s i t y  

f o r  the f i b e r s  of 3465 U / k g  and r e p r e s e n t s  a t h r e e f o l d  i n c r e a s e  over  

p rev ious  g raph1  te  f i b e r s .  Flywheel r o t o r s  u s i n g  t h i s  material have 

a t t a i n e d  a s to rage  d p n s i t y  of 878 kJ/kg a t  u l t i m a t e  speed (Olszewski ,  

1986). 
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F i g .  1.4. Flywheel r o t o r  c o n f i g u r a t i o n s .  

In actual  s e r v i c e ,  the useful  s t o r a g e  d e n s i t y  i s  lower than the 

ultimate due to t w o  factors. The f i r s t  arises from s a f e t y  and reliabil- 

i t y  cons idera t ions .  To p r e v e n t  f a i l u r e  during s e r v i c e  t h e  m a x i m u m  oper- 

a t i o n  speed i s  l i m i t e d  t o  60 t o  90% of t h e  u l t i m a t e .  I n  rrrtor t e s t s  

i n v o l v i n g  t h e  new high s t r e n g t h  g r a p h i t e  f i b e r s ,  f o r  i n s t a n c e ,  i t  w a s  
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Tab le  1.5. C h a r a c t e r i s t i c s  of materials used i n  f lywhee l s  

Olt i m a t  e 

s t r e n g t h  (01 
MP a 

t e n s i l e  D e n s i t y  ( p )  a l p  
aIcm3 [kJ/kg (Wh/kg) 1 Material 

S t e e l s  

4340 15 17 
18 Ni. (300)  2070 

Corn p 0 s i. t e s 

r: ~ g 1 as s I e pox y 1379 

Kevlar  q e  poxy 1930 
Graph i t e l epoxy  1586 

S-glass/epoxy 2069 

2627 

7.7 
8 .o 

197 (54.7) 
25.9 (71 .8)  

1.9 725, (201.6) 
1.9 1089 (302.5) 
1.4 1'379 (382.9) 
1 .5 1057 (293.7) 

8 -0  328 (91.1)  

% e v l a r  i s  a trademark of Du Pont. 

'%.IE'TGLASS i s  3 r e g i s t e r e d  t rademark of t h e  a l l i e d  C o r p o r a t i o n ,  
:<e r r i  s t own, N. J . 

derPrinined t h a t  t he  u l t i m a t e  speed w a s  1400 m/s and t h e  maximum o p e r a t -  

i n g  speed shou ld  be set  a t  1200 t o  1275  m/s (Olsaewski ,  1986).  The 

second f a c t o r  t o  be c o n s i d e r e d  is t h e  d e p t h  of Alscharge ( a l s o  known as 

t h e  o p e r a t i n g  speed r a t i o ) .  T y p i c a l l y  the r a t i o  between minimum and 

maximurn o p e r a t i n g  speeds  r anges  from 1:2 t o  1 : 4 ,  Since ene rgy  i s  

r e l a t e d  t o  speed squared t h i s  reptcsents a d e p t h  of d i s c h a r g e  of 75 t o  

90%.  

The manner i n  which a f l y w h e e l  Ls  loaded and unloaded acid i t s  means 

of suppor t  a l s o  i n f l u e n c e s  t h e  upper l i m i t  v a l u e  of s p e c i f i c  s t o r e d  

e n e r g y .  I f  t h e  p h y s i c a l  s u p p o r t  as w e l l  as t h e  coup l ing  with t h e  gen- 

r ~ ~ a t o r  i s  achieved u s i n g  e l e e t r o r n a g n e t i c  f o r c e s ,  t hen  a t h i n  r i m  

geomctry i s  f e a s i b l e .  

Flywheels  which are r o t a t e d  on  s h a f t s  and downloaded by engazing a 

c l u t c h  t o  a g e n e r a t o r  ar? c a p a b l e  of s i g n i f i c a n t l y  less s t o r e d  s p e c i f i c  

e ~ w r g y  due t o  s h e a r  stresses irlduced d u r i n g  the  t r a n s i e n t s .  The woven 

f i  b e r  c o n s t r u c t i o n  has  ex t r eme ly  l o w  s h e a r  S I  r e n g t h ,  e s s e n t i a l l y  t h a t  of 
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t h e  polymer matrix. For mechanical s u p p o r t  t h e  weaving s t r a t e g y  n u s t  

p rov ide  f i b e r s  f o r  high shear s t r e n g t h  near  t h e  huh where shear stresses 

are  h i g h e s t  du?-ing 8 t r a n s i e n t ,  and maximal t e n s i l e  s t r e n g t h  near the 

r i m  where t h e  t e n s i l e  load i s  a naximfm a t  r a t e d  r o t a t i o n a l  speed.  

I f  such a weaving s t r a t e g y  can be ach ieved ,  t h e  s t o r e d  energy 

d e n s i t y  p e n a l t y  would oaly he about  a f a c t o r  of 2 f o r  t h c  mechanical 

simpport: r e l a t i v e  to magnet ic  coupl ing.  The p e n a l t y  wou ld  be due t o  re-- 

q u t r i n g  a d i s c  geometry f o r  t he  f lywheel  as apposed t o  t h e  more ad- 

van tageous  t h i n  ria geometry . 
Power components 

In a p p l f c a t i o n s  where the otxtput/sinput powen r a t i o s  are small and 

t h e  power Levels  do not exceed 13.5 MW, t h e  permanent magnet (PM), i r o n  

less, b r u s h l e s s  system can be i i s ~ i l  as boCh motor and! g e n e r a t o r .  Tn 

a p p l i c a t i o n s  where the o u t p u t l i n p u t  power r a t i o  i s  l a r g e  (in excess of 

2 1 ,  t h e  ["M system wauld be used on ly  i n  t h e  motor mode. In a p p l i c a t i o n s  

i n v o l v i n g  s h o r t  o u t p u t  power p u l s e s  ( 1  second or l e s s ) ,  the homopolar 

generator (HPC) would be t h e  o u t p u t  dev ice .  For  p u l s e s  I n  t h e  rnilli- 

S ~ C Q ~ I C ~  range, t h e  i i irnpdsatol-  would be used 

The P;E ttsclinicak E L t e r a t u r r  (GE 1983) indicates a v a i l a b i l i t y  ok a 

permanent inagtiet (sarn,~.rium-cobalt) motor  wi th a power clensi ey 

o f  -8 kWe/kg o p e r a t i n g  a t  20,000 rpm. The Air Force has been deve lop ing  

txith Ibckwel.1 I n t e r n a t i o n a l  a 5 MW PM g e n e r a t o r  (AFWAI, 1980) des igned  t o  

o p e r a t e  wi th  an uncooled r o t o r  a t  22 kWe/kg and 15,000 rpm. Thus f a r ,  ;B 

power density of 11 kWe/kg h a s  been ach ieved ;  and t h e  d e v e l o p e r s  see no 

impediment t o  r each ing  t h e  frtI-1 d e s i g n  power d e n s i t y .  Further advanccn 

i n  power density may be p o s s i b l e  w t t h  a clew 1% material corttaLning 

neodymium, i r o n ,  and boron. T h i s  iiraterial has f i e l d  d e n s i t i e s  -24% 

greater  t h a n  t h a t  of samarium-cobalt ,  but the r e l a t t v e l y  low curie tem- 

p e r a t u r e  (585 K) may limit i t s  use. The El motor Ls a t t r a c t i v e  because 

i t  i s  b r u s h l e s s  and h a s  ;a high e f f i e f e n c y  (-9SX) 

advanced g e n e r a t o r  t e c h n o l o g i e s  are being i n v e s t i g a t e d  a t  t h e  

Center f o r  Electromechanies  - University of Texas (CEM-UT) w i t h  a t ten-  

t i o n  focxnsi rig on hoinopolar g e n e r a t o r s  (HPC) and cornpu2sators. The homo- 

p o l a r  mnchTne ( G u l l y  et al .  1984) i s  the only TM: r o t a t i n g  machine  wit'ra-  

out  a commutator. I n  t h i s  d e v i c e ,  k a l e  e n t i r e  monoll"thic r o t o r  acts  as 



t h e  armature conductor  r e s u l t i n g  i n  very ~ G W  I n t e r n a l  impedance. The 

LIPG has  been developed s p e c i f i c a l l y  for  pulsed power a p p l i c a t i o n  and i s  

i n h e r e n t l y  a high c u r r e n t  (1 t o  2 M A ) ,  l o w  v o l t a g e  (50 t o  100 V) 

machine. T y p i c a l  p u l s e  w l d t h s  are on t h e  o rde r  of 0.1 t o  0.5 seconds.  

The all i r o n  r o t o r  ( A I R )  concep t  bejng developed a t  GEM-UT i s  designed 

t o  mLniinize s t r a y  f i e l d s .  A t  p r e s e n t ,  naxlmun t i p  speed  is l i m i t e d  t o  

220 m / s  because O E  brush wear. Siixce the brms'nes are l o c a t e d  a t  t h e  

o u t e r  r o t o r  d i ame te r  energy d r ra s i ty  

To d a t e ,  t h e  Center has o p e r a r e d  an 

50 kW/kg. This machine 6.2 F29 p e r  

p u l s e ) .  If the b rush  speed  could be 

h i g h e r  c u r r e n t s ,  the energy d e l i v e r y  

is thus constrainen by brush speed. 

A I R  machine w i t h  a power d e n s i t y  of 

p u l s e  (1.5 MA a t  50 V i n  a 0.083 s 

ra i sed  t o  280 m/s, t h e r e b y  a l l o w i n g  

per p u l s e  would be  r a i s e d  t o  10 W. 

E f f o r t s  are c u r r e n t l y  be ing  made t o  modify che ,41R d e s i g n .  'The new 

d e s i g n  could r e s u l t  I n  a power d e n s i t y  of 200 kWlkg; however, to g e t  k V  

bus v o l t a g e  cjill r e q u i r e  an i n d u c t o r .  The i n d u c t o r  adds mass ( abou t  as 

much as the  ATR) and voluine. Cur ren t  CEM-UT i n d u c t o r s  r e c e i v e  50 V and 

o u t p u t  I e 2  kV. 

The corapolsator (Weldon et al. 1978) appea r s  t o  be the g e n e r a t o r  

b e s t  s u i t e d  t o  pulsed power needs.  It i s  a h igh  power Compensated 

pu l sed  a l t e r n a t o r  and d i f f e r s  from a c o n v e n t i o n a l  synchronous machine in 

thab it has an a d d i t i o n a l  s t a t i o n a r y  winding i n  series with t h e  r o t a t i n g  

armdture windtng. The f u n c t i o n  of t h i s  a d d i t i o n a l  winding i s  t o  com- 

p e n s a t e  t h e  i n t e r n a l  i n d u c t a n c e  of the machine a t  one p o i n t  i n  t h e  c y c l e  

( u s u a l l y  a t  peak v o l t a g e )  though f l u x  compresston. At  p r e s e n t ,  the peak 

power l i m i t a t i o n  i s  i n  t h e  range of 3 to 4 G\t/rn2 of r o t o r  s u r f a c e  area.  

Cornpulsators appear  to work b e s t  i n  t h e  6 t o  15 kV range. 

Suspension - 
Magnetic bearings $dill be used f o r  suspens ion  of t h e  f lywhee l s  i n  

order t o  provide long l i f e t i m e  and r e l i a b l e  o p e r a t i o n .  Magnetic bear- 

i n g s  have bccn developed by SNIAS ( F r a n c e ) ,  TELOIX (Germany), Draper 

L a b o r a t o r i e s ,  and NASA f o r  s u s p e n s i o n  of f lywheel  r o t o r s  and have proven 

t o  be r e l i a b l e .  The use of e l e c t r o m a g n e t s  can p rovfde  f o r  a n  a d j u s t a b l e  

stiffness. Recaiise chey can be designed t o  produce almost zero j i t t e r ,  

iungnetic bea r ings  have been recommended fo r  use on t h e  space  t e l e s c o p e  

p l a t  Eorrn. 
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1.3.3 R e l a t i o n  t o  Other  Energy S to rage  Op t ions  

Priine energy f o r  b u r s t  power may a l so  be r e v e r s i b l y  s t o r e d  as 

chemical  energy o r  i n  e l e c t r o s t a t i c  and magnet ic  f i e l d s .  However, TES 

i s  unique among t h e  energy s t o r a g e  o p t i o n s  i n  i t s  a p p l i c a t i o n  t o  t h e  

thermal  d i s c h a r g e  s i d e  oE t h e  thermodynamic c y c l e .  P r i m e  ene rgy  s t o r a g e  

by a l l  o p t i o n s  excep t  TES r e q u i r e s  the producti.on of e l e c t r i c i t y  froin 

t h e  n u c l e a r  h e a t  s o u r c e  i n  a thermodynamic c y c l e ,  which i s  u s u a l l y  i n  

t h e  20 t o  40% e f E i c i e n c y  range.  Thus from 80 t o  60% O F  t h e  n u c l e a r  h e a t  

produced r e q u i r e s  r e j e c t i o n ,  e i t h e r  d i r e c t l y  by r a d i a t i - o n  or  i n d i r e c t l y  

from an i n t e r m e d i a t e  TES system. 

Prime s t o r a g e  as thermal  energy a l s o  d i f f e r s  from t h e  o t h e r  o p t i o n s  

i n  t h a t  the thermodynamic c y c l e  which makes e l ec t r i c i ty  from h e a t  i s  

p laced  i n  t h e  i n t e r m e d i a t e  l o o p ,  and no t  d i r e c t l y  i n  the pr imary c o o l a n t  

loop of t h e  n u c l e a r  r e a c t o r .  This  i s  more c l e a r l y  shown i n  Sect .  2 

where f l o w s h e e t s  are shown f o r  v a r i o u s  b u r s t  power systems w i t h  and 

without  prime and back-end s t o r a g e  s y s t e m .  

Chemical energy s t o r a g e  u t i l i z e s  t h e  i n t e r n a l  energy i n h e r e n t  i n  

cheinical  bonds which generally i n v o l v e  t h e  outer s u b s h e l l  or  v a l e n c e  

e l e c t r o n s .  Energy s t o r e d  i n  chemical  bonds may be r e l e a s e d  i n  a number 

of ways. 

(1) R e a c t a n t s  w i t h  high bond e n e r g i e s  may be al lowed t o  rei3ct 

i r r e v e r s i b l y  ( i n  t h e  thermodynamic s e n s e )  t o  form material w i t h  lower  

bond e n e r g i e s ,  t h e  d i  € f e r s n c e  i n  e n e r g i e s  be ing  e q u a l  t o  t h e  e n t h a l p y  

change of t h e  r e a c t i o n ,  AH. The " r e l e a s e d "  energy m a n i f e s t s  i t s e l f  as 

s e n s i b l e  h e a t  of t h e  r e a c t i o n  p roduc t s  which, by v i r t u e  of i t s  e l e v a t e d  

t empera tu re ,  may d r i v e  a h e a t  eng ine  t o  make e l e c t r i c i t y .  Th i s  p r o c e s s  

would have the e f f i c i e n c y  of t h e  s e l e c t e d  thermotiynamfc c y c l e ,  which 

r anges  g e n e r a l l y  between 20 and 40%. 

( 2 )  For some sys t ems ,  t h e  r e a c t i o n  may be made t o  proceed r e v e r s -  

i b l y  (thermodynami.cally) by p r e v e n t i n g  t h e  d i r e c t  chemical  r e a c t i o n  and 

i n s t e a d  p r o v i d i n g  an e l e c t r o n  pathway through a l o a d ,  l e a d i n g  u l t i m a t e l y  

t o  t h e  lower ene rgy  l e v e l  e l e c t r o n  c o n f i g u r a t i o n  i n  t h e  r e a c t i o n  pro- 

d u c t s .  Wot a l l  e n e r g e t i c  systems are amenable t o  such t r a n s f o r m a t i o n ,  

which occur  i n  b a t t e r i e s  and fuel cells, due t o  va r ious  p h y s i c a l  and  
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chemica l  p r o p e r t y  problems. For t h o s e  t h a t  nay occur  i n  t h i s  way, a 

deg ree  of s t o r e d  energy i s  " r e l e a s e d "  as u s e f u l  work i n  t he  el.ectri.cal 

c i r c u i t  equa l  t o  t h e  free energy change of t h e  r e a c t i o n ,  AG. I n  gem-- 

e - r a l ,  AG is  numer i ca l ly  less than  AH9 t h e  h e a t  released by a n  

i r r e v e r s i b l e  r e a c t i o n ,  by a n  amount e q u a l  t o  TAS, where T i s  t h e  c e l l  

temperature and AS i s  t h e  e n t r o p y  change between r e a c t a n t s  and 

p roduc t s .  '1311s~ t h e  r a t i o  A G / b H  may be termed t h e  t h e o r e t i c a l  ce l l  

e f f i c i e n c y ,  and t h e  energy m o u n t  a t  least  equa l  t o  TAS must be drawrt 

o f €  as waste h e a t  analogous t o  t h e  h e a t  r e j e c t i o n  p rocess  requi.red i n  a 

te inperature-dr iven thermodynamic c y c l e  [ F e e ,  11. C. ( t o  be p u b l i s h e d )  1 .  

'En g e n e r a l ,  c e l l  e f f i c i e n c i e s  d e f i n e d  by t h e  r a t i o  AG/AH d i m i n i s h  

w i t h  i n c r e a s i n g  t empera tu re  ( i n  c o n t r a s t  t o  a hea t  eng ine )  , whereas re- 

a c t i o n  and mass t r a n s p o r t  rates i n c r e a s e  wtth temperacure.  The re fo re  

b a t t e r i e s  and f u e l  c e l l s  are made t o  o p e r a t e  a t  seine optimum tempera tu re  

balanciuirq t h e s e  two competing t e n d e n c i e s .  A s  an exarnple the H 2 / 0 2  f u e l  

c e l l  r e l e a s e s  a AG of -12,500 W/kg with 90% t h e o r e t i c a l  e f f i c i e n c y  a t  

400 K. A t  a c e l l  o p e r a t i n g  t e m p e r a t u r e  of 1 2 7 3  K, p r o j e c t e d  f o r  some 

advanced sys t ems ,  a f r e e  energy release as u s e f u l  work of -9810 kJ /kg  

o c c u r s  c d t h  a c e l l  e f f i c i e n c y  of 7 7 %  as a t h e o r e t i c a l  upper l i m i t .  

( 3 )  S t o r e d  chemical  energy may a l s o  be r e l e a s e d  by photon etniss ion 

i n  v a r i o u s  ways, namely by g e n e r a l  i ncandescence  a t  high t empera tu re ,  

and i.n spec ia l  c a s e s  by low temperatures phosphoresence and by laser  

emiss ion  of c o h e r e n t  l i g h t .  Chemical photon emiss ion  i s  g e n e r a l l y  a low 

ef Eiciency p rocess  with no a p p l i c a t i o n  to  energy s t o r a g e  s y s t e i w .  

A l l  cheini.cal. s t o r a g e  systems are i n  p r i n c i p l e  r e g e n e r a b l e ,  however 

i n  p r a c t i c e  some of the  most e n e r g e t i c  systems are d i f f i c u l t  t o  regen- 

erate .  For example, a l k a l i  me ta l /ha logen  systems p o s s e s s  high s p e c i f i c  

s t o r e d  ene rgy ,  but cannot  be r e g e n e r a r e d  wi thou t  t h e  t r ad i . t i . ona l  

prob'bens involved i n  molten sa l t  e l e c t r o l y s i s .  The most e n e r g e t i c ,  

proven r e g e n e r a b l e  chemical  s t o r a g e  s y s t e m  is  provided by H 2 / 0 2  which 

has a n  upper l i m i t  s t o r a g e  c a p a c i t y  of -10,000 kJ/kg based on r e a c t a n t  

weight .  

Energy may be s t o r e d  i n  an e l e c t r o m a g n e t i c  f i e l d  e i t h e r  as internal 

energy w i t h i n  a c o n c e n t r a t i n g  medium (a f e r r o m a g n e t i c )  o r  i n t r i n s i c a l l y  

i n  t h e  f i e l d  i t s e l f ,  e s s e n t i a l l y  i n  a vaciiim. For r e l a t i v e l y  low v a l u e s  

_1_1 
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* 
of the  a p p l i e d  f i e l d ,  103 O e  and below, s o f t t  Esrrornagnetic materials 

such as t h e  i r o n  alLoy S u p e m e n d u r  'nay c o n c e n t r a t e  an a p p l i e d  f i e l d ,  

a c h i e v i n g  ene rgy  d e r i s i t i e s  of up t o  -0.02 k.J/k;: L r i  t h e  s o f t  inagnet ma- 

t e r i a l .  However, t h e  magnet ic  p e r i n e a b i l i t y  which i s  t h e  c o n c e n t r a t i n g  

f a c t o r ,  d e c l i n e s  toward u n i t y  f o r  a p p l i e d  f i e l d s  above about  lo4  Oe, so 

t h a t  above t h i s  l e v e l  the magnet ic  energy d e n s i t y  iLi t h e  Eerromagnetic 

does no t  s i g n i f i c a n t l y  d i f E e r  from t h a t  of a vaciium. 

Thus f o r  i n t e n s e  f i e l d s  of 10'' Oe and above, we may speak  o f  a spe -  

c i f i c  s t o r e d  magnet ic  ene rgy  d e f i n e d  as t h e  energy c o n t e n t  of the F i e l d  

i t s e l f  p e r  u n i t  mass of i n d u c t o r  c o i l .  P r i o r  t o  t h e  advent  of super- 

conduc t ing  c o i l s ,  s p e c i f i c  magnet ic  ene rgy  d e n s i t i e s  on the o r d e r  of 

10-3 kJ p e r  k g  of c o i l  were g e n e r a l l y  f e a s i b l e .  Superconduct ing co i l s  

a l l o w  much h i g h e r  c u r r e n t s  per inass of c o i l  and energy d e n s i t i e s  o f  -5 

kJ/kg have been achieved.  S t r u c t u r a l  l i m i t a t i o n s  appea r  t o  place a 

maximum v a l u e  of about 10 kJ/kg f o r  s t o r e d  e l e c t r o m a g n e t i c  energy i n  the 

f i e l d  of s u p e r c o n d u c t i n g  coi ls .  

Dielectric s t o r a g e .  An electric f i e l d  a p p l i e d  a c r o s s  a d i e l e c t r i c  

s t o r e s  ene rgy  i n  t h e  medium t o  a d e g r e e  p r o p o r t i o n a l  t o  t h e  d i e l e c t r i c  

c o n s t a n t  and the s q u a r e  of t h e  f i e l d  s t r e n g t h .  Since t h e  f i e l d  s t r e n g t h  

i t s e l f  e q u a l s  t h e  a p p l i e d  v o l t a g e  across t h e  medium per u n i t  w id th ,  a 

g l v e n  a v a i l a b l e  v o l t a g e  y i e l d s  R v o l u m e t r i c  energy s torage  t h a t  in- 

creases as t h e  s q u a r e  of t he  r e c i p r o c a l  O F  t h e  width.  Thus, there is a 

h i g h  premium f o r  wafer- thin media i n  high energy c o n t e n t  d i e l e c t r i c s ,  

and c o n s e q u e n t l y  f a b r i c a t i o n  t e c h n i q u e s  are o f t e n  a l i m i t i n g  €actor.  

Dielectric s t o r a g e  of pr ime energy f o r  b u r s t  power would r e q u i r e  a flow- 

s h e e t  similar t o  t h a t  € o r  a f lywheel  s t o r a g e ;  i.e., t h e  pr imary loop  

would g e n e r a t e  a con t inuous  DC e l e c t r i c  supp ly  €or r e l o a d  fo l lowing  

b u r s t  and make up f o r  e l e c t r i c a l  l eakage .  As with f l y w h e e l s ,  a 

p o s s i b i l i t y  e x i s t s  € o r  performance of a power c o n d i t i o n i n g  f u n c t i o n  i n  

a d d i t i o n  t o  s t o r a g e  of prime power. 

- -- * 
O e r s t e d  = 79.58 A/m; Oers t ed  i s  t h e  common magnet ic  i n t e n s i t y  

mi t . 
d e s i g n a t e s  a f e r r o m a g n e t i c  material which does not r e t a i n  

s i g n i f i c a n t  magnet ic  f i e l d  on reinoval o f  the a p p l i e d  f i e l d ,  as opposed 
t o  "'hard" f e r r o m a g n e t i c s  which may be permanent magnets. 

t "soft" 



E l e c t r i c  i n t e r n a l  energy i s  s t o r e d  i n  a d i e l e c t r i c  material by 

t h r e e  mechaqisms: ( 1) e l e c t r o n  p o l a r i z a t i o n  caused by a r e l o c a t i o n  of  

l o o s e l y  bound e l e c t r o n s  by t h e  e l e c t r i c  f i e l d ;  ( 2 )  atom p o l a r i z a t i o n  

caused by an ave rage  d i sp lacemen t  of n u c l e i i  i n  a f i e l d ,  and (3) d i p o l e  

o r i e n t a t i o n ,  i .e.,  a partial al-lgnment of permanent d i p o l e s  by tlw 

imposed e l e c t r l i c  f i e l d .  P r e d i c t i v e  t h e o r i e s  r e g a r d i n g  tlhe r e l a t i v e  

c o n t r i b u t i o n s  from t h e s e  s o u r c e s  t o  t h e  t o t a l  induced p o l a r i z a t i o n  have 

not been developed with r e l i a b i l i t y .  T h e r e f o r e ,  a l t h o u g h  i t  is known 

t h a t  c e r t a i n  classes of ceramics posses s  h igh  d i e l e c t r i c  c o n s t a n t s ,  i t  

can not be t h e o r e t i c a l l y  p r e d i c t e d  t o  what deg ree  material  development 

may ach ieve  impruveinents. It should a l s o  be no ted  t h a t  b e s i d e s  high d i -  

e l ec t r i c  c o n s t a n t  t h e r e  are o t h e r  p r o p e r t y  r equ i r emen t s  f o r  a h i g h  s t o r -  

age  d e n s i t y  mater ia l ,  i.e., (1)  no r e t e n t i o n  of  p o l a r i z a t i o n  on removal 

of t h e  f i e l d  as t h i s  would not permit  f u l l  ene rgy  r ecove ry ;  ( 2 )  s u f -  

f i c i e n t l y  l o w  e l e c t r i c  conductance t o  miniini ze  l eakage ;  ( 3 )  high 

d i e l e c t r i c  s t r e n g t h  on the o r d e r  of 1000 V / y  i s  d e s i r e d ;  ( 4 )  long-term 

chemical  s t a b i l i t y  under  o p e r a t i n g  c o n d i t i o n s .  

Much of t h e  i n t e n s i v e  development i n  t h e  area of d i e l e c t r i c  e n e r g y  

s t n r a g e  i n  t h e  p a s t  decade has  been d i r e c t e d  toward u s e  of impregnated 

polyrneric f i l m s  such as Mylar and polypropylene.  The c h i e f  development 

i n c e n t i v e s  have been the r e j e c t i o n  of p o l y c h l o r i n a t e d  biphenyl  (PCRs) 

irnpregnants i n  power c a p a c t t o r s  f o r  environmental  r e a s o n s  and new a p p l i -  

c a t i o n s  r e q u i r e d  for laser and space power system d e v i c e s .  Though t h e  

impregnated polyiner ics  posses s  r e l a t i v e l y  low d i e l e c t r i c  c o n s t a n t ,  

geli t-rally from 2 t o  10, t h e i r  c h i e f  advan tage  l i e s  i n  a v a i l a b l e  high 

p r e c i s i o n  t h i n  f i l m  manufactur ing t e c h n i q u e s  a l lowing  a t t a i n m e n t  of n e a r  

t h e o r e t i c a l  maximum e l e c t r i c a l  s t r e s s e s .  According t o  a r e c e n t  review 

(Reed, 1981) such systems may be s t r e s s e d  t o  200 t o  400 V/y f o r  a s h o r t  

term, The h i g h e s t  r e p o r t e d  d c g r e ~  ol" energy s t o r a g e  (Reed, 1981) is 

0.1 k.J/kg) which may he approaching t h e  upper a c h i e v a b l e  l i m i t  f o r  t h i s  

c l a s s  of c a p a c i t o r .  

I J s e  of e l e c t r i c a l  c a p a c i t i v e  energy storagp f o r  space power a p p l i -  

c a t i o n  wauld r e q u i r e  more s t a b l e  materials than  t h e  polymerics  as w e l l  

a s  more c o m p e t i t i v e  d e g r e e s  of energy s t o r a g e .  It i s  t h e r e f o r e  n a t u r a l  

t o  c o n s i d e r  u s e  o f  ceramic d i e l e c t r i c s  which posses s  s u p e r i o r  s t a h i L i t y  
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as  w e l l  as h i g h e r  i n h e r e n t  d i e l e c t r i c  c o n s t a n t .  For example, some 

l i n e a r  d i e l e c t r i c s  ( i . e . ,  c o n s t a n t  d i e l e c t r i c  c o n s t a n t  with a p p l i e d  

f i e l d )  such as TiOz, CaTiOg, and SrTiO3 p o s s e s s  d i e l e c t r i c  c o n s t a n t s  

of -200 and i n h e r e n t  breakdown v o l t a g e s  of -1900 V / p  For t h i n  wafers. 

Assuming f a b r i c a t i o n  p rocedures  f o r  a c h i e v i n g  such h i g h  s t ress  may be 

deve loped ,  an electr ic  stress of 1000 V / u m  on a d i e l e c t r i c  of !ce = 200 

c o r r e s p o n d s  t o  a n  energy s t o r a g e  of 20 kJ/kg. 

Sigher  d i e l e c t r i c  c o n s t a n t s  on t h e  o r d e r  of 2000 are r e p o r t e d  f o r  

s o - c a l l e d  f e r r o e l e c t r i c  materials such as RaTi03. However, accord ing  t o  

S h i r n  and Burn ( i n  Reed, 19811, t h e s e  materials assume a permanent 

p o l a r i z a t i o n  i n  a phenomenon analogous to magnet ic  hya teresis such t h a t  

f u l l  energy r ecove ry  i s  no t  p o s s i b l e .  F e r r o e l e c t r i c s  are t h e r e f o r e  a u t  

c o n s i d e r e d  t o  be t h e  most advan tage  d i r e c t i o n  f o r  high ene rgy-dens i ty  

c a p a c i t i v e  s t o r a g e .  I n s t e a d ,  a more promising approach wny be use :if 

so -ca l l ed  a n t i f e r r o e l e c t t i c  materials such  as La-modif i e d ,  m i  xed PbZrOg- 

PbTiU3 (PLTZ) which have d i e l e c t r i c  c o n s t a r i t s  of -2000 and show no 

h y s t e r e s i s  Loss. However, PLTZ i s  r e p o r t e d  t o  have been s t r e s s e d  a t  

o n l y  40 V / p  t h u s  f a r ,  y i e l d i n g  ene rgy  d e n s i t i e s  below t h a t  of t h e  poly- 

merlcs. 

There  is o b v i o u s l y  a large i n c e n t i v e  f o r  probing toward t h e  u l t i -  

mate a c h i e v a b l e  s p e c i f i c  energy d e n s i t y  i n  d i e l e c t r i c  materials. It i s  

n o t  clear a t  t h i s  time what tha t  is ,  b u t  we may n o t e  t h a t  i f  PLT% c a n  be 

f a b r i c a t e d  and s t r e s s e d  t o  1000 V/um i t s  e n e r g y  d e n s i t y  would 

b e  -200 kJ/kg, which may be a c o m p e t i t i v e  v a l u e  c o n s i d e r i n g  t h e  s impl i c -  

i t y  t h a t  d i e l e c t r i c  s t o r a g e  oEfers and i t s  p o t e n t i a l .  a d d i t i o n a l  power 

c o n d i t i o n i n g  f u n c t i o n .  Exac t ing  f a b r i c a t i o n  p rocedures  f o r  50 u m  t h i n  

wafers with m i n i m a l  p e r t u r b a t i o n  of e lec t r ic  f i e l d  due t o  t h i c k n e s s  or 

p r o p e r t y  v a r i a t i o n s  t o  p reven t  breakdown arid p a r a l l e l .  l eakage  r e p r e s e n t  

maj o r  development h u r d l e s .  
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2.  APPLICATTON OF THERMAJ. ANI) FLYdHEEI, ENERGY 
STORAGE TO EJIJCLEAR POWER SUPPLY SYSTEMS 

2.1 I n t r o d u c t i o n  

Thi.s s e c t i o n  d e s c r i b e s  i n  a genera l  way t h e  manner i n  which thermal  

and Elywheel ene rgy  s t o r a g e  sys tems may be a p p l i e d  t o  c l o s e d  c y c l e  

n u c l e a r  systeras f o r  s: ipplying b u r s t  power. The purpose  i s  t o  i l . lus t ra te  

lion such an energy  s t o r a g e  s y s t e n  may he  f i t  i n t o  the overa l l  f l owshee t  

and how t.he d u t y  c y c l e s  of ths? major components are a f f e c t e d  by t h e  

i n c o r p o r a t i o n  o f  the energy  s t o r a g e  system. The f o l l o w i n g  b u r s t  sys tem 

f l o w s h e e t s  a r e  reviewed he re :  

>t 

1. Ro i l ing  Potassi . im Rankine B u r s t  Systems 

F i g .  2.1. No energy  s t o r a g e  

Fig.  2.2.  Thermal. storage condenser  

F i g .  2 . 3 .  Thermal s t o r a g e  i n  t h e  pr imary loop  and thermal s t o r a g e  

F i g .  2.4. Flywheel s t o r a g e  prime 

conde ns c! r 

2.  Li thium Cooled 1,iqui.d Metal Reac tor  B u r s t  System 

Fig.  2 . 5 .  No energy s t o r a g e  

Ftg. 2.6. Therinal  storage condenser 

Fig.  2.7.  'i'herinal s t o r a g e  i n  the primary loop and thermal. s t o r a g e  
c oncie n s e r 

Fig .  2.8. Flywheel s t o r a g e  prime 

3 .  HTGR b ray ton  Burst  Systems 

F i R .  2.9. No energy  s t o r a g e  

FTg. 3.10. Thermal s t o r a g e  of c y c l e  h e a t  r e j e c t i o n  

F ig .  2.11. Flywheel s t o r a g e  prime 

P i g .  2 . .  12.  Thermal s t o r a g e  i n  pr imary loop .  

Farli flowsheet a l so  i n d i c a t e s  the approximate  t empera tu re  ranges  

t h a t  may bc expec ted  a t  r e a c t o r  i n l e t ,  o u t l e t  and i n t e r m e d i a t e  l o c a t i o n s  
____. . 

* 
The d u t y  c y c l e  i s  d e f i n e d  as t h e  t i m e  span w i t h i n  a c y c l e  encom- 

pass ing  b u r s t s  p l u s  power system r e g e n e r a t i o n  t h a t  a component i s  
a c t i v e .  A r e g e n e r a t i o n  t i m e  approximate ly  e q u a l  t o  an o r b i t  p e r i o d  i s  
h e r e  assumed. However, t he  d i s c u s s i o n  i s  s i m i  l a r  f o r  o t h e r  assumed 
powc r L'PKC 11 e r a t i o n  t 1 1 1 1 ~  P, . 

- 
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i n  t h e  power conve r s ion  system. Each of t h e s e  a r e  p r e s e n t e d  i r ~ .  an 

approximate and p r e l i m i n a r y  f a s h i o n  as a g e n e r a l  i n d i c a t i o n  of t h e  ef-- 

f e c t  o f  energy s t o r a g e  on t h e  du ty  c y c l e ,  and t h e  t empera tu re  l eve l  

range a t  which the rma l  s t o r a g e  systems would he r e q u i r e d  t o  opera te  i n  

these ouclear supply systems. 

In the  f l o w s h e e t s  t h a t  f o l l o w  i t  i s  assumed t h a t  the liouseket>pinp, 

power system i s  c o n t i  niious and comple t e ly  separate and p rov ides  t?w 

npcesaa ry  power t o  s t a r t u p  the a l e r t  mode (AI , ) .  It i s  f u r t h e r  assumeA 

t h a t  t he  a l e r t  and b u r s t  system power i s  provided by the same reactor 

source .  However, s ince  t h e  a l e r t  mode and burst: power l e v e l s  are so flat- 

a p a r t ,  each f u n c t i o n  must be provided w i t h  a separate ene rgy  conversiori 

system. The f l o w s h e e t s  show on ly  t h e  burst mode. The power r a t i o  be- 

tween t he  b u r s t  and a l e r t  mode? i s  of t h e  o r d e r  of a f a c t o r  of 100 and 

t h e r e f o r e  i s  too l a r g e  t o  accommodate i n  a s i n g l e  power conve r s ion  

c o n t r n l  range. T t  should  be n o t e d  t h a t  energy s t o r a g e  i n  a r e g e n e r a t i n g  

system pernits a r e a c t o r  power r e d u c t i o n  ahout equal t o  t h e  ra t f r )  o f  

b u r s t  s e r i e s  d u r a t i o n  t o  t h e  t o t a l  c y c l e  t i m e ,  which includes t h e  b u r s t  

p l u s  r e g e n e r a t i o n  time. Thus i f  a 20 min b u r s t  series were fo l lowed  by 

about a 2000 min r e g e n e r a t i o n  p e r i o d ,  an energy s t o r a g e  c a p a b i l i t y  would 

e f f ec t  a f a c t o r  of 100 r e d u c t t o n  i n  b u r s t  power s y s t e m  size. I n  such 

case, the b u r s t  and a l e r t  mode power conversiori  systems w o ~ ~ l d  he 

comparahle,  and on ly  one system would he needed. In t h e  f l o w s h e e t s  t h a t  

f o l l o w ,  however, t h e  d u t y  c y c l e s  shown i n  t h e  l egends were developed 

assuming an engagement t i m e  of about  20 min and a r e g e n e r a t i o n  t i l ne  

w i t h i n  an o r b i t  pe r iod  of about 100 min. I n  t h i s  c a s e ,  prime e n e r g y  

s t o r a g e  a f f e c t s  a b u r s t  system s i z e  r e d u c t i o n  of ahout  a f a c t o r  of f i v e ,  

which I s  i n s u f f i c i e n t  t o  e l i m i n a t e  t h e  need f o r  s e p a r a t e  hurc;t and a l e r t  

mode power c o n v e r s i o n  systems.  

The f o l l o w i n g  a b b r e v i a t i o n s  are used i n  t he  power sys te ln  f I ow- 

s h e e t s :  

A A1 t er na t o r  
AI, A l e r t  mode 
R U  B u r s t  mode 
C Compressor 
ECP Elec t r ic  c i r c u l . a t i n g  pump (motor-dr iven or  e l e c t r o m a g n e t i c )  
EFP Elec t r ic  feed pump 
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Y !I 
FW 
IIK 
HTGR 
G 
J P  
K 
LMR 
Na K 
b I  
MIIX 
PP 
RAT) 

KC 
S 
T 
T/ A 
'rs 
T s-P 
TS-C 

Feed h e a t  e r 
Flywhee 1 
Housekeeping mode 
High t empera tu re  gas-cooled r e a c t o r  
Gene ra to  r 
Je t  pump 
P o t  as s i  urn 
Liquid metal r e a c t o r  
Sod ium-po t as s i  um e u t e c t i c  
Motor 
Main h e a t  exchanger 
P r i h e  power 
Rad i a t  o r  
Radia tor-condenser  
1,iquid s e p a r a t o r  zone 
Turb ine  
T u r  bo-a1 t e r n a  t o r  
Thermal s tarage 
Thermal s t o r a g e  p r i m e  
Thermal s t o r a g e  condenser  

It should be noted t h a t  each thermal  s t o r a g e  r e s e r v o i r  siiown sym- 

b o l i c a l l y  i n  t h e  foLlowing f i g u r e s  as a box l a b e l e d  TS-C o r  TS-P may be 

e i t h e r  a n e a r l y  i s o t h e r m l .  u n i t  based on a phase change material (PCM) 

o r  one t h a t  s t o r e s  s e n s i b l e  hea t  i n  a d d i t i o n  t o  l a t e n t  h e a t .  For t h e  

l a t t e r  case, t h e  d i s c u s s i o n  i n  %ct. 1.3.1.3 a p p l i e s  d e s c r i b i n g  t h e  

manner i n  which a s e n s i b l e  h e a t  r e s e r v o i r  may be used i n  power eonver- 

s i o n  s y s t e m s ;  i.e. t hey  m i s t  e i t h e r  be l a r g e  enough t o  minimize t h e  

temperature v a r L a t i o n  (and a t  t endan t  e f f i c i e n c y  l o s s )  o r  an " i s o t h e r -  

inal iz ing" system, as shown i n  Fig.  1 . 2 ,  must he adopted.  

2.2 Roi-Iing Potassium Rankine Systems 

F i g u r e s  2.1 through 2.4 i l l u s t r a t e  t h e  Rankine conve r s ion  system 

employing t h e  Roil ing Potassium Reactor  w i th  r e s p e c t i v e l y ,  no s t o r a g e ,  

T K S  f o r  condensing,  TES f o r  f r o n t  end s t o r a g e  and for  condensing and 

Elywheel s t o r a g e  of prime power. Shown wtth each f i g u r e  are t-he d u t y  

c y c l e s  o f  t h e  r e a c t o r ,  t u r b i n e - a l t e r n a t o r ,  r a d i a t o r  condense r ,  and where 

a p p r o p r i a t e ,  t he  d u t y  cycles  f o r  t h e  s t o r a g e  d e v i c e s .  

The non-storage cas;c, Fig. 2 - 1 ,  i l l u s t r a t e s  some f e a t u r e s  common t o  

t h e  r e s t .  F i r s t ,  EFPs are shown f o r  loop c i r c u l a t i o n  ( e i t h e r  motor- 

drPve7i cen t  r i f l i ga l  o r  e l e c t r o m a g n e t i c )  r a t h e r  t han  t u r b i n e - d r i v e  pumps 
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ORNL-OWf; 86 -4645 E T D  - HK 

BURST PHASE DUTY CYCLE 

TH 1300- 1600 K 
TC 900.-1200 K DURATION 

OF BURSTS 

Fig. 2 1. Boi l ing  Potassium Rankine b u r s t  s y s t e m  - no e n e r g y  
s t o r a g e .  

p r i m a r i l y  because they  are b e t t e r  s u i t e d  f o r  s t a r t u p  us ing  a l e r t  mode 

e l e c t r i c  power. Turbine d r i v e s  may prove l i g h t e r  and more e f f i c i e n t ,  

but are miscast i n  s top-and-s ta r t  sys tems.  Also n o t e  t h a t  jet-pumps are 

used  Ear pumping t h e  n e a r - s a t u r a t e d  l i q u i d s  from t h e  r e a c t o r  s e p a r a t o r  

and from the condenser  t o  the  feed h e a t e r .  Tn t h i s  c a s e ,  one EFP d r i v e s  

t h e  two je t  pumps shown. As i n d t c a t e d ,  r e a c t o r  ex i t  t empera tu res  i n  the 

range 1300 t o  1600 K may be cons ide red  and t u r b i n e  e x i t  t empera tures  may 

r ange  from 900 t o  1200 K. The duty  c y c l e  i n d i c a t e s  t h a t  t h e  b u r s t  

s y s t m  would o p e r a t e  only for t he  b u r s t  power p o r t i o n  of t h e  o r h f t ,  h e r e  

shown as 20% of o r b i t  c y c l e  t i m e .  

F i g u r e  2.2 i l l u s t r a t e s  t h e  system employing a TES dev ice  as a con- 

d e n s e r ,  with u l t i m a t e  cycle heat  r e j e c t i o n  being perforrned by a r a d i a -  

t o r .  A pumped N a K  loop is  used t o  t r a n s f e r  h e a t  from t h e  condenser  to 

t h e  r a d i a t o r .  The p r i n c i p a l  b e n e f i t  r e l a t i v e  t o  Pig. 2.1 is t h e  slnallelr 
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r a d i a t o r  which o p e r a t e s  f o r  t h e  i t i l l  o r b i t  c y c l e  i n s t e a d  of only t h e  20% 

b u r s t  d u r a t i o n .  I n  a d d i t i o n ,  the r a d i a t o r  is a s i m p l e r  s t r u c t u r e  s i n c e  

i t  does n o t  perform t h e  condensing f u n c t i o n ,  which i s  i n s t e a d  psovidcad 

by a the rma l  s t o r a g e  d e v i c e .  The s t o r a g e  medium may he  e i t h e r  a PCM 

m a t e r i a l  w i t h  a m e l t i n g  p o i n t  in  t h e  90c)--1200 K r a n g e ,  or a s e n s i b l e  

heat a b s o r b e r  with upper t e m p e r a t u r e  i n  t h e  900-1200 K range. Thus,  

ba l anced  a g a i n s t  the advan tage  of a smaller, and s i m p l e r  r a d i a t o r  i s  the 

weight  p e n a l t y  of t h e  s t o r a g e  u n i t  and t h e  added NaK loop. 

F igu re  2.3 i l l u s t r a t e s  a B o i l i n g  Po ta s s ium system u s i n g  t h e r m a l  

s t o r a g e  f o r  primary loop  energy i n  a d d i t i o n  t o  a the rma l  s t o r a g e  con- 

d e n s e r .  The s i g n i f i c a n t  advan tage  h e r e  i s  t h a t  t h e  r e a c t o r  runs f o r  t h e  

f u l l  o r b i t  cycle i n s t e a d  of onl-y f o r  20%, and consequen t ly  may be 5 

t i m e s  smaller. I n  a d d i t i o n ,  p r o v i s i o n  f o r  m u l t i p l e  restarts,  employing; 

a l e r t  phase power €o r  each,  are not  r e q u i r e d .  The p e n a l t y  paid f o r  

t h e s e  b e n e f i t s  is t h e  added mass of t h e  TS-P d e v i c e  and the a d d i t i o n a l  

c o o l a n t  loop. Ve shou ld  n o t e  t h a t  i n  t h i s  r e a c t o r  system, t h e  TS-P 

d e v i c e  performs as a condenser  f o r  t h e  primary potassium as w e l l  as a 

b o i l e r  f o r  t h e  secondary l o o p  flow. As i n d i c a t e d  by t h e  d u t y  cycle  

l egend  i o  Fig.  2.3,  t h e  r e a c t o r  and primary loop o p e r a t e  c o n t i n u o u s l y  

th roughou t  t h e  a c t i v e  p e r i o d ,  as does the hea t  r e j e c t i o n  loop.  Only the 

secondary  loop ,  c o n t a i n i n g  t h e  t u r b i n e / a l t e r n a t o r  and ci rcu la t  irig pump 

are a c t u a t e d  f o r  t h e  b u r s t  d u r a t i o n .  Therefore i n  t h i s  c x n c e p t ,  t h e  

primary heat s t o r a g e  r e s e r v o i r  (TS-P) i s  c o n t i n u a l l y  r e p l e n i s h e d  a d  t tw  

h e a t  r e j e c t i o n  s t o r a g e  system (TS-C) is  c o n t i n u o u s l y  being di s cha rged  

d u r i n g  t h e  a c t i v e  pe r iod .  Bes ides  a f a i r l y  complex TS-P u n i t ,  an 

a d d i t i o n a l  i n c u r r e d  p e n a l t y  i s  l o s s  of t he rma l  e f f i c i e n c y  due to  t h e  Ar 
i n  the  pr imary s t o r a g e  d e v i c e  r e q u i r i n g  a somewhat l a r g e r  ene rgy  c~nver- 

s i o n  sys t em f o r  t h e  same n e t  power o u t p u t .  

F i g u r e  2.4 i l l u s t r a t e s  u se  of f lywhee l  s t o r a g e  f o r  pr ime pcpr~c?r 

u s i n g  a R o i l i n g  Potassium Reactor .  The unique f e a t u r e  h e r e  .fs tha t  tht. 

e n t i r e  system o p e r a t e s  f o r  100% of t h e  o r b i t ,  i n c l u d i n g  thP r e a c t o r ,  T/A 

conve r s ion  u n i t ,  f l ywhee l  and r a d i a t o r .  I n  p a r t i c u l a r  i n  c.ompari ng 

F ig .  2 . 3  w i t h  Fig.  2.4,  n o t e  t h a t  t h e  T/A system m u l d  he ra ted  ;fit: one--- 

f i f t h  t h e  power f o r  the  f lywhee l  s t o r a g e  system compared with t h e  case 

For f ron t - end  the rma l  s t o r a g e .  
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POWER 
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REACTOR 
TIA 
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FW 

CHARGE 
DISCHARGE 

x 

D U R A T I O N  
OF BURSTS 

Fig .  2.4. Boi l ing  Potassium Rankine b u r s t  system - f l y w h e e l  
storage prime. 

An a d d i t i o n a l  b e n e f i t  of t h e  f lywheel  s t o r a g e  system accrues i f  t h e  

s t o r a g e  d e v i c e  can unload i n  pulses ,  thereby performing a power con- 

d i t i o n i n g  r o l e  as w e l l  as energy s t o r a g e .  The p e n a l t y  a g a i n s t  which 

t h e s e  benefits are weighed is  t h e  added mass of t h e  flywheel system a n d  

t h e  a t t e n d a n t  complex i ty  and cost. 

2.3 Li th ium Cooled M R  

Figure 2.5 i l l u s t r a t e s  t h e  Lithfum Cooled LMR, dual  loop concept  

with no ene rgy  s t o r a g e  i n  b u r s t  mode o p e r a t i o n .  As shown, the  pr€mary 

lithium coolant b o i l s  secondary loop potasslum i n  t h e  MHX. The power 

conversion system employs a potass ium vapor t u r b i n e  and a radfator 

condenser ,  app rox ima te ly  equ i -va len t  t o  t h e  conve r s ion  and condensing 
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u n i t s  Ln t h e  non-storage Bo i l ing  P o t a s s l t m  Reac to r  Case (F ig .  2.1). As 

shown by the d u t y  c y c l e ,  all coinpponents o p e r a t e  f o r  -20% of t h e  o r b i t  

t lme. The benefit of s i m p l i c i t y  i n  terms of number of components m ~ s t  

be balanced a g a i n s t  l a r g e r  u n i t  s i z e s  (compared wi th  energy  s t o r a g e  sys- 

tems)  and t h e  r e q u i r e d  a l e r t  mode power usage f o r  t h e  r e p e a t e d  s t a r t u p s .  

F igu re  2.6 i l l u s t r a t e s  a L i t h t t n n  Cooled LMR & t h  a thermal  s t o r a g e  

condenser .  The s t o r a g e  m a t e r i a l  t s  t h e r m a l l y  loaded du r ing  t h e  b u r s t  

and unloaded d u r i n g  the e n t i r e  o r b i t  cyc le .  The NaK loop h e a t  r e j e c t i o n  

r a d i a t o r  sys tem o p e r a t e s  f o r  t h e  f u l l  cycle  and t hus  may be o n e - f i f t h  

s i z e  r e l a t i v e  t o  t h e  non-storage case. The r a d i a t o r  f o r  t h i s  case does 

TH 1350-1650 K 
TI 1260- 1560 K 
TC 900-1200 K 

YS-C 

O R N L  DWG 86-4643 

CI 

REACTOR 
EFP 
T I A  
ECPl 
l-S---C 

LOAD 
U N L O A D  

RAUlECP2 

E T D  

i 
DUHA TlON 
OF BURSTS 

Fig .  2.6. Li thium Cboled Dual Loop IMR b u r s t  system - t he rma l  
s t o r a g e  condenser .  



42 

not  per form a condensing f u n c t i o n  and hence does not o p e r a t e  a t  c o n s t a n t  

temperat tire ., 

An impor tan t  s u b t l e  b e n e f i t  common t o  all back-end thermal  s t o r a g e  

sys t ems  may be h ig lwr  thermal e f f i c i e n c y  f o r  t he  power c y c l e .  That i s ,  

t h e  sys;tem may op t imize  t o  lower t u r b i n e  d i s c h a r g e  t empera tu re ,  r e l a t i v e  

t o  non-storage,  by use of a somewhrat larger r a d i a t o r  which would be 

s t i l l  s u b s t a n t i a l l y  smaller t han  the non-storage case r a d i a t o r -  

condenser .  

F i g u r e  2 .7  i l l u s L r a t e s  a L i t h i u m  Cooled LMR sys t em wLth both  f r o n t  

end and back end thermal  s t o r a g e ,  t h e  d i f f e r e n c e  between P igs .  2.7 and 

2.6 being t h e  replacement  of t h e  MHX wi th  a thermal  s t o r a g e  device .  Thc 

O R N L - D W G  86--4644 E T D  9 

BURST PHASE 0UTY.C.YC.LE- TH 1350-1650 K Cl 
TI 1260-1 560 K 
TC 900--1200 K REACTOfI 

ECP1 
TS-P 

LOAD 
UNLOAD 

TIA 
EFP 
151; -.- 

LOAD 
UNLOAD 

N A [I / E CP2 
DURATION 
OF BURSTS 

Fig .  2.7. L i t h i u m  Cooled Dual h o p  LWK b u r s t  system - t he rma l  
s t o r a g e  prliiie and thermaL s t o r a g e  condenser.  
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p r i n c i p a l  advan tage ,  as shown by t h e  d u t y  c y c l e ,  t s  t h e  con t inuous  oper-  

a t i o n  of t h e  r e a c t o r  over  t h e  o r b i t  c y c l e ;  t h u s  t h e  r e a c t o r  s i z e  €s  

reduced t o  about  o n e - f i f t h  r e l a t i v e  t o  t h e  cases shown i n  Figs.  2.5 and 

2.6. The TSP dev-lce would be h y d r a u l i c a l l y  s i m p l e r  and t h e r e f o r e  

probably smaller than  t h e  e q u i v a l e n t  d e v i c e  f o r  t h e  Boil-lng P o t a s s l  urn 

Reac to r  ( i n  Fig.  2.3) which f u n c t i o n e d  s imul . taneously a s  a b o i l e r  and 

condenser .  In t h i s  system ar rangement ,  however, t h e  secondary  l o o p  

i n c l u d i n g  t h e  t u r b i n e - a l t e r n a t o r  and f eed  pump, a c t i v a t e s  only d u r i n g  

t h e  bu r s t  t i m e ,  t h u s  t h e r e  i s  no s i z e  r e d u c t i o n  of t h e s e  components 

r e l a t i v e  t o  t h e  non-storage case. 

F i g u r e  2.8 i l l u s t r a t e s  t h e  f lywhee l  prime energy  s t o r a g e  case f o r  a 

Li th ium Cooled Reac tor  system. Para l le l  b e n e f l t s  a c c r u e  as a l r e a d y  d i s -  

cussed  f o r  t h e  B o i l i n g  Potassium Reac to r ,  namely, reduced s i z e  of all. 

FROM TO 
T RAD 

FROM FH 4 

t-0 

O R N L - D W G  86- 4646 E T D  ____t HK 

ECP I t  
I 

FH BURST PHASE DUTY CYCLE TH 1350-1650 K 

TC 900- 1200 K 
71 1260-1560 K 0 25 50 75 100% 

REACTOR 

TFP 

TIA 
FW 

LOAD 
UNLOAD 

RAD 

DURATION 
OF BURSTS 

Fig. 2.8. L i th ium Cooled D u a l  Loop LMR b u r s t  sys tem - f lywhee l  
s t o r a g e  prime. 
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components r e l a t i v e  t o  t h e  non-energy s t o r a g e  system, i n c l u d i n g  t h e  

t u r b i n e - a l t e r n a t o r ;  t h i s  i s  shown by tlie d u t y  c y c l e  legend i n d i c a t i n g  

a l l  components o p e r a t e  f o r  t h e  f u l l  o r b i t  cycle. The b e n e f i t s  of small 

s i z e  con t inuous  o p e r a t i o n  (no r e p e a t e d  r e s t a r t s )  and p o s s i b l e  power 

c o n d i t i o n i n g  r o l e  of t h e  Elywheel b a l a n c e  a g a i n s t  the added weight and 

complex i ty  of t h e  f lywhee l  system. 

2.4 BTGK Rrayton Burs t  System 

An HTGR p r o v i d i n g  power d i r e c t l y  t o  a Brayton c y c l e  c o n v e r s i o n  sys -  

t e m ,  wi th  no c y c l e  energy s t o r a g e ,  i s  i l l u s t r a t e d  i n  F ig .  2.9. As no ted  

by t h e  du ty  c y c l e  legend f o r  t h i s  non-storage case, t h e  r e a c t o r ,  t u r -  

bine-compressor-a1 t e r n a t o r  and hence a l s o  t h e  r a d i a t o r  o p e r a t e  on ly  €or  

t h e  approximately 202 b u r s t  p o r t i o n  o f  t he  o r b i t .  A t y p i c a l  H T C X  

Brayton c i r c u i t  i s  shown wherein t h e  primary c o o l a n t  (he l ium)  d r i v e s  t h e  

t u r b i n e  and exchanges heat wi th  r e t u r n i n g  g a s  i n  the r e c u p e r a t o r  b e f o r e  

d i s c h a r g i n g  h e a t  hy r a d i a t i o n .  A s i n g l e  compressor ,  d r i v e n  on t h e  t u r -  

b i n e  s h a f t ,  p r o v i d e s  all t h e  r e q u i r e d  primary loop motive power. N s o  

shown i s  a helium s t o r a g e  r e s e r v o i r ,  r e q u i r e d  f o r  a l l  helium systems f o r  

r e s u p p l y  due t o  con t inuous  l eakage  and f o r  restart  fo l lowing  extended 

dormancy. The primary loop p r e s s u r e  i s  c o n t r o l l e d  by t h e  supp ly  ra te  

from t h e  helium r e s e r v o i r .  We should n o t e  c h a t  t h e  t e m p e r a t u r e  legend 

i n d i c a t e s  t h a t  p o t e n t i a l l y  h i g h e r  r e a c t o r  e x i t  t empera tu re  are projected 

f o r  t h e  HTGR comparcd wi th  l i q u i d  metal r e a c t o r  systems.  

F igu res  2.10a and 2.10h d e p i c t  HTGR b u r s t  systems employing hack- 

end thermal  s t o r a g e  t o  improve t h e  u t i l i z a t i o n  of t h e  r a d i a t o r .  I n  F ig .  

2.10a, a the rma l  s t o r a g e  d e v i c e  i s  placed downstream from t h e  r ecupe r -  

a t o r  and t h e r e f o r e  would o p e r a t e  a t  a r e l a t i v e l y  low temperature .  As 

t h e  durry c y c l e  legend shows, t h e  r e a c t o r  and t u r b i n e  systems o p e r a t e  

o n l y  d u r i n g  t h e  p e r i o d  of t h e  b u r s t s  i n  t h i s  v e r s i o n ,  whereas t h e  r a d i a -  

t o r  c o o l a n t  l oop  o p e r a t e s  c o n t i n u o u s l y .  T h e r e f o r e ,  t h e  advantage h e r e  

r e l a t i v e  t o  the  non-storage case ( F i g .  2 . 9 ) ,  i s  a smaller r a d i a t o r  a t  

t h e  c o s t  of p rov id ing  t h e  thermal s t o r a g e  u n i t .  

It  should be noted t h a t  both v e r s i o n s  2.9 and 2.10a suEEer from 

r e q u i r i n g  thermal  r a d i a t i v e  d i s c h a r g e  a t  f a i r l y  low t e m p e r a t u r e .  This 
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i s  caused by t h e  p re sence  OF t h e  r e c u p e r a t o r  which, while i t  improves 

thermal. effic. i .ency, h a s  t h e  e f f e c t  of s i g n i f i c a n t l y  lower ing  t h e  di.s- 

cha rge  t empera tu re  such t h a t  i t  may burden t h e  r a d i a t o r .  T h e r e f o r e ,  one 

nay c o n s i d e r  a Rrayton c y c l e  system wi.th back-end the rma l  s t o r a g e  i n  

which the  r e c u p e r a t o r  i n  Fig. 2.9 i s  r e p l a c e d  by a t he rma l  s t o r a g e  

d e v i c e ,  as is  shown in Fig.  2.10b. Th i s  Brayton c y c l e  v e r s i o n  has  the 

advan tage ,  re l .a t ive t o  v e r s i o n  2. loa ,  of r e q u i r i n g  a much mal l e r  

r a d i a t o r  and one Jkss major  component i n  t h e  primary sysflems, doing s o  

al: a sacrifice of Lhermal e f f i c i e n c y .  

Common t o  a l l  back-end thermal  s t o r a g e  systems a r e  i n d i r e c t  bene- 

f i t s  of an o v e r a l l  i n c r e a s e  i n  system h a r d n e s s  and  f a b r i c a b i l i t y  

a t t e n d a n t  w i th  the  s m a l l e r  r a d i a t o r  s i z e .  Zn additi-on t h e r e  is t h e  

1.i.kely p o s s i b i l i t y  t h a t  t h e  system w i l l  op t imize  t o  a lower h e a t  r e j ec t  

t e m p e r a t u r e ,  by use  of a somewhat l a r g e r  r a d i a t o r ,  and t h e r e b y  g a i n i n g  

an i n c r e a s e  in c y c l e  e f f i c i e n c y .  

F i g u r e  2.11 i I 1 1 x a t r a t e s  an HTGK Direct B r a y t o n  system w i t h  flywheel. 

storage of p r i m e  power. The p o t e n t i a l  b e n e f i t s  of Plywheel prime e n e r g y  

s t o r a g e  are analogous t o  t h a t  provided f o r  t h e  o t h e r  r e a c t o r  systems,  

nariiely f u l l  c y c l e  o p e r a t i o n  of a l l  major power components, i n c l u d i n g  t h e  

turhine-compressor-alternator and t h e  reactor. 

F igu re  2.12 shows an HTGR Brayton system employing thermal  s t o r a g e  

i.n t h e  primary loop. A s  shown i n  t h e  d u t y  c y c l e  legend,  so do ing  en- 

ables  m e  of the HTGK f o r  t h e  e n t i r e  o r b i t  cyc le ,  and hence a l l o w s  u s e  

of  a smaller r e a c t o r .  However, t h i s  b e n e f i t  i s  weighed a g a i n s t  the 

added weight of the s t o r a g e  d e v i c e ,  t he  need f o r  an a d d i t i o n a l  c i r -  

c u l a t o r ,  the  need f o r  e l ec t r i ca l  power f o r  t h i s  a d d i t i o n a l  c i r c u l a t o r ,  

and t h e  loss  of thermal  e f f i c i e n c y  on t h e  t u r h i n e  loop  due t o  temper- 

a t u r e  d e g r a d a t i o n  r e l a t i v e  t o  t h e  non-storage case ( F i g .  2.9). 
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3 .  THERMAL STORAGE RSID PROGRAMS 

3 . 1  Thermal S torage  Requi rements  
f o r  Nuclear  Systems 

3.1.1 Heat supp ly  s y s t e m s  
_I 

Temperature  range. A f ront-end heat s t o r a g e  system a s s o c i a t e d  wi th  

a B o i l i n g  Potassium reactor  would a c c e p t  heat i n  The t empera tu re  range  

of 1300 t o  1600 K, which i s  a c u r r e n t  p r o j e c t i o n  of an upper  l t m 4 . t  reac- 

t o r  e x i t  t empera tu re ,  and d i s c h a r g e  h e a t  t o  the t u r b i n e  working f l l i i d  a t  

a somewhat lower temperature .  Because of the smaller s i 2 e  and g r e a t e r  

s i m p l i c i t y  of t h e  pr imary loop of t h e  L i t h i m  Cooled Reac tor ,  p r o j e c t e d  

upper  l i m i t  r e a c t o r  exit  t empera tu res  may be -50 t o  100 K h ighe r .  

F ron t  end h e a t  s t o r a g e  For t h e  ATGR would r e q u i r e  a t empera tu re  

e a p a b l l i t y  of from 1300 K t o  1800 K, t h e  e s t i m a t e d  range of ripper l imi t :  

c o o l a n t  t empera tu res  e n t e r i n g  from t h e  ArGR. However, as noted  in 

Sect .  2 . 4 ,  f r o n t  end thermal  s t o r a g e  does  not  appear  t o  fit w e l l  wi th  an  

HTGR-supplied b u r s t  system due t n  an expec ted  high AT l o s s  i n  t h e  u n i t  

and t h e  requi rement  f o r  an a d d i t i o n a l  compressor  i n  t h e  pr imary loop 

o p e r a t i n g  a t  h igh  t empera tu res .  

Thermal s t o r a g e  components. As no ted  i n  Fig.  2.3, f ront-end 

thermal  s t o r a g e  f o r  a Bo i l ing  Potassium Reactor  r e q u i r e s  a d e v l c e  t h a t  

r e c e i v e s  heat from primary loop condens ing  potass ium,  and d i s c h a r g e s  

h e a t  by b o i l i n g  potassium i n  t h e  secondary  loop.  As such ,  it would be 

w e l l - s u i t e d  to  thermal  s t o r a g e  i n  a phase-change material s i n c e  bo th  

sldes of t h e  h e a t  t r a n s f e r  s u r f a c e  would be n e a r l y  i s o t h e r m a l .  

F r o n t  end thermal  storage €or the l i t h ium-coo led  LMR ( F i g .  2.7) 

would r e q u i r e  a d e v l c e  which r e c e i v e s  h e a t  from a s e n s i b l e  h e a t  d rop  I n  

flowing l i t h i u m  and d e l i v e r s  i t  by b o i l i n g  potass ium on t h e  secondary  

s i d e .  A thermal  s t o r a g e  phase change material would thus  be r e q u i r e d  

w i t h  a m e l t i n g  p o i n t  less than  t h e  l i t h i u m  o u t l e t  t empera ture .  Hence, 

f r o n t  end thermal  s t o r a g e  for a Lithium Cooled 1;MR may e n t a i l  more t e m -  

p e r a t u r e  d e g r a d a t i o n  i n  t h e  passage  o f  h e a t  energy  from t h e  primary t o  

secondary  loop  than  f o r  t h e  Bo i l ing  Potass ium s y s t e m .  This  d i s a d v a n t a g e  

may be a l l e v i a t e d  t o  some degree  by use  of bo th  phase  change and 
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s e n s i b l e  h e a t  s t o r a g e  in a way t h a t  w i l l  a l l ow t h e  working fl-utd exi.~ 

temperature  t o  more c l o s e l y  approach t h e  h i g h e s t  Li. t empera tu re .  

-~ Thermal s t o r a g e  materials. Front-end therinal s torage  for  t h e  Boj.1- 

i ng  Potass!.m Reactor  would be best s u i t e d  t o  a phase chauge material  

w i t h  t r a n s i t i o n  i n  the  1300 t o  1500 K range. A s  noted i n  'Cakle 1 .1 ,  a 

n~amber o f  Si e u t e c t i c s  melt i.n t h i s  range and posses s  hlgh s t o r a g e  

c a p a c i t i e s  i n  t h e  range 1500 t o  1900 kJ/kge These t h e n  would be consid- 

ered as prime c a n d i d a t e s  f o r  f r o n t  end thermal  s t o r a g e ,  r e q u i r i n g  how- 

e v e r  a resoluti-on. of t h e  d i f f i c u l t  c o n t a i n e r  co tnpa t i . l s i l i ty  i s s u e  common 

t o  a l l  molten meta1.s ( e x c e p t  the alka1.i m e t a l s ) .  

I n  a d d i t i o n  t o  the Si. eutectics, a f e w  f l u o r i d e  s a l t s  . l i s t e d  i n  

Table 3.1 are a l s o  a v a i l a b l e  f o r  cons ide ra t i -on  i n  t h i s  e l e v a t e d  tempera- 

t i i re  ranges and with phase change e n t h a l p i e s  in excess of -500 kJ/kg.  

Table 3.1. F l u o r i d e  sa l t s  w i t h  phase 
change i n  t h e  1300 t o  1600 K range 

and heats of f u s i o n  i n  
excess of 500 kJ/kg 

- 
Me1 tl.ng S to rage  

( K) (kJ/  kg)  
Salt p o i n t  capac i ty  

MgF2 15 36 933  

FeF2 1373 550 

C K F ~  1373 -5 00 

Cop2 15 23 -5 00 

Numerous o t h e r  fLiiorPdes are a v a i l a b l e  with me1.tirig p o i n t s  i n  

exc-ess of 1400 K, however, t h e s e  are inva r j - ab ly  s a l t s  of heavier  metals 

( r a re  e a r t h s ,  actinides and t h e  heav€e r  a l k a l . i n e  eartihs) and posses s  

hea t  storage capaci t ies  much below 500 kJ/kg.  There has  e v i d e n t l y  been 

no c o m p a t i b i l i t y  t e s t i n g  wiith f l u o r i d e  s a l t s  a t  t h e s e  e l e v a t e d  tempera- 

t u r e s ,  nor has there  been any devel-opment of c o n t a i n e r  concep t s .  

O the r  potentl .al .  h e a t  s t o r a g e  m a t e r f a l s  i n  t h e  1300 t o  1800 K range 

are PCMs composed of a l k a l i  metal and a l k a l i n e  e a r t h  o x i d e s ,  a few of 
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which have been l t s t e d  i n  Table  1.3. None of t h e s e  has  been Kested; 

however t h e i r  chemical. C h a r a c t e r i s t i c s  are such t h a t  c o m p a t i b i l i t y  with 

s u p e r a l l o y  c l a d d i n g  m a t e r i a l  i s  a t  least  a p o s s i b i l i t y .  

Oxides of o t h e r  metals arid oxygen-bearing sal ts  such as b o r a t e s ,  

s i l icates ,  chromates ,  etc. ,  w i t h  hi.gh me l t ing  p o l n t s  g e n e r a l l y  p o s s e s s  

s t o r a g e  c a p a c i t i e s  less than  500 kJ/kg and would l i k e l y  be incornpati  b3.e 

w i t h  t h e  r e f r a c t o r y  metal c o n t a i n e r s  r e q u i r e d  f o r  t h e s e  e l e v a t e d  tem- 

p e r a t u r e s .  

3.1.2 Thermal. s t o r a g e  f o r  h e a t  r e j e c t i o n  

Tempera ture  range. As noted i n  S e c t s ,  2.2 and 2.3, t h e  Rankine 

c y c l e s  employed w i t h  t h e  R o i l i n g  Potass ium and Li th ium Cooled Reac tor  

c o n c e p t s  r e q u i r e  h e a t  r e j e c t i o n  sys tems i n  t h e  900 t o  1200 K t e m p e r a t u r e  

range .  The RTCR Rrayton system would r e q u i r e  a h e a t  r e j e c t i o n  sys tem 

coupled  t o  a t u r b i n e  e x i t  t empera tu re  of from 800 t o  1200 K. The PCM 

used i n  t h i s  d e v i c e  would have t o  posses s  a m e l t l n g  p o i n t  t h a t  i s  h ~ s s  

t h a n  t h e  He o u t l e t  t e m p e r a t u r e  from t h e  the rma l  s t o r a g e  u n i t *  P r e c i s e l y  

what t h a t  t empera tu re  is would not  be known without a n  o p t i m i z a t i o n  

s t u d y  of t h e  e n t i r e  power c y c l e ,  but w e l l  may be about  100 K less t han  

t h e  i n l e t  t empera tu re  from t h e  t u r b i n e  e x h a u s t .  T h e r e f o r e ,  t h e  PCN 

employed i n  t h e  HTGR Brayton h e a t  d i s c h a r g e  thermal  r e s e r v o i r  w o u l d  

r e q u i r e  a m e l t i n g  p o i n t  i n  t h e  range 700 to 1100 K .  

Thermal. s t o r a g e  components. The R o i l i n g  Potassium and Li thjum 

Cooled Reac tor  concep t s  each  r e q u i r e  s imi la r  the rma l  s t o r a g e  d e v i c e s  € o r  

c y c l e  h e a t  r e j e c t i o n .  Tn each case, t h e  s t o r a g e  d e v i c e  accepts heat 

from potass ium vapor  a t  t h e  t u r b i n e  d i s c h a r g e  a c t i n g  as a condense r ,  and 

d i s c h a r g e s  h e a t  t o  NaK c i r c u l a t i n g  c o o l a n t .  A s  such ,  i t  would be nearly 

i s o t h e r m a l  on t h e  h i g h  t empera tu re  s i d e  of t h e  h e a t  exchange slirf ace 

d u r i n g  the rma l  c h a r g i n g  a t  which t i m e  t h e  PCM i s  uridergolng me1 t i n g .  

The thermal  s t o r a g e  d e v i c e  used fo r  WTGR Hrayton h e a t  r e j e c t i o n  

sys tem would a f f e c t  a h e a t  exchange from h o t  helium (800 t o  1200 K at 

t h e  i n l e t  d u r i n g  b u r s t  o p e r a t i o n )  t o  NaK c o o l a n t  with t h e  h e a t  storage 

medium as an i n t e r m e d i a r y .  During h e a t  l o a d i n g ,  t h e  h o t  gas  i n l e t  m u l d  

be between 800 and 1200 K with an o u t l e t  t empera tu re  of perhaps  from 700 
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t o  1100 K. The h e a t  s t o r a g e  med im would be cooled  by a NaK f low which 

would o p e r a t e  f o r  t h e  en t i r e  charge- recharge  c y c l e .  

Thermal s t o r a g e  materials- Candida te  h e a t  s t o r a g e  tnatertals f o r  

cyc le  h e a t  r e j e c t i o n  may be cons idered  from t h o s e  being eva lua ted  f o r  

t h e  solar dynamic sys tems planned f o r  NASA’s space S t a t i o n  Prograin. 

(See Appendix A f o r  a d e s c r i p t i o n  of the s o l a r  r e c e i v e r  development work 

a s s o c i a t e d  wi th  t h e  Space S t a t i o n  Program and a s s o c i a t e d  d isc lnss ion  i n  

Sect. 1.3.1) Table  1.2 l ists  some O F  t h e  PCMs c u r r e n t l y  be ing  e v a l u a t e d  

f o r  use a s s o c i a t e d  wi th  t h e  s o l a r  r e c e i v e r  component of t h e  s o l a r  dy-- 

namic power sys t em.  As noted  in Appendix A ,  the PCMs wi th  phase t r a n s i -  

t i o n s  above 1200 K are those  be ing  t e s t e d  for advanced sys tems;  those 

wi th  lower me l t ing  p o i n t s  are be ing  cons ide red  f o r  a n e a r  term s o l a r  

Brayton system, whi le  L i O N  h a s  been s e l e c t e d  for  t h e  s o l a r - d r i v e n ,  

o r g a n i c  Rankine sys tern. 

”..-. 

Also inc luded  i n  Table  1.2 i n  t h e  700 t o  1200 K m e l t i n g  range, but 

not  being cons ide red  fo r  t h e  space  s t a t i o n  is LiH,  which w a s  p robab ly  

o m i t t e d  from c o n s i d e r a t i o n  due t o  i t s  tendency t o  d i s s o c i a t e .  However, 

i t s  thermal  d i s s o c i a t i o n  tendency it; only  modest whi le  i t s  hea t  s t o r a g e  

c a p a c i t y  is  q u i t e  high. The re fo re ,  t h e r e  is a s t r o n g  i n c e n t i v e  f o r  

de t e rmtn ing  whether o r  no t  L i H  may r e a l i s t i c a l l y  be employed Ln h e a t  

reject  system. 

Other  h e a t  r e j e c t i o n  materials may be cons ide red  b e s i d e s  t h e  salts 

l i s t e d  i n  T a b l e  1.2, but  none appea r  t o  have any advantage  over  them. 

Some of t h e  Si e u t e c t i c s  f a l l  .In low me l t ing  range of <12OO K (see 

Table 1.1) ,  bu t  t h e s e  possess f a L r l y  low hea t  s t o r a g e  c a p a c i t y .  Some 

c a r b o n a t e s  a l s o  f a l l  i n  t h t s  r a n g e ,  bu t  c o m p a t i b i l i t y  behav io r  w o l d  be 

more d i f f i c u l t  than  f o r  t h e  f l u o r i d e s ,  L i O H  or LIH,  and t h e  deg ree  of 

h e a t  s t o r a g e  would be lower. 

We may summarize t h e  s i t u a t i o n  r e l a t i v e  t o  p o t e n t i a l  h e a t  s t o r a g e  

m a t e r i a l s  f o r  c y c l e  h e a t  r e j e c t i o n  wi th  t h e  materials l i s t e d  i n  

Table  3.2. 
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Tab le  3 . 2 .  Candida te  h e a t  s t o r a g e  materials 
fo r  c y c l e  heat r e j e c t i o n  

H e a t  Me l t ing  Heat of 
s t o r a g e  p o i n t  f u s i o n  cornme n t 9 

m a t  e r i  a1 ( K) ( k J / k d  

Li OH 746 a 7 3  S e l e c t e d  f o r  the s o l a r  re- 
c e i v e r  i n  t h e  Organic  Ran- 
k i n e  Cycle So la r  D y n a m i c  
Sys tern. D r t e n s t v e l y  
t e s t e d .  

85 0 57 1 Requi res  e n c a p s u l a t i o n .  A1-12 Si 

L i  H 96 1 2845 Highes t  h e a t  of f u s i o n  and 
s p e c i f i c  h e a t .  Tendency 
€or  dissociation. Some 
tests planned (DOD) 

LiF-14 *5 A1F3 983 721  Being c o n s i d e r e d  i n  NASA’s 

LiF-22 CaF2 1039 -75 0 S e l e c t e d  f o r  the Closed 
Eray ton  c y c l e  s o l a r  
r e c e i v e r  i n  NASA’s  SSP. 

s sea 

NaF-32 CaF2 1083 -5 40 

NaF-23 MgF2 1103 -65 5 Being t e s t e d  i n  NASA’s SSP 

L i  F I118 1087 

NaF-27 CaF2-36 NgF2 1178 5 20 

“space Station Program. 

3 . 2  Suamary of Thermal S t o r a g e  R&B Programs 

3.2.1 NASA-sponsored the rma l  s t o r a g e  programs 

The most active area of thermal s t o r a g e  R&D which could  apply  to 

h i g h  t empera tu re  power sys tems i s  c u r r e n t l y  being conducted by NASA in 

c o n n e c t i o n  w i t h  s o l a r  dynamic power fo r  t h e  space  s t a t i o n .  The r o l e  of 

thermal  s t o r a g e  i n  s o l a r  dynamic power sys tems is to prov ide  h e a t  f o r  

t h e  t u r b i n e  working f l u i d  during p e r i o d s  o f  o r b i t  shadow, a f u n c t i o n  

which i s  accomplished i n  most c o n c e p t s  by i n c o r p o r a t i n g  a n  e n c a p s u l a t e d  

PCM w i t h i n  the solar r e c e i v e r .  Other  s o l a r  h e a t  storage concepts sepa r -  

ate t h e  r e c e i v e r  and s t o r a g e  f u n c t i o n s  i n t o  two d e v i c e s  connected by an  

F n t e m e d i a t e  NaK h e a t  t r a n s f e r  loop. At l e a s t  one concept  has  been 



proposed which u t i l i z e s  a s o l i d  s e n s i b l e  h e a t  s t o r a g e  material i n s t e a d  

o f  a PCM w i t h  t h e  o b j e c t i v e  of s impl iEy ing  the r e c e i v e r  design and 

avo id ing  use  of an e n c a p s u l a t i n g  metal. 

The f o u r  NASA programs c o n t r i b u t i n g  t o  the rma l  s t o r a g e  R&D as 

d e s c r i b e d  i n  Appendix A are t h e  f o l l o w i n g :  

1. Cor ros ion  and C o m p a t i b i l i t y  Research f o r  Advanced S o l a r  Dynamic 

Systems (Appendix A , 1 )  

2. Heat Storage Material Development, conducted f o r  t h e  Space S t a t i o n  

Iprogram ( SSP) 

2a.  Near-Term Solar Dyiawic Systems (Appendix A . 2 - 1 )  

2b. S o l a r  Dynamic FIent Receiver Technology (Appendix 14.2.2) 

3. 'Thermi3J. Energy S to rage  Tests a t  NASA Johnson (Appendix A . 3 )  

The three s u b d i v i s i o n s  shown r e f l e c t  the a d m i n i s t r a t i v e  u n i t s  i n  NASA 

under  which work i s  be ing  conducted. The f i r s t  i s  be ing  performed 

w i t h i n  the  Nuclear  and Thermal Systems O f f i c e  at NASA Lewis. Programs 

( 2 a )  and (2b)  wh i l e  s e p a r a t e  are  bath conducted w l t h i n  the Space S t a t i o n  

Program and are a l so  managed from NASA L e w i s ,  Program ( 3 )  i s  an admin- 

i s t r a t i v e l y  separace e f f o r t  conducted w i t h i n  t h e  P r o p u l s i o n  and Power 

D i v i s i o n  a t  NASA Johnson. 

A l l  of t h e  above arc similar i n  two respects - the d i r e c t i o n  i s  

toward s o l a r  dynamic power s y s t e m  and each p l a c e s  high emphasis on con- 

tainer/PCM c o m p a t i b i l i t y  t e s t i n g .  The f i r s t  program ( i t e m  1 above) i s  

d i r e c t e d  toward advanced s y s t e m  arid i.s r e l a t i v e l y  new; hence the pro- 

gram work scope has no t  y e t  been f u l l y  developed. The i n i t i a l ,  Phase I 

p o r t i o n  of t h i s  program currently i n  p r o c e s s  d e a l s  with 100-hr s c r e e n i n g  

tes ts  of NaF-32CaF (T, ,= 1083 K) and NaF-23MgF (Tm = 1100 K) e u t e c t i c  

s a l t s  with the  27 p o t e n t i a l  c o n t a i n e r  a l l o y s  l i s t e d  i n  Appendix A . l .  

The s c r e e n i n g  t e s t s  i n v o l v e  thermal  c y c l i n g  25 K above and below each 

m e l t i n g  p o i n t .  A v i s u a l ,  p r e l i m i n a r y  r e s u l t  i.s r e p o r t e d  t h a t  o n l y  

n e a r l y  pu re  e l emen t s  Fe, M. and Mo are p o t e n t i a l l y  usable  c o n t a i n e r  na- 

t .erials a t  t h e s e  Lemperatures.  'This e a r l y  i n d t c a t i o n  w i l l  be v e r i f i e d  

A nuruber o f  p r e l i m i n a r y  t e s t  r e s u l t s  r e g a r d i n g  c o n t a i n e r  coni- 
p a t i b l l i t y  w i t h  f l u o r f d e  and LiOLI PCMs are i n  appa ren t  c o n f l i c t .  The 
reason i s  b e l i e v e d  due eo be d i f f e r e n c e s  i n  s a l t  i m p u r i t y  l e v e l s .  

2 2 

* 
-.- 

* 
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hy subsequent  longer d u r a t i o n  c o n t r o l l e d  t e s t t n g  and p o s t - t e s t  metal- 

l u r  ig ical  examina t ion  

Seven a d d i t i - o n a l  pure and eritectic s a l t  m i x t u r e s  are be ing  screened 

i n  Phase 1 of t h i s  program; however, no r e s u l t s  are yet r e p o r t e d .  The 

c u r r e n t  s t a t u s  t s  swnmarlzed i n  Table  3*3. 

Table  3 . 3 .  PCMs be ing  t e s t e d  i n  phase I 
o f  t h e  Cor ros ion  And Compati .bilFty 

Research  Program f o r  Advanced 
So la r  Dynamic Systems 

(See Appendix A.1 f o r  p o t e n t i a l  
c o n t a i n e r  a l l o y s )  

~ 

Mel t ing  L a t e n t  
PCM p o i n t  h e a t  

< K> < k.7 I’ kg 1 
_ _  ~ 

Lip-22 CaF 
2 

NaF-32 CaF2 

NaF-23 MgF2 

L i  P 

NaF-27 CaF -36 MgP2 
2 

CaF -so MgF2 
2. 

NaF 

NaF-60 MgF2 

NaMg F 

1039 

1083 

1103 

1118 

1178 

125 3 

1268 

1273 

1303 

75 0 

-5 40 

-650 

1075 

5 20 

-6 30 

790 

-7 15 

-7 10 

Phase 11 o f  t h i s  Advanced S o l a r  Dynamics Materials program 1s 

scheduled t o  begin  in t h e  l a t t e r  p a r t  o f  CY 9986 and w i l l .  cons is t  of 

1000 h r  thermal  cycle tests f o r  t h e  b e s t  eombina t ions  o f  PCM/container 

alloys s e l e c t e d  from Phase I. This  program w i l l  a l s o  begin  e v a l u a t i o n  

of o t h e r  PCMs of p o t e n t i a l  use up t o  1400 K. 

The heat s t o r a g e  technology R&U performed d i r e c t l y  within the Space 

S t a t i o n  Frogram, as d e s c r t b e d  i n  Appendix A.2, i s  be ing  conducted i n  taa 

p a r t s .  The f i r s t ,  c u r r e n t l y  s u b c o n t r a c t e d  to  Rocketdyne, deals with t 

e n t i r e  s o l a r  dynamic power package, The the rma l  s t o r a g e  p o r t i o n ,  though 



and important  p a r t ,  i s  n e v e r t h e l e s s  sirlascrvient t o  thta o v e r a l l  o b j  ec- 

t i v c a .  Two t y p e s  of s o l a r  dynamic power systems a r e  belng c o n s i d e r e d  i n  

t h i s  p o r t i o n  of t h e  SSP - the Closed Brayton Cycle (CBC) with a pro- 

jected t u r b i n e  Jri let  t e m p e r a t u r e  of -1050 K and an O r g a n i c  Rankine Cycl?  

(ORC) system w L t h  a n  e s t i m a t e d  t u r b i n e  inlet of 700 K. A c h o i c e  between 

the t w O  w i l l  be made i n  Spring of 1987. U p  unt i l .  t h e n ,  thermal s t o r a g e  

marerial work w t l l  be s u p p o r t e d  f o r  both systerrts. Howevcr, a t  this time 

i t  appears t h a t  t h e  fo l lowing  tm PCMs are l e a d i n g  c a n d i d a t e s  f o r  t he  

CBC and ORC s o l a r  dynamic systems: 

Tent  at i v e  l y  Melting Latent 
Cycle s e l e c t e d  temper a t  ur e heat 

(k.J/kg) 
.-- 

PC M (0 
I.._- 

CBC LiF-22CaF2 1039 75 0 

ORC Li OH 747 89 1 
--.111_ cD___---- 

H a s t e l l o y  B2 has been demonstrated t o  be a s a t i s f a c t o r y  c o n t a i n e r  f o r  

Li.F-22CaFz a t  1039 K, and b o t h  Ni-201 and Inconel  600 a l l o y s  were 

successfully thermal  cycled w i t h  LiOH between 680 and 780 K. 

I n  a d d i t i o n  t o  t h e  above t e n t a t i v e  s e l e c t i o n s ,  e v a l u a t i o n s  work i s  

tc!tnpclrarily c o n t i n u i n g  on t h e  follord.ng PCV materials i n  a survey-type 

fashfon.: 

Cycle 
S a l t s  

e v a l u a t e d  

ORC L i  OH-Li F 
NaF-KP-LiF 
L i O H - L i  2CO3 
NaCl  --MgC12 
K2C03-J i f2C03  

CRC LiF-MgF2 
LiF-MgF2-KF 
L i ,  C o g  
C a C l  
LIF-LiR02 
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A l i s t  of p o t e n t i a l  c o n t a i n e r  a l l o y s  t e s t e d  f o r  c o m p a t i b i l i t y  w3 t h  t h e  

above PCMs is  g iven  i n  Appendix A . 2 .  

A second p o r t i o n  of t h e  s o l a r  dynamic development m r k  conducted 

w i t h i n  t h e  SSP, d e a l i n g  more r e s t r i c t i v e l y  w i t h  t h e  s o l a r  r e c e i v e r ,  i s  

d e s c r i b e d  i n  Appendix A . 2 . 2 .  In c l o s e  a s s o c i a t i o n  wf th  t h i s  e f f o r t  

be ing  performed by Boeing Aerospace D i v i s i o n  is a NASA LeRC in-house 

e f f o r t  focus ing  on c o m p a t i b i l i t y  t e s t i n g  of t h e  PCMIAlloy materials 

I - i s t ed  in Table  3.4. 

Tab le  3.4. PCM and s e n s i b l e  h e a t  s t o r a g e  materials 
be ing  e v a l u a t e d  by t h e  NASA LeRC in-house 

work f o r  t h e  Space S t a t i o n  Program 

Mel. ti. ng ms Con t a i n e r  
Cycle  t empera tu re  

m a t e r i a l  
( K )  

material 

~ ~~ ~ _ _ _  - 
CRC NaF 1269 Nb 

L i  F 1122 Nb 
LiF-29 MgF2 1019 Ni a l l o y  
LiF-22 CaF2 1039 N i  a l l o y  
BeQ 1556 

ORC L i  OH 743 N i  201 
NaF-20 L i O H  700 
LiF-39 NaF 925 Ni a l l o y  
%a 923 N i  a l l o y  
Zn 693 

'Being t e s t e d  as s e n s i b l e  hea t  s t o r a g e  mate- 
rials. 

S ince  t h i s  p o r t i o n  of t h e  SSP d e a l s  e x c l u s i v e l y  w i t h  the s o l a r  re- 

ceiver component, a number of i n n o v a t i v e  thermal  s t o r a g e  approaches  can 

b e  e v a l u a t e d .  As noted  i n  Table  3.4, metall ic Be and F@ s e n s i b l e  h e a t  

s t o r a g e  i s  being cons ide red  f o r  bo th  t h e  CRC and ORC sys t ems ,  r e spec -  

t i v e l y .  The o r i g i n a l  i n t e n t i o n  was to simplify solar receiver desLgn 

and f a b r i c a t i o n  by e l i m i n a t i n g  the c o n t a i n e r  f o r  t h e  h e a t  s t o r a g e  mate- 

r i a l .  However, it w a s  found t h a t  t h e  vapor  p r e s s u r e  of Be a t  -1100 K 

w a s  e x c e s s i v e ,  r e s u l t i n g  in mass t r a n s p o r t  of Be t o  c o o l e r  p o r t i o n s  of 



t h t z  loop. T h e r e f o r e ,  t h e  o r i g i n a l  concept  has  become less a t t r a c t i v e  as 

t h e  Re i s  now known t o  r e q u i r e  c l a d d i n g .  The d e s i g n  s t r a t e g y  w a s  t o  use 

s u f f i c i e n t l y  l a r g e  Be s e n s i b l e  h e a t  r e s e r v o i r  t o  a l l o w  no [nore than a 

5 5  K temperature swing i n  t h e  therinal l o a d i n g / u n l o a d i n g  c y c l e .  

The thermal  s t o r a g e  development work at  NASA Johnson, d e s c r i b e d  i n  

Appendix A . 3 ,  i s  a lso d i r e c t e d  toward space s t a t i o n  s o l a r  dynamic power 

systems.  The f i v e  PCM sa l t s  l i s t e d  i n  Table 3.5 are each be ing  exposed 

t o  20 p o t e n t i a l  c l a d d i n g  materials i n  thermal  c y c l e  tests around t h e i r  

r e s p e c t i v e  m e l t i n g  t empera tu res .  The f i v e  week exposures have been corn 

p l c t e d  and have. r e s u l t e d  i n  the  eL imina t ion  of e i g h t  p o t e n t i a l  c l a d d i n g  

a l l o y s .  The remaining 1 2  a l l o y s  i n  t h i s  t e s t i n g  program are: Armco 

18SR, CahoL 214, H a s t e l l o y  N and X, Haynes 25, Incone l  600, Ni 201 and 

SS304, 316, 321 and 347. These w i l l  each be t e s t ed  wi th  the fLve PCM 

sa l t s  L i s t e d  i n  Table 3.5 tu 26-week d u r a t i o n  thermal  c y c l e  tes ts .  

Tab le  3.5. PCM sa l t s  be ing  
t e s t e d  a t  NASA Johnson 

(see Appendix A.3 f o r  c o n t a i n e r  m a t e r i a l s )  

Cycle 
Me 1 t i  ng 

PCM t empera tu re  
(K) 

ORC KF-29 LiF-12 NaF 727 

ORC KF-33 L i F  766 

ORC L i O H  746 

1012 I n t e r m e d i a t e  CRC LiF-33 MgF 

High t empera tu re  CBC L i F  1121 
2 

The r e s u l t s  of the 5-week the rma l  c y c l e  exposures  are summarlzed i n  

Appendix A.3. I n  summary, i t  w a s  found t h a t  L i O H  a t  746 K w a s  F a t r l y  

d j - f f i c u l t  t o  c o n t a i n .  Good chemical c o m p a t i b i l i t y  was observed only 

w i t h  N i  200, N i  201 and Incone l  600, a l l  of which however s u f f e r e d  >20% 

strength r e d u c t i o n  i n  5 weeks. On the  o t h e r  hand, 18 of t h e  20 a l l o y s  
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t e s t e d  wi th  the OKC f l u o r i d e  salts  showed good c o i n p a t i h i l i t y  b e h a v i o r  

( o n l y  two Z r  a l l o y s  d i d  n o t )  i n  t h e  746 and 766 K t e m p e r a t u r e  range. 

The h i g h e r  t e m p e r a t u r e  tests wLth f l .uoride s a l t s  a l so  showed Zen- 

e r a l l y  good c o m p a t i b i l i t y  behav io r  €or a l l  a l l o y s  t e s t e d ,  again e x c e p t  

f o r  t h e  Z r  a l l o y s  and SS347 a t  t h e  higher  test. t empera tu re  of 11 2 1  Y. 

However, s e v e r a l  a l l o y s  showed s i g n i f  icarit s t r e n g t h  r educ t ion .  

3.2.2 DOD-sponsored the rma l  s t o r a g e  progrmis  - 

C u r r e n t l y  two DOD- sponso r ed t h e  rmal 9 t o  rage deve lopme n t programs 

are i n  p r o c e s s ,  bo th  suppor t ed  by t h e  AeroPropuls ion Labora to ry  (APL) of :  

t h e  Air Force Wright Aeronau t i ca l  Laboratory (AFWAL). The f i r s t ,  

d e s c r i b e d  i n  Appendix B . l ,  i s  a new program t h e  scope of which has no t  

y e t  been f u l l y  e s t a b l i s h e d .  However, a major t h r u s t  w i l l  be  d i r e c t e d  

toward t h e  f e a s i b i l i t y  of us ing  L i H  as a h e a t  s i n k  material  i n  bo th  a 

r e l a t f v e l y  c o n v e n t i o n a l  f a s h i o n  and i n  a n  i n n o v a t i v e  scheme i n v o l v i n g  

d i r e c t  c o n t a c t  with NaK c o o l a n t .  The second DOD e f f o r t ,  d e s c r i b e d  i n  

Appendix B.2 i n v o l v e s  f l u o r i d e  s a l t  c o m p a t i b i l i t y  t e s t i n g  much l i k e  t h e  

NASA p r o g r e s s  o u t l i n e d  above and i n  Appendix A.  

The f o u r  task c o n s t l t u t i n g  t h e  DOD program e n t - l t l e d  "Energy S to rage  

Concepts f o r  Pulsed Space Power Systems" are d e s c r i b e d  i n  Appendix B.1 .  

These incl.ude : 

Task 1. Energy S to rage  Value A n a l y s i s  

Task 2.  Heat Sink Concepts 

Task 3 .  Heat Source Concepts 

Task 4 .  P r o p e r t y  Measurements 

Most of t h e  p r e s e n t  emphasis is i n  Task 2 d e a l i n g  w i t h  t h e  f e a s i b i l i t y  

of u s ing  L i H  as a h e a t  s i n k  material .  The i n c e n t i v e  i s  q u i t e  high s i n c e  

i t  p o s s e s s e s  t h e  h i g h e s t  s p e c i f i c  l a t e n t  h e a t  of a l l  proposed phase 

change materials as w e l l  as h i g h  s e n s i b l e  hea t  s t o r a g e  c a p a c i t y  ( s e e  

T a b l e  1.2 and Fig.  1 . 3 ) .  However, i t s  f a i r l y  high d i s s o c i a t i o n  p r e s s u r e  

a t  i t s  me l t ing  p o i n t  and t h e  d i f f i c u l t y  i n  d e a l i n g  with t h e  W2 over-  

p r e s s u r e  have i n  t h e  p a s t  l e d  to  t h e  p re s sumpt ion  tha t  i t  m u l d  be im-  

p r a c t i c l e  on a t e s t a b l e ,  r e p e a t  usage b a s i s .  S e v e r a l  c o n c e p t s  f o r  cop- 

i n g  with t h e  d i f € i c u l t  L i H  p r o p e r t i e s  w i l l  be t e s t e d  i n  Task 2 i n c l u d i n g  
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v a r i o u s  containment  procedures; and one h i g h l y  i n n o v a t i v e  procedure  i.n 

which t h e  LiH h e a t  s i n k  i s  exposed d i r e c t l y  t o  a NaK c o o l a n t .  

,b noted  i n  Appendix B.1, Task 3 is  n o t  scheduled  to  b e g i n  u n t i l  FY 

89 a t  which t i m e  work i s  p r o j e c t e d  on use  of e u t e c t i c  Si a l l o y s  as h e a t  

sou rce  materials by use of e n c a p s u l a t l o n  p rocedures  fn high  m e l t i n g  S i .  

A DOD in-house t e s t f n g  program f n v o l v i n g  f l u o r i d e  salt  compa t ib t l -  

i t y  testing wi th  Incone l  617 c laddfng  material is d e s c r i b e d  i n  Appen- 

d i x  B.2. The f o l l o w i n g  t h r e e  e u t e c t i c  s a l t s  are be ing  the rma l  cycled 

fort a planned 10,000 hr duratkon, 

MgF2-46.9 L I P  at 997 K, 

MgF2-39.8 LiF-13.1 NaP at 959 K 

MgF2-42.3 LiF-8.9 KF a t  959 K, 

where t h e  above composi t ions  are g i v e n  i n  weight  pe rcen t .  A t o t a l  of 18 

Inconel  617 c a p s u l e s ,  6 each c o n t a i n i n g  one of t h e  above e u t e c t i c  com- 

p o s i t i o n s  are about  50% through the planned 10,000 h r  test .  Thus f a r ,  

no f a i l u r e s  have been observed .  Good m e t a l l u r i g i c a l  p r a c t i c e  i s  

d e s c r i b e d  f o r  t h i s  work i n v o l v i n g  s a l t  p u r i t y  v e r i f i c a t i o n  and s p e c i a l -  

i z e d  c o n t a i n e r  c l o s u r e  procedures  t o  p reven t  con tamina t ion  of t h e  s a l t .  

High c o r r o s i o n  rates were observed  when p rope r  p rocedures  were no t  f o l -  

lowed r e s u l t i n g  i n  air con tamina t ion  of the f l u o r i d e  sa1.t. 

3.2.3 DOE-sponsored thermal  s t o r a g e  programs 

A few elements of the f a i r l y  e x t e n s i v e  DOE thermal  s t o r a g e  programs 

a r e  d e s c r i b e d  o n l y  b r i e f l y  ln  Appendix C s i n c e  l a r g e  areas of a p p l i c a -  

t i o n  t o  SDI needs are no t  a n t i c i p a t e d .  The reason f o r  t h t s  is t h a t  t h e  

b a s k  t h r u s t  of DOE efforts wi th tn  t h e  O f f i c e  of Energy S to rage  and D i s -  

t r i b u t i o n  and the O f f i c e  of S o l a r  Heat Technologies  has  been toward com- 

m e r c i a l i z a t i o n  of conservat:i.on and renewable energy  t e c h n o l o g i e s ,  e .g ,  ~ 

s o l a r  thermal  e lectr ic ,  waste h e a t  u t l l i z a t i o n ,  and f o r  b u i l d i n g  space  

hea t ing .  

The main e f f o r t  of t h e  S o l a r  Thermal Technology D i v i s i o n  of DOE h a s  

cu lmina ted  i n  t h e  f a b r i c a t i o n  and o p e r a t i o n  o f  t h e  Barstow Solar  Elec- 

t r i c  F a c i l i t y .  However, n i t r a t e  s a l t s ,  which a r e  no t  a p p l i c a b l e  for 
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p r o j e c t e d  b u r s t  power c o n d i t i o n s ,  were s e l e c t e d  For thermal  s t o r a g e  t o  

p r o v i d e  n ight - t ime power. 

Though t h e  m o t i v a t i o n  fo r  t h e  thermal  s t o r a g e  program suppor t ed  by 

the DOE O f f i c e  of Energy Sto rage  and D i s t r i b u t i o n  ( d e s c r i b e d  i n  Appen- 

d i x  C.2) d i f f e r s  s i g n i f i c a n t l y  €ram SDI r e q u i r e m e n t s ,  some Invo lve  

p r i n c i p l e s  o r  t e c h n i q u e s  t h a t  may p o t e n t i a l l y  be a p p l i e d  wi th  h i g h e r  

t e m p e r a t u r e  matertals. The f i v e  program e lemen t s  c i t e d  below f a l l  i n t o  

t h i s  c a t e g o r y .  

1. Composite,  High Temperature  Media Development, 

2. Heat of Mixing Research ,  

3 .  Encapsula ted  % t a l  PCMs, 

4 .  Slurry Heat T r a n s f e r ,  and 

5. J o i n t  NASA/DOE Thermal S to rage  Research. 

Of t h e  above, i t e m s  4 and 5 are g iven  second p r i o r i t y  i n  FY 87 and con- 

s e q u e n t l y  i t  is  d o u b t f u l  t hey  will be funded. ( I n  a d d i t i o n ,  funding  f o r  

Task 3 is now also d o u b t f u l . )  

The f i r s t  t a s k ,  performed a t  t h e  I n s t i t u t e  of Gas Technology (TGT), 

has developed t h e  concept  of c o n t a i n i n g  a PCM w i t h i n  t h e  connec ted  

p o r o s i t y  of a non-melting s o l i d  ma t r ix .  To d a t e ,  IGT h a s  a p p l i e d  t h e  

concept  t o  t h e  conta inment  of c a r b o n a t e  PCMs in ox ide  ceramics, a ma- 

t e r i a l  s e l e c t i o n  no t  p e r t i n e n t  t o  SDI. However, t he  concep t  h a s  c e r t a i n  

d e s i r a b l e  f e a t u r e s  which may f i n d  a p p l i c a t i o n  wi th  o t h e r  m a t e r i a l s  

P o t e n t i a l l y  u s e f u l  f e a t u r e s  of this conta inment  concept  are (1) enhance- 

ment of e f f e c t i v e  thermal  conductance  of t h e  s t o r a g e  medium by use o€ a 

metallic m a t r i x ,  and (2) as i n h e r e n t  method o f  a l l o w i n g  f o r  l a r g e  phase 

change volume d i f f e r e n c e s .  

Task  2 above,  performed by P o l y t e c h n i c  I n s t i t u t e  of New York, i s  

d i r e c t e d  toward e v a l u a t i o n  of t h e  h e a t  of mixing as an ene rgy  s t o r a g e  

mechanism f o r  low t empera tu re  s y s t e m s .  The concep t  may a l so  apply  t o  

h i g h e r  t empera tu re  a p p l i c a t i o n s .  By i t s e l f ,  t h e  h e a t  of mixing p robab ly  

does  n o t  r e p r e s e n t  a s i g n i f i c a n t  energy  s t o r a g e  p o t e n t i a l ,  bu t  metal/ 

salt  s l u r r y  sys tems may prove advantageous  f o r  o t h e r  r e a s o n s  (chemica l  

c o m p a t i b i l i t y ,  improved thermal  conductance)  , and h e a t s  of mixing may 

enhance h e a t  s t o r a g e  c a p a c i t i e s  f o r  t h e s e  dual  phase systems. 
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'Vlw use of e n c a p s u l a t e d  a l l o y  s t o r a g e  matertal  ( task  3 above) i s  

d i r e c t e d  toward developtrig ways t o  encapul a t e  metall ic e u t e c t i c  P C N s  

w i r h i n  high m e l t i n g  s h e l l s .  4s noted i n  Sect .  1.3.1.1, a few meta ls ,  

s u c h  as S i  (and  perhaps o n l y  S i ) ,  have h i g h  l a t e n t  heat and a series of 

e u t e c t i c  alLoys wlth a p o t e n t i a l l y  u s e f u l  range of me l t lng  p o i n t s ,  (up 

t o  1685 K f o r  pure S I ) .  T h e r e f o r e ,  S i - a l loy  PCMs may be of d i r e c t  

a p p l i c a t i o n  t o  b u r s t  power systems,  both for h e a t  supply  ( f ront  end) and 

c y r l e  hea t  r e j e c t i o n  service. Work a t  Ohio S t a t e  Unive-rslty has sough t  

t o  deve lop  caicroencapsuliatlon t e c h n i q u e s  f o r  the %-AI e u t e c t i c  

(Tm 850 K )  i n  higher m e l t i n g  Si a l l o y  material by var ious t e c h n i q u e s .  

These have t h u s  far not  proved t o  be s a t i s f a c t o r y .  F u t u r e  mrk i s  

planned fo r  t h e  h i g h e r  m e l t i n g  Si-Be system (Tm = 1363 K ) .  

The p o r t i o n  o f  t h e  DOE O f f i c e  of Ehnergy S to rage  and B i s t r L b u t i o n  

t h e r n i l  s t o r a g e  development e f f o r t s  perFormed by SERI (Solar EZectrPc 

Re.;carch I n s t i t u t e )  or under SDI s p o n s o r s h i p  i s  o u t l i n e d  i n  

d i x  C.2.2.  As noted i n  t h i s  a p p r n d j x ,  t h P  p r j n r i p a l  t h r u s t  has been 

t o w a r d  development of c a r b o n a t e  s a l t  s e n s i b l e  h e a t  s t o r a g e  f o r  solar 

t he rma l  e lec t r ic  s y s t e m  and f o r  o t h e r  p o t e n t i a l  corliinercial. improvements 

t o  t h e s e  systems. 

3.3 Comparison of SDI Program Requirements 
w i t h  Ongoing R6D 

SDI Prograim thermal. s t o r a g e  r equ i r emen t s  may be a s s e s s e d  by cornpar- 

i s o n  of the p r o j e c t e d  u s e s  of t he rma l  s t o r a g e  i n  b u r s t  power s y s t e m s ,  as  

out l . ined  i n  Sect. 2,  w i th  current  programs and a v a i l a b l e  t echno logy  

deacr lbed  i n  Appendices A ,  R ,  C and summarized i n  Sect .  3.2. The eva1.u- 

a t i o n  p r e s e n t e d  be1.m must he  regarded as p r e l i m i n a r y  a t  t h i s  s t age  due 

t o  t h e  c u r r e n t l y  changing n a t u r e  of system requ i r emen t s .  Thermal s t o r -  

age program r e q u i r e m e n t s  i n t e r a c t  s t r o n g l y  wi th  t h e  e n v i s i o n e d  t y p e s  of 

b u r s t  power systems.  Thus t h e  e l emen t s  p re sen ted  below depend on t h e  

presumed n a t u r e  of t h e s e  systems d e s c r i b e d  i n  Sec t .  2,  i . e . ,  c l o s e d  

c y c l e  n u c l e a r  power sou rces  designed f o r  r e g e n e r a t i o n  of b u r s t  c a p a b i l -  

i . t y .  

1. It i s  noted t h a t  i.n general .  i n c e n t i v e s  f o r  hetilt supply ( f r o n t -  

end) and c y c l e  r e j e c t  thermal  s t o r a g e  e x i s t  i n  t h e  systems d e s c r i b e d ,  
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b u t  no means i s  c u r r e n t l y  a v a i l a b l e  f o r  a s s e s s i n g  t h e  c o s t l b e n e f i t  

r a t i o .  B e n e f i t s  of t he rma l  s t o r a g e  need t o  be e v a l u a t e d  a g a i n s t  i n -  

h e r e n t  c o s t s  by comparisons of system s p e c i f i c  power, s p e c i f i c  energy 

and r e l i a b i l i t y  with and wi thou t  t he rma l  s t o r a g e  € o r  a nutnber of repre- 

s e n t a t i v e  cases. 

2. The technology f o r  h e a t  supp ly  ( f r o n t  end) the rma l  s t o r a g e  does 

n o t  c u r r e n t l y  ex i s t ,  nor may i t  be expec ted  t o  deve lop  s u f f i c i e n t l y  

r a p i d l y  from r e l a t e d  NASA, DOD, and DOE e f f o r t s .  The c h a r t e r  of Lhe  

NASA Advanced Materials Program (Appendix A . l )  e x t e n d s  up t o  1400 K and 

t h u s  may be consLdered as a c o n t r i b u t i o n .  R u t  t h i s  f s  a modest e f f o r t ,  

and SUI t empera tu re  r equ i r emen t s  f o r  t he  h e a t  s o u r c e  exceed 1400 K. The 

DOD e f f o r t .  on h i g h  t empera tu re  Si e u t e c t i c s  i s  no t  p r o j e c t e d  t o  s tar t  

b e f o r e  FY 8 9 ,  i f  a t  a l l .  The DOE e f f o r t  on e n c a p s u l a t e d  Si eutec t ics  

h a s  d e a l t  with t h e  l o w  t e m p e r a t u r e  Si-A1 a l l o y  o n l y  and i s  n o t  p r o j e c t e d  

t o  c o n t i n u e  beyond FY 86. T h e r e f o r e ,  t h e r e  i s  a open technology re- 

qu i r emen t  € o r  h e a t  s t o r a g e l e n c a p s u l a t i n g  m a t e r i a l s  f o r  b u r s t  c y c l e  h e a t  

supply.  The r e q u i r e d  t empera tu re  range is 1309 t o  1600 K f o r  LYR sys -  

t e m s  ilnd up t o  1800 K f o r  HTGR systems. 

3.  C u r r e n t l y  no program e x i s t s  f o r  e v a l u a t i n g  t h e  use of a l k a l i  

metal o x i d e s  ( L i 2 0 ,  Nazr), e t c . )  and a l k a l i n e  e a r t h  o x i d e s  (BeD, MgO,  

S rO,  e t c . )  as an  a l t e r n a t i v e  t o  the Si  e u t e c t i c s  f o r  h e a t  supply  ( f r o n t -  

end) thermal  s t o r a g e .  If  a range of e u t e c t i c s  of t h e s e  oxides e x i s t ,  

t h e y  may prove t o  be p o t e n t i a l l y  a t t r a c t i v e  f o r  use as high t empera tu re  

RCMS. 

4. Cycle h e a t  r e j e c t i o n  s t o r a g e  can  u t i l i z e  h e a t  s t o r a g e  materials 

developed by NASA f o r  the s o l a r  dynamic, space  s t a t i o n  power system, t he  

heat supp ly  f o r  s o l a r  dynamic systems be ing  i n  t h e  p r o j e c t e d  h e a t  reject  

t empera tu re  range f o r  b u r s t  power systems, i .e. ,  from 900 t o  abou t  

1200 K. These programs are d e s c r i b e d  i n  Appendix A and are g e n e r a l l y  

based on f l u o r i d e  PCM's with s t o r a g e  c a p a c i t i e s  i n  t h e  600 t o  SO0 kJ /kg  

I- ange . 
5 .  Heat r e j e c t i o n  s t o r a g e  c a p a b i l i t y  would be g r e a t l y  enhanced by 

t h e  use of L i 9  i n  p l a c e  of f l u o r i d e  s a l t s  as the  s t o r a g e  medium. Mass 

r e q u j r e m e n t s  f o r  the thermal  s t o r a g e  material could be reduced by as 

much as a f a c t o r  of t h r e e  r e l a t i v e  t o  f l u o r i d e  sa l t s .  There i s  a small 



DOD e E f o r t  toward WH t h e r m a l  s t o r a g e  u t i l i z a t i o n  (Appendix B. 1) which, 

however i s  c u r r e n t l y  d i r e c t e d  toward a s p e c i f i c ,  t h e r m i o n i c  power 

system concept .  A d d i t i o n a l  e f f o r t  d i r e c t e d  toward means for u t i l . i z a t i o n  

of L i I I  as a h e a t  reject mater id  would appear  t o  be advantageous to  t h e  

SDI program. 

6 .  The use  of s e n s i b l e  h e a t  t o  augment l a t e n t  h e a t  i n  a r e j e c t i o n  

theriiial r e s e r v o i r  base has  been c i t e d  as a means f o r  augmenting h e a t  

s t o r a g e  c a p a c i t y .  C u r r e n t l y ,  no program element d e a l s  w i t h  augmenting 

PCM thermal  s t o r a g e  wi th  s e n s i b l e  h e a t  e 

7. The h e a t  t r a n s f e r  dynamics of thermal  s t o r a g e  systems form a 

s ign iEFcan t  p a r t  of t h e  s o l a r  dynamic r e c e i v e r  development e f f o r t ,  and a 

p a r a l l e l  e f f o r t  f o r  SDI t he rma l  s t o r a g e  u n i t s  would be r e q u i r e d  as a 

means f o r  e v a l u a t i n g  system performance. Thermal s t o r a g e  u n i t s  no t  o n l y  

p o s s e s s  an energy s t o r a g e  l i m i t a t i o n ,  expres sed  by t h e  energy d e n s i t y  

(kJ/kg) of t h e  p a r t i c u l a r  PCM, but a l s o  a s p e c i f i c  power L i m i t a t i o n ,  ex- 

p r e s s e d  as kW/kg, which depends on t h e  s t o r a g e  c o n f i g u r a t i o n ,  t h e  supp ly  

f l u i d  v e l o c i t i e s ,  and condensing or b o i l i n g  c o n d i t i o n s  i n  t he  h e a t  sup- 

p l y  o r  re ject  f l u i d .  U n t i l  some heat t r a n s f e r  e v a l u a t i o n s  are performed 

on p r o j e c t e d  h e a t  s t o r a g e  components, i t  i s  not clear whether t he rma l  

s t o r a g e  or h e a t  t r a n s f e r  is t h e  c o n t r o l l i n g  € a c t o r  on u n i t  mass. 



67 

4 .  FLYWHEEL STORAGE RID PROGRAMS 

Flywheel development programs have been conducted by NASA, DOE and 

DQD over  t h e  p a s t  decade. The o b j e c t i v e s  of t h e s e  development programs 

have been d i f  Eerent  because o f  t h e  v a r i e t y  i n  applications concerned e 

In  t h i s  s e c t i o n  t h e  performance r e q u i r e m e n t s  f o r  flywheel energy  s torage  

sys tems f o r  SDI s p r i n t  power a p p l f c a t i o n s  w i l l  be d e l i n e a t e d .  In acldi- 

t i o n ,  c u r r e n t  and p a s t  f lywheel  development programs sponsored  by NASA, 

DOD and DOE w L l l  be summarized and t h e i r  r e l e v a n c e  t o  t h e  SDL needs de- 

t a i l e d .  A more complete  d e s c r i p t f o n  of the f lywhee l  programs conducted 

f o r  t h e  v a r i o u s  sponsor s  i s  g iven  i n  Appendices I), E and F. 

4.1 Flywheel S to rage  Requirements  f o r  
Nuclear  S p r i n t  Power Systems 

There  are two  primary measures of per formance  f o r  f lywhee l  s t o r a g e  

systems.  S p e c i f i c  energy  (o r  energy  d e n s i t y )  is determined by d i v i d i n g  

t h e  t o t a l  u s a b l e  energy  s t o r e d  i n  t h e  f l y w h e e l  by t h e  t o t a l  mass of t h e  

f lywhee l  module ( t h i s  i n c l u d e s  t h e  f l y w h e e l ,  motor ,  g e n e r a t o r ,  con ta fn -  

rnent, suspensfon  system and all o t h e r  components of t h e  sys t em) ,  Spe- 

c i f i c  power is de termined  by d i v i d i n g  t h e  o u t p u t  power by t h e  t o t a l  f l y -  

wheel  module mass. 

The mass of t h e  f lywheel  module is d e t e r d n e d  by t h e  power o r  t h e  

energy  r equ i r emen t s  of the s p e c i f i c  miss ion .  As an example c o n s i d e r  t h e  

case i l l u s t r a t e d  i n  Table  4.1. As shown, the f lywheel  module s p e c i f i c  

energy  i s  assumed t o  be 360 kJ/kg and t h e  s p e c i f i c  power 2.5 kW/kg. 

These performance l e v e l s  r e p r e s e n t  t h e  c u r r e n t  c a p a b i l i t i e s  of f lywheel  

systems.  For t h e  case where t h e  s t o r a g e  u n i t  must supp ly  300 MWe f o r  

IS0 seconds  t h e  f lywhee l  system mass is de te rmined  by t h e  power r equ i r e -  

ment. However, when t h e  mis s ion  g e n e r a t i o n  t i m e  is r a i s e d  t o  300 

seconds the  f lywhee l  s t o r a g e  module mass is  f i x e d  by t h e  s t a r e d  energy 

requi rement .  The g e n e r a l  t r e n d  impl i ed  by t h i s  example is t l l u s t r a t e d  

in Fig 4.1. For r e l a t i v e l y  s h o r t  g e n e r a t i o n  t i m e s  t h e  f lywheel  storage 

system mass is f i x e d  by t h e  power r equ i r emen t s .  As t h e  g e n e r a t i o n  time 

i n c r e a s e s ,  t h e  system des ign  i s  governed by t h e  s t o r e d  energy  r equ i r e -  

ment. There e x i s t s  a g e n e r a t i o n  t i m e ,  termed t h e  c r o s s o v e r  p o i n t ,  where 
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t h e  energy and power r equ i r emen t s  of t h e  m i s s i o n  y i e l d  e q u a l  s t o r a g e  

system masses. Beyond t h i s  t i m e  the d e s i g n  i s  dominated by energy S C O T -  

a g e  c o n s i d e r a t i o n s  r a t h e r  t han  power needs.  The crossover  p o i n t  can be 

c a l c u l a t e d  by d i v i d i n g  t h e  s p e c i f i c  e n e r g y  by t h e  s p e c i f i c  power* Tn 

t h e  example c i t e d  above the c r o s s o v e r  p o i n t  o c c u r s  a t  144 seconds ,  

As s u g g e s t e d  by the d i s c u s s i o n  above,  the m i s s i o n  power l e v e l  and  

g e n e r a t i o n  t i m e  w i l l  he i m p o r t a n t  p a r a m e t e r s  i n  d e t e r m i n i n g  t h e  required 

s t o r a g e  performance l e v e l s .  Within t h e  MMW Space Power program t h e  p e r -  

formance g o a l s  se t  f o r  r e g e n e r a b l e  ene rgy  s t o r a g e  systems i n c l u d e  a spe-  

ciEi.c power of 2.5 kW/kg and a s p e c i f i c  ene rgy  of !+SO kJ/kg.  As shown 

i n  F ig .  4.2, t h e s e  performance s t a n d a r d s  r e s u l t  i n  m a s s  savings For nu- 

c l e a r  Rankine c y c l e s  f o r  g e n e r a t i o n  t i m e s  as l o n g  as 800 seconds  ( s e e  

M o r r i s ,  1986 f o r  d e t a i l s  of t h e  a n a l y s i s ) .  For g e n e r a t i o n  times as Long 

as 550 seconds  t h e  t o t a l  system mass w i t h  s t o r a g e  i s  less  than  h a l f  t h a t  

of  the non- s to rage  system. T h i s  i n d i c a t e s  that t h e  mass added t o  t h e  

system by i n c l u d i n g  s t o r a g e  is n o t  as g r e a t  as t h a t  d e l e t e d  hy t h e  need 

f o r  a smaller pr imary power s y s t e m .  

The r e s u l t s  a lqo p o i n t  t o  the f a c t  t h a t  i f  b e n e f i t s  a r e  t o  be ex- 

tended t o  l o n g e r  g e n e r a t i o n  times i t  w i l l .  he n e c e s s a r y  t o  irnprove t h e  

s p e c i f i c  energy r a t h e r  t h a n  t h e  s p e c i f i c  power. %us  t h e  s p e c i f i c  powcr 

goal  i s  n o t  as c r i t i c a l  as the spec i f ic  e n e r g y  s t a n d a r d  a n d ,  research  

shou ld  focus i n i t i a l l y  on increasing t h e  s t o r e d  energy d e n s i t y .  

Typ ica l  SDI mis s ion  r e q u i r e m e n t s  i n c l u d e  o u t p u t  power 1 evcrls o f  

hundreds of megawatts and d e l i v e r e d  e n e r g i e s  on the o r d e r  of t e n s  t o  

hundreds of g i g a j o u l e s .  The t o t a l  s t o r a g e  system would c o n s i s t  of a 

number of independen t  modules to prov ide  f o r  system r e l i a b i l i t y .  This 

would r e s u l t  i.n t y p i c a l  module t h a t  would be c a p a b l e  o f  a power o u t p u t  

on t h e  o r d e r  oE 100 We and would have an energy s t o r a g e  c a p a b i l i t y  on 

the o r d e r  of 15 G.J. S ince a module c o n t a i n s  t w o  c o u n t e r - r o t a i l n ~  

r o t o r s ,  each  f l y w h e e l  must store 7.5 G J .  I n  a d d i t i o n ,  each module w o u l d  

meet the performance goa l s  o f  2.5 kW/kg f o r  s p e c i f l c  power and 450  kJ /kg  

f o r  s p e c i f i c  ene rgy .  
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4.2 Summary of Flywheel S t o r a g e  R&D Programs 

Over t h e  p a s t  decade f lywhee l  development programs have been con- 

duc ted  by NASA, DOD and DOE. As d e s c r i b e d  in Appendices D, E and F ,  

e a c h  has had i t s  own a p p l i c a t i o n ,  hence t h e  r e s e a r c h  g o a l s  have been 

d i f f e r e n t .  

The NASA program ( d e t a i l e d  i n  Appendix P) has  been d i r e c t e d  a t  t h e  

development of i n t e g r a t e d  power and a t t i t u d e  c o n t r o l  sys tems ( I P A C S ) .  

T h e i r  s t u d i e s  indicate t h a t  combining t h e  two f u n c t i o n s  i n  a s i n g l e  f l y -  

wheel package can r e s u l t  i n  mass s a v i n g s  of 25% o r  more when compared to 

t h e  c o n v e n t i o n a l  approach  u s i n g  b a t t e r i e s  f o r  energy  s t o r a g e  and c o n t r o l  

moment gyros  f o r  a t t i t u d e  c o n t r o l .  I n  g e n e r a l ,  t h e  system requ i r emen t s  

are modest compared t o  those  of SDI a p p l f c a t i o n s .  Power Levels  a r e  on 

the o r d e r  of 2 t o  5 kW and t o t a l  s t o r e d  energy  i s  on t h e  o r d e r  of 

1.5 M J .  S ince  t h e  pr imary a p p l i c a t i o n  is  f o r  power d u r i n g  t h e  da rk  por- 

t i o n  of a v e h i c l e ' s  o r b i t  t h e  cha rg ing  and d i s c h a r g f n g  t i m e  r a t io s  are 

about  t h r e e  t o  one. Because r equ i r emen t s  are modest,  the systems can  be 

des igned  a t  r e l a t i v e l y  low performance l e v e l s ,  Energy s t o r a g e  d e n s i t i e s  

are  t y p i c a l l y  on t h e  o r d e r  of 100 kJ/kg. 

Severa l  programs have been sponsored  by NASA i n  t h e  development of 

i n t e g r a t e d  s t o r a g e  and a t t i t u d e  c o n t r o l  systems.  NASA Langley Research 

Center  sponsored a program i n  t h e  mid 1970 ' s  d e s i g n a t e d  as t h e  I n t e -  

g r a t e d  Power and A t t i t u d e  Con t ro l  Program (IPACS). This  program pro- 

duced l a b o r a t o r y  hardware des igned  t o  s a t i s f y  t h e  r equ i r emen t s  of an 

advanced s o l a r  o b s e r v a t o r y  miss ion .  A t i t a n i u m  c o n s t a n t - s t r e s s  d i  sc w a s  

used i n  c o n j u n c t i o n  with a b r u s h l e s s  DG motor /gene ra to r .  The o p e r a t i n g  

speed  range  was 17,500 t o  35,000 rpm. T o t a l  u s a b l e  s t o r e d  energy  of t h e  

f lywheel  system w a s  5.4 M J  and the s t o r a g e  d e n s i t y  w a s  69 kJ/kg.  The 

d e l i v e r e d  power was  2.5 kW. 

The combined-function i n e r t i a l  s t o r a g e  s y s t e m  concept  was aga in  in -  

v e s t i g a t e d  in 1985 and 1986. T h i s  work was  sponsored by NASA Goddard 

Space F l i g h t  Center  and was d e s i g n a t e d  t h e  A t t i t u d e  Control and Energy 

S to rage  (ACES) concept .  This  concept  e n v i s i o n s  t h e  use of a r a d i a l l y  

t h i c k  r o t o r  (having  a r a t i o  of i n t e r n a l  t o  e x t e r n a l  d i ame te r  on t h e  

o r d e r  of 0.6). The magnet ic  suspens ion  system and permanent maEnet 
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m o t o r l g e n e r a t o r  are i n t e g r a t e d  i n t o  t h e  flywheel. r o t o r  i n  t h e  i n t e r n a l  

bore r e s u l t i - n g  i n  a d e s i g n  t h a t  i s  ve ry  e f f i c i e n t  in terms of v o l u m e t r i c  

d e n s i t y .  The o r i g i n a l  i n t e n t  of t h e  program was to  d e m o n s t r a t e  t h e  

f e a s i h i L L t y  of the i n t e g r a t e d  f lywhee l  concept  by b u i l d i n g  and t e s t i n g  a 

p r o t o t y p e .  The p r o t o t y p e  w a s  t o  have a u s a b l e  energy of 1.08 M J  w i t h  a 

power r a t i n g  o.E 500 W e  The d e s i g n  has  been completed but  fund ing  i s  n o t  

a v a i l - a b l e  t o  c o n s t r u c t  t h e  mit. The r o t o r  d e s i g n  was based on t h e  use 

of Ce l ion  1200 g r a p h i t e  f i b e r s  and had a s torage  d e n s i t y  of 7 2  k.J/kg. 

'In a d d i t i o n  t o  t h e  d e s i g n  a c t i v i t y  some 1-imited e x p e r i m e n t a l  work w a s  

performed on t h e  magnet ic  s u s p e n s i o n  system ( u s i n g  a much smaller wheel)  

and t h e  power e l e c t r o n i c s .  

T h e  DOD f l y w h e e l  a c t i v i t i e s  have focused on i n e r t l a l  s t o r a g e  f o r  

advanced g e n e r a t o r s  ( s e e  Appendix E). T y p i c a l l y ,  t h e s e  advanced geuera- 

c _  I. ors are t o  be used for e ~ . c c t r o m a g n e t i c a l l y  l a u n c h i n g  p r o j e c t i l e s  i n  

Lactical weapon systems.  Thl-s work is  be ing  perforlned by a team e m -  

s i s t i n g  of t h e  U n i v e r s i t y  of Texas ( g e n e r a t o r  development) and t h e  En- 

r ichment Technology a p p l i c a t i o n s  C e n t e r  (ETAC) of Marti-n Marietta Energy 

Systems ( f  l ywhee l  development) . A development program, funded by DARPA, 

was i n i t i a t e d  i n  1985 t o  deve lop  composi te  r o t o r s  f o r  an advanced 

homopolar gene ra t . o r .  The a c t i v i t i e s  t o  d a t e  i n c l u d e  t h e  design and con- 

s t r i ic t i -on ( t o  be completed i n  J a n u a r y  1987) of a s p i n  t e s t i n g  f a c i l i t y  

f o r  ro to r s  of up t o  76 crn d i a m e t e r  and t h e  development of advanced 

r o t o r s  u s ing  t h e  newest h i g h - s t r e n g t h  graphi. te f i b e r s .  

The c h a r a c t e r L s t i c s  of t h e  test  r im,  b u i l t  as p a r t  of t h e  DARPA 

r o t o r  development a c t i v i t y ,  are g i v e n  iil Tab le  4.2 and the t e s t  r e s u l t s  

are  g i v e n  i n  Table  4.3.  As i n d i c a t e d  the design was intentLonally 

f a i l e d  i n  a t es t  011 December 9 ,  1985. The r i m  s p e c i f i c  ene rgy  a t  f a i l -  

 re was 878 kJ/kg.  Th is  was double  che p r e v i o u s  bes t  u l t i m a t e  energy 

densfty l e v e l  ac.hieved by a f l y w h e e l  rim. These r e s u l t s  p rov ide  firm 

c x p e r i m e n t a l  s u p p o r t  f o r  t h e  des€gn of f l y w h e e l s ,  u s i n g  the  high- 

s t r e n g t h  graphite f i b e r ,  which have a n  o p e r a t i o n a l  maximrm p e r i p h e r a l  

speed of 1200 m / s .  A t  t h i s  speed  t h e  rim s p e c t f i c  ene rgy  i s  663 kJ/kg.  

This  o p e r a t i o n a l  s p e c i f i c  ene rgy  f o r  t h e  r-Loi o n l y  g i v e s  R f i r m  b a s i s  f o r  

optimism i n  mee t ing  t h e  SDT goa l  of 450 k J / k g e  
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Table  4.2. CharacreristPcs o f  test  rims bui4.t 
for  DAKPA by t h e  Enri ckamenr Technology 

Res e arch rk! nt r? f 

(OLszewski, 1986) 

- .--- .-- 
Axial F-ad f aJ. R i m  Rtm 
l e n g t h  thickness weight inertf R 

mrn ( in . )  (ka) ( Q-"2 P 
Demo 
u n i t  

mm ( i n . )  

1A 1131.6 ( 4 . 0 )  38 (1.5) 12.5 1 e 34 

1 B  48.3 (1.9) 38 (1.5) 5.8 0.63 

1c 48.3  (1.9) 38 (1 .5)  5 e 8  O I 6 3  

Table 4.3. Flywheel demons t r a t ion  test results f u r  rim 
b u i l t  as a p a r t  of t h e  DARPA effort and t e s t e d  a t  

t h e  Enrichment Technology Appl ica t ions  Cen te r  

(Olszewski, 1986) 

-__ 
Rim K i m  

s t o r e d  1985 Demo V e l o c i t y  s p e c i f i c  
Date u n i  t (m/s> energy ene rgy  Resul t s 

- tkJ/kg (Wh/kg)l (MJ)  

O c t .  17  1A 1055 495 (138) 6.5 Web f a i l u r e ,  ,mall 
c rack .  No r i m  dam- 
age. 

t i o n .  30 damagee 

t i o n .  No r3iarnagee 

Nov. 8 18 1173 605 (168) 3 .t3 Stopped f O T  i n s p e e -  

NOV. 12 1C 1221 663 ( 1 8 4 )  4 82 Stopped f o r  -i.nspee- 

Dec. 9 1c 1405 878 ( 2 4 4 . )  5.4 I n t e n t i o n a l  if R I  l u r e  
testa 

I -- - 

The emphasis of the  DOD program i s  now s h i f t i n g  and C Q ~ ~ W E S ~ Q O - C  

technology i s  r e p l a c i n g  homopolar generators as t h e  primary emphasis of 

the  program. To match the  needs of the compuPsator t h e  flywheel &PI 

o p e r a t e  a t  a r e l a t i v e l y  l o w  p e r i p h e r a l  speed (on t h e  o rde r  E S F  

500 ids). Hence high performance f lywhee l s  w i l l  not be required. This 

a c t i v i t y  i s  expec ted  t o  begin i n  FY 6987. 
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A s  i n d i c a t e d  i n  Appendix I?, t h e  DOE i n t e r e s t  i n  f lywhee l s  began in 

t h e  l a t e  1970 ' s  d.th t h e  incep t ion .  of the Mechanical Energy S to rage  

Technology (NEST) Program. The focus  of t h i s  program w a s  t o  produce a 

f lywhecl  f o r  t r a n s p o r L a t i o n  appl  i c a t i o n s  t h a t  had an e w r g y  s t o r a g e  

d e n s i t y  a t  u l t i m a t e  speed ( t h e  speed a t  which f a i l u r e  occur s )  of 

316 kJ/kg (88 Wh/kg) .I Program management responsibilities were s h i f t e d  

s e v e r a l  t i m e s  d u r l n g  the c o u r s e  of the program's l i fe t ime.  By 1980 t h e  

program w a s  managed hy ORNL, I n  a d d i t i o n  to o v e r a l l  program management 

r e s p o n s j - b i l i t i e s ,  ORNL developed spln testing c a p a b i l i t i e s  and acted 3s 

t h e  independent  tes t  f a c l l i t p  t o  v r r i f y  performance c h a r a c t e r i s t i c s  of  

r o t o r s  s u p p l i e d  by I n d u s t r i a l  f i n n s .  The program was phased 'out by DOE 

i n  1983. 

The performance tes t ing  was accomplished i n  two phases.  The first-  

phase focused on u l t i m a t e  speed e v a l u a t i o n s .  The naxCmum u l t i m a t e  s t o r -  

age  d e n s i t y  achieved was 286 W/kg and t h e  maximum s t o r e d  energy was 

3.08 E?J ( s e e  Appendix F ) .  In t h e  second t e s t i n g  phase,  c y c l i c  f a t i g u e  

t e s t i n g  was added t o  t h e  testing regime. The d i s c  and d i s c / r i m  d e s i g n s  

s u c c e s s f u l  t y  completed 10,000 c y c l e s  and showed no d e g r a d a t i o n  i n  s t o r -  

age density at u l t i m a t e  speed. 

I n  FY 1986 t h e  DOE p rov ided  technology t r a n s f e r  fund ing  t o  ETAC t o  

b u i l d  upon t h e i r  enr ichment  t echno logy  expe r i ence  and a p p l y  c h i s  exper-  

t i s e  to  g e n e r i c  flywheel development wrk, The a c t t v i t i e s  unde r t aken  

i n c l u d e  a p p l i c a t i o n  of composi te  s t r u c t u r e  a n a l y s i s  c a p a b i l i t y  to Ely- 

wheel  d e s l g n ,  d e s i g n  and procurement of winding equipment s u i t a b l e  f o r  

f lywhee l s  a p p r o p r i a t e  for SDS needs and procurement of assembly t o o l i n g  

f o r  f lywheels .  This fund ing  i s  f o r  one year on ly  and w i l l ,  when c o w  

bined wtth the t e s t i n g  f a c i l i t i e s  b u i l t  under DOD a u s p i c e s ,  r e p r e s e n t  a 

un ique  f a c i l i t y  f o r  devel o p i n g  arid t e s t i n g  h igh  performance f lywhee l s .  

4 a 3 blevance  of other Flywheel Development 
Programs t o  SDI Needs 

II 

- 
The s a l i e n t  f e a t u r e s  of each of the f lywhee l  development programs 

is d e t a i l c d  i n  Table 4 . 4 .  Also g iven  i n  TabLe 4 . 4 ,  f o r  purposes  of com- 

pa r1  son, are t he  a n t i c i p a t e d  needs f o r  bPlW s p r i n t  power a p p l i c a t i o n s .  
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TabLe 4 . 4 .  Summary of f lywhee l  development pro9rans  

Program Sponsor S t a t  us Appl i ca t ion  

Performance' ?-lo du l  e ca  pa h i  1 i t  y' 

Cycles  Spec i f  i c  
power 

( k w / i c s )  

Output power S to red  energy  comple te  S p e c i f i c  energy  
(kw) (M.9  (kJ/kg)  

IPACS 

ACES 

Flywheels  f o r  Avanced 
g e n e r a t o r s  

YEST 

Technology T r a n s f e r  

MMii' S p r i n t  Power 
Needs 

KASA - LaRC 
NASA - GSFC 

DAWA 

DOE - O f f i c e  of Tnerpy 

DOE - Enrichment Tech- 

S to rage  

nologfes 

DOE - DOD 

I n a c t i v e  

I n a c t i v e  

I n a c t i v e ;  a w a i t i n g  
r e d i r e c t i o n  

I n a c t i v e  

Funded FY 1986 o n l y  

To he  funded beg in -  
n i n g  FY 1987 

S p a c e c r a f t  I n t e g r a t e d  power  a n d  6'4 
A t t i t u d e  Con t ro l  System 

S p a c e c r a f t  I n t e g r a t e d  power a n d  72 
A t t i t u d e  Con t ro l  System 

9.03 2.5 5.4 

3 Develop f lywhee l s  f o r  i n e r t i a l  U7ab ( u l t i m a t e )  NA' NA 6.5 
s t o r a g e  f o r  advanced homopolar 663' 
g e n e r a t o r s  

NA KA 1.06 ( i t t i m a t e )  10,000 Cevelor, f l ywhee l s  f o r  t r a n s p o r -  256 ( u l t i m a t e )  
r a t i 3 n  a p p l i c a t i o n s  

Develop c a p a b i l i t y  t o  a p p l y  en -  
richment e x p e r t i s e  t o  f lywhee l s  - 
Focus i s  procurement of t a s k s ,  
ra the  r t h a n  E 1y"heel development 

SDIINuclear S p r i n t  Power Sys- 4 5 3  2.5 1 6 , cion 2 0 , n m  < I  ,000 
Systerrs --- -- 

'Unless o t l ie rwisc  noted v a l u e s  a r e  o p e r a t i o n a l  per formance  l e v e l s  r a t h e r  t han  vn lues  a t  u l t i m a r e  speeci. 

bRirn -on ly  v a l u e s .  

'Not a v a i l a b l e .  
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The most s t r i k i n g  f e a t u r e  of t h e  t a b l e  i s  t h e  f a c t  t h a t  a f t e r  FY 1986 

t h e r e  w i  11 be no a c t i v e  Flywheel development programs be ing  conducted 

i n  t he  United S t a t e s .  Moreover those  programs t h a t  were conducted a re  

a p p l i c a b l e  t o  t h e  SDI s p r i n t  power needs i n  on ly  a l i m i t e d  manner. 

As i l l u s t r a t e d  i n  t h e  Tab le  4.4, t h e  performance l e v e l s  achieved i n  

t h e  NASA f lywlwc l  programs a r e  o r d e r s  of inagnitude below t h o s e  reqmired 

f o r  SDI s p r i n t  power systems.  The same i s  t r u e  € o r  t h e  module c a p a b i l -  

i t y  i n  t o t a l  s t o r e d  energy and power. Since t h e  NASA m i s s i o n s  have re- 

l a t i v e l y  modest needs ( i n  terms of power and s t o r e d  e n e r g y ) ,  i t  is  n o t  

s u r p r i s i n g  t h a t  t h e  NASA work i s  no t  g r e a t l y  r e l e v a n t  t o  the SDI 

needs.  Although much o€ t h e  NASA work is  not d i r e c t l y  r e l e v a n t ,  some 

p o r t i o n s  a d d r e s s  i s s u e s  t h a t  are impor t an t  t o  t h e  SDI program. Specif-  

i c a l l y ,  t h e  magnet ic  suspens ion  e f f o r t  t h a t  is d i r e c t e d  at i s o l a t i - n g  t h e  

f l y w h e e l  from t h e  s p a c e c r a f t .  This w a s  impor t an t  i n  the space  observa-  

t o r y  mis s ion  s i n c e  p l a t f o r m  j i t t e r  would have been d e t r i m e n t a l  t o  t h e  

a s t r o n o m i c a l  o b j e c t i v e .  It i s  a l s o  impor t an t  i n  t h e  SDI s p r i n t  power 

mis s ion  s i n c e  p l a t f o r m  j i t t e r  will a d v e r s e l y  a f f e c t  aiming accuracy .  

The e x p e r i m e n t a l  work t o  d a t e  h a s  been a t  too s m a l l  a scale t o  be of 

d i r e c t  b e n e F l t .  However-, i f  NASA starts a new program i n  t h i s  area t h a t  

works wi th  larger scale r o t o r s  t h e  technology development r e s u l t s  xmuld 

be of i n t e r e s t .  

The MEST Program w a s  a l s o  d i r e c t e d  t o  an a p p l i c a t i o n  t h a t  d i d  n o t  

r e q u i r e  ex t r eme ly  h€gh performance l e v e l s .  Thus, t h e  program i s  of o n l y  

l i m i t e d  v a l u e  t o  t h e  SDI needs.  The most s i g n i f € c a n t  c o n t r i b u t i o n  i s  

r e l a t e d  t o  t h e  c y c l i c  l i f e t i m e  performance of composi te  f lywhee l s .  The 

?iEST program demonstrated t h a t  composi te  f lywhee l  s p e c i f i c  energy was 

not  d imin i shed  a f t e r  10,000 c y c l e s .  Since t h e  SUI a p p l i c a t i o n  w i l l  i n -  

v o l v e  on t h e  order  of 1000 c y c l e s  > materials p r o p e r t i e s  ( p r i m a r i l y  

t e n s i l e  s t r e n g t h )  do not have t o  be downgraded i n  t h e  d e s i g n  t o  accoun t  

f o r  c y c l i c  f a t l g u e  e f f e c t s .  

Taken t o g e t h e r  t h e  DARPA funded e f f o r t  and the  DOE t echno logy  

t r a n s f e r  work p rov ide  an e x c e l l e n t  base  € o r  deve lop ing  t h e  Elywheel 

t echno logy  r e q u i r e d  f o r  SDI s p r i n t  power modules. The demons t r a t ed  s p e -  

c i f i c  energy l e v e l s  are s u f f i c i e n t l y  above t h e  SDI r equ i r emen t  t o  g i v e  

optimism t h a t  the o p e r a t i n g  g o a l s  can be net. Most i m p o r t a n t l y ,  through 
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t h e s e  t m  programs ETAC has  a c q u i r e d  t h e  s p e c i a l t z e d  equipment n e c e s s a r y  

t o  deve lop  f l y w h e e l s  f o r  t h e  SDI mission.  

This  assessment  of f l ywhee l  programs has  shown t h a t  t h e r e  a r e  no 

e x i s t i n g  f lywhee l  development e f f o r t s  t h a t  d u p l i c a t e  t h e  work t o  be ac- 

complished I n  t h e  MMW S p r i n t  Power Program. Indeed ,  t h e  review h a s  

demonst ra ted  t h a t  i t  i s  on ly  through t h i s  program t h a t  t h e  r e q u i r e d  

technology can be e f f e c t i v e l y  deve loped .  It i s  a l s o  e v i d e n t  t h a t  t h e  

Enrichment Technology A p p l i c a t f o n s  Cen te r  fs  t h e  inosc l o g i c a l  place t o  

conduct t h e  development program. 
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5 .  SUMMARY AND CONCLUSIONS 

1. The manner i n  which h e a t  s u p p l y  ( f r o n t  end) and h e a t  r e j e c t i o n  

therrnal energy s t o r a g e  and f lywhee l  energy s t o r a g e  may lse a p p l i e d  t o  

r e g e n e r a b l e ,  b u r s t  power systems based on t h e  B o i l i n g  Potassium Rankine 

LMR, t h e  Dual Loop Lithium Cooled W R  and t h e  Direct Cycle Brayton HTGR 

r e a c t o r s  i s  d e s c r i b e d  i n  S e c t .  2 .  I n  g e n e r a l ,  ene rgy  s t o r a g e  d e v i c e s  i n  

r e g e n e r a b l e  systems a l l o w  con t inuous  o p e r a t i o n  of some of t h e  major con- 

ponents  (depending on t h e  p a r t i c u l a r  energy s t o r a g e  d e v i c e )  whi.ch, i n  

t u r i i ,  a l l ows  smaller component s i z e .  

2 .  A suinmary of thermal  s t o r a g e  c o n d i t t o n s  r e q u i r e d  f o r  h e a t  sup- 

ply ( f r o n t  end)  and c y c l e  hea t  r e j e c t i o n  (back  end) therrnal storage i s  

provided i n  Table  5.1. Also l i s t e d  are t h e  p r i n c i p a l  b e n e f i t s  and d i s -  

advantages of each type  of therrnal s t o r a g e  use.  S i m i l a r l y ,  t h e  p r i n c i -  

p a l  b e n e f i t s  and d i s a d v a n t a g e s  of f lywhee l  energy s t o r a g e  are smmari.zed 

i n  Table 5.1 as well. as t h e  c u r r e n t  NIW program f lywhee l  perEormance 

g o a l s .  

3 .  Heat supply the rma l  s t o r a g e  e n a b l e s  r e d u c t i o n  i n  t h e  r e q u i r e d  

rent-tor s i z e ,  bu t  does not a f f e c t  s i z e  r equ i r emen t s  f o r  t he  t u r b i n e /  

g e n e r a m r  o r  h e a t  r e j e c t i o n  components. Heat supply the rma l  s torage 

f i t s  w e l l  wi th  t h e  R o i l i n g  Potassium Rankine LMR system where condensing 

potassium on t h e  ho t  s i d e  and b o i l i n g  potassium on the working f l u i d  

s i z e  e n a b l e  nea r  i s o t h e r m a l  o p e r a t i o n .  A h e a t  supp ly  thermal s t o r a g e  

u n i t  f o r  a L i th fum holed LMR would be loaded  by a s e n s i b l e  h e a t  drop i n  

the pr imary f l u i d  and unloaded by b o i l i n g  potassium OR t h e  working f l u i d  

s i d e .  F ron t  end hea t  s t o r a g e  d e v f c e s  may not  be weJ.1 s u i t e d  f o r  D i r e c t  

Cycle Brayton HTGR systems p r i m a r i l y  because an a d d i t i o n a l  compressor 

would be r e q u i r e d  t o  c i r c u l a t e  t h e  pr imary loop helium. 

4 .  Heat s u p p l y  the rma l  s t o r a g e  f o r  LVR-based systems would require 

h e a t  s t o r a g e  inaterials approx ima te ly  i n  the  1200 t o  1600 K t empera tu re  

range. HTGR-based systems may requf  re h e a t  s t o r a g e  materials e f f e c t i v e  

o v e r  a .&der range due t o  t h e  h i g h e r  p r o j e c t e d  r e a c t o r  o u t l e t  tempera- 

t u r e  and l a r g e r  t empera tu re  drop of t h e  helimn i n  the s torage unit. The 

technology f o r  h e a t  s t o r a g e  i n  t h e s e  t e m p e r a t u r e  r a n g e s  does no t  cu r -  

r e n t l y  e x i s t .  
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Table 5.1. 'Energy s torage conditions 
and advantages/disadvantages 

Heat supply ( f ront-end) thermal s to rage  

Temperature Range 
Boiling Potassium and Li-Cooled Reactor systems 
HTGR Brayton systems 

(1) Allows continuous r eac to r  operat ion 
( 2 )  Reduces reactor  s i z e  
( 3 )  Probably reduces t o t a l  system mass 
( 4 )  F i t s  w e l l  with Boiling Potassium 'Rankine systems 

Advantages 

Disadvantages 
(1) Added mass of s torage u n i t  
( 2 )  

( 3 )  For the  HTGR Brayton system - r e q u i r e s  add i t iona l  

( 4 )  For the  HTGR Brayton system - d i f f i c u l t  design of 

( 5 )  Requires development of heat  s torage systems ( i  .e., 

Reduced cycle e f f i c i e n c y  due t o  AT'S i n  the  s to rage  
u n i t  , 

motor-driven compressor 

the thermal s to rage  uni t  due t o  l a r g e  sens ib l e  AT'S 

the  s torage medium plus container)  

Heat r e j e c t i o n  (back-end) thermal s to rage  

Temperature Range 
Boiling Potassium Rankine and Lithium LMR systems 
HTGR Brayton systems 

Adva n t age s 
(1) Reduced r a d i a t o r  s i z e  ( the re fo re  a l so ,  lower drag, 

easier assembly, hardened system) and t o t a l  
system mass 

( 2 )  Possibly higher optimum cycle  e f f i c i ency  
( 3 )  Can apply e x i s t i n g  technology 

Disadvant ages 
( I )  Added mass of storage u n i t  
(2) For the  HTGR Brayton system - d i f f i c u l t  design of 

the thermal s to rage  u n i t ,  due t o  l a rge  sens ib l e  
hea t  AT'S 

Flywheel energy s torage 

MMW Performance Goals 
Spec i f i c  energy (kJ/kg) 
Specif ic  power output (kW/kg) 

( 1 )  Permits continuous operat ion of the  r eac to r ,  
t u r b i n e / a l t e r n a t o r  and heat r e j e c t i o n  systems 
during period of generat ion of bu r s t s  

( 2 )  Permits smaller r eac to r ,  t u r b i n e l a l t e r n a t o r  and 
r a d i a t o r ,  r e l a t i v e  t o  non-storage case 

( 3 )  May con t r ibu te  a power conditioning funct ion 

Advantages 

Disadvantages 
(1) Added weight 

1200-1600 K 
1200-1800 K 

900-1200 K 
700-1200 K 

45 0 
2.5 

( 2 )  Mechanical complexity; add i t iona l  f a i l u r e  modes 
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5 .  The only  a c t i v e  development work c o n t r j b u t i n g  d i r e c t l y  t o  h e a t  

s torage materials r e q u i r e d  f o r  f r o n t  end h e a t  s t o r a g e  is NASA's Advanced 

Thermal S to rage  SysEems program d e s c r i b e d  i n  Appendix A . I .  Uowcver, 

this program i s  d i r e c t e d  toward s o l a r  dynamic power, and i t s  c h a r t e r  ex- 

tends from 1050 t o  only 1400 K which i s  i n  t h e  lower end of  the needed 

t empera tu re  r anse .  High t empera tu re  thermal  s t o r a g e  m a t e r i a l  develop-  

rilcilt may be I n c l  uned i n  the DOD-sponsored program d e s c r i b e d  i n  Appendix 

W . 1  beginning  i n  FY 1989, but  t h i s  i s  not a s s u r e d  and t h e  s u p p o r t  l e v e l  

would be iiiodest. No DOE-sponsored work was found c o n t r i b u t i n g ,  d i r e c t l y  

i n  t h i s  a r e a .  

6. "Ihe fo l lowing  approaches  appea r  t o  offer t h e  b e s t  chance f o r  

development o f  h e a t  supp ly  s t o r a g e  c a p a b i l i t y  i n  t h e  1300 t o  1600 K 

range  : 

a. 

b. 

C. 

d. 

High me l t ing  fluoride sa l t s ,  most n o t a b l y  MgF w i t h  a 1536 K m e l t i n g  

po in t  and 933 kJ/kg energy  s t o r a g e  c a p a c i t y .  However, t h e  f l u o r i d e  

s a l t  o p t i o n s  i n  t h i s  t empera tu re  range  w i t h  energy  s t o r a g e  capac i -  

t i e s  i n  excess of 500 kJ/kg are not  l a r g e .  F l u o r i d e  s a l t s  have good 

i n h e r e n t  c o m p a t i b i l i t y  behav io r  bu t  r e q u i r e  t i g h t  i m p u r i t y  c o n t r o l  

of o r g a n i c s ,  motstut-e, and oxygen. High t empera tu re  f l u o r i d e  s a l t s  

may be rendered  more a t t r a c t i v e  by a d d i t t o n  o f  a metal l ic  phase t o  

enhance thermal  conductance and t o  m i t i g a t e  t h e  e f f e c t s  of h i g h  

volume change on me l t ing .  

A range of s i l i c o n  e u t e c t i c s  are a v a l l a b l e  i n  t h e  1300 t o  1583 K 

range.  These have the advan tages  of h igh  h e a t s  of f u s i o n ,  h i g h  

the rma l  conductance ,  and low volume change on me l t ing .  The teeh-  

nology f o r  employing t h e s e  i n  c o n t a c t  wi th  l i q u i d  meta l  o r  gaseous  

h e a t  t r a n s f e r  media does  n o t  c u r r e n t l y  e x i s t .  

Some neLal  o x i d r s  such as L i  0 and N a  0 are h i g h l y  s t a b l e  and t h e r e -  

f o r e  may be compa t ib l e  wLth c o n t a i n e r  m a t e r i a l s  i n  t h j  s t empera tu re  

range ,  perhaps  a i d e d  by t h e  presence of an a l k a l i  m e t a l  oxygen g e t -  

ter .  However, i t  i s  not  c lear  i f  conven ien t  e u t e c t i c s  of t h e s e  

h i g h l y  s t a b l e  metal  o x i d e s  exist. 

At  this s t a g e ,  one should  n o t  e l i m i n a t e  c o n s i d e r a t i o n  of s e n s i b l e  

h e a t  r e s e r v o i r s  which may f i n d  advantage  due t o  mechanica l  

2 

2 2 
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s i m p l i c i t y ,  e s p e c i a l l y  f o r  use wi th  helium-cooled systems.  Tn t h i s  

r e g a r d ,  s e n s i b l e  h e a t  r e s e r v o i r s  c o n s i s t i n g  of boron  o r  g r a p h i t e  inay 

b e  cons ide red .  

7. The p r i n c i p a l  advan tage  of h e a t  s t o r a g e  €or c y c l e  heat rejec- 

t i o n  (back-end h e a t  s t o r a g e )  l i e s  i n  a l lowing  smaller r a d i a t o r s ,  as 

s t o r a g e  would a l l o w  o p e r a t i o n  ove r  t h e  e n t i r e  b u r s t  p l u s  r e g e n e r a t i o n  

t i m e  p e r i o d s .  This  may r e s u l t  i n  lower t o t a l  system mass. Other  advan- 

t a g e s  may a c c r u e  which have n o t  been q u a n t i t a t i v e l y  a s s e s s e d :  ( a )  Lower 

system v u l n e r a b i l i t y  (due t o  a smaller r a d i a t o r ) ,  (b)  lower sys tem drag  

( a g a i v  due t o  t h e  lower p r o f i l e  area from t h e  smaller r a d i a t o r ) ,  ( c )  the 

requi rement  f o r  i n - o r b i t  assembly nay be reduced due t o  t h e  rnore compact 

n a t u r e  of t he rma l  s t o r a g e  r e l a t i v e  t o  t h e  r a d i a t o r ,  and (d)  u se  of t h e r -  

m a l  s t o r a g e  f o r  h e a t  r e j e c t i o n  may allow h i g h e r  thermal  e f f i c i e n c y  f o r  

t h e  power c y c l e  by lower ing  t h e  e f f e c t i v e  h e a t  r e j e c t i o n  t empera tu re .  

8. Cycle h e a t  r e j e c t i o n  s t o r a g e  would r e q u i r e  similar d e v i c e s  €or  

b o t h  t h e  R o i l i n g  Potassium Rankine and Li thium Cooled LMR c o n c e p t s ;  

i.e., h e a t  l o a d i n g  by condens ing  potass ium from t h e  t u r b i n e  exhaus t  i n  

t h e  900 t o  1200 K t empera tu re  range  and h e a t  d i s c h a r g e  t o  a r a d i a t o r  by 

means of a pumped NaK loop.  Back end thermal  s torage  f o r  t h e  HTCR 

Brayton  system would a c c e p t  helium turbCne exhaus t  i n  700 t o  1200 M 

range and a l s o  unload t o  a c o n t i n u o u s l y  o p e r a t i n g  NaK loop .  

9 .  Heat reject materials technology i s  a v a i l a b l e  froin NASA's Space 

S t a t i o n  Program i n  c o n f i g u r a t i o n s  a p p r o p r i a t e  f o r  s o l a r  h e a t  r e c e i v e r s  

f o r  t h e  Closed Brayton Cycle  (CRC) sys tem,  which r e q u i r e s  h e a t  s t o r a g e  

i n  t h e  1050 t o  1100 K range ( s e e  Appendix A.2). I n  a d d i t i o n ,  NASA's Ad- 

vanced Thermal S to rage  Systems program (Appendix A. I ) ,  whose range o€ 

i n t e r e s t  ex tends  from 1050 t o  1400 K ,  w i l l  prov ide  u s e f u l  i n f o r m a t i o n .  

The Space StatCon Program has  focused  on LiF-22CaF e u t e c t l c  m e l t i n g  a t  

1039 K, whereas  t h e  NASA Advanced M a t e r f a l s  Program i s  r e l a t i v e l y  n e w  

and w i l l  examine E luor ide /me ta l  s l u s h  s y s t e m s  and s i l i c o n  e u t e c t i c s  as 

w e l l  as f l u o r i d e  salts .  

2 

10. Heat s t o r a g e  f o r  c y c l e  h e a t  r e j e c t i o n  (back-end) m y  be sig- 

n i f i c a n t l y  improved i f  L-LH proves  t o  be 8 f e a s i b l e  h e a t  s t o r a g e  mate- 

r ia l .  With a h e a t  of m e l t i n g  of 2845 kJ/kg at 961 K, i t  h a s  more than  



three times t h e  h e a t  s t o r a g e  c a p a b i l i t y  of many of t h e  f l u o r i d e  s a l t s  

being cons ide red .  In  a d d i t i o n ,  i t  p o s s e s s e s  a h i g h  s p e c i f i c  h e a t ,  such  

t h a t  t he rma l  s t o r a g e  u n i t s  t a k i n g  advantage of b o t h  l a t e n t  and s e n s i b l e  

heat. sts)r*age may prove even more advantageous.  An i n v e s t i g a t i o n  r ega rd -  

i n g  t h e  p r a c t i c a l i t y  of so u s i n g  L i H  i s  be ing  unde r t aken  w i t h i n  a DOD- 

sponsored program o u t l i n e d  i n  Appendix B. 1 .  However, t he  p r i n c i p a l  

t h r u s t  of t h i s  e f f o r t  i s  c u r r e n t l y  d i r e c t e d  towards a s p e c i a l i z e d  a p p l i -  

c a t i o n  f o r  a t h e r m i o n i c  system i n  which t h e  L i H  and NaK h e a t  t r a n s f e r  

media a r e  brought  i n t o  d i r e c t  c o n t a c t *  

11. The p r i n c i p a l  problem i n  use of L i H  as a h e a t  re ject  rnaterial 

relates t o  i t s  long-term stability. It p o s s e s s e s  a s i g n i f i c a n t  d i s s o -  

c i a t i o n  p r e s s u r e  a t  i t s  m e l t i n g  point,  and consequent  loss  o€ hydrogen 

by d i f f u s i o n  g r a d u a l l y  c o n v e r t s  t h e  material  t o  L i .  T h e r e f o r e ,  means 

f o r  adequa te  II containment  o v e r  t he  p r o j e c t e d  u t i l i z a t i o n  l i f e t i m e  i s  a 

development i s s u e .  Tn a d d i t i o n ,  a f a i r l y  low the rma l  conductance and 

h i g h  volume change OCL m e l t i n g  p r e s e n t  p r a c t i c a l  problems i n  L i H  u t i l i z a -  

t i o n .  These n e g a t i v e  aspects o f  L i H  may t o  s o m e  d e g r e e  he mitigaLetl by 

a d d i t i o n  of an adequa te  amount of Li metal as a second phase.  

2 

12 .  Resides  t h e  w e l l - t e s t e d  LiF-22CaF s a l t  and t h e  s p e c i l l a t i v e  

TAH, t h e r e  ex is t  numerous fluoride s a l t  combina t ions  i n  t h e  m e l t i n g  

range a n t i e t p a t e d  f o r  c y c l e  h e a t  r e j e c t i o n  ( s e e  Appendix A and Tab les  

1.2 and 3.2) .  Numerous c o n t a i n e r  materials have been t e s t e d  l o r  corn-- 

p a t i b i l i t y  d t h  t h e s e  f l u o r i d e  salts  w i t h i n  NASA programs, c u r r e n t l y  up 

t o  about 1100 K. There e x i s t  no c o n t a i n e r  c o m p a t i b i l i t y  L e s t s  wit.h 

f l u n r i r l e  sa l t s  above 1100 K a t  t h i s  t i m e .  

2 

1 3 .  Table 5 - 2  summarizes t h e  above c o n s i d e r a t i o n s  and p r e s e n t s  

f o u r  h e a t  s t o r a g e  development areas which would L ike ly  be of near-term 

b e n e f i t  t o  nuclear-based MMW systems. Inc luded  h e r e  are t h e  c l e a r l y  ad- 

van tageous  series of Si-a1 loys wLth congruent  me1 t i n g  t e m p e r a t u r e s  

h i g h e r  than 1239 K (see Table 1.1) f o r  c y c l e  h e a t  supp ly ,  and l i t h i u m  

hydride-based systems f o r  c y c l e  h e a t  r e j e c t i o n ,  Since the  f e a s i b i l i t y  

o f  n e i t h e r  of t h e s e  s y s t e m s  i s  a s s u r e d ,  some development e f f o r t  a long 

more c o n v e n t i o n a l  d i r e c t i o n s ,  e . g . ,  h igh  t empera tu re  f l u o r i d e s  and 

f l u o r i d a l  metal " s l u s h "  systems,  a p p e a r s  prudent .  In a d d i t i o n  t o  the  

c i t e d  mater ia l  development areas,  work i s  r e q u i r e d  on deEin ing  t h e  
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Tab le  5.2. Thermal s t o r a g e  - k e y  
development areas and i s s u e s  

- -----_11- 

Development area Key issues 

1. Advanced h e a t  s t o r a g e  systems 1 .  
(ice., s t o r a g e  media p l u s  
containment)  f o r  T > 1100 K 

2. 

3 .  

2.  S i l i c o n  e u t e c t i c  a l l o y  systems 1. 

2 .  

3 .  

4 .  

3. E v a l u a t i o n  o f  l i t h i u m  h y d r i d e  1. 
baaed s t o r a g e  systems 

2 .  
3 .  

4 .  
5 .  

6 .  

4 ,  Thermal and mechanical  d e s i g n  I .  

2. 

3 .  

4 .  

E v a l u a t i o n  of c a n d i d a t e  systems 
i n  t h e  1100-1800 K r ange ;  
f l u o r i d e s ,  m e t a l / f l u u r i . d e ,  
o x i d e ,  m e t a l l i c  systems 
Opt imiza t ion  of h e a t  s to rage  
medium IMSS p e r  system mass 
Behavior through phase change i n  
1-g and m i c r o g r a v i t y  

Development o f  h i g h  m e l t i n g  
a l l o y  systems (T, > 1239 K) f o r  
c y c l e  h e a t  supp ly .  See Table  
1.1. 
Containment p r o c e d u r e s ;  
p a s s i v a t e d  metals vs  ceramics 
Thermal and mechanical  d e s i g n  
p rope r  t i e s  
G h e m i  ca l  compati  b i  li t y  

Degree of d i s s o c i a t i o n  and 
hyd r o g e  n con t a i  nine n t  
Optimum c o n t a i n e r  m a t  e r i a I 
C o n t a i n e r  c o n f i g u r a t i o n s  f o r  
accommodating Large volume 
change;  e f f e c t  of void fo rma t ion  
Hehavior i n  m i c r o g r a v i t y  
E f f e c t i v e  d e s i g n  p r o p e r t i e s  over  
u n i t  l i f e  
Thermal conductance enhancemenr 

Minimim system mass c o n f i g u r a -  
t i -ons 
M i t i g a t e  e f f e c t s  of void 
fo rma t ion  i n  s t o r a g e  medium 
Means f o r  accommodating s e n s i b l e  
h e a t  AT' s 
Heat exchange c o n f i g u r a t i o n s  f o r  
b o i l i n g l c o n d e n s i n g  and l a t e n t  
h e a t  energy t r a n s p o r t  
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c o n f i g u r a t i o n s  f o r  a f f e c t i n g  t h e  h e a t  t r a n s f e r  t o  and from t h e  h e a t  

s t o r a g e  nedi a. These c o n f i g u r a t i o n s  r e q u i r e  c a r e f u l  e v a l u a t i o n  i n  o r d e r  

t o  minimize the mass r a t i o  of s t r u c t u r e  t o  h e a t  s t o r a g e  media. This i s  

e s p e c i a l l y  true f o r  the more complex thermal hydrauLic s i t u a t i o n s  i n -  

v o l v i n g  large AT'S r e s u l t i n g  from heat t r a n s f e r  from a f l u i d  with l a r g e  

s e n s i b l e  heat change e 

14. The use  oE f l y w h e e l  energy s t o r a g e  i n  r e g e n e r a b l e ,  nuc lea r -  

based,  b u r s t  power systems a l l o w s  con t inuous  o p e r a t i o n  of a l l  t h e  major 

power supp ly  components t n c l u d i n g  t h e  r e a c t o r ,  t u r b i n e - g e n e r a t o r  and 

h e a t  r e j e c t i o n  components. This f e a t u r e  i s  i l l u s t r a t e d  by t h e  l e g e n d s  

1abel.ed "Burst  Phase Duty Cycle" a s s o c i a t e d  with Elowsheets shown i n  

Sec t .  2. T h e r e f o r e ,  f lywheel  ene rgy  s t o r a g e  p e r m i t s  a s i z e  r e d u c t i o n  of 

t h e s e  components by a f a c t o r  approximately e q u a l  t o  t h e  r a t i o  of Lhe 

d u r a t i o n  of t h e  b u r s t  pulses  r e l a t i v e  to  t h e  t o t a l  c y c l e  time i n c l u d i n g  

r e g e n e r a t i o n .  

15. P r o j e c t e d  s p r i n t  power a p p l i c a t i o n s  r e q u i r e  f lywhee l  modules 

with an ene rgy  s t o r a g e  c a p a b i l i t y  of about 15 GJ w i th  a power o u t p u t  of  

about 100 MIJ(e) e I n  a d d i t i o n ,  each module would be r e q u i r e d  t o  meet 

performance g o a l s  of 2.5 kW(e)/kg s p e c i f i c  power and a s p e c i f i c  e n e r g y  

of  450 kJ/kg. 

16. Over t h e  p a s t  decade,  f l ywhee l  development programs have been 

conducted by NASA, DOD, and the  DOE. The c r i t i ca l  f e a t u r e s  of these 

programs are i l l u s t r a t e d  -En Table 5.3. A l s o  provided i n  Table  5.3 are 

t h e  a n t i c i p a t e d  needs f o r  MMW s p r i n t  power a p p l i c a t i o n s .  From t h e  t a b l e  

i t  i s  clear t h a t  t he  on ly  a c t i v e  Elywheel development program i n  EY 1987 

w i l l  be t h a t  a s s o c i a t e d  with t h e  MMW SDI program. 

17. A s  i l l u s t r a t e d  i n  Table  5.3, t h e  performance l e v e l s  achieved 

i n  t h e  NASA f lywhee l  programs are o r d e r s  of magnitude below t h o s e  re- 

q u i r e d  f o r  SDI s p r i n t  power systems.  The same i s  t r u e  f o r  t h e  module 

c a p a b i l i t y  i n  t o t a l  s t o r e d  energy and power. Since t h e  NASA m i s s i o n s  

have r e l a t i v e l y  modest needs ( i n  terms of power and s t o r e d  e n e r g y ) ,  i t  

is not s u r p r i s i n g  t h a t  t h e  NASA work i s  not  g r e a t l y  r e l e v a n t  t o  t h e  SDI  

needs.  &Although much of t h e  NASA work is  n o t  d i r e c t l y  r e l e v a n t ,  some 

p o r t i o n s  a d d r e s s  i s s u e s  t h a t  are impor t an t  t o  t h e  SDI program. S p e c i f i -  

c a l l y ,  t h e  magnet ic  suspens ion  e f f o r t  t h a t  is d i r e c t e d  a t  t s o l a t i n g  the 



Table  5.3. Sumnary of  f l ywhee l  development programs 

Sponsor S t a t u s  A p p l i c a t i o n  

?er fomance‘  vodu le  capab i  li t ya 

Program 
Cyc 1 es 

Spec i f i c 

power 
(4W/kg)  

S ~ e c !  f i c  energy  Output Dower S to red  energy  comple te  
OCW) ( ;” J) (k Jlkp,) 

IPACS 

ACES 

F lywheels  f o r  Avanced 
g e n e r a t o r s  

MEST 

Technology T r a n s f e r  

MMW S p r i n t  Power 
Needs 

WASA - L a R C  I n a c t i v e  

NASA - GSFC Tnac t jve  

DARPA I n a c t i v e ;  a w a i t i n g  
r e d i r e c t i o n  

DOE - O f f i c e  of Epergy I n a c t f v e  

COE - Fnrlchmenr Tech- Funded FY I986 on ly  

St o rage  

n o l o g i e s  

DOE - DOD Minimal fund ing  i n  
FY 57 

S p a c e c r r f t  I n t e g r a t e d  power and 69 
A t t i t u d e  t o n t r o l  System 

A t t i t u d e  Con t ro l  System 
S p a c e c r a f t  I n t e g r a t e d  power and 7 2  

n.c3 2.5 5.4 

0.03 n. 5 1.08 

h Develop f lywhee l s  f o r  i n e r t i a l  87eh ( u l t l m a t q )  N A‘ NA 6.5 
s t o r a g e  f o r  advanced homopolar 6 6 3 h  
g e n e r a t o r s  

t a t i o n  a p p l i c a t i o n s  
Develop f lywhee l s  f o r  t r a n s p o r -  286 ( u l t i m a t e )  NA h’A 3.06 ( u l t i m a t e )  l i ) , O O O  

Develop c a p a h i l i t y  t o  app ly  en -  
ri.chment e x p e r t i s e  t o  f l y w h e e l s  - 
Focus i s  procurement of t a s k s ,  
r a t h e r  t h a n  f lywheel  development 

SDI/Kuc:ear S p r i n t  Power Sys- 45c) 
Systems 

2.5 16,000 m , n m  <1,000 

‘Unless o t h e r w i s e  noted  v a l u e s  are o p e r a t i o n a l  per formance  l e v e l s  r a t h e r  than v a l u e s  a t  u l t i m a t e  speed. 

’Rim -on ly  v a l u e s .  

‘ Informat ion  no t  a v a i l a b l e .  
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f l y w h e e l  from t h e  s p a c e c r a f t .  T h i s  w a s  i m p o r t a n t  i n  t h e  space observa-  

t o r y  mis s ion  s i n c e  p l a t f o r m  j i t t e r  would have been d e t r i m e n t a l  t o  the 

a s t r o n o m i c a l  o b j e c t i v e .  It i s  a l s o  i m p o r t a n t  i n  t h e  SDT s p r i n t  power 

m i s s i o n  s i n c e  p l a t f o r m  j i t t e r  w i l l  a d v e r s e l y  a f F e c t  aiming a c c u r a c y .  

The experimental .  rmrk t o  d a t e  h a s  been a t  t o o  small a scale t o  be of 

d i r e c t  b e n e f i t .  However, i f  NASA s t a r t s  a new program i n  t h i s  area t h a t  

works wi th  larger scale r o t o r s  t h e  technology development r e s u l t s  would 

be of i n t e r e s t .  

18. The MEST Program was also d i r e c t e d  t o  an a p p l i c a t i o n  t ha t  d i d  

not  r e q u i r e  e x t r e m e l y  h igh  performance l e v e l s .  Thus, t h e  program is of 

o n l y  l i m i t e d  v a l u e  t o  t h e  SUI needs.  The most s i g n i f i c a n t  c o n t r i b u t i o n  

i s  r e l a t e d  t o  t h e  c y c l i c  l i f e t i m e  performance of composi te  f lywhee l s .  

The MEST program demonstrated t h a t  composi te  f lywhee l  s p e c i f i c  ene rgy  

was not  d imin i shed  a f t e r  10,000 c y c l e s .  Sinc-e t h e  SDT a p p l i c a t i o n  will 

i n v o l v e  less t h a n  a 1000 c y c l e s ,  materials p r o p e r t i e s  (pr imar- l ly  t e n s i l e  

s t r e n g t h )  would p robab ly  not have t o  be downgraded i n  t h e  d e s i g n  t o  

accoun t  f o r  c y c l i c  f a t t g u e  effects .  

19. Taken t o g e t h e r ,  t h e  DARPA funded e f f o r t  and t h e  DOE t echno logy  

t r a n s f e r  work p rov ide  an e x c e l l e n t  b a s e  f o r  d e v e l o p i n g  che flywheel 

t echno logy  r e q u i r r d  f o r  SDI s p r i n t  power modu1.c~. , The demons t r a t ed  spe- 

c i f i c  energy l e v e l s  are s u f f i c i e n t l y  above t h e  SDI requirement  to  g i v e  

opt imism t h a t  t h e  goal  can be m e t .  Most i m p o r t a n t l y ,  through t h e s e  two 

programs ETAC h a s  a c q u i r e d  t h e  s p e c i a l i z e d  equipment n e c e s s a r y  t o  

deve lop  f l y w h e e l s  For t h e  SDL miss ion .  

20. This asses smen t  of f lywhee l  programs has  shown t h a t  t h e r e  are 

no e x i s t i n g  f lywhee l  development e f f o r t s  t h a t  d u p l i c a t e  t h e  work t o  be 

accomplished i n  t h e  MMW S p r i n t  Power Prosram. Indeed ,  t h e  review h a s  

demonstrated that  L t  i s  o n l y  th rough  th i s  program t h a t  t h e  r e q u i r e d  

t echno logy  can he e f f e c t i v e l y  developed.  It i s  a l s o  ev-ldent that  t h e  

Enrichment Technology A p p l i c a t i o n s  Center  i s  t h e  most l o g i c a l  p l a c e  t o  

conduct  t h e  development program. 
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Appendix A 

THERMAL STORAGE R&D SPONSORED BY NASA 

A . l  Cor ros ion  and C o m p a t i b i l i t y  Research  f o r  Advanced 
S o l a r  Dynamic Systems 

A d m i n i s t r a t i v e .  Th i s  is a r e l a t i v e l y  new, l a r g e l y  in-house NASA 

L e w i s  program conducted wi th in  t h e  Material Division. On some documents 

i t  appea r s  w i th  t h e  s h o r t e r  t i t l e  “Advanced Thermal Energy S to rage  Sys- 

tems .“ Programmat ica l ly ,  t h i s  work a p p e a r s  w i t h i n  the Nuclear and 

Thermal System O f f i c e  (NTSO) a t  LeRC, K. J. Sovie O f f i c e  Kanager. The 

program i s  managed by T. Flroz, Head of t h e  Advanced S o l a r  Dynamics group 

i n  t h e  NTSO. 

Th i s  program i s  c l o s e l y  r e l a t e d  t o  bu t  a d m i n i s t r a t i v e l y  s e p a r a t e d  

from t h e  d e s i g n  and development of solar  dynamic power sys tems conducted 

w i t h i n  t h e  Space S t a t i o n  Program (SSP) (see A . 2 ) .  Although t h e  SSP con- 

drictls some similar m a t e r i a l  development as thi .s  program, t h e  i n t e n t i o n  

here i s  t o  p rov ide  h i g h e r  t empera tu re  c a p a b i l i t y  and more ex tens ive  R&D 

than  p o s s i b l e  w i t h i n  t h e  SSP. 

O b j e c t i v e  

The o b j e c t i v e  of t h i s  program i s  t o  deve lop  thermal  energy s t o r a g e  

systems for  advanced,  high t empera tu re  solar dynamic space power s y s -  

tems. S p e c i f i c a l l y ,  t o  i d e n t i f y  combina t ion  of energy s t o r a g e  media and 

conta inment  a l l o y s  f o r  u se  i n  space  at t empera tu res  between 1025 and 

1400 K. 

Work d e s c r i p t i o n  

The work p lan  i s  a r r anged  i n t o  the f o l l o w i n g  f o u r  phases: 

Phase I c o n s i s t s  of a l i t e r a t u r e  rev iew and i d e n t i f i c a t i o n  of po- 

t e n t i a l  s t o r a g e  media i n  t h e  1025 t o  1400 K range.  Screenfng tests f o r  

salt /metal  combinat ion a t  Tm + 25 K are i n  p rocess  and a r e  planned f o r  

100 h d u r a t i o n .  As a par t  of  t h e  s c r e e n i n g  p r o c e s s ,  cor ros ion  and 

m i c r o s t r u c t u r e  examinat ion  w i l l  be performed. 

I n  Phase TI, 1000 h exposures  of s a l t / c o n t a i n e r  a l l o y  combina t ion  

w i l l  be performed on materials i d e n t i f i e d  by Phase 1. Phase I T  will 
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a l s o  incl.i.icle metal l o g r a p h i c  exmi-nation o f  c o n t a i n e r s  and welds and 

t e n s i l e  s t r e n g t h  measurements,  usi.ng t he  as-received a l l o y  as c o n t r o l .  

In o t h e r  words ,  Phase I1 i s  esseiathl.1.y a cont. i .nuation of t h e  s c r e e n i n g  

progrmn using longer  tes ts ,  w i t h  added room t empera tu re  tensi.1.e s t r e n g t h  

change and rai er o s t ruct ur e a3. t e P' i3 t 3.0 [I IIE a s u r  e u ~ n  t s . 
Phase  I I T  w f l 4  i n v o l v e  in--situ t e n s i l e  tes ts  o f  c o n t a i n e r  a l . loys  

specimens i n  salts a t  T, + 25 K. Exposure t i m e s  o f  2500 h i n  l i q u i d  

salt and salt vapor are i n c l w l e d ,  In a d d i t i o n ,  ten:;i.Ie and measurements 

wj.1.1 be performed up t o  T, C 300 K and creep measurements from Tm - 50 

to T, + 50 K, w i t h  the as-received a l l o y  used as c o n t r o l .  

I________ 

Phase IV w i l l  c o n t i n l i e  the s c r e e n i n g  p rocess  w-hth 10,000 li t - es ts  a t  

4- 25 K p l u s  sone a c c e l e r a t e d  cor ros ion  tests a t  T, -+ 125 K. T e n s i l e  

tes ts  a t  'em i- 300 K and c r e e p  nieasurenients a t  Tm k 25 K ~ d 1 1  be used i n  

t he  e v a l u a t i o n ,  w i th  t h e  a s - r ece ived  a l l o y  as c o n t r o l .  

~ ...-- - 
I', 

Level of Effort (proAosed) --1.-.. 

I___._ 

-_.. ._Î  

86 325 
87 350 
88 500 
89 500 
90 500 

S t a % u s  and Schedule 

A s  the s c b e d n l ~  shown i n  Table  A . l  i ndicares, t h e  i n i t i a l  s c r e e n i n g  

phase (phase  1) was begun i n  FY 86 and i s  c u r r e n t l y  i n  progress. T h e  

work Pmphasiza.; fluoride s a l t s  i n  t h i  q i n i t t s l  phase;  l a t e r ,  cornsidera- 

t P o n  w i l l  be given t o  non-fluoridr s a l t s  and ceramic heat s toragp  na- 

t e r  ia ls .  

Thc 100-h s c r e e n i n g  tests at Tfn f 25 K have been siarted, with  

i n i L i a l  r e s u l t s  r e p o r t e d  f o r  Che NaF-32 CaF2 (Tm - 1083 K) and NaF-23 

MgF2 (T, - 1100 K) e u t c c t i c s .  Tbenty-sewn a l l o y s  have been exposed t o  

t h e  former;  v i s u a l ,  p r e l i m i n a r y  i n d i c a t i o n  1 9  t h a t  o n l y  the pure 

cl~snenE.s FP, N 1 3  and No have the  p o t e n t l a 1  f o r  s a t i s f a c t o r y  c o n t a i n e r  

material a t  t h i s  t e m p e r a t u r e ,  

The c o n t a i n e r  laater ia ls  be ing  t e s r e d  i n  Phase  I a re :  



Table A . l .  Schedule and s t a t u s  - Advanced Solar Dynamic Program 

Year '86 '87 ' 8 8  '89 ' 9 0  

Phase 
Quar t e r  1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4  

I. 

11. 

111. 

IV. 

I d e n t i f y  possible 
combinat ions v i a  
-100 h exposures 
@ TM + 25 K 

Refine cho ices  by 
-1000 h t e s t i n g  
@ TM i- 25 K 

Demonstrate f ea -  
s i b i l i t y  w i t h  

@ TM + 7 5  X 

Proof of long  
term l i f e  a t  TN 
+ 25 K with g o a l  
of no l o s s  i n  
mechanical pro- 
p e r t i e s  a f t e r  
104 h of expo- 
s u r e  

-2500 h exposures 

t + 

t + 
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Nearly Pure Metals 

N i  (Ni-200) 
Fe (mi ld  s t e e l )  
T i  (A30)  
NO 

Nb 
Ta 
w 

High Temperature Alloys 

Co-based H25 and NS-188 
Fe-based a u s t e n i t f c  a l l o y s  (304,  316, and 347 s t a i n l e s s  s t ee l s  

F e r r i t i c  a l l o y  185R 
Ni-based - s e v e r a l  H a s t e l l o y s  
High Ni, S u p e r a l l o y s  702, K-Monel, 600, 718, and Nimonic 75 

and hLgh N i  a l l o y s  A286, N155, RA330,  and 310) 

In  a d d i t i o n  t o  t h e  above two s a l t s ,  t h e  f o l l o w i n g  seven  are being 

s c r e e n e d  i n  Phase I: LiF-22 C a P 2 ,  LiF, NaF-27 CaF2-36 MgF2, &P2-50 

MgF2, NaF, NaF-60 MgF2, NaMgF3. ,411 p o s s e s s  l a t e n t  h e a t s  i n  e x c e s s  of 

500 kJ/kg,  which is one of t h e  s e l e c t i o n  c r i t e r i a .  

A r e p o r t  was m i t t e n  [Misra  and Whi t t enbe rge r  (1986) ]  on e s t f m a t i n g  

h e a t s  of f u s l o n  of f l u o r i d e  s a l t  e u t e c t i c s .  

A p p l i c a t i o n  t o  SDI Nuclear  

The t e m p e r a t u r e  range of d i r e c t  examina t ion  i n  t h i s  program, 1025 K 

to 1400 K,  i s  of d i r e c t  i n t e r e s t  f o r  SDI n u c l e a r  a p p l i c a t i o n s .  (SDI- 

nitclear would probab ly  c o n s i d e r  h e a t  r e j e c t i o n  a t  T < 1200 K and f r o n t  

end supp ly  a t  t e m p e r a t u r e s  between 1200 and 1800 K. Thereftire, t h e  

p a r t i c u l a r  s a l t / c o n t a i n e r  combina t ions  s u r v i v i n g  t h i s  program of ca re fu l  

s c r c e n f n g  and t e s t i n g  would p r o b a b l y  no t  h e  used f o r  SDI-nuclear.  

However, t h e  e x t e n s i v e  i n f o r m a t i o n  b e i n g  developed on f luorCde 

m e l t l c o n t a i n e r  a l l o y  c o m p a t i b i l i t y  would be s u p p o r t i v e  of material  

s e l e c t i o n  e f f o r t s  f o r  SDI-nuclear. 

A . 2  Heat S to rage  Material Development Conducted 
W t h i n  t h e  Space S t a t i o n  Program ( S S P )  

A d m i n i s t r a t i v e .  The space s t a t i m  concept  developed by the Space 

S t a t i o n  Program ( S S P ) ,  which is c u r r e n t l y  NASA's h i g h e s t  p r i o r i t y  

e f f o r t ,  is  e n v i s i o n e d  as an e s s e n t i a l l y  p l a n a r  s t r u c t u r e ,  -140 m by 
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110 m & d e ,  assembled i n  space and placed i n  permanent o r b i t  €or t h e  

s u p p o r t  of 4 h a b i t a t s  hous ing  R--1.2 people  and several. e x p e r i m e n t a l  

modules. I n i t i a l l y ,  the space s t a t i o n  w i l l  be provided w i t h  25 kW(e) of 

power from a p h o t o v o l t a i c  bank. P l a n s  c a l l  f o r  augmenting power i n  

l a t e r  phases  ( b e g i n n i n g  i n  June 1994) i n  steps of 50 kW(e) w i t h  s o l a r  

dynamic systems [ two  u n i t s  of 25 k N e )  each], u l t i m a t e l y  growing t o  

t o t a l  s u p p l i e d  power of about  300 kW(e) f o r  the  space  s t a t i o n .  The SSP 

i s  be ing  c o o r d i n a t e d  f rm  NASA Headquar t e r s  i n  Washington; r e s p o n s i b i l -  

i t y  f o r  t h e  development and c o n s t r u c t i o n  of the power systems rests w i t h  

NASA Lewis, w i t h  t h e  NASA Johnson c e n t e r  having t h e  r e s p o n s i b T l i t v  f o r  

t h e  s t r u c t u r e .  

The o v e r a l l  s c h e d u l e  f o r  t h e  power system development work i s  

planned as follows: 

Begin End 

Phase E December 1986 
D e f i n i t i o n  and p r e l i m i  - 

n a r y  Res ign  

Phase C/D May 1987 Through t h e  pMCa 
F i n a l  d e s i g n  and phase 

P r e l i m f n a r y  d e s i g n  re- May 1988 
f a b r i c a t i o n  

v i e w  

F i r s t  SS l a u n c h  -1993 

F i r s t  SS l aunch  w i t h  solar  -1994 
dynamic power 

“Permanent manned c a p a b i l i t y .  

C u r r e n t l y ,  tw o p t i o n s  f o r  t h e  solar  dynamic system are s t i l l  be€ng 

c o n s i d e r e d  - an Organic  Rankine Cycle  (ORC) w i t h  a t u r b i n e  i n l e t  t e m -  

p e r a t u r e  of -700 K and a Closed Brayton Cycle (CBC) w i th  t u r b t n e  i n l e t  

a t  -1090 K. S e l e c t i o n  between t h e s e  two o p t i o n s  w i l l  he made ear ly i n  

phase C/D. 

S o l a r  dynamic systems r e q u i r e  energy s t o r a g e  f o r  shadow power dur- 

i n g  t h e  -30% of t h e  100 min o r b i t  w i th  no i s o l a f i o n .  TJsually, t h i s  i s  

des igned  as the rma l  s t o r a g e  w i t h i n  t h e  r e c e i v e r  provided by a PCM. The 
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SSP i s  c o n s i d e r i n g  the rma l  s t o r a g e  v i a  

system: use of s e n s i b l e  h e a t  s t o r a g e  t o  

i s  be ing  c o n s l d e r e d  f o r  advanced systems 

The power systems development work 

PCM material  f o r  t h e  n e a r  term 

augment o r  even r e p l a c e  t h e  PCM 

f o r  t h e  SSP has  been o r g a n i z e d  

a t  NASA LeKC by Steve Cohen, So1.a~ Dynamic Subsystems manager, i n t o  t w o  

para ] - l e1  e f f o r t s :  

( 1 )  Design and f a b r i c a t i o n  of t h e  power systems.  

Th i s  i s  a -$6 M/y e f f o r t  d e a l i n g  wi th  t h e  e n t i r e  power sys t ems  

package. Rocketdyne i s  t h e  pr imary c o n t r a c t o r  f o r  Phase B and a l s o  

appea r s  t o  be t h e  l e a d i n g  con tende r  fo r  phase C / D .  Subcon t rac t  work a t  

Garrett d e a l s  w i t h  t h e  CBC sys t em;  s u b c o n t r a c t o r  Sands t r and  f o c u s e s  on 

t h e  ORC system. 

( 2 )  Advanced Systems Work 

It was i n t e n d e d  t h a t  t h i s  e f f o r t  funded a t  -$3 Mly, would focus on 

a few c r i t i c a l  areas,  p r i m a r i l y  t h e  r e c e i v e r ,  and I.ead t h e  d e s i g n  and 

f a b r i c a t i o n  work. However, t h e  demands of a r a p i d  s c h e d u l e  have 

somewhat b l u r r e d  t h o s e  r e s p e c t i v e  r o l e s .  The Advanced Systems work has  

been c o n t r a c t e d  t o  Boeing, w i t h  NASA I,eW c o n t r i b u t i n g  i n  t h e  area of  

m a t e r i a l  cornpatihi 1 . i t y  a t  a ~ $ 2 0 0  K/y l e v e l .  Barber-Nichols ,  under 

s u b c o n t r a c t  t o  Boeing, i s  c o n c e n t r a t i n g  on ORC materi-als and r e c e i v e r s .  

A s  one uu3y s u r m i s e ,  TES c o n s i d e r a t % o n s  are an impor t an t  p a r t  of t h e  

p o w r  systems m r k  i n  the SSP, bu t  are iiiore o r  less f o l d e d  i n t o  t h e  

overa1.J. e f f o r t  t o  d e l i v e r  a complete  systeiii on a f a i r l y  t i g h t  

s c h e d u l e .  An e x t e n s i v e  s e a r c h  was conducted f o r  t h e  optimum TES system 

f o r  each of t h e  power systems be ing  c o n s i d e r e d  - t h e  ORC wi th  t u r b i n e  

i n l e t  a t  -700 K and t h e  CRC w i t h  -1050 K t u r b i n e  i n l e t .  

h.2.1 TES work f o r  t h e  d e s i g n  and - f a b r i c a t i o n  
of t h e  n e a r  ter&--%lar d y n a m m  
f o r  t h e  SSP ----_.-- 

As noted above, Rocketdyne i s  t l ~ e  p r l m e  c o n t r a c t o r  f o r  Phase B of 

t h e  work, vhFcFL i s  schedu led  f o r  comple t ion  December 1986. The scope of 

t h e  ‘ E S  survey and t e s t i n g  work performed by Kocketdyne and i t s  

s i ibcont rac tors  has  been o u t l i n e d  i n  t h e  p roceed ings  of a r e c e n t  meet ing 

[ L r a  ( 1 9 8 5 ) l .  
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Rocketdyne (P r ime  C o n t r a c t o r ,  Wt-ease B) 

I n i t i a l l y  a survey  of s a l t  properries was conducted covering t h ~  

€oflowing materials. 

Sal ts  
e v a l u a t e d  Cycle 

-- 
ORC EfOH 

L i. OH-L# i F 
NaF-KF-LiF 
LiOH-Li2COg 
NaCl-MgC12 

LiF-MgPy-KP 
CBC LI F-MgF2 

L I z C 0 3  
CaCL2 
r.,i P - L F B O ~  
NaF-CaP2-MgF2 

The sal ts  were e v a l u a t e d  according t o  the c r i t e r l a  i n  the fts1.l.owing 

o r d e r :  

Thermal. c a p a c i t y  
Thermal c o n d u c t i v i t y  
Volume change on me l t ing  
Compa t i  b i  li t y 
S t a b i l i t y  
Experience 

A s  a r e s u l t  of this survey  and the. subsequen t  t e s t i n g  progrcm t h e  

fol lowir iq  salts  were chosen f o r  the ORC and the  CBC. 

Tm Gyc1.e S e l e c t e d  PCM 
P 

ORC LiOA 747 K 
CRC LiF-21 GaP2 1039 K 

Corrosion Tests. The o b j e c t i v e  of t h e  corroelon tes t s  are t o  

v e r i f y  the  i n t e g r i t y  of t h e  s a l t  c o n t a i n e r s  cinder therm1 cycl ing  and 

d u r a t i o n  condition t o  be experienced in t h e  s o l a r  receivers,  A 

of the work  on f l u o r i d e  s a l t s  w a s  ssmhcontracted t o  Arizona State U R ~ V ~ K -  

s i t y .  

- 
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Test Parame Cer Range 

S a l t  Tempe r a t  u r e  Metal 

L i  F 850-1444 K H a s t e l l o y  R2 

LiF-33 MgF2 1022 K Haynes 25, 

II ._..I- -. 

316 SS, Nb-1%Zr 

Ifas t e l l o y  R 2 ,  
316 S S  

L i. OH 587-783 K N i  201, Incone l  500 

Z8iF-MgF2-KF 300-1025 K 1617, 304 SS 

These t e s e s  i n c l u d e d  bo th  i s o t h e r m a l  coupons immersed i n  t h e  melt  

and can i s t e r s  the rma l  cyc led  through t h e  phase change temperature .  The 

tests i n d i c a t e d  t h e  f o l l o w i n g :  

8 Nb-lZr, H a s t e l l o y  N and R2, and Haynes 25 possess s a t i s f a c t o r y  

c o r r o s i o n  r e s i s t a n c e  t o  t h e  f l u o r i d e  s a l t s  i n  t h e  t empera tu re  regime of 

t h e  tests. H a s t e l l o y  B2 showed a c o r r o s i o n  rate of <0.01 mpy wi th  TAF- 

33 NgF2 a t  1022 K. 

0 Vi-201 and Tnconel 600 w a s  r e s i s t a n t  t o  a t t a c k  from L i O H .  A N i -  

201 c a n i s t e r  was s u c c e s s f u l l y  thermal  cyc led  >900 times between 683 K 

and 783 K. 

BI S a l t  p u r i f i c a t i o n  i s  b e n e f t c i a l  from a c o r r o s i o n  p o i n t  of view. 

e Exposure of L i O H t E )  w i t h  N a ( E )  l i b e r a t e d  1-12 a c c o r d i n g  t o  t h e  

r e a c t i o n :  

2 LiOH 1- 2 N a  + L i z 0  + N a 2 0  + H7 
These t e s t s  were performed i n  s u p p o r t  of a concept  i n  which t h e  TES and 

r e c e i v e r  arc> p h y s i c a l l y  s e p a r a t e d ,  t h e  TES r e c e i v i n q  h e a t  by means of a 

pimped NaK loop. 

Sandstrand ( S u b c o n t r a c t o r  t o  Rocketdyne) 

Some Phase R work ( w t t h i n  t h e  SSP) d e a l i n g  w i t h  t h e  development and 

des ign  of t h e  ORC s o l a r  dynamic system w a s  s u b c o n t r a c t e d  t o  Sandstrand 

by Rocke tdyne. The f o l l o w i n g  c a n d i d a t e  PCM's were cons ide red  by 

Sandstrand f o r  t h e  ORC,  
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L i O H  

TM Heat of f u s i o n  
(0 (kJ/kg) - -  
7 47 -904 

KzC03-47 Li 2CO3 761  -302 

KF-33 LFF 766 -38 1 

KF-29 LiF-12 NaF 727 -435 

and s u b j e c t e d  t o  t h e  f o l l o w i n g  s c r e e n i n g  a c t i v i t i e s :  

Thermopliysical p r o p e r t y  s u r v e y ,  

300 h s c r e e n i n g  tests,  

4000 h capsule/coupon c o r r o s i o n  t e s t s .  

The s u b c o n t r a c t  s chedu le  c a l l e d  for completion of t h e  corrosion 

tests and t h e  r e c e i v e r  c o n c e p t u a l  design by approximately June 1986. As 

a r e s u l t  of t h i s  work and a p a r a l l e l  e f f o r t  at  Rocketdyne, L i O H  was 

s e l e c t e d  as t h e  PCM and N i - 2 0 0  a l l o y  as c o n t a i n e r  material for the ORC 

s o l a r  dynamic system. 

The f o l l o w i n g  c o r r o s i o n  tes ts  were performed: 

LiOH 

Two Ni-200 c a p s u l e s  a t  756 K f o r  500 h. 

Nine type  321 and one type  316 s t a i n l e s s  s tee l  c a p s u l e s  at 778 K 

f o r  up t o  4000 h. 

KF-33 LIF 

Four t y p e  316 s ta ln less  s tee l  c a p s u l e s  a t  7 7 8  K f o r  4000 h. 

F u r t h e r  c o m p a t i b i l i t y  t e s t i n g  of L i O N  w i t h  26 a l l o y  materials was 

sub- subcon t rac t  by Sundstrand t o  Argonne N a t i o n a l  Lab. These c o n s i s t e d  

of 300 h tests of Li0l.I a t  773 K with 20 Ni-based a l l o y s  (Cabot 214, 7 

H a s t e l l n y s ,  2 l n c o l o y s  and 4 I n c o n e l s ,  ?%ne1 4 0 0 ,  Plultimet N-155, 

N i  200, Ni 270,  and 2 Rene ' s ) ,  and pu re  Fe,  Haynes 188, pure Ag, p u r e  

T i ,  Ti-8Al -MoV,  Z i r c a l o y  2 ,  and Zr-702. These e x t e n s i v e  screening tests 

with LiOH come t o  the f o l l o w i n g  c o n c l u s i o n s  : 

e Pure metals (Ni, Z r ,  T i ,  &) showed s u p e r i o r  c o r r o s i o n  re- 

s i s t a n c e  to  L l O H  than t h e  v a r i o u s  Ni-Cr-Fe-Mo-Co a l l o y s  t e s t e d ,  with 

p u r e  Ni showing t h e  least c o r r o s i o n .  



Q Pure Fe showed s i g n i f i c a n t  r e a c t i o n .  

6 Cr a d d i t i o n  t o  Ni-based a l l o y s  was d e t r i m e n t a l ;  Fe-addi t ion i r n -  

proved Ni-based a l l o y s .  

I G a r r e t t  ( S u b c o n t r a c t o r  t o  Rocketdyne) 

Garrett  was a Phase B s u b c o n t r a c t o r  t o  Rocketdyne w i t h i n  t h e  SSP i n  

areas d e a l i n g  with t h e  CHC s o l a r  dynamic system, i n c l  udinq t h e  r e c e i v e r  

d e s i g n  and s e l e c t i o n  of t h e  TES material. The work a t  Garre t t  i n  the 

TES a r e a  h a s  i n c l u d e d :  

( 1 )  A su rvey  phase,  i n  which t h e  p r o p e r t i e s  of s e v e r a l  c a r b o n a t e ,  

c h l o r i d e  and f l u o r i d e  sa l t s  were e v a l u a t e d .  This  su rvey  seleclzed t h e  

LiF-32 lQF2 sa l t  ( l a t e r  charged t o  LiF-22CaF2) as being t h e  b e s t  c h o i c e  

i n  the  d e s i r e d  t empera tu re  range.  The thermal  c a p a c i t y  of f l u o r i d e s  

were found t o  be 50  t o  100% h i g h e r  than  c a r b o n a t e s  i n  t h e  t empera tu re  

range (-1 100 K ) ,  and were compatible  with " s u p e r a l l o y "  c l a d d i n g  mate- 

r i a l s .  In a d d i t i o n ,  t h e  c a r b o n a t e s  d i s p l a y e d  a tendency t o  form gases .  

( 2 )  A p h y s i c a l  c h e a i s t r y  measurement program, i n c l u d i n g  v e r i f i c a -  

t i o n  of t h e  r e p o r t e d  h e a t s  of f u s i o n  and composi t ion of t h e  Li-32 MgF2 

e u t e c t i c .  

A . 2  - 2  Sola r  Dynamic Heat Rece ive r  Technology Program 

T h i s  c o n t r i b u t i n g  e f f o r t  t o  t h e  SSP i s  funded a t  -$3M/y w i t h  Boeing 

Aerospace Company as t h e  prime c o n t r a c t o r  accompanied by a NASA T.,eRC i n -  

house e f f o r t  a t  ~ $ 2 0 0  K/y. The Boeing work c o n s i s t s  of t h e  f o l l o w i n g  

seven  t a s k s :  

Task 1: 'l'radeof f s t u d i e s  between v a r i o u s  s o l a r  r e c e i v e r  concep tua l  

Task 2: I d e n t i f i c a t i o n  of t e s t i n g  r equ i r emen t s  f o r  concept  v e r i f i c a - .  

Task 3 :  Tooling and f a b r i c a t i o n  

Task 4 :  D e t a i l e d  d e s i g n  

Task 5:  Hardware tes ts  

Task 6 :  DemonstratFon tests 

Task 7 :  Hardware d e l i v e r y  

-- 
d e s i g n s ,  

t i o n ,  



99 

Boeing has s u b c o n t r a c t e d  work related t o  t h e  ORC receiver  t o  

Barber-Nichols  and some CBC salt c o m p a t i b i l i t y  Work t o  ICT.  The 

s c h e d u l e  f o r  t h e  Solar Dynamic Neat: Kece iver  Technology Program (SIIHRTY) 

i s  planned as fol lows:  

Task Complet ion d a t e  

I J u l y  1986 

2 ,July 1986 

3 October 1986 

4 .Tanuary 1987 

5 J u l y  1987 

6 January 1988 

7 June  1988 

r 

Within Task 1, Boeing has developed  seven  concep tua l  r e c e i v e r  de- 

s i g n s  f o r  t h e  CRC, and through i t s  s u b c o n t r a c t o r ,  Barber-Nichols ,  s even  

r e c e i v e r  c o n c e p t u a l  d e s i g n s  Eor t h e  ORC, t o  be used f o r  t radeoff  

s t ud i es . 
The d e s i g n e r s ,  Boeing and Barber -Nichols ,  a r e  p r i m a r i l y  accumulnt- 

ing and e v a l u a t i n g  TES material p r o p e r t i e s  f o r  u se  i n  or a s s o c i a t e d  wi th  

e a c h  r e c e i v e r  concep t .  TES material p r o p e r t y  t e s t i n g  i n  s u p p o r t  of this 

concep tua l  d e s i g n  a c t i v i t y  i n  being performed ( i n  l a r g e  p a r t )  by t h e  as- 

s o c l a t e d  NASA LeRC in-house e f f o r t  and, for  CRC s a l t s ,  by IGT under  sub- 

c o n t r a c t  t o  Roeing . 
The TES materials be ing  c o n s i d e r e d  i n  phase 1 r e c e i v e r  e v a l u a t i o n s  

and being t e s t e d  by LeRC in-house are l i s t e d  i n  T a b l e  A . 2 .  

Note t h a t  t h i s  program is c o n s i d e r i n g  a number of d i f f e r e n t  TES ap- 

proaches  f o r  t h e  s o l a r  dynamic r e c e i v e r  from t h a t  be tng  cons ide red  by 

Rocketdyne and Sunds t rand  under  the near - te rm SSP e f f o r t  

( S e c t i o n  A . 2 . 1 )  

Q Boeing i s  considering a m e t a l l € c  Re s e n s i b l e  heat: TES u n i t  i n  one 

of t h e i r  concep t s .  The o r i g i n a l  i n t e n t i o n  was t o  o m i t  t h e  c l a d d i n g  

and have d i r e c t  c o n t a c t  of t h e  working fluid with t h e  B e ,  However, 

t h e  vapor  p r e s s u r e  of Be a t  -1100 K proved t o  be t o o  high and t h i s  
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Table A.2 .  P C M  materials be ing  e v a l u a t e d  
by t h e  NASA L e K C  In-house program 

Mel t ing  
t empera tu re  

Con ta ine r  
ma t e ri  a 1  

TES 
material  

( K) 
Cycle 

CBC 

ORC 

- 

NaF 
L i F  
LiF-29 MgF2 

LiF-22 CaF2 
R e  

1269 
1122 
1019 
1039 
1556 

Nb 
Nb 
N i  a l l o y  
N i  a l l o y  

L i O W  
NaF-20 W O H  
LiF-39 NaF 

plg 
Zn ( ? )  

743 
7 00 
9 25 
923 
693 

N i  201 

N i  a l l o y  
Ni a l l o y  

approach now i s  recognized  t o  r e q u i r e  c l a d d i n g  w i t h  an a l k a l i  m e t a l  

b u f f e r  between t h e  c l add ing  and t h e  Re. Thus, the a t t r a c t i o n  of 

t h i s  approach has d iminished .  The d e s l g n  o b j e c t i v e  was  t o  a l l o w  no 

mare t h a n  a 55 K t empera tu re  drop  du r ing  energy  un load ing  in t h e  

solar shadow by use of a s u f f i c i e n t l y  l a r g e  Be mass. Thermal caJ-- 

c u l a t i o n s  showed t h a t  t h i s  could  he achieved .  me o b j e c t i v e  of 

t h i s  approach was t o  ach ieve  an e a s i l y  f a b r i c a b l e  receiver concept .  

The same concept  has  been cons ide red  at ORC t empera tu res  by Rarber-  

Nichols  u s i n g  Mg s e n s i b l e  h e a t  s t o r a g e  i n s t e a d  of Be. 

e The TES materials t h a t  appear  t o  be t h e  l e a d i n g  c a n d i d a t e s  i n  t h e  

Boeing CBC concep t s  are t h e  LIF-29MgF2 and LiF-22CaF2 e u t e c t i c  

sa l t s  and m e t a l l i c  Be.  The l e a d i n g  TES c a n d i d a t e s  f o r  t h e  ORC ap- 

p e a r  to be L i O H  and w t a l l . i c  Zn, t h e  l a t t e r  i n v o l v i n g  a novel  ap- 

proach being c o n s i d e r d  by Barber-Nichols .  

e Roeing i s  t e s t i n g  an L i P / m e t a l l i c  mesh TES material i n  which t h e  

metal l ic  mesh p rov ides  a n  enhanced composi te  t he rma l  conduct iv-  

i t y .  I n  a d d i t i o n ,  t h e  metallic mesh t o  a degree  c o n t r o l s  the  v o i d  

f o r m a t i o n  l o c a t i o n  by a "wicking" behavior  of the  l i q u i d  L i F  on t h e  

mesh. 
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A . 3  TES materials rests a t  NASA Johnson 

A d m i n i s t r a t i v e  

A f a i r l y  e x t e n s i v e  program of PCMfcontainer a l l o y  c o m p a t i b i l i t y  

t e s t i n g  i s  b e i n g  conducted a t  NASA Johnson wi th in  t h e  P r o p u l s j o n  and 

Power D i v i s i o n  i n  t h e  Eng inee r ing  D i r e c t o r a t e .  Although t h e r e  i s  no 

d i r e c t  a d m i n i s t r a t i v e  connec t ion ,  t h e  work scope  is  i n  t e c h n i c a l  s u p p o r t  

of t h e  two s o l a r  dynamic power s y s t e m s  be ing  cons ide red  for t h e  Space 

S t a t i o n  Program - t h e  Organic  Rankine Cycle (ORC) r e q u i r i n g  h e a t  supply 

a t  700 K and t h e  Closed Brayton Cycle which o p e r a t e s  at: a t u r b i n e  i n l e t  

t e m p e r a t u r e  of -1100 K. The p r o j e c t  manager i s  Nane t t e  M. Faget. 

The work i s  funded by t h e  Advanced Technology Program a t  NASA- 

Johnson a t  a l e v e l  of ~ $ 1 6 0  K/y i n  FY 1985 and FY 1986, and i s  p r o j e c t e d  

t o  c o n t i n u e  a t  t h i s  l e v e l  th rough CY 1986 a t  which time t h e  i n i t i a l ,  

scoping  phase would be completed.  Follow-on work w u l d  dea l  w i t h  a f e w  

s e l e c t e d  PCM/container sys tems;  however, t h e s e  would be s u b j e c t e d  t o  a 

more e x t e n s i v e  range of thermal  and mechanical  tests.  

O b j e c t i v e  

The o b j e c t i v e  of t h i s  test  program i s  t o  de te rmine  which 

PCMlcontainer a l l o y  combina t ions  would y i e l d  s a t i s f a c t o r y  service f o r  

t h e  l i f e  of t h e  space s t a t - ion  f o r  each of t h e  two so la r  dynamic systems 

c u r r e n t l y  be ing  c o n s i d e r e d  ( t h e  ORC and t h e  CBC). 

Scope and work d e s c r i p t i o n  

The scope of w r k  and tes t  results through approximate ly  A p r i l  1936 

have been d e s c r i b e d  by Faget  ( 1 9 8 6 ) .  The fol lowing PCM salts and con- 

t a i n e r  materials are being t e s t e d :  

Phase Change Materials 

Me It: i n g  
PCM Temperature  Cyc 1 e 

(K) - 
KF-29 LiF-32 NaF 727 ORC 
KF-33 LiF  766 0 RC 
ti OH 746 O RC 
L i F - 3 3  MgF2 10 12 Tn te rmedia t  e CBC 
L i  F 1121 High-T CBC 
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Con ta ine r  Alloy Materials ( 2 0 )  -- 

Armco 18 SR, Cabot 214, H a s t e l l o y  R ,  B-2, N and X ,  Haynes 25, 

I n c o n e l  600, 617 and X750, Incn loy  800, N icke l  200, 201, SS 3 0 4 ,  310, 

316, 321, 347, Zirconium 702 ,  705. 

Each PCM i s  t e s t e d  with each of t h e  20 c o n t a i n e r  a l l o y s ,  r e s u l t i n g  

i n  100 s a l t / a l l o y  combinat ions.  I s o t h e r m a l  exposures  are planned f o r  5 ,  

1 2 ,  and 26 weeks. The r e s u l t s  of t h e  5 week exposures  w t 1 1  be used t o  

select  t h e  most promising s a l t / a l l o y  p a i r s  f o r  the subsequent  tes ts .  

Mark s t a t u s  

The 5-week exposures  have been completed and r e p o r t e d  by Faget  

(1986) .  In  summary t h o s e  t es t  r e s u l t s  show t h e  f o l l o w i n g :  

Only NP 200, NL 201 and Tnconel 600 w a s  compa t ib l e  with LiOH a t  746 

K, and t h e s e  showed s i g n i f i c a n t  s t r e n g t h  r e d u c t i o n s  (20-30%) i n  5-weeks. 

.dill of t h e  c o n t a i n e r  a l l o y s  showed c o r r o s i o n  r a t e s  <0.5 m i l s / y r  

with t h e  ORC f l u o r i d e  s a l t s  a t  t h e i r  r e s p e c t i v e  t e m p e r a t u r e s ,  727 K and 

766 K, except t h e  two zirconium a l l o y s  which were s i g n i f i c a n t l y  

co r roded .  

The i n t e r m e d i a t e  CRC s a l t  (LiF-33 MgP2 a t  1012 K) showed c o r r o s i o n  

r a t e s  of <0.S m i l s l y r  f o r  all t e s t e d  a l l o y s  excep t  t h e  two zirconium 

a l l o y s  and Inco loy  800, For which t h e  c o r r o s i o n  r a t e  was 0.6 m i l s l y r .  

The fo l lowing  a l l o y s  showed weight changes ( b o t h  p o s i t i v e  and nega- 

t i v e )  i n  excess  of 0.5 m t l s / y r  i n  L i F  a t  1121 K: H a s t e l l o y  N, Tnconel 

600 and 617,  Nickel  200 and 201, SS 316 and 347, and zirconium 702 and 

705. S i g n i f i c a n t  y i e l d  s t r e n g t h  l o s s  occur red  f o r  a l l  of t h e  o t h e r  

a l l o y s  excep t  Cabot 214, H a s t e l l o y  R, H a s t e l l o y  X ,  Haynes 25, I n c o l o y  

800 ,  SS 309 and SS 310. These a l l o y s  showed y i e l d  s t r e n g t h  r e d u c t i o n s  

of <15%. 

Schedule  and S t a t u s  

The 5-week, i s o t h e r m a l  coupon t e s t s  have been completed and t h e  

down-selection f o r  t h e  follow-on 12 and 26 weeks tes ts  have been made. 

The f o l l o w i n g  1 2  a l l oys  have been s e l e c t e d  f o r  f u r t h e r  tests: Armco 

18 SR, Cabot 214, H a s t e l l o y  N and X ,  Haynes 25, I n c o n e l  600, N i  201, and 

S S  304, 3 1 4 ,  321 and 347. 
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Following t h e  26 weeks t es t s ,  one ORC and one CBC s a l t  will be 

s e l e c t e d  f o r  more i n t e n s i v e  s t u d y  which w i l l  i n c l u d e  m e t a l l o g r a p h y ,  

t he rma l  and stress c y c l i n g  and  performance verl f i c a t  ion under zero-g 

condi t i o n s .  

A p p l i c a t i o n s  t o  SDI-Nuclear 

1. The PCM/container c o m p a t i b i l i t y  t es t s  r e l a t i n g  t o  t h e  ORC solar  

dynamic system could a p p l y  d i r e c t l y  t o  h e a t  reject  the rma l  s t o r a g e  f u r  

t h e  n u c l e a r  supp ly  system. (At t h i s  s t age ,  however, i t  i s  not  c lear  

what the optimum heat r e j e c t  t empera tu re  would be f o r  t h e  LMR and HTGR 

h e a t  s o u r c e s .  1 
2. The e x t e n s i v e  t e s t l n g  of t h e  f o u r  f l u o r i d e  s a l t s  with t h e  

twenty c o n t a i n e r  a l l o y s  a t  t empera tu res  from 727  t o  1121 K adds s i g n i f -  

i c a n t l y  t o  t h e  d a t a  base on use of f l u o r i d e  PCMs. 

A.4  Refe rences  f o r  Appendix A 

F a g e t ,  N. M.,  1986, "Matertal C o m p a t i b i l i t y  I s s u e s  R e l a t e d  t o  Thermal. 
Energy Sto rage  f o r  a Space S o l a r  Dynamic System,'q Proc. of khr? 21st 
Intersoeiety Energ3 Conversion Conf erencs, San Diego, August 1986. 

Lee, W. T., ed . ,  1985, Proceedings of a Seminar OM Recent Advances {rt 
Thermal. Energy Storage M a t m i a h ,  held  a t  Rocketdyne, Canoga Pa rk ,  
CA, J u l y  1985. 
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Appendix B 

TES RESEARCH ANI) DEVELOPME!TT SPONSORED WITHIN THE DOD 

C u r r e n t l y  t h e  a u t h o r s  are aware of only two thermal- s t o r a g e  R6D 

e f f o r t s  be ing  sponsored by t h e  Don; both  o r i g i n a t e  w i t h i n  t h e  Aero- 

P r o p u l s i o n  Lczboratory (APL) a t  t h e  Air Force Wright Aeronau t i ca l  Lahora- 

Lory (APWAL). 

B . l  Energy Storage  Concepts f o r  Pulsed  
Space Power Systems ( P r e l i m i n a r y )  

Th-ts i s  a new program sponsored by t h e  Power Technology Branch of 

t h e  Aerospace Power D i v i s i o n  i n  AJ?WAL/APL. Since  t h i s  e f f o r t  is stf.11 

i n  an ea r ly  format ive  phase,  a l l  d e s c r i p t i v e  comments t h a t  fo l low must 

be regarded  as p re l imina ry  pending comple t ion  of t h e  p lanning  e f f o r t .  A 

program wi th  t h e  fo l lowing  f o u r  e lements  has been proposed. 

Task 1: Energy Storage  Value Analysis 

This  t a s k  w i l l  d e f i n e  t h e  b u r s t  power mis s ions ,  f o r  which energy 

s t o r a g e  t e c h n o l o g i e s  may be a p p l i e d ,  Subsequent ly  a computer program 

w i l l  be developed f o r  e v a l u a t i n g  t h e  b e n e f i t  of adopt ing  thermal ,  Ely- 

wheel,  or  chemical  s t o r a g e  f e a t u r e s  t o  t h e  b u r s t  power systems.  It i s  

n o t  i n t ended  t o  deve lop  a comprehensive and d e f i n i t i v e  s tudy  i n  t h i s  

a r e a ,  bu t  r a t h e r  t o  provide  some a d m i n i s t r a t i v e  guidance f o r  t h e  e x p e r i -  

menta l  t a sks .  This i n  borne ou t  by t h e  schedu le  and l e v e l  of effort 

shown i n  Table  3.1. 

Task 2: Heat Sink Concepts 

The immediate o b j e c t i v e  of t h i s  t a s k  i s  t o  e x p l o r e  t h e  f eas lb l1 i t . y  

of u s ing  t h e  h i g h l y  advantageous h e a t  s t o r a g e  p rope r t i e s  of L I H  f o r  

power c y c l e  h e a t  r e j e c t i o n .  Three approaches  w i l l  be i n v e s t i g a t e d .  

Task 2.1: D i r e c t  Contact  wi th  NaK 

Pn t h i s  advanced and s p e c u l a t i v e  concept ,  the L i H  h e a t  s i n k  is In 

d i r e c t  c o n t a c t e d  wt th  NaK, which i s  presumed t o  be an i n t e r m e d i a t e  h e a t  

t r a n s p o r t  medium. E x p l o r a t i o n  of t h i s  h e a t  s i n k  concept  w i l l  proceed 

throligh t h e  fo l lowing  t h r e e  phases .  
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'Tab le  R . 1 .  M u l t i y e a r  b u d g e t  - FY 1986 t h r o u g h  F?I 1988 - 
E n e r g y  S t o r a g e  C o n c e p t s  f o r  P u l s e  Power  S y s t e m s  ( D O D )  

- -  

Budge t  ( $ 1 0 0 0 )  

FY 1986 FY 1987 FY 1988 

~- .... ........ .- A c t i v i t y  

......... 
-l_l .........-. _II__ ______ ......-. l_l 
Task 1. E n e r g y  s t o r a g e  v a l u e  a n a l y s i s  

1 .1  D e f i n e d  i a i s s i o n s  
1 . 2  Nove l  sys tems 

l a s k  2. 'leat s i n k  c o n c e p t s  

2 .1  d i r e c t  c o n t a c t  system.;  
2.2 P a c k e d  bed  s y s t e m s  
2 . 3  Tuhe  a n d  s h e l l  
2 .4  S y s t e m  c o n c e p t  a n a l y s i s  

T a s k  3. Heat s o u r c e  c o n c e p t s  

3.1 E n c a p s u l a t e d  s i l i c o n  a l l o y s  
7 .2  Open c o m p o s i t e  s y s t e m ?  
3.3 S y s t e m  c o n c e p t  a n a l y s i s  

T a 4 k  4 .  Y a t e r i a l  p r o p e r t i e s  a n d  c o r n p a r i h i l i t y  

4 . 1  P r o p e r t i e s  d a t a b a s e  
4 . 7  Materials c o m p a t i b i l i t y  

125  1 0  
35 25 

I 2n 27 5 2 7 5  
200 2 15 2 5 0  

20 20 10 
30 2 0  10 

2 15 15 
10 15 

T o t a l  497 600 600 

Phase 1: Scoping expe r imen t s .  .- These arc?. planned t o  be i n i t i - a l ,  

small-scale t e s t s  t o  d e t e m l n e  xdwther or not  L i H  may be f r o z e n  out of a 

Li-H-Na-K m e l t  t o  r e g e n e r a t e  the arig-inal. Lit1 h e a t  s ink  m a t e r i a l .  I n  

a d d i t i o n ,  the behavior of hydrogen in the me l t - f r eeze  c y c l e  w i l l  be ob- 

s e rved .  

._O.-I 

Phase 2: F e a s i b i l i t y  tests. If the phase 1 scop ing  expe r imen t s  

are successfu l ,  l a r g e r  scale tests will be i n i t l a t d  i n v o l v i n g  a small- 

sca le  pumped loop. Ybe 1.0s~ tes ts  w l l l  seek t o  demons t r a t e  the n a t u r e  

of L i H  f r e e z i n g  from a I,.i.--H-Na-K melts, t he  deg-ree of $12 evolution, and 

means f o r  avoidance of unwanted T J i W  p r e c l - p i t a t i o n  i n  cool  Z O L I C ~ S  and ma- 

ter-l.al c o m p a t i b i l i t y .  

Phase 3 :  System development.  FolJ-owing s u c c e s s f u l  cornpl e t i o n  of --.-. .. .- 
the  smaller scale t e s t s ,  a J-arger sca1.e hea t  l oop  w i l l  be f a b r i - c a t e d .  

Phase  ......... 4 :  Proto type  system. 
_-II__ ..... _-... 
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Task 2.2: LiH Packed Bed Systems 

The o b j e c t i v e  of t h i s  t a s k  i s  t h e  development of e n c a p s u l a t i o n  

t e c h n i q u e s  f o r  L i H  f o r  u s e  i n  packed-bed c o n f i g u r a t i o n s .  

Phase  I :  E c a p s u l a t i o n  t e c h n i q u e  s c r e e n i n & *  Tne f o l l o w i n g  c o n c e p t s  

f o r  e n c a p s u l a t i n g  L i H  w i l l  be e x p l o r e d  i n  sho r t - t e rm,  small scale  

tests:  c y l i n d r i c a l  be l lows ,  s p h e r i c a l  c a p s u l e s ,  s h e l l s  w i t h  i n t e r n a l  

de fo rmab le  f o i l  t o  accommodate volume change expe r i enced  on phase 

change,  and f l e x i b l e  s h e l l  c a p s u l e ,  These c a p s u l e s  need to overcome 

t h r e e  t roublesome p h y s i c a l  f e a t u r e s  of LiH, namely, i t s  20% expans ion  on 

mel t ing,  i t s  tendency t o  evolve H 7 ,  and i t s  s t r o n g  adhes ion  t o  c a p s u l e  

s u r f  aces. 

Phase  2: F e a s i b i l i t y  development e The mre promising encapsu la -  

t i o n  p r o c e d u r e s  observed i n  t h e  phase 1 scop ing  tests w i l l  be more ex- 

t e n s i v e l y  s t u d i e d .  The s t u d i e s  w i l l  i n c l u d e  measurement of H2 r e t e n -  

t i o n ,  c a p s u l e  d u r a b i l i t y ,  f a b r i c a t i o n  t e c h n i q u e s .  

Phase 3: Packed bed tests. Fol lowing s u c c e s s f u l  comple t ion  of 

phase 2 ,  a n  e n c a p s u l a t i o n  p rocedure  w i l l  he s e l e c t e d  f o r  tests i n  a 

bench scale packed bed system. Thermal performance of t h e  bed and 

c a p s u l e  i n t e g r i t y  w i l l  be monitored.  

Phase 4 :  P r o t o t y p e  packed bed tests. 

Task 2.3: S h e l l  and tube  containment  of LiH 

I n  t h i s  t a s k ,  more convent ional .  t y p e s  of L i H  c o n t a i n e r s  w i l l  be 

t e s t e d  i n v o l v i n g  l a r g e r  scale metal t u b e s  w i t h  e i t h e r  expans ion  volumes 

o r  f l e x i b l e  b o u n d a r i e s  t o  accommodate t h e  l a r g e  volume change on phase 

t r a n s i t i o n .  

Phase 1 : C o n f i g u r a t i o n  a s ses smen t  

Phase 2: F e a s i b i l i t y  tests 

Phase  3 :  P r o t o t y p e  tes ts  

Task 2 .4 :  Heat Sink Concept A n a l y s i s  

Thermal and stress a n a l y s e s  w i l l  be performed i n  t h i s  t a s k  i n  sup- 

p o r t  of the development tes ts  conducted i n  t a s k s  2.1,  2 . 2 ,  and 2.3.  The 

a n a l y s e s  w i l l  i n c l u d e  hydrogen l o s s  c a l c u l a t i o n s ,  s i z e  o p t i m i z a t i o n  of 

LiH c a p s u l e s ,  h e a t  t r a n s f e r  enhancement,  p r e d i c t i o n  of v a r i a b l e  g r a u i  t y  

e f f e c t s  and the rma l  stress model ing.  



108 

* 
Task 3: Heat Source Concepts  

A s  noted i n  Table  B . l ,  t h t s  t a s k  i s  c u r r e n t l y  i n a c t i v e ;  i n i t i a t i o n  

i s  be ing  p r o j e c t  f o r  FY 89. I n i t i a l l y ,  th i s  t a s k  w i l l  be d i r e c t e d  

toward u s e  of %.-based e u t e c t i c  PCMs i n  t h e  1200 t o  1675 K m l t i n g  

range.  These have t h e  advan tages  of h i g h  energy s t o r a g e  d e n s i t y  (1500 

t o  2000 KJ/kg) , good therraal c o n d u c t i v i t y  and smaller volume change on 

phiXSt+ t r a n s i t i o n  t h a n  t h e  mol t en  s a l t s .  

Task 3.1: Heat Source ConceDts 

T h i s  t a s k  w i l l  d eve lop  methods f u r  u s i n g  S i - a l l o y s  as PCM's by 

development of s a t i s f a c t o r y  e n c a p u l a t i o n  t e c h n i q u e s .  Convent ional  con- 

t a inmen t  of Si-alloys i n  meta1li.c materials i s  no t  f e a s i b l e  due t o  corn- 

p a t  i b i  1. i t y p r  c: b 1 ems. 

Phase I:  E n c a p s u l a t i o n  t e c h n i q u e s  s c r e e n i n g .  A few samples  of a 

number of e n c a p s u l a t i o n  t e c h n i q u e s  w i l l  be t r i e d  and e v a l u a t e d .  1ni t - i -a1 

t e s t s  w i l l  f o c u s  on the Be-SS. e u t e c t L c  (Tm = 1363 K) employing a MoSi2 

s h e l l  a p p l i e d  by a number of poss-i.ble methods i n c l u d i n g  chemical  vapor  

deposi.tj.on, s u r f a c e  r e a c t i o n ,  anodi z i n g ,  o r  plasma s p r a y i n g .  

Phase 2 :  F e a s i b i l i t y  expe r imen t s .  Tests on s i n g l e  spheres w i l l  be 

performed t o  d e t e r m i n e  t h e  u s e f u l  l i f e  and thermal  performance.  

Phase 3: P r o t o t y p e  tests. An e n c a p s u l a t i o n  procedure w i l l  be 

s e l e c t e d  and used t o  f a b r i c a t e  a bench scale packed bed. The t h e r m a l  

and mechanical performance of t h e  packed bed w i l l  be t e s t e d .  

Task 3.2: Open Composite Systems 

I n  so -ca l l ed  open composi te  systems t h e  molten PCM is  c o n t a i n e d  

w i t h i n  t h e  connected p o r o s i t y  of a metal l ic  o r  ceramic m a t r i x  material 

by s u r f a c e  t e n s i o n  f o r c e s .  The systems t e s t e d  t h u s  f a r  have c o n s i s t e d  

of m o l t e n  s a l t s  h e l d  i n  metallic sponge,  The p r i n c i p a l  advan tages  of  

t h i s  method of PCM containment  are a p o s s i b l e  r e s o l u t i o n  of t h e  volums 

change problem of molten s a l t s  and p r o v i d i n g  a h igh  the rma l  conductance 

m a t  rix. 

* 
R e f e r s  t o  "front end" storage, i.e., storage of h e a t  from the 

r e a c t o r  s o u r c e  f o r  subsequent  d e l i v e r y  t o  t h e  power c y c l e  working f l u i d .  
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Phase  1: S e l e c t i o n  of h igh  t e m p e r a t u r e  open composi te  sys tems 

Phase  2: F e a s i b i l i t y  tes ts  

Phase  3: P r o t o t y p e  tests 

Task 4 :  Material P r o p e r t y  Measurement and C o m p a t i b i l i t y  

T h i s  t a s k  w i l l  c o l l e c t ,  e v a l u a t e  p r o p e r t i e s  of E M ' S ,  c o n t a i n e s  ma- 

terials and h e a t  t r a n s f e r  media used i n  the rma l  s t o r a g e  s y s t e m s .  

T a b l e  B.l  p r o v i d e s  a c u r r e n t  t e n t a t i v e  p r o j e c t i o n  of program cos t s  

Erom FY 86 th rough 88. W e  n o t e  from t h i s  t a b l e  t h a t  as c u r r e n t l y  

p l anned ,  t h i s  program i s  l a r g e l y  devoted  t o  development  of LiH h e a t  s i n k  

t echno logy ,  as o u t l i n e d  i n  Task 2. Tab le  B.2 o u t l i n e s  t h e  c u r r e n t  ve r -  

s t o n  of t h e  work schedu le .  

A p p l i c a t i o n  t o  SDI Nuclear .  Thts program's  c u r r e n t  emphasis  i s  on 

t h e  a p p l i c a t i o n  of L i H  h e a t  s i n k  material i n  a s p e c i f i c  t h e r m i o n i c  con- 

c e p t  i n v o l v i n g  d i r e c t  c o n t a c t  w i t h  NaK i n t e r m e d i a t e  c o o l a n t .  If t h i s  

proves  t o  be f e a s i b l e ,  a similar a p p l i c a t i o n  may be used i n  n u c l e a r  

b u r s t  power h e a t  r e j e c t i o n  sys tems as shown i n  F igs .  2 .3 ,  2.6 and 2.10. 

If t h i s  advanced t e c h n i q u e  p roves  - not  t o  be f e a s i b l e ,  t h e  fnforma- 

t i o n  developed  i n  t h i s  program on LiH e n c a p s u l a t i o n  and conta inment  

t e c h n i q u e s  and t h e  a n a l y t i c a l  and model ing t e c h n i q u e s  developed may 

s t i l l  be u s e f u l  t o  t h e  SDT. e f f o r t  i n  demons t r a t ion  of p o s s i b l e  

approaches  t o  t h e  use of L i H  as a h e a t  reject  material. However, t h e  

scope  of t h e  e f f o r t  on L iH conta inment  and  p r o p e r t i e s  does not  appea r  t o  

be s u f f i c i e n t  i n  t h e  program ( i n  t h e  judgement of t h e  a u t h o r s )  t o  s e t t l e  

t h e  f e a s i b i l i t y  q u e s t i o n  r e g a r d i n g  u s e  of LIH f o r  b u r s t  power c y c l e  h e a t  

rej e c t i o n .  

The c u r r e n t l y  i n a c t i v e  p o r t i o n  of t h e  program i n v o l v i n g  S i - a l loy  

e u t e c t i c s  f o r  f ront -end  h e a t  supp ly  a l so  cou ld  be a d i r e c t  i n p u t  t o  SDT 

program requ i r emen t s .  If e n c a p s u l a t i o n  t e c h n i q u e s  can he developed ,  

s e v e r a l  S i - a l loy  e u t e c t i c s  p o s s e s s  congruen t  m e l t i n g  p o i n t s  i n  t h e  r ange  

of p o t e n t i a l  u s e  f o r  n u c l e a r  b u r s t  power sys t ems ,  i .e . ,  a t  t e m p e r a t u r e s  

between 1300 and 1650 K for  R o i l i n g  Potass ium and  Li th ium Cooled Reac tor  

concep t s .  The a l l o y  s e l e c t e d  f o r  i n i t i a l  s t u d y ,  Re-Si, wi th  m e l t i n g  

p o i n t  a t  1363 K, i s  a t  t h e  lower end of t h e  range of i n t e r e s t ,  and hence 

may app ly  d i r e c t l y .  F r o n t  end h e a t  s t o r a g e  systems i n  t h e  1700 t o  
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T a b l e  R . 2 .  P r o g r a m  s c h e d u l e  - 
E n e r y y  S t o r d g e  C o n c e p t s  f o r  P n l s e d  Power S y s t e m  ( D O D )  

- ............. ._ 

S c h e d u l  c 
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2.3.  S h e l l  a n d  Tube  S y s t e m s  

2 .3 .1 .  C o n f i g u r a t i o n  a s s e s s m e n t  
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2 .3 .3 .  P r o t o t y p e  t e s t s  

2 . 4 .  H e a t  S i n k  C o n c e p t  A n a l y s i s  

2 . 4 . 1 .  C o n c e p t  e v a l u a t i o n s  
2 . 4  2. Heat t r a n s f e r  e n h a n c e m e n t  
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1800 R range may be c o n s i d e r e d  for HTGR b u r s t  power systems;  S i - a l loy  

e u t e c t i c s  are a v a i l a b l e  up t o  1685 K ( p u r e  Si) and t h u s  may apply as 

w e l l  t o  NTGR TES systems.  

B .2 

A d m l n i s t r a t i v e  e 

Ae roPropu l  s i  on Labora to ry  In-Hou se 
Thermal Energy S t o r a g e  T e s t s  

T h i s  e f f o r t  i s  suppor t ed  by in-house funds w i t h i n  

t h e  Aerospace Power D i v i s i o n  of t h e  AeroProyulsFon Labora to ry  of t h e  A i r  

Force  k k l g h t  A e r o n a u t i c a l  Labora to ry  (AFWAL) a t  a l e v e l  of ~ $ 2 0 0  K/y. 

me program is a d m i n i s t e r e d  by t h e  Power Technology Branch, which has 

s u b c o n t r a c t e d  portfor is  of t h e  t es t  program (sal t  and c a p s u l e  p r e p a r a t i o n  

and the the rma l  c y c l i n g  t e s t s )  t o  U n i v e r s a l  Energy Systems, Inc. of 

Payton,  OH, and conduc t s  o t h e r  r e l a t e d  tests in-house.  

The c u r r e n t  purpose of t h i s  program a p p e a r s  to be a g e n e r a l  suppor t  

of advanced h e a t  s t o r a g e  s y s t e m s  coupled t o  h e a t  p i p e s  o p e r a t i n g  at 

a b o u t  I000 K. O r i g i n a l l y ,  t h i s  program was d i r e c t e d  toward development 

of an i n t e g r a l  t he rma l  s t o r a g e j h e a t  p i p e  d e v i c e  t o  p rov ide  o r b i t a l  

e c l i p s e  power for c ryogen ic  ref r i g e r a t o r s .  Subsequent ly  t h e  c ryogen ic  

ref r i g e r a t o r  a s p e c t  was dropped e 

O b j e c t i v e .  S p e c i f i c a l l y ,  t h i s  program seeks t o  develop a 1800 K 

t he rma l  s t o r a g e  capability coupling t o  a heat p ipe  heat t r a n s f e r  sys-  

t e m .  A f t e r  s c r e e n i n g  tests f o r  salt  and c o n t a i n e r  material select ton,  

the program w i l l  cu lmina te  i n  a f u l l - l i f e ,  10,000 h (417 d ) ,  t he rma l  

c y c l e  t e s t  Eollowed by p o s t - t e s t  metallographi c and corrosFon ra te  mea-- 

surements.  

Work d e s c r i p t i o n ,  up t o  the poin t  of i n i t i a t i o n  of the final 

10,000 h thermal c y c l e s ,  i s  d e s c r i b e d  by Ponnappan (1985) .  

An i n i t i a l  work phase c o n s i s t e d  of tes t :  of e u t e c t i c  d x t u r e s  of 

LFF,  FlgF2, NaF and KF sa l t s  h e l d  i n  I n c o n e l  617 s t e a d i l y  € o r  10,000 h a t  

a t e m p e r a t u r e  j u s t  above me l t ing ,  These tests were completed s a t i s f a c -  

t o r i l y ,  i .e.,  good s a l t / c o n t a i n e r  material c o m p a t i b i l i t y  was observed.  

I n  a d d i t i o n ,  thermal  c y c l e  t e s t s  w e r ?  performed I n v o l v i n g  500 c y c l e s  at 

- +50"C of t h e  m e l t i n g  po in t s  of t h e s e  sa l t s  .Ln I n c o n e l  617. These a l s o  

proved good material c o m p a t i b i l i t y .  



A second tes t  phase i n v o l v e d  u s e  of Incone l  600 i n s t e a d  of 617. I n  

t h e s e  tests t h e  c a p s u l e s  f a i l e d  ana t h e  s a l t  leaked.  P o s t - t e s t  a n a l y s e s  

a s c r i b e d  t h e  f a i l u r e s  t o :  

1. Welding of the c a p s u l e s  i n  a i r  r a t h e r  t h a n  vacuum, consequen t ly  

con tamina t ing  t h e  s a l t  which l e a d  t o  a c c e l e r a t e d  c o r r o s i o n ;  

2, ‘ f i r ?  I n c o n e l  600 bar  stock. was found t o  c o n t a i n  pin-hole de- 

f e c t s  : 

3 .  I n  a d d i r i o n ,  t h e  I n c o n e l  400 was found to  c o n t a i n  excessive Ca 

impuri ty  which could have a c c e l e r a t e d  c o r r o s i o n .  

From its i n c e p t i o n ,  the expe r imen ta l  work i n  t h i s  program has been 

conducted wi th  c a r e f u l  and sound m e t a l l u r i g i c a l  t e c h n i q u e s .  S a l t  p u r i t y  

has heen v e r i f i e d  and inaintained.  Me l t ing  p o i n t s  of pu re  and eutect1.c  

mix tu res  have been checked a g a i n s t  l i t e r a t u r e  v a l u e s .  Con ta ine r  a l l o y  

compositi.ons were v e r i f i e d ,  and c a p s u l e s  were c l o s e d  u s i n g  e l e c t r o n  beam 

welding i n  a vacuum e n c l o s u r e .  When a l l  of t h e s e  p rocedures  were n o t  

f o l l o w e d ,  as d . t h  t h e  I n c o n e l  600 capsiile tests, f a i l u r e s  occur red .  

- 

Current  t es t s  focus on t h e  fo l lowing  three f l u o r i d e  e u t e c t i c s  i n  

I n c o n e l  417 c a p s u l e s :  

Me l t lng  

( K) 

MgF2-46.9 L i F  997 

MgF2-39.8 LiF-13 . I  NaF 9.5 9 

MgP2-42.3 LiF- 8.9 KF 959 

S a l t *  p o i n t  

_-_._II___. 

a+ 
Eutec t i c .  composl t lons i n  

weight-%. 

The thermal  c y c l i n g  t e s t s  f o r  the f i n a l  phase o f  t h e  program are 

conducted using a 4-h period i n v o l v e s  a 2 h h e a t i n g  and a 2 h c o o l i n g  

phase.  About 30 min are r e q u i r e d  for phase t r a n s i t i o n ,  b o t h  meltf.ng and 

f r e e z i n g .  The s a l t  e x i s t s  about  1.5 h each as a l i q u i d  and a s o l i d  dur- 

i n g  t h e  4 h thermal  cycle, 

Schedule and statiis. The f i n a l  phase of t h i s  program i n v o l v i n g  t h e  

10,000 h thermal  cycle tests are c u r r e n t l y  i n  p r o g r e s s ;  t h e  tes ts  

- 
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are -5OX complete  as of & p t .  1, 1986. The tests are planned t o  be 

ended upon o b s e r v a t i o n  of t h e  f i r s t  c a p s u l e  f a i l u r e .  

A t o t a l  of 18 Incone l  617 c a p s u l e s  are i n  t h i s  f i n a l  phase,  6 e a c h  

c o n t a i n i n g  t h e  e u t e c t i c  mix t~ i r e s  shown above. Thus f a r  no E a i l u r e s  have 

been obse rved .  

Fo l lowing  test complet ion,  t h e  c a p s u l e s  w i  11 be me t a l  l o g r a p h i c a l l y  

examfned; t h e  deg ree  of c o r r o s i o n  and t h e  c o r r o s i o n  mechanism w i l l  be 

d e  t e r m i  ned e 

A p p l i c a t i o n  t o  SUI Nuclear .  T h i s  program p r o v i d e s  b o t h  g e n e r a l  and 

p o s s i b l y  s p e c i f i c  i n f o r m a t i o n  u s e f u l  t o  SDI b u r s t  power systems. The 

f n f o r m a t i o n  wi th  r ega rd  t o  f l u o r i d e  s a l t  c o r r o s i o n  of I n c o n e l  617 and 

Incone l  600 a l l o y s  may a p p l y  g e n e r a l l y  t o  Ni-based a l l o y s c  Also of gen- 

e r a l  v a l u e  are the t e c h n i q u e s  developed f o r  s a l t  p r e p a r a t i o n  and c a p s u l e  

f a b r i c a t i o n  d e s c r i b e d  by Ponnappan (1985) and e a r l i e r  r e p o r t s  by Davison 

(19751,  Beam (1977) and Ponnappan (1983) .  These p r e p a r a t i o n  t e c h n i q u e s  

demons t r a t e  what i s  r e q u i r e d  f o r  t h e  f l u o r i d e l c o n t a i n e r  u n i t  t o  behave 

i n  t h e  compa t ib l e  f a s h i o n  t h a t  t h e o r y  p r e d i c t s .  

S p e c i f i c a l l y  a p p l i c a b l e  i n f o r m a t i o n  re la tes  t o  t h e  poss ib l e  use o f  

any of t h e  t h r e e  f l u o r i d e  e u t e c t i c s  c u r r e n t l y  be ing  t e s t e d  i n  I n c o n e l  

617 c o n t a i n e r s  t o  b u r s t  power hea t  r e j e c t i o n  systems. A s  noted i n  

Sec t .  2 ,  bo th  the R o l l i n g  Potassium and Li thium coo led  Reactor  b u r s t  

power systems may advan tageous ly  u t i l i z e  c a p a c i t i v e  h e a t  r e j e c t i o n  i n  

t h e  900 t o  1200 K range. 
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Unit Compatibil i ty,  Par t  II - Test Procedures and Post-Test ResuZts, 
AFAPL-TR-75-92-Part 11, AFWAL, March 1977. 
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Appendix C 

THERMAL STORAGE RESEARCH AND DEVELOPMENT SPONSOliED BY DOE 

Thermal energy s t o r a g e  R&D i s  suppor t ed  i n  two areas w i t h i n  the 

DOE: (1) t h e  O f f i c e  of Energy S to rage  and D i s t r i b u t i o n ,  and ( 2 )  the  

Solar  Thermal Technology D i v i s i o n  w i t h i n  the O f f i c e  of Solar  Heat Tech- 

n o l o g i e s .  Both of t h e s e  a d m i n i s t r a t i v e  areas are under t h e  A s s t .  Secre- 

t a r y  f o r  Conse rva t ion  and Renewable Energy. T h e r e f o r e  t h e  main t h r u s t  

o f  t h e  work is  toward commerc ia l i za t ion  of c o n s e r v a t i o n  and renewable 

e n e r g y  t e c h n o l o g i e s  such  as s o l a r  t he rma l ,  waste hea t  u t i l i z a t i o n ,  i m -  

proved b u i l d i n g  space h e a t i n g .  These a r e ,  i n  g e n e r a l ,  d i r e c t i o n s  which 

d i f f e r  s i g n i f i c a n t l y  from SDL r e q u i r e m e n t s .  T h e r e f o r e ,  we would n o t  EX- 

p e c t  t o  i d e n t i f y  a l a r g e  area of t echno logy  development suppor t ed  by t h e  

DOE t h a t  a p p l i e s  d i r e c t l y  t o  SDL. 

C.l Thermal S to rage  R&D SuDoorted bv t h e  
S o l a r  Thermal Technology D i v i s i o n  

The pr imary t h r u s t  oE t h e  w r k  suppor t ed  by t h i s  d i v i s i o n  i s  t h e  

development of commercial scale s o l a r  t echno logy  u t i l - f z i n g  thermodynamic 

power c y c l e s  f o r  g e n e r a t i o n  of e l e c t r i c i t y .  Through i t s  p r i n c i p a l  con- 

t r a c t o r ,  t h e  Sandia  N a t i o n a l  L a b o r a t o r y ,  t h i s  work has  c u l n i n a t e d  i n  t h e  

c o n s t r u c t i o n  of t h e  Barstow S o l a r  Thermal F a c i l i t y  which i s  ct i r rent ' ly  i n  

o p e r a t i o n .  

Solar  thermal electric systems r e q u i r e  d i u r n a l  thermal s t o r a g e  f o r  

f u l l ,  24-h o p e r a t i o n .  Sandia  has  s e l e c t e d  n i t r a t e d  sal ts  as t h e  s t o r a g e  

medium f o r  the Barstow f a c i l i t y ;  hence c o m p a t i b i l i t y  t e s t i n g  and mate- 

r ia l  s e l e c t i o n  i n  t h i s  program re la te  t o  containment  of n i t r a t e  s a l t s .  

Since n i t r a t e  salts would no t  be chosen f o r  SDI b u r s t  power a p p l i c a t i o n s  

due t o  t h e i r  low s p e c i f i c  l a t e n t  h e a t  v a l u e s  and r e l a t i v e l y  l o w  tempera- 

t u r e  c a p a b i l i t y ,  i t  i s  u n l i k e l y  t h a t  t h i s  program h a s  developed h e a t  

s t o r a g e  rechnology t h a t  i s  a d a p t a b l e  t o  SDI. 
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C.2 Thermal S to rage  KbD SiiDDorted bv t h e  O f f i c e  
of Energy S to rage  and D i s t r i b u t i o n  

The p r i n c i p a l  o b j e c t i v e s  of thermal  s t o r a g e  R&D suppor t ed  by t h e  

O f f i c e  of Energy S to rage  and D i s t r i b u t i o n  are:  (1) the  development of 

media f o r  systems t h a t  p r o v i d e  both w i n t e r  h e a t i n g  o r  summer c o o l i n g  o f  

b u i l d l n g  s p a c e ,  ( 2 )  improved s y s t e m s  f o r  i n d u s t r i a l .  waste h e a t  u t i l i z a -  

t i o n ,  ( 3 )  development of p a s s i v e  s o l a r  systems f o r  s p a c e  h e a t i n g ,  

( 4 )  performance of r e s e a r c h  on new the rma l  s t o r a g e  media. These objec- 

t i v e s  are implemented through R&D p r o j e c t s  monitored by ORNL ( c u r r e n t l y )  

i n  t h e  areas o f  I n d u s t r i a l  S to rage  and Bu i ld ing  Heat ing and Cooling. Up 

u n t i l  FY 1986, t h e  %la?- Energy  Kcsearch I n s t i t u t e  ( S E R T )  was also a 

p r i n c i p a l  c o n t r a c t o r  i n  t h e  a r e a  of thermal  s t o r a g e  a s ses smen t  and basic  

r e s e a r c h .  

C.2.1 ORNL-Snonsored work f o r  t h e  O f f i c e  
of Energy S to rage  and D i s t r i b u t i o n  
II_ -- 

The a c t i v e  r e s e a r c h  t a s k s  sponsored through ORNL, are l i s t e d  i n  

Table  C . l ,  adapted from t h e  1985 Program P lan  [Mar t in  ( 1 9 8 5 ) l .  Tasks 

l i s t e d  i n  t h e  p r i o r i t y  1 c a t e g o r y  were funded; p r i o r i t y  2 t a s k s  were 

n o t .  T a b l e  C . l  a l s o  p rov ides  t h e  PY 85 funding l e v e l  f o r  r e s e a r c h  

a c t i v i t y .  Though t h e  object-ives a s s i g n e d  t o  t h i s  DOE o f f i c e  are q u i t e  

d i f f e r e n t  from t h a t  r e q u i r e d  i n  SDI b u r s t  power sys t ems ,  some poten- 

t i a l l y  a p p l i c a b l e  r e s e a r c h  is noted by t h e  s t a r r e d  t a s k s  i n  Table  C.l 

and W t l l  be d e s c r i b e d  b r i e f l y  below. 

Composite High-Temperature S to rage  Media I 

Research performed at t h e  I n s t € t u t e  of Gas Technology (IGT) has 

developed the  concept  of c o n t a i n i n g  a PCM w i t h i n  t h e  connected p o r o s i t y  

oE a nm-mel t ing  s o l i d  ma t r ix .  To d a t e ,  TGT has  a p p l i e d  t h e  concept  t o  

the  containment of c a r b o n a t e  PCMs i n  ox ide  ceramics, a p a r t i c l l l a r  selec- 

t i o n  not  e s p e c i a l l y  p e r t i n e n t  t o  SDI. However, t h e  concept  has c e r t a i n  

d e s i r a b l e  f e a t u r e s  which may f i n d  a p p l i c a t i o n  with o t h e r  materials.  Po- 

t e n t € a l  l y  usefill f e a t u r e s  of t h i s  containment  concept  are (1) enhance- 

ment of e f f e c t i v e  the rma l  conductance of t h e  s t o r a g e  m e d i m  by use  of a 

me ta l l i c  m a t r i x ,  and ( 2 )  a n  i n h e r e n t  method of a l lowing  f o r  l a r g e  phase 

change vol  t ime d i € f e r e n c e s .  
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Tab le  C . 1 .  Thermal S to rage  Research 
Sponsored by t h e  O f f i c e  of Energy 

S t o r a g e  and D i s t r i b u t i o n ,  DOE, 
t h rough  ORNL (FY 1986) 

~ ~~ 

Budget 
Program e l e m e n t s  ($  i n  

t housands )  

P r i o r i t y  1 

P a s s f v e  s o l a r  model 
P a s s i v e  s o l a r  system c r i t e r i a  
Composite h igh - t empera tu re  media devel- 

Heat of mixing r e s e a r c h  (*) 
Encapsu la t ed  metall ic a l l o y  (*)  
Dual- temperature  ammoniates 
C l a t h r a t e  system heat: t r a n s f e r  op t imiza -  

opment (*) 

t i o n  

P r i o r i t y  2 

Clathrate r e s e a r c h  
Economic assessment 
S l u r r y  heat t r a n s f e r  (*) 
Summary of code c o n s t r a i n t s  on advanced 

Solid s t a t e  t r a n s i t i o n  PCM 
A n a l y s i s  of s o l a r  c e n t r a l  r e c e i v e r  

s t o r a g e  system r e q u i r e m e n t s  
J o i n t  NASA/DOE space  power ‘TES r e s e a r c h  (*) 
Act ive  s o l a r  c o o l i n g  s t o r a g e  
L a b o r a t o r y  model of d u a l  t e m p e r a t u r e  

System s t u d i e s  - composi te  high t empera tu re  

s t o r a g e  system 

s t o r a g e  system 

media a p p l i c a t i o n  

50 
0 

180 

60 
70 

15 0 
75 

75 
50 

100 
25 

75 
50 

100 
50 

100 

200 

*Researach which may complement SDI program needs .  

E v a l u a t i o n  of t h e  Heat o€  Mixing in S o l u t i o n s  
fo r  Thermal S t o r a e e  

Though t h i s  work, performed by P o l y t e c h n i c  I n s t i t u t e  of New York, 

is c u r r e n t l y  d i r e c t e d  toward e v a l u a t i o n  of t h e  h e a t  of mixing as a n  

e n e r g y  s t o r a g e  mechanism f o r  on ly  Low t e m p e r a t u r e  s y s t e m s ,  t h e  concept  

may a l so  a p p l y  to  h i g h e r  t empera tu re  a p p l i c a t i o n s .  Of  i t s e l f ,  t h e  h e a t  

of mixing probably does n o t  r e p r e s e n t  a s i - g n i i i c a n t  energy s t o r a g e  QO- 

t e n t i a l ,  b u t  metal/salt s l u r r y  systems may prove advantageous €o r  o t h e r  
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r e a s o n s  (chemi ca l  c o m p a t i b i l i t y ,  improved the rma l  conductance)  , and 

h e a t s  of mixing may enhance h e a t  s t o r a g e  capac i t i e s  f o r  t h e s e  d u a l  phase 

systems.  

Encapsu la t ed  Al loy  S to rage  Material -- 
This  r e s e a r c h  i s  d i r e c t e d  toward deve lop ing  ways t o  e n c a p s u l a t e  

m e t a l l i c  e u t e c t i c  PCMs w i t h i n  h igh  m e l t i n g  s h e l l s .  As noted i n  

S c c t .  1.3.1.1, a few metals, such as Si (and pe rhaps  o n l y  S i ) ,  have high 

l a t e n t  h e a t s  and a s e r i e s  of eutectic:  a l l o y s  with a p o t e n t i a l l y  u s e f u l  

r ange  of m e l t i n g  p o i n t s ,  up t o  1685 K f o r  pu re  S i .  The re fo re ,  S i - a l l o y  

PCMs may be of  d i r e c t  a p p l i c a t i o n  t o  b u r s t  power sys t ems ,  b o t h  f o r  h e a t  

supp ly  ( f r o n t  end) and c y c l e  h e a t  r e j e c t i o n  s e r v i c e .  

Work a t  Ohio S t a t e  U n i v e r s i t y  h a s  sought  t o  deve lop  rnicroencapsula- 

t i o n  t e c h n i q u e s  f o r  t h e  Si-A1 e u t e c t i c  (Tm = 850 K) i n  h i g h e r  m e l t i n g  Si 

a l l o y  m a t e r i a l  by v a r i o u s  t echn iques .  These have t h u s  far  not  proved t o  

be s a t i s f a c l o r y .  F u t u r e  wjrk is  planned f o r  t h e  h i g h e r  m e l t i n g  Si-Be 

s y s t e m  ( T a l  = 1363 K ) .  

S 11 I r r y He a t Trans € e r 
~ - I  

Although this i s  a s s i g n e d  a second p r i o r i t y ,  work was resumed i n  FY 

86. The work i s  being performed a t  ANT,. The o b j e c t  is t o  assess t h e  

u s e  of a s l u r r y  of l a t e n t  h e a t  s torage media i n  a h e a t  t r a n s f e r  f l u i d  

f o r  ( a )  enhancing t h e  d e n s i t y  of energy t r a n s p o r t  and ( b )  p r o v i d i n g  a n  

enhanced h e a t  t r a n s f e r  i n t o  an o u t  O F  t h e  s l u r r y .  Thc l a t e n t  h e a t  s t o r -  

age m a t e r i a l  must e x h i b i t  a s o l i d / s o l i d  phase change o r  be a p p r o p r i a t e l y  

e n c a p s u l a t e d  so as t o  no t  mix wi th  i t s  h e a t  t r a n s f e r  f l u i d .  The p r e s e n t  

r e s e a r c h  will u t i l i z e  fo rm-s t ab le  (by  p a r t i a l  cross l i n k i n g )  poly- 

e t h y l e n e  p e l l e t s  mdth a phase change t e m p e r a t u r e  of 13OoC. 

J o i n t  NASA/DOE Space Power TES Research - 
T h i s  t a s k  i s  a l s o  r a t e d  a s  second p r i o r i t y ;  t h u s  FY 86 fund ing  i s  

q u e s t i o n a b l e .  

The purpose of t h i s  proposed j o i n t  program is  t o  make t h e  DOE- 

developed thermal  s t o r a g e  technology a v a i l a b l e  t o  NASA. 
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C.2.2 SERI-Snonsored Work f o r  t h e  O f f i c e  
of Energy S to rage  and D i s t r i b u t i o n  

The l e v e l  of SEKI sponsored r e s e a r c h  f o r  t h e  O f f i c e  of Energy Stor-  

age and D i s t r i b u t i o n  has ranged from a high of 1,500 K/y i n  FY 79 t o  a 

low of 400 K$/y i n  FY 85. SERI has  phased o u t  of t h i s  prograrn as of 

FY 86. I n  FY 85 ,  t h i s  program c o n s i s t e d  of t h e  f o l l o w i n g  elements: 

Ad van ce d II i  g h-Tempe r a t  u r e  Mo 1 t e n Sa 1 t Con t ai nme n t 

The o b j e c t i v e s  of t h i s  t a s k  i n  FY 84 were t o  ( 1 )  select a c a n d i d a t e  

heat s t o r a g e  s a l t ,  ( 2 )  e v a l u a t e  p o t e n t i a l  c o n t a i n e r  a l l o y s ,  and 

( 3 )  deve lop  a containment  vessel c o n c e p t u a l  des ign .  The wark is  d i -  

r e c t e d  toward d i u r n a l  h e a t  s t o r a g e  t echno logy  f o r  s o l a r  thermal  e l e c t r i c  

systems.  

The sa l t  systems s e l e c t e d  was t h e  Li-K-Na c a r b o n a t e  e u t e c t i c  w i t h  

666 K m e l t i n g  t e m p e r a t u r e .  The c o m p a t i b i l i t y  of t h i s  s a l t  w a s  t e s t e d  a t  

1173 K w i t h  t h e  fol lowing c o n t a i n e r  a l l o y s :  H a s t e l l o y  Y, N i 3 A R ,  Haynes 

550,  Tnconel 600, Cabot 214, N i ,  I nco loy  800. Tn g e n e r a l ,  h igh oxfda- 

t i o n  was expe r i enced  i n  t h e  r e s u l t s  p r e s e n t e d  by Coyle e t  a l .  (1986) .  

Sand-Ai r Direct Con tac t  Heat Exchanger 

T h i s  work is d i r e c t e d  toward deve lop ing  a h o t  a i r  supply €or a 

Rrayton power c y c l e  w i t h  t u r b i n e  i n l e t  i n  the 900 t o  1400 K t e m p e r a t u r e  

r ange .  

S a l t  -t o-hi r D i r e c t  -Contact Heat T r a n s f e r  

D i  rec t c o n t a c t  h e a t  exchangers  we re 

mate t e m p e r a t u r e s  of 1400 K e n v i s i o n e d .  

t e s t e d  up t o  1000 K w i t h  u l t i -  

A pump loop  f o r  t h i s  purpose  

h a s  been f a b r i c a t e d  and t e s t e d  up t o  1000 K. 

c.3 App l i c a t i o n  of DOE Thermal S to rage  
Program E l e m e n t s  t o  SDL Program Needs 

A s  noted ea r l i e r  i n  this appendix,  t h e  b a s i c  t h r u s t  of t h e  DOE 

sponsored thermal  s t o r a g e  work is toward comrnercinl izat ion and s o l a r  

t h e r m a l ,  b u i l d i n g  space h e a t i n g ,  and cooli.ng and i n d u s t r i  a1 waste h e a t  

u t i l i z a t i o n .  As such, one would not a n t i c i p a t e  a major degree of a p p l i -  

c a b t l i t y  t o  S D I  b u r s t  power systems.  N e v e r t h e l e s s ,  s e v e r a l  t a s k s  w i t h i n  
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t h e  o f f i c e  of Energy S to rage  and D i s t r i b u t i o n  e i t h e r  may app ly  d i r e c t l y  

t o  SDI r equ i r emen t s  or  i n v o l v e  p r o c e s s e s  t h a t  w i th  di E f e r e n t  m a t e r i a l s  

and d i f f e r e n t  t empera tu re  l e v e l s  may be appli-ed i n  SDI systems.  These 

have been i d e n t i f i e d  i n  Sect.  C.2 and are r e p e a t e d  h e r e :  

1. Composite h i g h  t empera tu re  media development ,  

2 .  k a t  of mixing r e s e a r c h ,  

3 .  Encapsulated metall ic a l l o y  PCM' s , 
4 .  S l u r r y  h e a t  t r a n s f e r ,  

5 .  J o i n t  NASA/ DOE thermal  s t o r a g e  r e s e a r c h .  

A l l  of t h e  above a r e  suppor t ed  i n  t h e  Offlce of Energy S to rage  and 

D i s t r i b u t i o n .  I t e m  ( 5 )  i s  g iven  as a p r i o r i t y  -2 e l e m e n t ,  and as such  

may not  be funded. The n a t u r e  of a p p l i c a t i o n  t o  SDI b u r s t  power systems 

development i s  o u t l i n e d  i n  Sec t .  C.2 f o r  each i t e m .  
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Appendix D 

FLYWHEEL TECHNOLOGY DEVELOPMENT SPONSORED BY NASA 

D. 1 I n t e g r a t e d  P o w e r / A t t i t u d e  
Control. System (LPACS) 

A d m i n i s t r a t i v e .  I n  t h e  e a r l y  1970s NASA became i n t e r e s t e d  i n  t h e  

WACS concept  and work w a s  funded th rough  NASA Langley Research Cen te r  

( L a R C )  t o  e x p l o r e  t h e  f e a s f b i l i t y  of t h e  concept .  The program produced 

a small scale-model of an IPACS module and was ended i n  1978. The pro- 

gram w a s  d i r e c t e d  by: 

Calude R. Keck le r  
NASA LaRC/MS161 
Hampton, VA 23665 
( 8 0 4 )  865 -45 9 1 

O b j e c t i v e .  The o b j e c t i v e  of t h e  e f f o r t  was t o  d e s i g n ,  b u i l d  and 

t e s t  an WACS concept  t o  demons t r a t e  the a p p l i c a b i l i t y  of the system t o  

E a r t h - o r b i t a l  v e h i c l e s .  

Work d e s c r i p t i o n .  In  t h e  I n t e g r a t e d  Power and A t t i t u d e  C o n t r o l  

System ( IPACS) ,  energy s t o r a g e  i s  accomplished i n  t h e  f lywhee l ,  which i s  

s i m u l t a n e o u s l y  used f o r  a t t i t u d e  c o n t r o l .  By i n t e g r a t i n g  these t w o  

f u n c t i o n s  i n t o  one,  s y s t e m  mass s a v i n g s  of about 25% can be r e a l i z e d  

when compared t o  the c o n v e n t i o n a l  approach u s i n g  ba t te r ies  f o r  energy 

s t o r a g e  and a c o n t r o l  moment gyro f o r  a t t i t u d e  c o n t r o l .  

The l a b o r a t o r y  hardware was des igned  t o  s a t i s f y  t h e  r equ i r emen t s  

a s s o c i a t e d  wi th  an advanced s o l a r  o b s e r v a t o r y  mis s ion .  To s a t i s f y  t h e  

r e q u i r e m e n t s  of t h i s  mis s ion  the IPACS ulodule had t o  supply a power 

l e v e l  of 3.4 kW and a p o i n t i n g  accu racy  of 1 a rc second .  It was dec lded  

t h a t  t h e  TPACS un2t would be modular t o  p r o v i d e  s u f f i c i e n t  system re- 

dundancy. Thus, each u n i t  w a s  r e q u i r e d  t o  prov ide  a t o t a l  energy s t o r -  

age c a p a b i l i t y  of 5.4 M J  (1.5 kWh) and t o  d e l i v e r  2.5 kW of power t o  t h e  

s p a c e c r a f t ' s  subsystems. Wheel speed v a r i a t i o n  of S O X  was used t o  ex- 

t r ac t  75% of t h e  whee l ' s  s t o r e d  energy.  At h a l f  speed each u n i t  

possessed a momentum c a p a c i t y  of about  1430 H a m  and a t o r q u e  o u t p u t  of 

27 N-m (28 f t - l b s ) .  
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A s  shown i n  F i g e  1)l t h e  s e l e c t e d  r o t o r  shape WEIS a c o n s t a n t  s t ress  

d i s c  i n  o r d e r  t o  maxi.mize t h e  r e a l i z a b l e  shape f a c t o r .  The r o t o r  war; 18 

i n c h e s  i n  d i ame te r  and f a b r i c a t e d  from titanl.t.un. A b r u s h l e s s  d.c. 

motor/generator was a t t a c h e d  t o  each end of t h e  s h a f t  t o  accel.erate and 

d e c e l e r a t e  t h e  wheel as r e q u i r e d  by s p a c e c r a f t  energy requireinents .  A 

d e t a i l e d  1 . i s t  of t he  l a b o r a t o r y  u n i t ’ s  c1iar .wter is t ic .s  i s  g iven  i n  Tab1.e 

D 1 .  As shown t h e  u n i t  has  a r o t o r  o p e r a t i n g  speed  range o f  2 : l  and a 

s t o r a g e  d e n s i t y  of 10s kJ/kg (29.5 %Jh/kg) f o r  t h e  r o t o r  on ly .  The 

energy d e n s i t y  f o r  t h e  e n t i r e  modu7.e is  68.8 kJ/kg (19.1 Wh/kg). The 

energy cyc1.e was based on a t y p i c a l  o r b i t  t ime-- l ine,  w t t h  50 minutes of  

d a y l t g h t  f o r  cha rg ing  ( s p i n n i n g  up the  r o t o r ) ,  and 40 mPnute.s of dark- 

ness  du r ing  which ene rgy  i.s kd- thd ram from t h e  wheel. FOP c o n t r o l  pur- 

poses ,  t h e  momentum capac i - ty  of t h e  u n i t  a t  ha l f  speed i s  1430 N - m  which 

i s  more than  twj.ce t h e  680 N o m  requi.red f o r  t h e  p o s t u l a t e d  vehi-cle  

c o n t r o l  f u n c t i o n s .  

Schedule and s t a t u s .  The l a b o r a t o r y  hardware w a s  b u i l t  and t e s t e d  

i n  1976-1977. A f t e r  t h e  t e s t i n g  program was completed and t h e  f e a s i b i l -  

i t y  of t h e  system demonstrated t h e  program ended. A t  p r e s e n t ,  t h e  on1.y 

e f E o r t  a s s o c i a t e d  with the ZPACS concept  t h a t  is  a c t i v e  a t  NASA L a R C  

i n v o l v e s  a n  a s ses smen t  o f  t h e  concept  f o r  t h e  space  s t a t i o n .  

-.- 

A p p l i c a t i o n  t o  SDT ..~._... needs .  The LPACS concept  i s  a p p l i c a b l e  t o  SDT 

needs and may r e s u l t  i n  f u r t h e r  mass s a v i n g s  by e l i m i n a t i n g  t h e  need f o r  

a s e p a r a t e  a t t i t u d e  c o n t r o l  system on Lhe space p l a t fo rm.  The s p e c i f i c  

systems of i n t e r e s t  t o  NASA t a l l 1  be of only l i m i t e d  i n t e r e s t  f o r  SDI 

a p p l i c a t i o n s  because t h e  power and energy l eve l s  a r e  r e l a t i v e l y  l o w .  

T h i s  means t h a t  t h e  NASA systems can a c c e p t  lower performance ( s p e c i f i c  

power and energy d e n s i t y )  from t h e i r  systems than  w i l l  be r e q u i r e d  f o r  

SDT sys te lns .  

D.2 A t t i t u d e  C o n t r o l  and E n e r g y  S to rage  (ACES)  System 
.-I 

. . . . . . . .. ..- ._ .._.._....--- 

A d m i n i s t r a t i v e .  The i n t e g r a t e d  energy s t o r a g e  and a t t i t u d e  c o n t r o l  

concept was r e s u r r e c t e d  by NASA Goodartl Space F l i g h t  Center (GSFC) i n  

1985. T h f s  t i m e  around i t  w a s  named t h e  A t t i t u d e  Con t ro l  and Energy 

Storagp (ACES) concept and was based on advanced technology i n  alJ major 

-. .-._ 
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Table D . 1 .  Characteristics of NASA LaRe flywheel module 

Parameter Value 

Operating speed range, rpm 

Operating momentum range, Nmm 

Energy capacity, MJ (kw-hr) 

Deliverable power, kw 

Rotor s i z e ,  cm diam 

Rotor weight, kg 

Rotor energy density,  kj /kg (w-h/kg) 

Assembly weight, kg 

Assembly energy density,  kj/kg (w-h/kg) 

Size of assembly, c m  

Charge/discharge cycle  duration, min 

System e f f i c i ency  (including e l ec tron ics ) ,  % 

17,500-35,000 

1430-2860 

5.4 (1.5) 

2 -5 

45 04 

50.8 

106 ( 2 9 . 5 )  

78.5 

69 (19.1) 
57.7 x 53.1 

50/40 

52 
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subsystems of t h e  f lywhee l  module. " h e  advanced composi te  r o t o r  d e s i g n  

i n t e g r a t e d  t h e  magnet ic  s u s p e n s i o n  system and t h e  permanent. magnet 

m o t o r / g e n e r a t o r  i n  t.he i n t e r n a l  bo re  of t h e  r o t o r .  T h i s  c o n f i g u r a t i o n  

y i e l d s  a system t h a t  uses volume v e r y  e f f i c i e n t l y .  The p r o j e c t  manager 

i s :  

G. E r n e s t  Rodriguez 
NASA GSFCICode 711 
G r e e n b e l t ,  Mn 20771 
(301) 286-6202 

O b j e c t i v e .  The o b j e c t i v e  o f  t h e  p r o j e c t  is t o  produce a s m a l l  

scale model o f  t h e  t o t a l  i n t e g r a t e d  f lywhee l  concep t .  

Work d e s c r i p t i o n .  The f l y w h e e l  energy s t o r a g e  concep t  € o r  space- 

c r a f t  power systems being e x p l o r e d  by GFSC i s  based on t h e  c o n c e p t u a l  

d e s i g n  as shown i n  Fig.  D2.  T h i s  concep t  of an i n t e g r a t e d  f l y s l i e e l  i s  

based on t h e  "mechanical c a p a c i t o r "  which evolved a t  t h e  GSPC from t h e  

O R N L - D W G  86-5440 E T D  

Fig. D . 2 .  NASA GSPC c o n c e p t u a l  f l ywhee l  d e s i g n  [Keckler  
(1983) I .  

e t  a l . ,  
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development  of magnet ic  b e a r i n g s  and permanent magnet i r o n l e s s - b r u s h l e s s  

DC motors .  The mechanica l  c a p a c i t o r  i s  based on three key t echno l -  

o g i e s :  ( 1 )  a composi te  r o t o r  w i th  a l o w  i n t e r n a l  diameter (In) t o  o u t e r  

d i ame te r  (OD) r a t i o  f o r  a c h i e v i n g  high energy  d e n s i t y ;  (2 )  magnet ic  

s u s p e n s i o n  c l o s e  t o  the geomet r i c  c e n t e r  of the r o r a t i n g  mass t o  rninf- 

mize loads no rma l ly  encountered  on t h e  ends of a s h a f t ,  t o  p rov ide  a no- 

wear mechanism i n  a vacuum envi ronment ,  and t o  minlmize losses at  h igh  

r o t a t i o n a l  speeds ;  ( 3 )  permanent magnet i r o n l e s s - b r u s h l e s s  DC motor/gen-  

erator  f o r  h igh  e f f i c i e n c y  of c o n v e r s i o n  and low l o s s e s .  The complete 

system a l s o  i n c l u d e s  t h e  n e c e s s a r y  e l e c t r o n i c s  f o r  t h e  m o t o r / g e n e r a t o r ,  

con ta inmen t ,  and c o u n t e r r o t a t i n g  wheels f o r  a t t i t u d e  concro l  c a p a b i l -  

i t y .  A s  shown i n  T a b l e  D2, t h e  energy storage sys tem under  development 

Table  D.2. P o t e n t i a l  advan tages  of i n e r t i a l  ene rgy  
s t o r a g e  i n  s p a c e c r a f t  power sys t ems  

C h a r a c t e r i s t i c  Mechanism 
I_ 

Long l i f e t i m e .  .. .30 y e a r s  Magnet ic  suspens ion  of r o t a t i n g  mass - 
no wearout  mechanism 

Design t o  105  c y c l e  f a t i g u e  s t ress  

Simple s t a t e -o f -cha rge  ( SOC) Wheel speed d e t e r m i n e s  SOC 
moni to r ing  and c o n t r o l  

Adaptable  v o l t a g e  l e v e l  
implement a t  i on 

E a s i l y  accommodated by PM m/g d e s i g n  

High t e m p e r a t u r e  r e j e c t i o n  of Waste heat c o n c e n t r a t e d  i n  s t a t i o n a r y  
waste h e a t  mass - eas i ly  removable by c o o d u c t i o n /  

rad  i. a t  i on 

+2% v o l t a g e  r e g u l a t i o n  - PWM of motor c o n t r o l  e l e c t r o n i c s  re- 
q u i r e d  f o r  d i f f e r e n t i a l  s p e e d  c o n t r o l  
( A / C  compat i b i  li t y )  

Perform a t t i t u d e  c o n t r o l  func- I n h e r e n t  h igh  momentum b i a s  i n  wheel 

Minimize System power proces-  Shunt r e g u l a t o r  ( + 2 1  v o l t a g e  r egu la -  

t i  ons 

sing components tion) is only  power processinp, c o m -  
pone n t  r e q u i r e d  

16 whrlkg v e r s u s  5-7 w-hr/kg 
18 kwhr/m3 v e r s u s  7 kw-hr/mq 

Higher energy d e n s i t y  than  NiCd 
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h a s  p o t e n t i a l  a d v a n t a g e s  of long  l i f e t i r i l e  (20  t o  30 y e a r s ) ,  h igh  temper-  

a t u r e  (50 C) waste h e a t  r e j e c t i o n ,  s i m p l e  cha rge  detection and c o n t r o l  

(wheel  s p e e d ) ,  i n h e r e n t  h igh  v o l t a g e  (>200 V )  , h i g h e r  energy d e n s i t y  

than  b a s e l i n e  NiCd b a t t e r i e s  and h i g h e r  v o l u m e t r i c  d e n s i t y  than  N i H 2 .  

Achieving t h e  p o t e n t i a l  advan tages  of t h e  i n e r t i a l  energy s t o r a g e  

concept  w i l l  depend on t h e  successEu l  d e s i g n  of an i n t e g r a t e d  Elywheel 

system. F ive  t e c h n o l o g i e s  were i d e n t i f i e d  as b e i n g  c r i t i c a l  t o  t h e  suc- 

c e s s f u l  development of t h e  i n t e g r a t e d  system. In descend ing  o r d e r  of 

p r i o r i t y  they  are: ( 1 )  a t h i c k  r i m  composi te  r o t o r  wi.th an I D / O D  r a t i o  

of less than  0.6, ( 2 )  magnet ic  s u s p e n s i o n  o f  t h e  r o t a t i n g  mass c l o s e  t o  

its c e n t e r  of mass, ( 3 )  a permanent magnet moto r /ge t i e ra to r  i n t e g r a t e d  i n  

t h e  r o t a t i n g  (permanent magnets) and s t a t l o n a r y  ( i r o n l e s s  a n n a t u r e )  mass 

( 4 )  power e l e c t r o n i c s  t o  i n t e r f a c e  between t h e  s p a c e c r a f t  bus a t  250 V 

DC and t h e  m o t o r / g e n e r a t o r  and ( 5 )  safe  containment  of t h e  wheels i n  t h e  

e v e n t  of wheel o r  s y s t e m  f a i l u r e .  

A program w a s  begun i n  1985 t o  d e m o n s t r a t e  t h e  f e a s i b i l i t y  a f  t h e  

i n t e g r a t e d  flywheel concep t .  The o r i g i n a l  i n t e n t  was t o  d e s i g n ,  b u i l d  

and tes t  a 1.08 MJ (300 Wh) f l y w h e e l  system w l t h  a power r a t i n g  ( d i s -  

c h a r g e )  of 500 W e  The program, however, was based on r e s t r a i n e d  re- 

sources  ( f u n d i n g  l i m i .  c a t i o n s )  and accomplishments  have been modest. The 

d e s i g n  h a s  been completed h u t  t h e  fund ing  i s  no t  a v a i l a b l e  t o  b u i l d  t h e  

i n t e g r a t e d  f lywhee l .  The  d e s i g n  ca l l s  f o r  t h e  use  of Ce l ion  1200 

g r a p h i t e  f i b e r s  i n  t h e  f lywhee l .  This  r e s u l t s  i n  an o v e r a l l  e n e r g y  

s t o r a g e  d e n s i t y  €or  t h e  system of 7%: kJ/kg (20  Mh/kg). Some e x p e r i -  

mental  work was performed on the magnet ic  s u s p e n s i o n  system u s i n g  a 

smaller wheel) and the power e l e c t r o n i c s  e 

- Schedule and s t a t u s .  Funding has  been exhaus ted  and the  p r o j e c t  I s  

corning t o  a c l o s e .  S i n c e  c u r r e n t  NASA p l a n s  do not i n c l u d e  f l y w h e e l s  

f o r  s torage  on space s t a t i o n ,  i t  is  h i g h l y  u n l i k e l y  t h a t  a new r e s e a r c h  

program F a l l 1  be i n i t i a t e d  o r  t h e  c u r r e n t  e f f o r t  extended.  

A p p l i c a t i o n  t o  SDT needs.  The i n t e g r a t e d  f lywhee l  concept  i s  i n -  

t e r e s t i n g  because of i t s  a t t r a c t i v e  v o l u m e t r i c  s t o r a g e  d e n s i t y .  How- 

e v e r ,  t h e  concept  i s  essent1aSl .y  f i x e d  on t h e  use  of a moto r /  

g e n e r a t o r .  This i s  a c c e p t a b l e  because  t h e  cha rg ing  and df-scharging 

power l e v e l s  are of a lmost  e q u a l  magn-ltude. In  SDI applicatfons t h e  

_--_____ 
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d i s c h a r g i n g  power l e v e l  can be several o rde r s  of magnitude g r e a t e r  t han  

t h a t  d u r i n g  cha rg ing .  Thiis, i t  i s  h i g h l y  l i k e l y  t h a t  t h e  g e n e r a t i n g  

f u n c t l o n  should be s e p a r a t e d  €rom t h e  c h a r g i n g  f u n c t i o n .  Also,  t h e  

energy d e n s i t y  l e v e l s  need t o  be much h i g h e r  t h a n  t h o s e  embodied I n  t h e  

NASA des ign .  
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Appendix E 

FLYWHEEL TECHNOLOGY DEVELOPMENT SPONSORED BY Don 

E . l  Homopolar Genera to r  Rotor  Development 

A d m i n i s t r a t i v e .  In  FY 1985 t h e  Enrichment Technology A p p l i c a t i o n s  

Center  (ETAC) of Mart in  Marietta Energy Systems teamed with t h e  IJni- 

v e r s i t y  of Texas t o  deve lop  a homopolar g e n e r a t o r  (HPG) f o r  t h e  Defense 

Advanced Research P r o j e c t s  Agency (DARPA) . KTAC w a s  t o  be r e s p o n s i b l e  

f o r  t h e  development of t h e  i n e r t i a l  ene rgy  s t o r a g e  ( f  Lywheel) component 

of the machine. To a l l o w  fo r  a f a s t  t r a c k  program DARPA provided 

$700,000 In advanced fund ing  t o  ETAC t o  b u i l d  a f a c i l i t y  t h a t  had t h e  

c a p a b i l i t y  of s p i n  t e s t i n g  t h e  r o t o r  r e q u i r e d  f o r  t h e  HPG. Soon a f t e r  

t h i s  money w a s  al.located t h e  MRPA f o c u s  was changed. The HPG w a s  deem- 

phasized and cornpulsator t echno logy  became the pr imary emphasis.  A s  a 

r e s u l t  t h e  HPG program was h a l t e d .  S ince  Elywheels wS.11 be r e q u i r e d  f o r  

the coinpulsator ,  DARPA dec ided  t o  c o n t i n u e  t h e  ETAC work and d i r e c t e d  i t  

t o  t h e  demons t r a t ion  of h igh  energy d e n s i t y  r o t o r s .  The program d i -  

'ector  is: 

M r .  David U. O'KaFn 
Enrichment Technology Appl i cat i o n s  Cen te r  
H a r t i n  Marietta Energy Systems, I n c .  
P.O. Rox K 
Oak Ridge, TN 37831 
(615) 576-0262 

O b j e c t i v e .  "he o b j e c t i v e  of t h e  mrk is  t o  b u i l d  tes t  facilities 

f o r  high performance f lywhee l s  and t o  perEorm g e n e r i c  development d e s i g n  

and p r o t o t y p e  t e s t i n g  of advanced r o t o r s .  

Work d e s c r i p t i o n .  A s p i n  tes t  chamber h a s  been des igned  t o  accom- 

modate r o t o r s  w i t h  d i a m e t e r s  of up t o  21.6 cm (55 i n . ) .  The u n i t  i.s now 

be ing  f a b r i c a t e d  and will be o p e r a t i o n a l  f n  e a r l y  1987. The t e s t i n g  

f a c i l i t y  w i l l  have t h e  c a p a b i l i t y  of t e s t i n g  f l y w h e e l s  t o  a t o t a l  s tored  

energy o f  at least  50 M J .  

Development a c t i v i t i e s  aimed a t  i n c r e a s i n g  f l y w h e e l  s t o r a g e  d e n s i t y  

above those  ach ieved  i n  t h e  MEST Program were i n i t i a t e d  i n  October  

1985. The f o c u s  of t h i s  e f f o r t  is  t o  d e s i g n ,  f a b r i c a t e ,  and s p i n  tes t  
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carbon/epoxy composi te  f lywheel  rims. The f i r s t  ser ies  of t e s t s  were 

d e s i g n a t e d  as Demo 1.  The r i m s  were f a b r i c a t e d  u s i n g  carbon f i b e r  

( H e r c u l e s  IM6 and AS6) and epoxy (ERE 2258). The lower iiiodulus materi-al  

(IN$) was used f o r  t h e  o u t e r  p o r t i o n .  The f i b e r s  were wet wound and 

c u r e d  on a 0.61-m (24-inch) d i ame te r  mandrel t o  form a t h i c k  r i n g  wi th  

an o u t s i d e  d i a m e t e r  of 0.69-m (27 i n c h e s ) ;  t h e  r i n g  was then  c u t  i n t o  

1-engths t o  form tes t  rims. The c h a r a c t e r i s t i c s  of t h e  r i m s  are g i v e n  i n  

Table  E.1. 

The rim were mounted on e x i s t i n g  s p i n  a r b o r s  and  s u b j e c t e d  t o  s p i n  

tes ts .  Spin t e s t i - n g  was performed i n  a vacuum tes t  chamber (<0.02 mm 

Ng) u s i n g  an a i r  t u r b i n e  d r i v e  system i n  a test  f a c i l i t y  l o c a t e d  a t  t h e  

Oak Ridge Gaseous Diffusion P l a n t .  The r e s u l t s  of t h e  t es t  program are  

g i v e n  i.n Table E.2. 

Table  E . l .  C h a r a c t e r i s t i c s  of t e s t  rims 

I_. 

A x i a l  R a d i a l  Rim R i m  
1 e ng t h t h i c k n e s s  weigh t i n e r t i a  

mm ( i n . )  mrn ( i n . )  (kg) (kg-,n* ) 

Demo 
u n i t  

1 A  101.6 ( 4 . 0 )  38 (1.5) 12.5 1.34 

1R 48.3 (1 .9)  38 (1 .5)  5.8 0.63 

1c 48.3 (1.3) 38 (1.5) 5.8 0.63 

Table  E.2. Flywheel demons t r a t ion  t e s t  r e s u l t s  

1985 Demo V e l o c i t y  s p e c i f i c  
Date u n i t  m / s  energy  

kJ/kg (Wh/kg) 

R e s u l t s  

O c t .  17 1A 1055 495 (138) Web f a i l u r e ,  s m a l l  c rack .  

~ o v .  a 1 R  1173 605 (168) Stopped f o r  i n s p e c t i o n .  No 

Nov. 12 1c  1221 663 (184) Stopped f o r  i n s p e c t i o n .  No 

Dec. 9 1C 1405 878 (244)  I n t e n t i o n a l  f a i l u r e  t e s t .  

No r i m  damage. 

damage e 

damage. 
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The r e l a t i v e l y  low speed (1055 m / s )  ach ieved  w i t h  Demo 1A i s  a t t r i -  

buted t o  web damage t h a t  occu r red  d u r i n g  i n s t a l l a t i o n  o f  t h e  web Lrito 

the r i m ;  a c rack  w a s  d i s c o v e r e d  i n  the  web a f t e r  t h e  u n l t  w a s  spun t o  

1055 m/s. The speed of Demo 1 B  was Limited by dynamic i n s t a b i l i t i e s  

a s s o c i a r e d  w i t h  t h e  s p i n  a r b o r  c o n f i g u r a t i o n ;  t h e  a x i a l  l e n g t h  of t h e  

web r e s u l t e d  i n  an u n f a v o r a b l e  r a t i o  of moments o f  i n e r t i a .  U n i t s  1 R  

and 1C were i n s p e c t e d  c a r e f u l l y  af ter  t h e  s p i n  tests t o  1173 m/s and 

1221 m / s  r e s p e c t i v e l y ;  no ev idence  of damage was found. 

The o b j e c t i v e s  of t h e  i n t e n t i o n a l  f a i l u r e  of Demo IC on December 9 ,  

1985 were as f o l l o w s :  

I .  to d e t e r m i n e  the speed c a p a b i l i t y  of t h e  u n i t  for u s e  i n  g u i d i n g  the 

d e s i g n  a c t i v i t i e s ,  and 

2.  t o  o b t a i n  i n f o r m a t i o n  r e l a t i v e  t o  t h e  s a f e t y  and containment  re- 

qu i r emen t s  of h igh  speed f lywhee l  rims. 

Demo IC was a c c e l e r a t e d  u n t i l  f a i l u r e  occur red .  P e r i p h e r a l  speed 

a t  f a t l u r e  w a s  1405 m f s .  A t  t h i s  speed t h e  s p e c i f i c  ene rgy  of t h e  rim 

was 878 kJ/kg (244 Wh/kg). The k i n e t i c  energy of t h e  u n i t  a t  f a i l u r e  

w a s  7.28 M J  (2.02 kWh). It i s  not known whether the f a i l u r e  initiated 

i n  t h e  r i m  o r  i n  t h e  web. The c e n t r a l  hub s u c t i o n  of t h e  web was i n t a c t  

a f t e r  t h e  f a i l u r e ,  but t h e  remainder  of t h e  web was broken i n t o  small 

p i e c e s .  The rim material w a s  found t o  be broken i n t o  ex t r eme ly  small 

p i e c e s  similar t o  d u s t  o r  s o o t .  The h igh  speed f a i l u r e  was v a l u a b l e  i n  

terms of the knowledge ga ined  conce rn ing  containment  r equ i r emen t s .  The 

f a i l u r e  w a s  monitored t o  o b t a i n  d a t a  on c r a s h  l o a d s .  I t  w a s  determfned 

t h a t  breakup of t h e  r o t o r  i n t o  small p i e c e s  r e s u l t e d  i n  s i g n i F i c a n t  

ax i a l  l o a d s  i n  a d d i t i o n  t o  t h e  expec ted  r a d i a l  loads.  The 1405 m/s 

f a i l u r e  speed provided f i r m  e x p e r i m e n t a l  s u p p o r t  of t h e  d e s i g n  of f l y -  

wheels which o p e r a t e  a t  1100 t o  1200 m/s. 

The r e s u l t s  from t h e  Demo 1 series are compared with the r e s u l t s  

from t h e  MEST program i n  Fig .  E.L. I n  t h e  f i g u r e ,  u l t i m a t e  values 

( t h o s e  o b t a i n e d  a t  f lywhee l  maximum speed)  are r e p r e s e n t e d  by soLLd 

symbols. The open symbols r e p r e s e n t  v a l u e s  o b t a i n e d  i n  non-f a i l u r e  

tests and are hence more r e p r e s e n t a t i v e  of o p e r a t i o n a l  l imlrs .  Rim-only 

v a l u e s  are r e p r e s e n t e d  by t r i a n g l e s ,  wh i l e  t o t a l  f l ywhee l  (i .e., r i m  
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p l u s  s u p p o r t i n g  web s t r u c t u r e )  v a l u e s  are r e p r e s e n t e d  by cltrcles. A s  

shown i n  the f i g u r e ,  t h e  o p e r a t i o n a l  v a l u e s  demons t r a t ed  by t h e  advanced 

r o t o r s  exceed ,  by o n e - t h i r d ,  t h e  b e s t  u l t i m a t e  v a l u e  ach ieved  i n  t h e  

MEST program. 

Schedule  and s t a t u s .  The program I s  c u r r e n t l y  unfunded pending 

DARPA's d e c i s i o n  on t h e  compulsator  development program. LE t h e  program 

i s  funded and ETAC i s  chosen t o  deve lop  t h e  f lywhee l s  t h e  development 

program w i l l  f ocus  on r o t o r s  of bower performance. To match t h e  corn- 

p u l s a t o r  needs,  the ELywheel WLll o p e r a t e  w i t h  a r e l a t f v e l y  low p e r i -  

p h e r a l  speed (on t h e  o r d e r  of 500 m/s>. This  w i l l  allow the  use of S- 

g l a s s  r a t h e r  t h a n  h igh  s t r e n g t h  carbon f i b e r s .  

A p p l i c a t i o n  t o  SDI needs.  The r o t o r  performance demonstrated J.n 

t h e  program i s  on a l e v e l  r e q u i r e d  f o r  SDT. a p p l i c a t i o n s .  The high 

s t r e n g t h  g r a p h i t e  f i b e r s  used i n  the  r o t o r  are t h o s e  t h a t  w i l l  be re- 

q u i r e d  t o  meet SDI per€ormance levels. Thus, t h e  development a e t i v - i t i e s  

are d i r e c t l y  a p p l i c a b l e  to SI11 program goals. The s p i n  t e s t i n g  f ac - iL i ty  

b e i n g  c o n s t r u c t e d  fs of s u f f i c i e n t  s i z e  ( i n  items of t o t a l  s t o r e d  

ene rgy)  t o  test p r o t o t y p e  f l y w h e e l s .  

E.2 Re fe rences  f o r  Appendix E 

Olszewski ,  M. and O 'Ka in ,  A. V. ,  "Advances i n  Flywheel Technology f o r  
Space Power A p p l i c a t i o n s , "  Proceeding of 218t Intersociety l7vterg.y 
Conversion Engineering Corlference, San Diego, CA, August 25-29, 
1986. 
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Appendix F 

FLYWHEEL TECHNOLOGY DEVELOPMENT SPONSORED BY DOE 

F. 1 Mechanical Energy S to rage  Technology Program (MEST) 

A d m i n i s t r a t i v e .  From M 1977 t o  FY 1983, t h e  DOE O f f i c e  of Energy 

Storage sponsored a program t o  deve lop  mechanical  energy s t o r a g e  t ech -  

nology.  9ver t h a t  t i m e  p e r i o d  t o t a l  fund ing  f u r  t h e  program w a s  on the 

o r d e r  of $10.5 m i l l i o n .  Program fund ing  peaked i n  FY 1980 a t  a l e v e l  u f  

$3.8 mi l - l i on  € o r  t h e  year. The program w a s  i n i t i a l l y  managed hy 

Lawrence Livermore Labora to ry .  However, i n  t h e  l a t e r  y e a r s  ( F Y  1981 arid 

beyond) t h e  Oak Ridge N a t i o n a l  Labora to ry  w a s  r e s p o n s i b l e  f o r  managi fig 

the program. During this pe r iod  M. Olszevrski w a s  t h e  program manager. 

The program focused p r i m a r i l y  on f lywhee l  technology a l though  a mal 1 

p r o j e c t  was conducted i n  t h e  area of e l a s t o m e r i c  s t o r a q e .  

- 

During t h e  early years of t h e  program ORNL w a s  d i r e c t l y  invo lved  i n  

designing, f a b r i e a t f n g  and s p i n  t e s t i n g  f lywhee l s .  To f a c i l i t a t e  t ech -  

nology t r a n s f e r ,  t h e  program ph i losophy  changed and i n d u s t r i a l  f i r m s  

were used as t h e  p r h n a r y  s u p p l i e r  of i n n o v a t i v e  f l y w h e e l s .  Oak Ridge 

expertise was focused on development of s p i n  t e s t i n g  c a p a b i l i t y  a c t i n g  

as the  independent  tes t  f a c i  l i t y  t o  v e r i f y  performanre c h a r a c t e r i s -  

t ics .  Subsequent ly  the  program management r e s p o n s i b i l i t i e s  ?were added 

t o  t h e  OKNL role.  

O b j e c t i v e .  The o b j e c t i v e  of the  program was t o  deve lop  flywheel. 

energy s t o r a g e  t echno logy  t h a t  could be used t o  improve energy e f f i -  

c i e n c y  -In t h e  t r a n s p o r t a t i o n  sector. S p e c i f i c a l l y ,  t h e  program focused 

on t h e  use of f lywhee l s  i n  au tomobi l e s  and buses. The f lywheel  w a s  t o  

h e  used f o r  a c c e l e r a t i n g  t h e  v e h i c l e  t h u s  r educ ing  t h e  s l z e  of t h e  

eng ine .  Braking energy was to  be c a p t u r e d  by t h e  f lywhee l  and t h i s  

would a f f e c t  an i n c r e a s e  i n  fue l  e f f i c i e n c y  . 
Work d e s c r i p t i o n .  The program g o a l  f o r  f lywheel  performance was to  

a c h i e v e  an energy d e n s i t y  of 316 W/kg (88 Whlkg) at  t h e  u l t i m a t e  speed 

( t h e  speed a t  which f lywhee l  f a i l u r e  o c c u r s ) .  I n  o r d e r  to accomplish 

t h i s  i t  w a s  n e c e s s a r y  t o  use  composi te  materials ( s e e  Table  F .1) .  'RIIICLL~S, 

composite flywheel t echno logy  was e s t a b l i s h e d  i n  the DOE MEST Program.;. 
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Tab le  F . l .  C h a r a c t e r i s t i c s  of materials used i n  f lywhee l s  
i n  DOE MEST program 

---1. ..---I- - 
IJ 1 t i m a t  e 
t e n s i l e  D e n s i t y  ( p )  a l p  

s t r e n g t h  ( 0 )  gIcm3 [k.J/kg ! IJh lkg)  1 ?fater ia l  

MPa 
-I- -- 

S t e e l s  

4340 15 17 7.7 197 (54.7) 
18 N i  (300)  2070 8 .O 259 (71.8)  

Composites 

E-glasslepoxy 1379 1.9 726 (201.6) 
S-glasslepoxy 2069 1.9 1089 (302.5) 
Kevlar"/e poxy 1930 1.4 1379 (382.9) 
Graph i t e l epoxy  1586 1 .s 1057 (293.7) 

Other  

2627 8.0 328 (91.1) b ME TG LA S S 

'Kevlar i s  a tradeinark o f  Du Pont .  

'METGLASS i s  a r e g i s t e r e d  t rademark of t h e  a l l i e d  C o r p o r a t i o n ,  
N o r r i  s town, N.,i . 

performance t e s t i n g  d u r i n g  t h e  f i r s t  phase of t h e  MEST Program con- 

c e n t r a t e d  on u l t i m a t e  speed e v a l u a t i o n s .  The purpose o f  t h i s  t e s t i n g  

regime was t o  o b t a i n  energy d e n s i t y  d a t a  a t  t h e  maximum wheel speed and 

de te rmine  t h e  f a i l u r e  mechanism t h a t  a c t e d  as t h e  l i m i t i n g  f a c t o r  f o r  

t h e  des ign .  

The r e s u l t s  of t h e s e  i n i t i a l  u l t i m a t e  speed t e s t s  are p r e s e n t e d  i n  

Table  F.2. As shown, the wheels were g e n e r a l l y  of t h e  r i m  o r  d i s k  t y p e  

w i t h  several hybr id  d i s k / r i m  d e s i g n s  a l s o  inc luded .  A v a r i e t y  of mate- 

r i a l s  were used i n c l u d i n g  S-glass, Kevla r ,  g r a p h i t e  and Metglass .  The 

h-lghest  u l t i m a t e  energy achieved w a s  286 W/kg  (79.5 Tdh/kg) t d t h  a 

Kevlar  r i m .  

Tn t h e  next  phase of t h e  MEST Program, t h e  f i e l d  of c a n d i d a t e  

r o t o r s  was narrowed and t h e  t e s t i n g  regime expanded t o  i n c l u d e  c y c l i c  

f a t i g u e  tests. R e s u l t s  from t h e s e  t es t s  are g iven  i n  Table F . 3 .  'The! 



h e  r g y  
d e r i s f t y  at Energy  

Yaiiuf,ic t u r e r  Wheel t y p e  Material a maxi mum stored 
speed ("w) 

! ~ ~ / k g : )  - I -.- I I__-- - 
O R N L  Ove r w r d p  K& 9 178  2.02 
R r 11 br c k Kim SC/K49 7 2 3  2 . i 5  
C d  r re L t / A i  Re scar c h R i q  KG9/K?9/SG 286 4 . 4 3  
Rocke tdyne  Overwrap R l m  c, 1 4 3  ? .67 
APL-Me t g 1 as5 R i  m M 8 1  0.14 
Hercul c s  l l i s k  ( c o r i t o u r ~ d  C, 1'35 3.06 

p i  e r r e d )  
AVCO Disk ( p i e r c e d )  Sc, 158 1 . 4 4  
L I, NI, D i sk  (tapered) c 225 1 . I 2  
Z, I, NI. D i s k  ( f l a t )  Sc, 7 4 2  0.5s 
GE D i s k  ( s o l i d /  S G / G  198 1.01 

i)wens/ h r d  D i s k  SMC h 3 q.61 
D i  sk / r i n g  SMC/f: 90 1.01 

SMC / G 1 no 1.130 
SMCG 132 1 . 4 4  

ring) 

-- .I - 
%ate r i a l  legend i s :  SC: = S - g l a s s ;  K 4 9  = KevLar 49 ;  K29 * Kevlar 2 9 ;  

G = Graphite; 
M = Mctglass ;  S I C  = S-glass sheet m o l d i n g  compound 

T a b l e  F . 3 .  Performance r e s u l t s  f o r  f a t i g u e  a n d  ul ttmate s p e e d  
t e s t s  of advanced r o t o r s  t e s t e d  in DOE MEST program 

F l y w h e e l  des Ign  
--- I__-- 

Sub c i r c u l  d c B i d  i re c t € o t i  a 1 Disk Disk /r i rn  
r irn weave 

I .I 

?4a~ erial SMC SYC/ G K4 9 K4 9 

Completed 10,000 Cycle T e s t  Yes Y e s  Naa R 

I J l t ima te  energy d e n s l t y ,  (kJ/kg)  175" 229 237 134 

T o t a l  s t o r e d  ene rgyI  ( M J )  i .8h 2.32 2 .24  1.50 

Speed a t  f a i l u r e .  ( rpm) 4 0 , 6 3 8  4 7 , 0 5 8  3 0 , 0 1 2  2 1 , 5 7 5  

aRotor f a t l e d  a t  2586  cycles. 

h o t o r  w a s  no t  cycle tested.  

% t o r  had p r e v i o u s l y  c o m p l e t e d  cyclic t e s t .  
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d i s k  and d i s k / r i m  concep t s  completed the f u l l  10,000 c y c l e  tess.  Sub- 

sequen t  u l t ima te  speed t e s t s  of thr.lse r o t o r s  y i e l d e d  energy d e n s i t i e s  of 

172  and 229 kJ/kg (48.6 and 68.5 WI-dkg) f o r  t h e  d i s k  and d i s k / r i m  de-  

s i g n s ,  r e s p e c t i v e l y .  The disk/riiri r e s u l t s  were of p a r t i c u l a r  i n t e r e s t  

bet-ause u l t i m a t e  speed d a t a  were o b t a i n e d  f o r  the  d e s i g n  b e f o r e  and 

a f t e r  c y c l i c  f a t t g u e  t e s t i n g .  Test resiilts f o r  a new r o t o r  showed an 

energy d e n s i t y  of 198 k,J/kg (55 Wh/kg)* A f t e r  10,000 c y c l e s  t he  d e s i g n  

y i e l d e d  a measured energy d e n s i t y  of 229 U / k g  (63.5 I W k g ) ,  t h e  i n -  

crease being a s c r i b e d  t70 a "work hardening" effeet i n  t h e  r o t o r  mate- 

r i a l .  

ScEiedule and s t a t u s .  'fie MEST Program was phased o u t  by t h e  DOE i r r  
.I___-. 

FY 1983 and the program i s  c u r r e n t l y  i n a c t i v e .  

A p p l i c a t i o n  t o  SDI needs .  m.- The e s t a h l  ishment of composi te  f lywhee l  

tec-hnology w a s  impor t an t  s i n c e  composite r o t o r s  w i l l  be requ-tred TO meet 

SI31 performance r equ i r emen t s .  However, performance of t h e  f i b e r s  used 

in t he  MEST Program i s  not  s i a f f i e i e n t  t o  meet SDI needs.  To meet t h e  

performance needs of SDZ PElW a p p l i c a t i o n s  t h e  newest g r a p h i t e  f i b e r s  

w f l l  be r e q u i r e d .  These f i b e r s  r e p r e s e n t  an eightfo1.d i n c r e a s e  i n  spe -  

c i f i c  s t r e n g t h  (compared t o  t h e  f i b e r s  used i n  t h e  MEST Program) and may 

r e q u i r e  new des igns  or  f a b r i c a t i o n  t e c h n i q u e s  t o  make f u l - l e s t  use of  

t h e i r  p r o p e r t i e s .  ThIis, whi1.e t h e  technology base e s t a b l i s h e d  i n  t h e  

MKS'r Program can be used t o  as a start : i .ng p o i n t ,  t h e  performance l e v e l s  

d e s i r e d  were rnrach lower than those i n  the SDI program and new t e c h n i q u e s  

w i l l  be r e q u l r e d  t o  r e a l i z e  t h e  f u l l  p o t e n t i a l  of t h e  new h i g h - s t r e n g t h  

g r a p h i  tits now a v a i l a b l e .  

F.2 Technolonv T r a n s f e r  A c t i v i t i e s  

A d m i n i s t r a t i v e  ,The VnrPchment Technology A p p l i c a t i o n  Center  

(ETAC) o r g a n i z a t i o n  w a s  foriiied a t  Mart in  Marietta Energy Systems i n  

October 1985, and DOE provPded FY 1986 fund ing  t o  perrni.t a p p l i c - a t i o n  of  

the  technology deve.1-oped over  25 y e a r s  i n  t h e  Enrichment Program t o  

o t h e r  areas. Flywheel development was one of the nxijor a c t i v i t i e s  

undertaken by ETAC wi th  $3 t o  $3.5 m i l l i o n  ( t h e  t o t a l  technology t r a n s -  

f e r  budget w a s  $6 mi l l ion)  be ing  budgeted €or t h e  a c t i u f - t y .  The program 

.- ~ . - . ~  
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i s  d i r e c t e d  by: 

M r .  David U. O'Kain 
En r i chme n t Technology Ap p l i  e a t  i o n s  Ce n t e r 
Mar t in  Marietta Energy Systems 
P.O. Box K 
Oak Ridge, TN 37831 
(615) 576-0262 

O b j e c t i v e .  The o b j e c t i v e  of the program i s  t o  b u i l d  upon e x i s t i n g  

e x p e r t i s e  and enhance t h e  c a p a b i l i t y  t o  perform g e n e r i c  E lywheel  deve l -  

opment p r o j e c t s .  P r i m a r i l y ,  t h i s  i n v o l v e s  the procurement and i n s t a l l a -  

t i o n  of f a b r i c a t i o n ,  assembly,  and c e s t i n g  equipment f o r  t h e  development 

of  h igh  performance composi te  f lywhee l s .  

Work d e s c r i p t i o n .  The a c t i v i t i e s  unde r t aken  i n  FY 1986 i n c l u d e d  

development of f l y w h e e l  d e s i g n  and a n a l y s i s  c a p a b i l i t y  d e s i g n  and pro- 

curement of a new f lywhee l  winder and d e s i g n  and procurement of assembly 

t o o l i n g  r e q u i r e d  t o  assemble f l y w h e e l s .  These f a c i l i t i e s  and a n a l y t i c a l  

t o o l s  will a l l o w  ETAC t o  desi-gn f a b r i c a t e  and assemble f lywhee l s .  S ince  

t h e  f a c i l i t i e s  are gea red  t o  t h e  use of h i g h - s t r e n g t h  advanced f ibers  

they  w i l l  be a p p l i c a b l e  t o  the development of f lywhee l s  w i t h  high e n e r g y  

s t o r a g e  d e n s i t i e s .  When coupled wi th  t h e  t e s t i n g  c a p a b i l i t i e s  be€ng 

developed i n  c o n j u n c t i o n  with a program be ing  funded by DARPA ( s e e  

Appendix E) ETAC W i l l  have c a p a b i l i t i e s  i n  t h e  development of h igh  per- 

formance f l y w h e e l s  that  are unique i n  t h e  coun t ry .  

Schedule  and s t a t u s .  The t echno logy  t r a n s f e r  fund ing  i s  f o r  one 

yea r  on ly .  A l l  a c t i v i t i e s  W i l l  be completed d u r i n g  FY 1986. 

A p p l i c a t i o n  t o  SDI needs.  The c a p a b i l i t y  i n  f lywhee l s  b e i n g  d e v e l -  

oped by ETAC i s  s p e c i f i c a l l y  t a r g e t e d  to  SDT needs.  The d e s i g n ,  f a b r i -  

c a t i o n  and assembly c a p a b i l i t i e s  be ing  developed are focused  011 t h e  new 

h i g h  s t r e n g t h  f i b e r s  t h a t  w i l l  be r e q u i r e d  t o  produce composi te  f l y -  

wheels c a p a b l e  of meet ing SDI performance s p e c i f i c a t i o n s .  
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