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HYCSOS: A CHEMICAL HEAT PUMP AND 
ENERGY CONVERSION SYSTEM BASED ON 

METAL HYDRIDES 
. . . . .  . . 

1979 Status Report 

by 

Irving Sheft, Dieter M. Gruen, and George Lamich 

ABSTRACT 

The current status of the HYCSOS chemical heat pump and 
energy conversion system based on metal hydrides is described. 
Heat transfer fluid loops were insulated and modified for 
isothermal operation. 

~dftware' development for' HYCSOS manual mode operation was 
completed. Routines to handle data acquisition, logging, com- 
pression, correction and plotting, using a Tektronix Graphics 
system w.ith,flexible disk data storage, provide a rapid and 
versati1e"means of presenting HYCSOS data for analysis. 

Advanced concept heat exchangers to improve the heat trans- 
fer of the hydride bed with the heat transfer fluid are discussed. 
Preliminary tests made with a LaNi5 loaded aluminum foam test 
unit showed that heat transfer properties are very markedly 
improved. 

. . 

'~hermodynami'c expressions are .applied t'o the selection of 
alloys for use in HYCSOS., The substitution of aluminum for nickel 
in ABg type alloys is shown to reduce hysteresis and permits the. 
use of potentially lower cost materials with added flexibility for 
the optimization of-engineering design and performance character- 
istics ,of the .hydride heat pump system. 

Transien.t the,rmal,measurements on hydride beds of CaNig and 
LaNi) show no deterioration with cycling. Relatively slow heat 
transfer b!etween.the hydride beds and heat transfer fluid in the. 
coiled tube heat exchangers is indicated by temperature lag of the 
bed and heat transfer fluid. Improved heat transfer is anticipated 
with aluminum foam heat exchangers. 



I .  INTRODUCTION 

A p p l i c a t i o n  of  t h e  " h e a t  pump" concept ,  t h e  use  of  h e a t  

r e j e c t e d  from a  r e f r i g e r a t i o n  system t o  warm a  space a t .  some- 

what h ighe r  t empera tu re ,  has been d i scussed  f o r  many y e a r s  

and w a s  f i r s t  po in t ed  o u t  by Lord Ke lv in .  ( I )  ~ n t e r e s t  i n  

s o l a r  energy d r i v e n  h e a t  pumps, i n c l u d i n g  chemical  h e a t  pumps 

( 2 - 4 )  h a s  r e c e n t l y  been shown. 

The Argonne HYCSOS system i s  a  two hydr ide  concept  (5-8 

o p e r a t i n g  a s  a chemical  h e a t  pump f o r  s t o r a g e  and recovery  of  

t he rma l  energy f o r  h e a t i n g ,  c o o l i n g ,  and energy convers ion .  Low 

g rade  thermal  energy ,  a s  from a  s o l a r  c o l l e c t o r ,  i s  used t o  - 
decompose a  meta l  hyd r ide  w i t h  t h e  h igher  free energy of d i s -  

s o c i a t i o n  and t h e  r e l e a s e d  hydrogen i s  reabsorbed a t  an  i n t e r -  a 

media te  t empera ture  and s t o r e d  a s  a  second hydrdde wi th  a . l o w e r  

f r e e  energy  o f  d i s s o c i a t i o n .  The h e a t  of  r e a b s o r p t i o n  o f , t h e  

second hydr ide  a t  t h e  i n t e r m e d i a t e  t empera ture  c a n  he used f o r  

space h e a t i n g .  The h e a t  pump mode o f  the hcat . i .ng cycle is. the 

u s e  of  low. t empera ture  ou tdoor  h e a t  . to  decompose ' t h e  second 

hydr ide  and r e a b s o r b  t h e  hydrogen a t  t h e  i n t e r m e d i a t e  tempera- 

t u r e  a s  t h e  f i r s t  hyd r ide .  The h e a t  of  a b s o r p t i o n  o f  t h e  f i r s t  

hyd r ide  can  now be used f o r  space  hea t ing .  By r e j e c t i n g  t h e  

" i n t e r m e d i a t e  t empera tu re  h e a t  of  h,idrorlen a b s o r p t i o n  t o  t h c  

o u t d o o r s  and withdrawing t h e  low tempera ture  from i n d o o r s ,  t h e  

h e a t  pump c y c l e  can be used f o r  space  coo l ing .  The HYCSOS 
r 

system a l s o  l e n d s  i t s e l f  t o  convers ion  o f  thermal  energy i n t o  

4 u s e f u l  s h a f t  work. High p r e s s u r e  hydrogen from t h e  h igh  t e m p e r a t u r e .  



d i s s o c i a t i o n  of. a  hydr ide  cou ld  do work i r i  an  expansion engine  

d r i v i n g  a n  e l e c t r i c  g e n e r a t o r  b e f o r e  be ing  reabsorbed  on ano ther  

bed o f  the,  s ame .hyd r ide  a t  a  lower p r e s s u r e  and t empe ra tu r e .  

The Argonne HYCSOS s y s t e m ( 9 )  des igned  and c o n s t r u c t e d  t o  show 

, t h e  s c i e n t i f i c  f e a s i b i l i t y  o f  t h e  concep t  and t o  e v a l u a t e  - sy s t em 

components and m a t e r i a l s  f o r  u s e  a s  h y d r i d e s  ha s  been o p e r a t i o n a l  

f o r  approx imate ly  a  y e a r .  The s c i e n t i f i c  f e a s i b i l i t y  was demon- 

s t r a t e d  by t h e  r a p i d  c y c l i n g  o f  hydrogen between CaNi5 hyd r ide  

and LaNi .hydr.ide . a t  expe r imen ta l  c o n d i t i o n s  approaching.  d e s i g n  5 

s p e c i f i c a t i o n s . .  Optimum o p e r a t i o n a l  c h a r a c t e r i s t i c s  f o r  t h i s  f i r s t  

p a i r  o f  h y d r i d e s  a r e  y e t  t o  be de te rmined .  Because t h e  u n i t  

was de s igned  t o  be a  v e r s a t i l e  t e s t  f a c i l i t y  and does  n o t  y e t  

have c a p a b i l i t y  f o r  r e g e n e r a t i v e  h e a t  exchange between hyd r ide  

beds ,  t he rma l  e f f i c i e n c y  measurements o f  t h e  c y c l e s  would n o t  be 

meaningf u l  .. S i n c e  t h e  l a s t  r e p o r t ,  equipment m o d i f i c a t i o n s  

t o  i n c r e a s e  t ,he u s e f u l n e s s  o f  t h e  f a c i l i t y  have been made and 

w T l l  be di 'scussed .. 

11, HYDRIDE SYSTEMS AS CHEMICAL HEAT PUMPS ' 

A h e a t  pump i s  a  d e v i c e  which abso rbs  h e a t  a t  a  low 

t empera tu r e  and d e l i v e r s  it a t  a  h i g h e r  t empe ra tu r e .  Mechani- 

c a l  h e a t  pumps g e n e r a l l y  u se  a compressor t o  supp ly  t h e  d r i v i n g  

act ion. .  A chemica l  h e a t  pump uses t h e  t he rma l  energy  o f  a  re- 

v e r s i b l e  chemica l  e q u i l i b r i u m  t o  pump h e a t  from a low tempera- 

t u r e  t o  a  h i g h e r  one .  For such  a  t h e r m a l l y  d r i v e n  h e a t  pump, -. 
which cou ld  be used f o r  e i t h e r  h e a t i n g  o r  c o o l i n g  pu rposes ,  t h e  

c t he rma l  energy  need n o t  f i r s t  be conve r t ed  t o  mechanical  energy .  

An a d d i t i o n a l  advan tage  i n  t h e  h e a t i n g  mode i s  t h e  a b i l i t y  t o  



a l s o  u s e  t h e  d r i v i n g  thermal  e n e r g y . f o r  h e a t i n g  purposes .  

The r a p i d , k i n e t i c s  of hydrogen a b s o r p t i o n  and d e s o r p t i o n .  

w i t h  AB5 a l l o y s ,  t h e  a b i l i t y  t o  v a r y  t h e  d i s s o c i a t i o n  p r e s s u r e  
. . 

by c o n t r o l l i n g  t h e  chemical  composi t ion of  e i t h e r  t h e  A o r  B 

component and t h e  h igh  hydrogen c ' a r ry ing  c a p a c i t y  o f  t h e s e  a l l o y s  

make them e s p e c i a l l y  u s e f u l  f o r  chemical  h e a t  pump a p p l i c a t i o n s .  

A l loys  can be s e l e c t e d  s o  t h a t  low grade h e a t  sou rces  such a s  

s o l a r  c o l l e c t o r s ,  automobi le  hea t  exhallst, nr reject h e a t  from. 

a  power p l a n t  cou ld  be used t o  d r i v e  hydr ide  h e a t  pumps. 
, 

T l ~ e  treatment n' o t  t h e  fo l lowing  g e n e r a l  h e a t  pump equa-,.  

t i o n s  can be a p p l i e d  t o  any p a i r  o f  compounds and can be used 

t o  de te rmine  a l l o y  p r o p e r t i e s  f o r  b e s t  h e a t  pump o p e r a t i o n  a t  

s p e c i f i e d  tempera tures .  

Consider a  t h e r m a l l y  d r i v e n  h e a t  pump used f o r  h e a t i n g  pur-  

poses .  A q u a n t i t y  of  h e a t  Qh i s  supp l i ed  t o  t h e  h e a t  pump a t  a  

h i g h  tempera ture  Th, h e a t  Qm i s  d e l i v e r e d  by t h e  h e a t  pump a t  

t h e  I n t e r m e d i a t e  t empera ture  Tm used f o r  space  h e a t i n q ,  and 
..- 

h e a t  QQ i s  e x t r a c t e d  from a  lower tempera ture  T,. For a  r eve r -  

s i b l e  process, 

and 

7 

A n  index of  t h e  e f f i c i e n c y  o f  such a h e a t  pump, t h e  c o e f f i c i e n t  
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of t h e  performance*, COPH, t h e  r a t i o  of  t h e  u s e f u l  h e a t  d e l i v e r e d  

t o  t h e  r e q u i r e d  h igh  tempera ture  h e a t  imput,  can  be seen  t o  be 

The c o e f f i c i e n t  a s  de f ined  by t h e  r a t i o  of h e a t s  r e f e r s  t o  

t h e  lowest  T, a ch i evab le .  Higher performances can be reached 

a s  t h e  low tempera ture  approaches  t h e  i n t e r m e d i a t e  t empera ture  t o  

which t h e  low tempera ture  h e a t  i s  pumped. 

For t h e  s p e c i f i c  c a s e  where t h e  h e a t  pump c o n s i s t s  of a  

p a i r  of  meta l  hydr ides  Ml and M 2  w i t h  hydrogen f lowing f r e e l y  

between them. M 2  c y c l e s  between t empera tu re s  T, and Tm wi th  

corresp,onding d i s s o c i a t i o n  p r e s s u r e s  P and P 2  and Ml c y c l e s  
1 

- between tempera tures  Tm and Th where i t s  d i s s o c i a t i o n  p r e s s u r e s  

a r e  P1 and P2  r e s p e c t i v e l y .  The e q u i l i b r i u m  d i s s o c i a t i o n  p r e s -  

s u r e s  i n  t h e  two phase r e g i o n ,  which a r e  p l o t t e d  i n . ~ i ~ u r ' e  1, a r e  

determined by t h e  e n t h a l p i e s  AH and AHM of t h e  hydr ide  form- 
M2 1 

a t i o n  r e a c t i o n s  and by t h e  e n t r o p i e s  A S  and A S  . 
M2 M1 

* 
Not t o  be contused wi th  c o e f f i c i e n t  of performance, COPc, uf 

r e f r i g e r a t i o n  c y c l e s  which i s  t h e  r a t i o  o f  t h e  r e f r i g e r a t i o n  

e f f e c t  t o  t h e  h e a t  i npu t .  I n  terms o f  n o t a t i o n  used h e r e  

. Q, 'I' Th-T, - 
COP C: - -  8, 'T -TR 1 .  



To o p e r a t e  t h e  hydr ides  M1 and M 2 i n  t h e  h e a t  pump mode, 

s t a r t  w i t h  M1 s a t u r a t e d  w i t h  hydrogen a t  T and P1. Heat M1 t o  . . 
m 

T c a u s i n g  t h e  p r e s s u r e  t o  r i s e  t o  P2 and hydrogen t o  desorb .  h 

The r e l e a s e d  hydrogen i s  absorbed by M a t . T m  and P 2 ,  t h e  h e a t  2 

of  a b s o r p t i o n  AHM be ing  r e l e a s e d  a t T m .  The tempera ture  of  M1 
2 

i s  now lowered t o  T and t h a t  of  M2 t o  T E .  Hydrogen deso rb ing  m 

from M 2  a t  T e  abso rbs  h e a t  from t h e  environment whi le  t h e  h e a t  

o f  r e a c t i o n ,  AHnl ,  i s  a g a i n  r e l e a s e d  a t  T ~ . ,  Hydrogen g a s  i s  t h e  

working f l u i d  i n  t h i s  c l o s e d  c y c l e  which can be r epea t ed  i n d e f i -  

, n i t e l y .  

T t  i s  c l e a r  t h a t  t o  op t imize  t h e  c h o i c e  o f  meta l  hydr ide  

p a i r s  f o r  a particular mode o f  h e a t  pump o p e r a t i o n ,  t h e  r e l a t i o n -  

s h i p  between t h e  thermodynamic q u a n t i t i e s  governing t h e  hydr ide  

fo rma t ion  r e a c t i o n s  and t h e  o p e r a t i n g  tempera tures .  T T and TE 
h' m 

needs  t o  be e s t a b l i s h e d .  

Three p o s s i b i l i t i e s  a r e .  shown i n  F igu re  1 f o r  t h e  r e l a t i o n -  

s h i p s  between t h e  thermodynamic q u a n t i t i e s  of M and M1. They a r e  2 

a s  ~ O ~ ~ O W S :  

;AS > AS, 
A H  M2 < A H ~ l  , M2 1 

1. For t h e  g e n e r a l  c a s e .  i n  bo th  h e a t i n g  and c o o l i n g  

c y c l e s  ,  AH^ # AHM , ASM # ASM , i n s p e c t i o n  o f  F i g u r e ' l  shows 
2 1 2 1 



t h a t  

S t r a igh t fo rward  s u b s t i t u t i o n .  and rearrangement  g i v e s  

AH 0 T .(AS - ASMq.) T m  
M.. m M.. 

and 

S ince  AHM i s  t h e  h igh  tempera ture ,  Th,  h e a t  (Qh)  used t o  d r i v e  
1 

AHM2 (Q2)  from t h e  low tempera ture ,  TI1, t o  Tm, and i s  i t s e l f  used 

f o r  h e a t i n g  a t  Tm, t h e  h e a t i n g  c y c l e  c o e f f i c i e n t  of performance 

o f  t h e  hydr ide  h e a t  pump . is . 

Combining wi th  equa t ion  (1) and ( 2 )  shows ' t h a t ,  f o r  t h e  g e n e r a l  

case, t h e  performance of  a hydr ide  h e a t  pump i n  t h e  h e a t i n g . c y c l e ,  

i s  t h e  same as t h a t  f o r  a  mechanical  h e a t  pump o p e r a t i n g  r eve r -  

s i b l y  f o r  h e a t i n g  purposes  .. 



For o p e r a t i o n  i n  t h e  c o o l i n g  c y c l e  where 

e q u a t i o n s  (1) . and ( 2 )  reduce  t o  

a l s o  t h e  same a s  f o r  a  mechanical  h e a t  pump. 

2. Fur. the special ca se :  ASM = AS , 
2 M1 

from .which it f o l l o w s  t h a t  

In t h c  h e a t i n g  c y c l e ,  

A - - - and 
TI1 



The performance approaches 2 as T approaches'~ .. R m 

In the.cooling.cycle for this restricted case, 

. . . . 
approaching a maximum of 1 as T '  approaches T or T 

m h R' 

3. For the special case: AHM = AHM = A 9  
n 

from which it. follows that 

In the heatinq cycle for this case, = 1 +.+ = 

M 1 

In the cooling cycle 



One may a l s o  u s e  e q u a t i o n s  (1) and ( 2 )  t o  c a l c u l a t e  T  h  

a n d  Te f o r  a r a n g e  o f  T i n  b o t h  c y c l e s  of h y d r i d e  h e a t  pump' m 
o p e r a t i o n  i f  o n e  h a s  a v a i l a b l e  t h e  A H  and  A S ' f o r  e a c h  o f  a  

p a r t i c u l a r  p a i r  o f  m e t a l  h y d r i d e s .  ' s u c h  c a l c u l a t i o n s  have 

been  made f o r  t h e  p a i r  CaNi -hydr ide  ( A H  = .31.6 kJ/mole,  5  M 7 
I 

AS = 100 J /mole)  and LaNi5-hydride (AHM = 30.1 kJ/mole, . 
M1 2  

A S  = 109 J / m o l e ) .  Thc r c o u l t o  are l i s t e d  i n  T a b l e  I .  
2  

A l s o  l i o t e d  i n  Tob lc  I a r e  c a l c u l a t i o n s  o f  Te for Lha s p e c i a l  

c a s e s A S M  = A S  andAHM - 
- A H ~ l  

u s i n g  t h e  T and T v a l u e s  
2 M1 2 m h 

o f  columns 1 and 2. I t  c a n  be  s e e n  t h a t ,  a s  shown g r a p h i c a l l y  

i n  ~ i g .  1, f o r  f i x e d  T and Th, t h e  l o w e s t - r e f r i g e r a t i o n  tern- m 

p e r a t u r e ,  T e ,  i n  t h e  chemica l  h e a t  pump mode is  r e a c h e d  f o r  t h e  

case ASM = AS w h i l e  t h e  l e a s t  e f f e c t i v e  h e a t  pump a c t i o n  
2  M1 

ar ises  when AH = AHM.. 
M, 

T a b l e  1. Examples o f  Chemical  Heat  Pump O p e r a t i n g  Tempera tu res  
-- - 

Hydride  p a i r  i n v o l v i n g  Tm and Th v a l u e s  o f  columns 1 & 2  

ASM .= AS - LaNi5 and C a N i S  1. M2 AHnl - A H ~ Z  



111. HYDRIDE MATERIALS 

The s e l e c t i o n  and a v a i l a b l i l i t y  of  d e s i r a b l e  p a i r s  o f  hyd r ides  

a r e  impor tan t  t o  t h e  e f f i c i e n t  and economical o p e r a t i o n  of  HYCSOS , 

.. a s  s een  .from t h e  h e a t  pump r e l a t i o n s  developed i n  S e c t i o n  11. 

The optimum hydr ide  p r o p e r t i e s  depend on t h e  o p e r a t i n g  tempera ture  

regime and s o  p a r t i c u l a r  p a i r s  cou ld  w e l l  v a ry  w i t h  geographic  

loca t ion . .  Although a  t h e o r e t i c a l  unders tanding  s u f f i c i e n t  t o  

p r e d i c t  d i s s o c i a t i o n  p r e s s u r e s  o f  meta l  hyd r ides  does  n o t  y e t  

e x i s t ,  a  number of  a t t e m p t s  t o  c o r r e l a t e  d i s s o c i a t i o n  p r e s s u r e  

e m p i r i c a l l y  w i th  o t h e r  parameters  have been made wi th  some deg ree  

of  success .  

The importance. o f  geometr ic  f a c t o r s  i n  determining t h e  

s t a b i l i t y  of t r a n s i t i o n  meta l  hyd r ides  has  been known f o r  some t ime .  (11) 

The a d d i t i o n a l  importance o f  c r y s t a l  s t r u c t u r e  t o  t h e  a f f i n i t y  of  

m e t a l s  f o r  hydrogen and t h e  s t a b i l i t y  of  t h e  r e s u l t i n g  hydr ide  

has  been repor ted. ,  ( 1 2 - 1 4 )  Among sets of hydrogen abso rb ing  a l l o y s  

having the. same c r y s t a ' l  s t r u c t u r e ,  t h e  thermal  s t a b i l i t y  of t h e  

hydr ide  Cor l oga r i t hm of  d i s s o c i a t i o n  p r e s s u r e )  c o r r e l a t e s  w e l l  

w*th t h e  size of t h e  t e t r a h e d r a l  h o l e s  i n  t h e  me ta l  l a t t i c e .  ( 1 4 )  

These c o n s i d e r a t i o n s  l e d  t o  a d i r e c t  c o r r e l a t i o n  (15) between t h e  

c r y s t a l  c e l l  volume of  t h e  a l l o y  and t h e  p l a t e a u  d i s s o c i a t i o n  p r e s s -  

ure.. F igu re  2 shows a  l i n e a r  p l o t  (16)  of t h e  l oga r i t hm o f  t h e  p l a t e a u  

d i s s o c i a t i o n  p r e s s u r e  v s .  c e l l  volume f o r  a l l o y  m a t e r i a l  c o l l e c t e d  

i n '  Table 1.1, 

Another approach (.23-27) t o  p r e d i c t i n g  t h e  d i s s o c i a t i o n  p r e s s -  ' 

u r e s  a£ t e r n a r y  a l l o y  hydr ides  i s  t h e  r u l e  of  r eve r sed  s t a b i l i t y :  

'&wh.en cons ide r ing  a  series o f  i n t e r m e t a l l i c  compounds c o n t a i n i n g  

a  given hydrogen a t t r a c t i n g  e lement  (.say L a )  it appea r s  



TABLE 2 

P l a t e a u  P res su re  and Alloy C e l l  Volume Data 

Number Compound P ( a t  20') (atm) Reference cel l  vo l .  (i3) 
eq. 

SmCo5 

GdCo 

YCn 
5 

LaNi5 

P r N i 5  

SrnNi5 

LaCo 3 N i  

LaCo N i  
2 3 

NdNi5 

LaNi A 1  4 . 0  0 . 2  

LaNi4.  gA1O. 4 

LaNi4Al 

a Calcu la t ed  from given d a t a  o r  equat ion .  

b ~ i v e n  a t  23' on ly .  
C 

Est imated from d a t a  a t  40° 



5 .  

t h a t , t h e  1 o w e r . t h e ' s t a b i l i t y  o f  th is-compound,  t h e  h ighe r  i t s  

tendency t o  abso rb  hydrogen. 11. ( 2 7 ) I n  t h e  two p h a s e , p l a t e a u  r e g i o n ,  

t h e  d i s s o c i a t i o n  p r e s s u r e  ban. ,be approximated by t h e  v a n ' t   off 

equa t ion  

I n  P = AH/RT - AS/R 
eq 

where AS and AH ar.e t h e  en t ropy  and en tha lpy  changes p e r  m 0 1 e . H ~  

f o r , t h e  hydr id ing  r e a c t i o n .  S ince  t h e  en t ropy  i s  assumed t o  be 

. -  c lo . se  t o  t h e  h igh  en t ropy  of  gaseous  H (31  c a l / ( d e g  mole H ~ ) )  , and 
2 

approximately  c o n s t a n t ,  t h e  d i s s o c i a t i o n  p r e s s u r e , i s  predominantly 

determined by en tha lpy  changes.  The h e a t  o f . f o r m a t i o n  o f  t h e  

t e r n a r y  hydr ide ,  A.H ( . A B , H ~ ~ )  . i s  s a i d  t o  be composed, of  t h r e e  t e r m s :  

The h e a t s  o f  fo rmat ion  o f  many b ina ry  hydr ides  have been determined 

expe r imen ta l ly  a n d . a  s imple  model ( 2 4  * * )  i nvo lv ing  c o n t a c t  i n t e r -  

a c t i o n  between f i r s t  neighbor atomic cel ls  i s  used t o  c a l c u l a t e  

t h e  h e a t  o£  format ion  of t h e  cokpound AH (ABn) . ' 

Although t h e ' r u l e . o f  r e v e r s e d  s t a b i l i t y  may be u s e f u l  i n  t h e  

l i m i t e d  sense  of  i n d i c a t i n g  an  o r d e r  of  s t a b i l i t y  i n  a  series con- 

t a i n i n g  t h c .  same hydragei~ a LLracting e lement ,  f t proved u n r e l i a b l e  

f o r  c a l c u l a t ' i n g  p l a t e a u  p r e s s u r e s .  Using c a l c u l a t e d  v a l u e s  f o r  

AH (ZlBnH2;) combined wi th  ' " reasonably  good e s t i m a t e d  e n t r o p i e s "  i n  

t h e  van! t Hof f equa t ion ,  S t e w a r d ,  Lakner and ~ r i b e  ( 2 9 )  ob ta ined  
. . 

:.. c a l c u l a t e d  p l a t e a u  p r e s s u r e s  f o r  some t e r n a r y  hydr ides  t h a t  w e r e  
7 

lower t h a n  expe r imen ta l ly  determined v a l u e s  by 6 t o  23 o r d e r s o f  

magnitude and concluded t h e  e r r o r  must l i e  i n  t h e  ' c a l c u l a t e d  

e n t h a l p i e s  f o r  t h e  i n t e r m e t a l i i c  compounds and t h a t  t h e  p r e s e n t  



1 e v e l . o f  s o p h i s t i c a t i o n  g iven  by t h e  e m p i r i c a l  formulae does  n o t  . 

a l l o w  reasonab le  a c c u r a c i e s  i n  c a l c u l a t i n g  t e r n a r y  hydr ide  s t a b i l -  
- 

i t i e s  i n  terms of t h e i r  p l a t e a u  p r e s s u r e s .  

The use  of  l i m i t e d  c o r r e l a t i o n s  has  been u s e f u l  i n  o b t a i n i n g  

h y d r i d e s  w i t h  s p e c i f i e d  p r o p e r t i e s .  Although vary ing  t h e  r a t i o  

o f  n i c k e l  t o  lanthanum i n  LaNi p a r t i a l l y  s u b s t i t u t i n g  o t h e r  5 

l a n t h a n i d e s  f o r  lanthanum o r  o t h e r  t r a n s i t i o n  metals f o r  n i c k e l  

have been lcnown (I2 '  . 23)  f o r  60me t i m e  t o  change the plateau d i s s o c -  

i a t i o n  p r e s s u r e  by a f a c t o r  o f  about  4 ,  t h e r e  has  been no system- 

a t i c  way of changing t h e  e n t h a l p i e s  o f  hydr id ing  r e a c t i o n s  over  a 

wide range .  It has  r e c e n t l y  been shown (I6'  30131) t h a t  aluminum sub- 

s t i t u t i o n s .  f o r  n i c k e l ,  forming t h e  LaNi A 1  t e r n a r y  a l l o y  system, 
5-x x 

3 lowers  t h e  p l a t e a u  p r e s s u r e  by a f a c t o r  of a b o u t . 1 0  i n  going from 

L a N i 5  t o  LaNi4Al. Measurements o n  w e l l  annea led .  samples i n  t h e  

L a N i  Al system show t h e  en t ropy  c h a r l y e s  ovgr a .wide composi t ion ,5-x x 
(32) r ange  t o  be v i r t u a l l y  c o n s t a n t .  

Also, a l i n e a r  r e l a t i o n s h i p  has  been observed be tween , the  

.aluminum c o n t e n t  and t h e  h e a t  of  fo rmat ion  f o r  t h e  hydr id ing  

r e a c t i o n .  Within  exper imenta l  error,, a 0 .1  change , i n  "xu  t h e  

aluminuni c o n t e n t ,  .changes t h e  h e a t  of fo rmat ion  by about  

0.5 kcal/molH2. ( ,33)  his r e l a t i o n  i s  shown i n  F igu re  3. Aluminum 
* 

h a s  a l s o  been s u b s t i t u t e d  f o r  n i c k e l  i n  mishmetal (Mm) p e n t a n i c k e l  

* 
Mishmetal i s  t h e  un re f ined  r a r e  e a r t h  mix ture  of average  compos- - 
i t i o n ;  4 8 ~ 5 0 %  Ce. ,  32-348 L a ,  13-14% Nd, '4-5% P r  and 1 ~ 2 %  u.ther . 

rare e a r t h .  



2 1  

a l l o y  w i t h  s i m i l a r  r e d u c t i o n  i n  p l a t e a u  d i s s o c i a t i o n  p r e s s u r e .  (34 

A s u b s t a n t i a l  a d d i t i o n a l  b e n e f i t . . i s , t h e  r e d u c t i o n  i n  t h e  i m p r a c t i c a l  

h igh  h y s t e r e s i s  i n  t h e  u n s u b s t i t u t e d  a l l o y .  The u s e  of low c o s t  

mishmetal r e s u l t s  iri a l l o y  raw mater ia ' l  c o s t s  35-45% t h a t  of 

p r e s e n t  LaNi5 c o s t s  and about  7 0 %  of f u t u r e  c o s t s  on a  p e r  u n i t  

hydrogen s t o r a g e  b a s i s .  The advent  of  t h e s e  t e r n a r y  a l l o y s  adds  

f l e x i b i l i t y  . t o  t h e  s e l e c t i o n  of a l . 1 0 ~  p a i r s .  f o r  t h e  o p t i m i z a t i o n  

of eng inee r ing  d e s i g n  and performance c h a r a c k e r i s t i c s  o f . t h e  

hydr ide  -hea t  pump system. 

I V .  SYSTEM DESIGN DESCRIPTION 

The system a s  o r i g i n a l l y  c o n s t r u c t e d  has  a l r e a d y  been des-  

* -  . c r i b e d  .. A number o f  m o d i f i c a t i o n s  i n  d e s i g n  d i c t a t e d  by 

o p e r a t i o n a l  expe r i ence  have been i n c o r p o r a t e d .  The c u r r e n t  

system, i n c l u d i n g  o p e r a t i n g  c h a r a c t e r i s t i c s  and measured proper-  

t i e s ,  w i l l  be d e s c r i b e d .  

A. H e a t  T rans fe r  F l u l a  Sy,stem 

1. I n s u l a t i o n  
. . 

To improve t h e  r e l i a b i l i t y  'of thermal  measurements, h e a t  

. t r a n s . f e r  wi th  t h e  ambient w a s  reduce.d by i n s u l a t i n g  t h e  h e a t  
' I .  . . 

t r a n s f e r  f l u i d  loops  w i t h  a  double  l a y e r  of  f i b e r g l a s s  wrap 

i n s u l a t i o n .  The h e a t e r  s e c t i o n s  a n d . h y d r i d e  h e a t  exchangers 

( H H E )  w e r e  i n s u l a t e d  w i t h  r i g i d  1 "  f i b e r g l a s s  i n s u l a t i o n .  

~ i q u r e  4 shows t h e  e f f e c t  of  pump f r i c t i o n a l  h e a t  i n p u t  on loop  

C and HHE-4 w i t h  and wi thou t  i n s u l a t i o n .  A f t e r  2 hours ,  whi le  

t h e  i n i n s u l a t e d  system a t  , 4 5 0 ~  w a s  l o s i n g '  a s  much h e a t  a s  t h e  

pump w a s  add ing ,  t h e  i n s u l a t e d  system a t  62O was s t i l l  i n c r e a s i n g  



i n  t empera tu re  a t  abou t  7OC/hr.- , 

. . 2 .  I so the rma l  I n s t a l l a t i o n s  

For t h e  measurements made w i t h  t h e  HYCSOS 'system t o  be more. 

i n d i c a t i v e  o f  t h e  manner i n  which such a system would be used,  

t h e  .heat  t r a n s f e r  f l u i d  system was modified t o  permi t  each loop  

t o  be used i s o t h e r m a l l y .  

Loop A;the pr imary thermal  energy i n p u t  w i t h  18 kw e l e c t r i c  

h e a t ,  was a l r e a d y  o p e r a t i n g  i s o t h e r m a l l y  and was not changed. 

Loop B ,  i n c l u d i n g  a b u i l d i n g  wate r  cooled ( loop  W) h e a t  

exchanger of  25 kw h e a t  t r a n s f e r  c a p a c i t y  r e p r e s e n t i n g  t h e  space  

be ing  hea ted  i n  t h e  h e a t i n g  c y c l e  and s e r v i n g  f o r  t h e  ambient 

h e a t  r e j e c t i o n  d u r i n g  t h e  c o o l i n g  c y c l e s ,  w a s  modif ied t o  i n c l u d e  

a t empera tu re  modulat ing v a l v e ,  S t e r l c o  Model #R-150-F w i t h  an  

o p e r a t i n g  range  29°C-510C, i n  t h e  d i s c h a r g e  l e g  of t h e  c o o l i n g  

l o o p  W. The the rmos ta t  bu lb  s enso r  was l o c a t e d  i n  t h e  loop  B 

o u t l e t  l e g  o f  t h e  h e a t  exchanger.  A 1 kw h e a t e r ,  r e g u l a t e d  by 

a c o n s t a n t  power c o n t r o l l e r ,  was p l a c e  i n  t h e  l o o p - B  i n l e t  l e g .  

o f  t h e  h e a t  exchanger .  ' H e a t  is  removed a t  c o n s t a n t  t empera ture  

by varying t h e  f l o w  i n  c o o l i n g  loop  W. 

Loop. C ,  t h e  r e f r i g e r a t i o n  h e a t  l oad  i n  t h e  c o o l i n g  c y c l e  

and t h e  amb2ent hea, t  supply  du r ing  t h e  heat 'pump h e a t i n g  c y c l e ,  

h a s  a 6 kw e l e c t r i c  h e a t e r  i n  a 1 118" copper , tube .  For i s o -  

thermal  opera t2on  a double  wal led  copper t ube  h e a t  exchanger i s  

used w i t h  c h i l l e d  e t h y l e n e  gl 'ycol-water.  i n  t h e  o u t e r  j a c k e t  and 

t h e  h e a t e r  and loop  f l u i d  s t i l l  i n  t h e  i n n e r  tube .  A Haskr i s  



Model .RO75.Chl l ler  w i t h  a  3/4 hp condensing u n i t , a n d  2200 

BTU/.hr w a t e r . t o  w a t e r  h e a t  removal c a p a c i t y  a t  %20°C p rov ides  

t h e  c o o l i n g . , .  Heat cou ld  be e x t r a c t e d  a t  an  a p p r o p r i a t e  low 

tempera ture  by vary ing  t h e  h e a t  i n p u t  t o  , the  loop.  

The water  i n  a l l  t h e  h e a t  t r a n s f e r  l oops  was r ep l aced  wi th  

a 59  volume p e r c e n t  e t h y l e n e  glycol-water  solution. 

3.. N e w  Pumps and Flowme,ters. 

The o r i g i n a l  0.5 hp h e a t  t r a n s f e r  f l u id .pumps  w e r e  s i z e d  

t o  d e s i g n  goa l  c y c l e  response t i m e , s .  The power g e n e r a t i o n  mode, 

w i th  t h e  sh0 r t e s . t  c y c l e  t i m e ,  s e t  t h e  pump s i z e .  Hydrogen t r a n s -  

, f e r  r a t e s  i n  s imula ted  h e a t i n g  and c o o l i n g  mode exper iments  w e r e  

n o t  s i g n i f i c a , n t l y  a f f e c t e d  by f l u i d  f low r a t e s .  F i g u r e  5  shows 

t h e  e f f e c t t o £  f l u i d  f low r a t e s  between 5 l/min and 1 2  l / m  on '.' 

i n s t a n t a n e o u s - a n d  i n t e g r a t e d  hydrogen t r a n s f e r .  The d i f f e r e n c e s  

i n  t h e  i n s t a n t a n e o u s  hydrogen flow r a t e s  are g e n e r a l l y  w i t h i n  ' 

flowmeter l i m i t s .  Small d i f f e r e n c e s  a r e  comrnulative and c a r r i e d  

forward i n  t h e  i n t e g r a t e d  f low measurements. S ince  t h e  power .  

g e n e r a t i o n  mode, where t h e  l a r g e r  pumps were r e q u i r e d ,  has  assumed 

a  lower p r i o r i t y  and, s i n c e  f l u i d  f r i c t i o n ,  h e a t i n g  and t h e  l i m i t e d  

f l o w . v a r i . a t i o n  made t h e s e  0.5 hp pumps unnecessary and less 

s u i t a b l e ,  t hey  were r ep l aced  by 60 w a t t  C e n t r i f u g a l  Micropumps, 

Model 101-4lr.316,. w i t h  . a  con t inuous ly  v a r i a b l e  .flow up t o  about  

12 l / m  f o r  t h e  e t h y l e n e  g l y c o l  f l u i d  a t  100°C. The smaller 

pumps s i m p l i f y  low tempera ture  i so the rma l  o p e r a t i o n  o f  t h e  f l u i d  

l o o p s  and t h e i r  reduced power consumption make f o r  g r e a t e r  e f f i c -  

iency.  



Flow Technology Model FT-8 flowmeters'with a normal flow 

range of 3.8 to 38 l/m and calibrated down to 0.95 lbm replaced 

the older higher range meters to achieve greater accuracy at the 

lower flow rates. The meters.are described in greater detail in 

Section IV-D. 

B . Hydrogen Sy's'tem 

1. Hydrogen Recovery and Mass Spectrographic Analysis. 

After approximately four months of operation and ten complete 

cycles, the 37.19 moles of hydrogen (Matheson ultra high purity, 

'99.999%) initially charged into one CaNi5 and one LaNi5 pair 

of.heat exchangers was removed and analyzed,ma.ss' spectrochemically. 

A sample was taken from both the CaNi bed and from the LaNi5 5 

bed. Both samples were greater than 99.9% H2 with 0.01-0.02% 

nitrogen impurity, The gas from'each bed was expanded into a 

known volume.. Pressure and temperature were measured and the 

gas then pumped out. This was repeated sequentially until the 

pressure, with the alloy bed at 100°C, was less than 0.1 atm. 

Based on the pressure-composition diagrams for the two alloys, 

the residual composition of the CaNi5 was assumed to be CaNi5H0.55 

holding 4.77 moles H2 and the LaNi5 to be LaNi5Ho. 04 holding 0.23 

moies Hz. . The total amount of hydrogen recovered, including the 

residual corrections, was 37.55 moles or 101% of the amount orig- 

inally put in. New hydrogen, 37.20 moles, was added to the HHE-2 

. . (.CaNi5). - HHE-3 (LaNi5) 'loop. - 



Hydride h e a t  exchanger 1 and HHE-4 were f i l l e d  w i th  t h e  

same amounts of  a l l o y  a s  i n  HHE-2 and HHE-3, HHE-1 w i t h  5786 gm, 

.17.344 mole, of C a N s  and HHE-4 w i t h  5004 gm, 11.561 mole, of 
5 .  

LaNi5. P u r i f i e d  . . ,  hydrogen, 37.20 moles, was added t o  t h i s  loop  

and t h e  a l l o y s  a c t i v a t e d .  Hydrogen t k a n s f e r  c h a r a c t e r i s t i c s  o f  

t h e  o l d  and new a l l o y s  a r e  r e p o r t e d  i n  S e c t i o n  . . V. 

2 .  H e a t  c a p a c i t y  of  Hydride H e a t  ~ x c h a n g e r s  ( H H E ) .  

To b e t t e r  e v a l u a t e  t h e  thermodynamic o p e r a t i o n  of t h e  HYCSOS 

system and reduce t h e  e f f e c t  o f  t h e  p i p i n g  and h e a t  t r a n s f e r  f l u i d  

i n  t h e  system beyond t h e  hydr ide -  h e a t  exchangers  ( H H E )  i n  lowering 

system e f f i c i e n c y , ,  t h e  h e a t  c a p a c i t y  o f , t h e  HHE i n c l u d i n g  t h e  

conta ined  a l l o y  and h e a t  t r a n s f e r  f l u i d  was determined.  

I n  a c a l o r i m e t r i c  measurement t h e  tempera ture  rise caused 
! 

by t h e  a b s o r p t i o n  i n  t h e  c e n t e r  of  t h e  p l a t e a u  r e g i o n  of approx- 

ima te ly  5 mo1e.s of  hydrogen on t h e  a l l o y ,  i . e . ,  30-40 k c a l ,  was 

measured. A copper cons t an t an  thermocouple w a s  s t r a p p e d  t o  t h e  
. . 

o u t s i d e  of t h e  HHE and tempera ture  recorded on t h e  d i g i t a l  d a t a  
, .: .: 

logger .  Readings w e r e  t aken  eve ry  e i g h t  seconds d u r i n g . t h e  
. . 

s e v e r a l  minute a d d i t i o n  of hydrogen and every  f i v e  minutes  d u r i n g  

t h e  tempera ture  d r i f t  toward .ambient.  With two inches  r i g i d  p l u s  
. . 

two in.ches f i b e r g l a s s  i n s u l a t i o n  around t h e  HHE,  t h e  tempera ture  

d r i f t  was a b o u t ' l . 5 O ~ / h r .  BY e x t r a p o l a t i o n  o f  t h e  d r i f t  back t o  

t h e  c e n t e r  p o i n t  of  hydrogen a d d i t i o n ,  t h e  tempera ture  r i s e  due 

t o .hydrogen  abs .orpt ion,  was determined.  The determined h e a t  
, . . . 

capaci , ty  u s i n g  accep ted  h e a t s  o f  a b s o r p t i o n  i s  shown i n  Table  3 



f o r  a  LaNi and CaNi5 c o n t a i n i n g  h e a t  exchanger.  5  
Table  3. 

Heat Capac i ty  o f  Coi led  Tube ~ ~ d r i d e  Heat Exchangers 
Heat 

HHE* MOLES H~ Al loy Comp. Temp. O C  AHabs Capaci ty  
Added Range I n i t i a l  F i n a l  kcal/mole kcal/OC 

3 4.90 L a N i  H . -LaNi H . 5 1.75 5  2.52 19.0 35.4 7.2 2.15 

* 
Hydride Heat Exchanger 

For comparison,  a v a l u e  f o r  t h e  h e a t  c a p a c i t y  w a s  c a l c u l a t e d  

from t h e  b l u e p r i n t  dimensi.ans f o r  the volum~ o f  conta inod  h e a t  

t r a n s f e r  f l u i d  ( w a t e r ,  s p e c i f i c  h e a t  = 1) and t h e  weight o f  meta l  

i n  t h e  h e a t  exchanger ,  from 1 5/8" of  hydrogen i n l e t  t u b e  t o  t h e  

thermocouple:. l o c a t i o n  i n  t h e  h e a t  t r a n s f e r  f l u i d  i n l e t  and o u t l e t  

t ubes .  A Dulong and P e t i t  v a l u e  of  6.2 cal/OC was used f o r  t h e  

a tomic  h e a t  c a p a c i t y  o f  t h e  meta l .  A heat c a p a c i t y  ( 3 5 )  of  155.00 

-1' -1 
j&lo dog mole (37.02 c a l  de9-l  mole-') was used f O t  LaNi5 and 

1 .  f o r  ~ a ~ i  a  v a l u e  of  37.16 c a l  deg-' ,moleG1 w a s  c a l c u l a t e d  from 5 

t h e  a tomic  h e a t  . o f .  6.2 ca l /deg .  A h e a t  c a p a c i t y  o f  1.88 kcal /deg 

w a s  c a l c u l a t e d  f o r  H H E F . ~  and 2.08 kcal/deg f o r  HHE-2. 

- 3 .  Advanced Design Heat Exchangers, 

Tkie r c l s t f v e l y  h igh  cos!l of t h e  a l l o y  hydrides makes r a p i d  

c y c l i n g  n e c e s s a r y ' i n  o r d e r  t o  ach ieve  economic u s e  of  t h e  a l l o y s .  

The i n t r i n s i c  r e a c t i o n  r a t e  o f  t h e  a l l o y s  w i t h  hydrogen i s  be l i eved  

t o  be v e r y  r a p i d  and observed r e a c t i o n s  t o  be h e a t  t r a n s f e r  . 



l i m i t e d ,  i .e ' . ,  r a t e s  a r e  de te rmined  by t h e  r a t e  a t  which h e a t  

o f  r e a c t i o n  can  be removed from o r  added t o  t h e  a l l o y  bed. 

Because o f  poor  p a r t i c l e  c o n t a c t ,  t h e  t he rma l  c o n d u c t i v i t y  of  

LaNi5 i s  low. A t  a  v o i d  f r a c t i o n  o f  0 .4 ,  t y p i c a l  f o r  LaNi 5  

powder, t h e  t he rma l  c o n d u c t i v i t y  i s  0.27 BTU/(hr . f t .OF) ,  (36)  

o n l y  3% t h a t  o f  s t a i n l e s s  s teel .  (See a l s o  S e c t i o n  V f o r  measured 

t he rma l  c o n d u c t i v i t y  i n  HYCSOS LaNi5 beds  and ev idence  t h a t  t h e  

s low s t e p  i n  h e a t . t r a n s f e r  o f  t h e  h y d r i d i n g  r e a c t i o n  i s  go ing  

from t h e  a l l o y  bed t o  t h e  f i r s t  ' w a l l . )  

Under co .n t r ac t  t o  t h e  Argonne N a t i o n a l  Labo ra to ry ,  Energy 

. Research  and Genera t ion , .  I n c . ,  Oakland, C a l i f o r n i a  i s  d e s i g n i n g  

and f a b r i c a t i n g  a  h i g h  performance h e a t  exchanger  which can  re- 

p l a c e  and be compared w i t h  a  c u r r e n t  HYCSOS h y d r i d e  h e a t  exchanger .  

The LaNi5 -powder i s  poured i n t o t h e  i n t e r s t i c e s  o f  a  r e t i c u l a t e d  

o p e n - c e l l  aluminum foam t h a t  w i l l  p r o v i d e  enhanced h e a t  t r a n s f e r  

between t h e  hyd r ide  powder and t h e  h e a t  t r a n s f e r  f l u i d .  The foam 

is  93% v o i d  w i t h  app rox ima te ly  20 po re  t o  t h e  i n c h .  The reduced 

h a l f  t h i ckn ' e s s  o f  t h e  hyd r ide  bed,  from 0.12" t o  0.02",  shou ld .  

s i g n i f i c a n t l y  i n c r e a s e  t h e  h e a t  t r a n s f e r  r a t e .  (See  S e c t i o n  V A ) .  

A s t a c k  o f  s i x  foam matrices i s  b r azed  t o  aluminum s h e e t s  which 

form t h e ' f l u i d  f low channe l s .  The f low c h a n n e l s  merge t o  form 

i n t e g r a l  h e a d e r s  t h a t  connec t  t o  t h e  e x t e r n a l  plumbing. ,One 

micron porous  316 s t a i n l e s s  s t e e 1 , s h e e t  i s . b r a z e d  a round  t h e  a l l o y  

c o n t a i n i n g  foam Lo retain t h e  powder and p r o v i d e  f o r  hydrogen 
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access t o  t h e  a l l o y .  Two such s i x - h i g h . s t a c k s  a r e  i n s t a l l e d  i n  

a p r e s s u r e  v e s s e l  which c o n t a i n s  a c c e s s  f o r  hydrogen. A pe r -  

s p e c t i v e  drawing i s  shown i n  F igu re  6 .  

A th ree-h igh  s t a c k  t e s t  module c o n t a i n i n g  1030 gm LaNi5, 

F i g u r e s  7  and 8 ,  has  been r ece ived  f o r  p r e l i m i n a r y  examinat ion.  

The a l l o y  was r e a d i l y  hydr ided and dehydrided s e v e r a l  t i m e s .  

I n  a  s i n g l e  a d i a b a t i c  exper iment ,  1.74 moles H 2  w e r e  desorbed.  

F i g u r e  9 shows t h e  subsequent  r a p i d  a d i a b a t i c  a b s o r p t i o n . o f  1 . 0 7  

moles H 2 .  Equ i l i b r ium a b s o r p t i o n  p r e s s u r e  i s  reached i n  approx- 

i m a t e l y  30' seconds showing *he tempera ture  o f  t h e  u n i t  t o  be un i -  

form. The p r e s s u r e  r'ise a f t e r  10 minutes  i s  due t o  a b s o r p t i o n  

o f  ambient  h e a t  and t h e  r e s u l t i n g  tempera ture  i n c r e a s e  of t h e  

a l l o y  bed. 

Another scheme ( 3 7 )  t o  improve h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  

o f  m e t a l  hyd r ides  Is t o  make compactions w i th  a meta l  powder, 

i..e., Cu ,  N i  o r  A l ,  having a  much l a r g e r  thermal  c o n d u c t i v i t y  

t h a n  the.  hydrf de. C a l c u l a t i u n s  show ( 3 7 )  a  t h r e e - f o l d  i n c r e a s e  

i n  h e a t  t r a n s f e r  ra te  f o r  a  compaction ove r  a  powder bed. Metal 

hydr ide  e l e c t r o d e s  f o r  e l ec t rochemica l  s t o r a g e  have been prepared  ( 3 8 )  

w i t h  a n  e x c e s s  o f  f i n e  copper o r  ca rbonyl -n icke l  powder and co ld-  

p r e s s i n g  t h e  mix ture .  These e l e c t r o d e s  have been hydrogen cyc led  

w i t h o u t  d i s i n t e g r a t i o n ,  I n  connec t ion  w i t h  .the u s e  of hydrogen 

i n  motor v e h i c l e s ,  Daimler-Benz AG r e p ~ r t e d ' ? ~ )  t h e  p r e p a r a t i o n  of 

hol low c y l i n d e r s  10-20 c m  long ,  36 mm OD and 8mm I D ;  t h e  a l l o y  

powder i s  mixed w i t h  7.5% f i n e  aluminum powder and h o t  p re s sed  a t  



500-600°C.. .The thermal  c o n d u c t i v i t y  is  10-20 t imes  b e t t e r  than  

t h e  a l l o y  powder, approaching t h a t  of  s i n t e r e d  aluminum. 

C.  The Cur ren t  HYCSOS Svstem 

. The Argonne HYCSOS system i s  a  demons t ra t ion  t e s t  f a c i l i t y  

t o  e v a l u a t e  m a t e r i a l s  and components f o r  u se  i n  t h e  hydr ide  ,hea t  

pump concept .  I n  t h i s  d u a l  metal-metal  h y d r i d e ' c o n c e p t ,  hydrogen 

gas  . is  t r a n s f e r r e d  from h e a t  exchangers  c o n t a i n i n g  a  me ta l  hydr ide  

bed o f  one composi t ion t o - h e a t : e x c h a n g e r s  c o n t a i n i n g  a me ta l  

hydr ide  bed of ano the r  composi t ion by t h e  a c t i o n  o f  a p p l i e d  thermal  

energy.  The h e a t  o f  fo rmat ion  o f  one t y p e  o f  hydr ide  compound 

. .  ( termed M 1  hyd r ide )  and s e n s i b l e  h e a t s  a s s o c i a t e d  w i t h . s y s t e m  h e a t  

\ .  c a p a c i t i e s  w i l l  be s u p p l i e d ,  a t  a : s p e c i f i c  t empera ture  l e v e l  
- 

which i s  commensurate w i th  r e q u i r e d  system.hydrogen . p re s su re  

, , leve.l . ,  t o  decompose t h e  M 1  hyd r ide .  and d r i v e  t h e  hydrogen t o  . t he  

. o t h e r  meta l  Ctermed'M2) system where t h e  hydrogen i s  absorbed.  

The d u a l  metal-metal  hydr ide  demons t ra t ion  u n i t  c o n s i s t s  of 

' four  he.at exchangers  (HHE ) '  of  app rox ima te ly  one-half  g a l l o n  

vo lumet r ic  c a p a c i t y  each,, c o n t a i n i n g  two d i f f e r e n t  t y p e s  of  me ta l  

powders o r  metal hydr ide  powders. . (See Figure  1 0 . )  The hydr ide  

heq t  exchangers and hydrogen p i p i n g  system a r e  made of  316 type  

s t a i n l e s s  steel.. . F o r  t h e  h e a t  s t o r a g e  and r e f r i g e r a t i o n  tes ts ,  

two o f  t h e  h e a t  exchangers  c o n t a i n  lanthanum-nickel  and/or i t s  

h . y d r i d e , . t h e  o t h e r  two c o n t a i n  c a l c i u r n ~ . n i c k e l ~ a n d / o r  i t s  hydr ide .  

For t h e  power genera t ion '  tes ts ,  onlyy t h r e e  h e a t  exchangers  . . a r e  



used c o n t a i n i n g  e i t h e r  lanthanum-nickel  o r  calc ium-nickel .  

Two hydr ide  h e a t  exchangers ,  HHE-1  and HHE-2 c o n t a i n  17.334 

moles  C a N i g  e ach  and two, HHE-3 and HHE-4,  c o n t a i n  11.561 mole 

L a N i 5  each.  A hydrogen f i l t e r ,  one micron r e t e n t i o n ,  i s  incorp- 

o r a t e d  immediately above t h e  hydr i d e  h e a t  exchangers  t o  p rec lude  

t r a n s f e r  of hyd r ide  powder th rough  t h e  l i n e s  and t o  p reven t  con- 

t a m i n a t i o n  o f  o t h e r  hydr ide  m a t e r i a l .  

T~~Leillal lyaL Lransfer surfaces i n  t h e .  f s ~ m  s f  e o i l e d  

t u b i n g ,  a r e  p rov ided  i n  e a c h . o f  t h e  hydr ide  beds (F igu re  11) wi th  

t h e  h e a t  t r a n s f e r  c o o l i n g  o r  h e a t i n g  f l u i d  c i r c u l a t i n g  i n s i d e  t h e  

t u b i n g .  The a l l o y  powder i s  between t h e  l oops  of  t h e  c o i l s  such 

t h a t  no powder i s  more than  1/8 i n c h  from a c o i l  s u r f a c e .  S a f e t y  

r e l i e f  v a l v e s ,  f i l t e r s ,  f lowmeters ,  . s h u t o f f  v a l v e s , . a n d  mani- 

f o l d s  between t h e  hydr i d e  beds are provided i n  t he ,  hydrogen' p roces s  

system.,  h he h e a t  t r a n s f e r  f l u i d  (50% water-50% e t h y l e n e  g l y c o l )  

i s  hea t ed  e l e c t r i c a l l y  (18 .kw) i n  t h i s  demonstrat , ion system, wi th  

au toma t i c  v a r i a b l e  power i n p u t  c o n t r o l s ,  t o  s i m u l a t e  a s o l a r  

h e a t  source.. Tap w a t e r  i s  used a s  t h e  h e a t  s i n k  i n  a 25 kw h e a t  

exihanger system. P r e s s u r e s ,  t empera tu re s  and f l o w r a t e s  are 
. 0 

measured.remotely , ,  moni tored and recorded  u s i n g  a d i g i t a l  d a t a  

a c q u i s i t i o n  system., 

: ~ h c  size of t h c  t c c t  f a c i l i t y  wac .choccn ae a compromise 

t o  pe rmi t  l a r g e  enough f low r ' a t e s  w i t h i n  t h e  process '  f l u i d s  s o  

s t a n d a r d  f lowmeters are used,  and pumping and h e a t i n g  power 



requi rements  a r e  m e t  from a v a i l a b l e  l a b o r a t o r y  s u p p l i e s .  Heat 

l o s s e s  a r e  kep t  t o  a.minimum w i t h  proper  i n s u l a t i o n  and by . 

keeping h e a t  t r a n s f e r  f l u i d  volumes t o  a  minimum. For personne l  

s a f e t y  cons ide ra t ions , ,  t h e  hydr ide  c o n t a i n e r s  a r e  surrounded by 

a  w e l 1 , v e n t i l a t e d  hood through which a  l a r g e  volume f l o w r a t e  of  

a i r  (2000 CFM) i s  drawn'and exhausted ou tdoor s .  Continuous hy- 

drogen c o n c e n t r a t i o n  moni tor ing ,  w i t h  an a la rm set below t h e  

f lammabi l i ty  l i m i t ,  i s  provided t o  warn o f  p o t e n t i a l  danger .  

Three h e a t  t r a n s f e r  f l u i d  l oops ,  F igu re  1 2 ,  a r e  a v a i l a b l e  

and can be remotely  valved and pumped t o  t h e  a p p r o p r i a t e  con- 

t a i n e r s .  The s o l a r  o r  o t h e r  s u i t a b l e  low tempera ture  thermal  

energy i n p u t ,  loop A ,  i s  s imula ted  by an 18 kw e l e c t r i c  h e a t e r .  

Loop B ,  i n c l u d i n g  a  wate r  cooled h e a t  exchanger of  25 kw h e a t  

t r a n s f e r  c a p a c i t y ,  r e p r e s e n t s  t h e  space be ing  hea ted  i n  w i n t e r  

and s e r v e s  f o r  ambient  h e a t  r e j e c t i o n  du r ing  c o o l i n g  c y c l e s .  A 

h e a t  exchanger c o o l i n g  wate r  c i r c u i t  i s  provided from t h e  b u i l d i n g  

wate r  supply.. A t h i r d  f l u i d  loop ,  loop  C ,  w i th  a  6 kw e l e c t r i c  

h e a t e r  and water  c h i l l e r  is t h e  r e f r i g e r a t i o n  h e a t  load  i n  t h e  

c o o l i n g  cyclle and t h e  ambient h e a t  supply du r ing  t h e  recovery  

c y c l e .  

In format ion  from t h e  v a r i o u s  s e n s o r s ,  e . g . ,  t empera ture ,  

p r e s s u r e ,  f low and power i s  d i g i t i z e d  and t r a n s m i t t e d  by a d a t a  

l oqge r  t o  a  Tekt ron ix  d a t a  handl ing  system. Important  v a r i a b l e s  

a r e  a lso ,  d i sp l ayed  on t h e  remote g raph ic  p a n e l ,  F igu re  13 ,  from 



which the system is controlled. A detailed description of the 

controls, instrumentation, and data handling and generation 

is in Section IV D. 

D. System Instrumentation 

The overall objective for the design of the instrumentation 

system for HYCSOS was fourfold: 1) provide real-time indication 

of important system characteristics, 2) provide for logging of 

data generated during system operation, 3) provide a means of 

processing raw data, and 4) .provide- a way to automatically con- 

trol HYCSOS system operation. The first three segments of the 

design objective have been met, while the fourth, automatic 

operation, is in the equipment ~rocurement and development stage. 

1. Component .Description. 

The components of the HYCSOS instrumentation system can 

be divided by function into three catagories:. data generation, 

data acquisition, and data processing. 

a .  ua ta  Generation 

1. Temperature 

Temperature is sensed with copper-constantan (type T) un.- . 

grounded junction thermocouples. The. thermocouple assemblies 

consist of 1/8" dia. 316 s.s, sheath over ceramic oxide insul- 

ation, with 3 /4"  of the tip end reduced to 1/16" dia. A type n 

connector is mounted to its free end. Standard type T shielded 

extension cable is used to connect the thermocouple assembly to 

the temperature measuring equipment. Of thirty-two thermocouples 



used,  twenty-s ix  a r e  f o r  t empera ture  r e c o r d i n g ,  f o u r  a r e  f o r  

g raph ic  pane l  h e a t ' t r a n s f e r  f l u i d  tempera ture  i n d i c a t i o n ,  and 

two a r e  used f o r  l oops  A and C t empera ture  c o n t r o l .  

.Control  of loops  A and C' f l u i d  tempera ture  i s  accomplished 

th rough  t h e  u se  of  two Leeds and Northrup series 6430 "Electromax 

111" s o l i d  s ta te  c o n t r o l l e r s .  These c o n t r o l l e r s  a r e  conf igured  

f o r  u se  w i th  thermocouple i n p u t  t o  produce an o u t p u t  c u r r e n t  of  

0-5 ma d , c ,  which i s  p r o p o r t i o n a l  t o  p roces s  t empera ture  d e v i a t i o n  

from se tpo in t . ,  An a l t e r n a t e  mode o f  o p e r a t i o n , p e r m i t s  s e t t i n g  a  

f i x e d  o u t p u t  c u r r e n t  w i t h i n  t h e  r ange ,  which e n a b l e s  o p e r a t i o n  

of  t h e  . h e a t e r  . a t  a. c o n s t a n t  power l e v e l .  ' Each o u t p u t  s i g n a l  

c u r r e n t  i s  then  f ed  t o  a Robican Corp. s e r i e s  413.SCR power . 

c o n t r o l l e r  (208 v  3% 27.6 kva f o r  h e a t e r  A ,  208 v  38 '10 .8  kva 

f o r  h e a t e r  C j  which i n  t u r n  f e e d s  ,208 v  3% t i m e  p ropor t ioned  

c u r r e n t  t o  i t s  r e s p e c t i v e  h e a t e r .  The power c o n t r o l l e r s  a r e  

ze ro  v o l t q g e  f i r i n g  t o  minimize l i n e ' t r a n s i e n t s  and r a d i o  f r e q -  

uency i n t e r f e r e n c e ,  which mi .ght 'af fect  o t h e r  i n s t rumen t  o p e r a t i o n .  

~ h r e e  s a f e t y  f e a t u r e s  have b e e n - i n c o r p o r a t e d  i n t o  t h e  c o n t r o l  

c i r c u i  t r y  f o r  h e a t e r s  A  and,'^. . To p reven t  - i n a d v e r t a n t  o p e r a t i o n  

o f  a  h e a t e r ,  e a c h ' h e a t e r  c o n t a c t o r  c o i l  and " s t a r t "  swi tch  

r ece ives .  power from i t s  cor responding  f l u i d  pump c o n t a c t o r ;  i. e. , 
t h e  pump must be ene rg i zed  b e f o r e  t h e  h e a t e r  can  be energ ized .  

A f low swi t ch ,  wired i n  series w i t h  each  h e a t e r  c o n t a c t o r  " s t o p "  . : 

' swi t ch ,  de .enexgizes  t h e  h e a t e r  i n  t h e  even t  o ' f '  l o s s  o f  f l u i d  o r  

flow: F i n a l l y ,  a  Love C o n t r o l s  Corp. mode1'48 on/off  c o n t r o l l e r /  



i n d i c a t o r ,  a l s o  wi red  i n  series w i t h  each  h e a t e r  c o n t a c t o r  

" s top"  swi t ch ,  w i l l  d eene rg i ze  i t s  h e a t e r  i n  t h e  even t  of  f l u i d  

t empera tu re  r ise  beyond t h e  v a l u e  set on i t s  s e t p o i n t  s e l e c t o r .  

These d e v i c e s  a l s o  s e r v e  a s  g r a p h i c  pane l  i n d i c a t o r s  f o r  t h e i r  

r e s p e c t i v e  h e a t e r  o u t l e t  t empera tures .  

The 1 kw h e a t e r '  i n  loop  B i s  f ed  from a Watlow model 52-00-01 

p e r c e n t a g e  power c o n t r o l l e r .  Th i s  dev ice  pe rmi t s  s e l e c t i o n  

01 Lht po r t i on  (0 , -100%)  of m t c d  powor to'be appl ied  t o  t h e  

h e a t e r .  I t  i s ,  l i k e  the .power  c o n t r o l l e r s  f o r  h e a t e r s  A and C ,  

a  ze ro  v o l t a g e  f i r i n g  c o n t r o l l e r .  

Temperatures of  l oops  B and W ,  measured a t  t h e i r  r e s p e c t i v e  

h e a t  exchanger o u t l e t s ,  a r e  p re sen ted  on t h e  g r a p h i c  pane l  by 

two Love C o n t r o l s  Corp. model 100 tempera ture  i n d i c a t o r s .  

2 .  Heat T rans fe r  F l u i d  Flow 

Heat t r a n s f e r  f l u i d  (HTE') f low r a t e  th rough  t h e  hydr ide  

t a n k s  i s  measured i n  t h e  f l u i d  i n l e t  l i n e  o f  eac.h t ank  w i t h ' a  

Flow Technology, I n c ,  model FT-8N2.5LJ g r a p h i t e  j o u r n a l  t u r b i n e  

f lowmeter.  One a d d i t i o n a l  flowmeter o f  t h e  s a m e  t y p e  i s  used 

t o  measure l o o p  W f l ow r a t e  th rough  h e a t  exchanger HXB. The 

f lowmeters  produce s e l f - g e n e r a t e d  a-c c u r r e n t  o u t p u t s  t h a t  are 

f e d  t o ' i n d i v i d u a l  Senso tec ,  . Inc .  model FD-7 s i g n a l  c o n d i t i o n e r s  

w h k h  have been mod2fied t o  be compat ible  w i t h  t h e  o u t p u t  char- .  

a c t e r k s t k c s  of  t h e  FT-'8 f lowmeters.  The s i g n a l  c o n d i t i o n e r  . 

c i r c u i t s .  i n  t u r n . c o n v e r t  t h e  flowmeter a-c s i g n a l  t o  a d-c v o l t a g e  

between 0 and 10 v which i s  l i n e a r l y  p r o p o r t i o n a l  t o  i n p u t  signal! 
. - 



f requency.  The s i g n a l  c o n d i t i o n e r s  p rov ide  zero  o f f s e t  and 

ga in  c o n t r o l s ,  t h e  l a t t e r  a  convenience i n  p rov id ing  an i n t e g r a l  

vo l tage / f requency  r e l a t i o n s h i p  t o  t h e  o u t p u t .  The s i g n a l s  a r e  

t hen  rou ted  t o  Cont ro l  Produc ts  Div. ( B e l l  & Howell Co.) model 

20-320 d u a l  po t en t iome te r / ampl i f i e r  modules where t h e y  a r e  

s c a l e d  t o  convenien t  eng inee r ing  u n i t s  f o r  logging  and g r a p h i c  

pane l  i n d i c a t o r s .  . 

: 3 .  Power 

The power consumed by t h e  HTF pumps and loops  A and C 

h e a t e r s  i s  i n d i v i d u a l l y  measured wi th  Ohio Semi t ron ic s ,  I n c .  

model PC-5 power t r a n s d u c e r s .  These u n i t s  produce a  0-10 v d-c 

o u t p u t  which i s  t o  i n s t an t aneous  power through t h e  

c i r c u i t ,  The ou tpu t  s i g n a l  of each  t r a n s d u c e r  i s  f e d  th rough  

a  s c a l i n g  po ten t iometer  t o  a  Con t ro l  Produc ts  Div. model 19- 

407A dpnamic response  module con f igu red  a s  an i n t e g r a t o r .  The- 

i n t e g r a t o r  o u t p u t s  a r e  v o l t a g e s  (0-10 v d-c) which r e p r e s e n t  ., 

t h e  t o t a l  power consumed by each  h e a t e r  o r  motor w i t h  t i m e .  

Th is  i n fo rma t ion  i s  logged bu t  n o t  d i sp l ayed .  

I n  t h e  c a s e  o f  h e a t e r s  A and C ,  t h e  power t r a n s d u c e r  ou t -  

p u t i s  a l s o  f e d  through '  s e p a r a t e  Cont ro l  Produc ts  D iv i s ion  model 

19-422 a d j u s t a b l e  l a g  modules t o  i n d i v i d u a l  h e a t e r  power demand 

i n d i c a t o r s  on t h e  g raph ic  pane l .  The l a g  modules a r e  conf igured  

a s  low. p a s s  f i l t e r s  and a r e  'used t o  .provide smoothing of  t h e  

h igh ly  i n t e r m i t t a n t  power t r a n s d u c e r  s i g n a l s  be fo re  t h e y  a r e '  ' 

a p p l i e d  t o  t h e  power demand i n d i c a t o r s .  



4 .  Hydrogen Mass Flow 

The mass f low r a t e ,  of  hydrogen l e a v i n g  each  HHE i s  sensed . . 

i n  t h e  l i n e  between t h e  HHE and i t s  a s s o c i a t e d  manifold  va lve  

by a Brooks Ins t rument  D iv i s ion  (Emerson E l e c t r i c  Co.) model 

5812 thermal  mass f lowmeter.  Each flowmeter o u t p u t  s i g n a l  

(0-5 v  d-c)  i s  a m p l i f i e d  by one h a l f  o f  a Con t ro l  Produc ts  

D i v i s i o n  model 20-320 d u a l  po t en t iome te r / ampl i f i e r  module 

which i s  set t o  scale t h e  mass f low r a t e  s i g n a l  i n  grams H2/min. 

T h i s  g a i n  element o u t p u t  s i g n a l  i s  used f o r  logging  t h e  m a s s  f low 

r a t e  and i s  a l s o  a p p l i e d  through a  v o l t a g e  d i v i d e r / r a n g e  s e l e c t o r  

swi t ch  combination t o , a  mass f low r a t e  i n d i c a t o r  on t h e  g r a p h i c  

pane l .  I n t e g r a t e d  mass f low informat ion  i s  ob ta ined  by f eed ing  

t h e  mass f low r a t e  s i g n a l  from t h e  g a i n  element through a s c a l i n g  - 

po ten t ionme te r  t o  a  Con t ro l  Produc ts  D iv i s ion  model 19-407.A 

dynamic response  module, conf igured  a s  an i n t e g r a t o r ,  which 

p r o v i d e s  a  s u i t a b l y  s c a l e d  i n t e g r a t e d  mass f low s i g n a l  f o r  log-  
s - 

g ing  and g r a p h i c  pane l  i n d i c a t o r s .  

5.  P r c s s u r c  

Hydrogen p r e s s u r e  i s  sensed i n  t h e  l i n e  above each  HHE by 

Senso tec ,  Inc .  model T J E  bonded s t r a i n  gage p r e s s u r e  t r a n s d u c e r s .  

E , x c i t a t i o n  f o r  t h e  s t r a i n  gage b r i d g e .  and condi t ion i .ng  of  t h e  

b r i d g e  ou tpu t  s i g n a l  i s  provided by s e p a r a t e  Senso tec ,  Inc .  model 

SCA-7 s i g n a l  c o n d i t i o n e r  amp1, i f iers .  The o u t p u t  of  each  s i g n a l  

c o n d i t i o n e r  i s  a s c a l e d  d-c v o l t a g e  (100 p s i a / v )  which is  a v a i l -  

a b l e  f o r  logging  and g r a p h i c  pane l  p r e s s u r e  i n d i c a t o r s .  



HTF static preload and pump outlet pressure indication is 

provided locally by standard Bourdon tube gages. 

b. Data Acquisition 

The system requirement for data logging, data processing 

and, eventually, system control dictated the need for a conven- 

ient, automatic means of converting analog data (thermocouple 

and transducer outputs) to digital data, recording the data, 

and transmitting the data to a data processor/system controller. 

This need was met by a Fluke Mfg. Co., Inc. model 2240B pro- 

grammable data logger which, by the incorporation of various 

optional circuit boards into the mainframe, provided the required 

capabilities. The configuration of our instrument includes . 

thirty analog voltage and thirty thermocouple input channels, 
, 

the temperature measurement section providing linearization and 

scaling of the thermocouple signals to produce temperature read- 

out in degrees Celsius. Up to fifteen'positive or negative s, 

values can be designated as high or low limits and applied to . 

individual measurement channels to provide "out of limit" alarm 

indication. 

All data logger functions, i.e., channel selection, limit 

designation., scan mode (interval, single, or continuous), scan 

interval, time, run identification, start, and stop, can be pro- 

grammed or selected either from the 2240B front panel or remotely 

by the computer. Communication with the data processing equip- 

ment is via an RS-232C full duplex data communications interface 



,at a data rate of 2400 baud. A paper tape printer is built 

into the 2240B and provides hardcopy,of measurement data and 

program listing when the data logger is operated under local 

control, but is not available during remote mode operation. 

An LED display on the 2240B front panel also provides measure- 

ment data, time, and '''out of limit' indication as well as 

verification of program input data during ~rogrammin~. 

c. Data Processinq 

The instrumentation system described up to this point ' 

represents a minimal data gathering and logging arrangement. 

Two interdependent limitations on system performance are imposed 

by such an arrangement; i.e., low measurement rate and large 

data volume. The 2240B data logger, although capable of a 

measurement rate of approximately 12 channels/sec., is slowed . 

to < 2.5 channels/sec. by the paper tape printer which limits 

the ability of the system to resolve fast process transients. 

Furthermore, the large volume of data generated during HYCSOS 

operations, if handled and plotted manually, requires a consid- 

erable expenditure of time and -effort. ~bviously, any solution 

to the problem of low measurement rate must also address the 
. . 
problem of large data volume. The addition of a Tektronix, Inc. 

model 4051 graphic computing system alleviated these problems 

and fulfilled a major portion of the design requirement for 

automatic system operation i.e., it can act as an "intelligent" 



system c o n t r o l l e r .  

The Tekt ron ix  4051 and i t s  p e r i p h e r a l s ,  a  Tekt ron ix  4662 

i n t e r a c t i v e  . d i g i t a l  p l o t t e r ,  a  Tektr0ni.x 4907 f l e x i b l e  d i s c  

mass s t o r a g e  d e v i c e ,  a  Tekt ron ix  4923 d i g i t a l  c a r t . r i d g e  t a p e  

d r i v e ,  and a  Tekt ron ix  4641 ma t r ix  l i n e  p r i n t e r ,  comprise t h e  

system d a t a  p roces s ing  equipment. The 4051 i s  a sma l l  s e l f -  

cpn.t ,ai~-~ed cump.u,ter s y s t e m  which u t i l i z e s  an  extended BASIC 

progra,mming language,  has e x t e n s i v e . g r a p h i c s  c a p a b i l i t y ,  and 

i n c l u d e s  a  f u l l  ASCII 128 c h a r a c t e r  keyboard and d i r e c t  view 

s t o r a g e  CRT a s  primary inpu t /ou tpu t  d e v i c e s .  U s e r  workspace 

c o n s i s t s  of  30k by te s  o f  a c c e s s  memory .(RAM). A . b u i l t - i n  

magnetic t a p e  c a r t r i d g e  d r i v e  u n i t  p rov ides  .approximately 300k 

b y t e s / c a r t r i d g e  o f  d a t a  and program l o c a l  s t o r a g e .  Communication 

between t h e  4051 and each d e v i c e  e x t e r n a l  t o  it i s  accomplished 

th rough  one of  two s e p a r a t e  p o r t s :  a n  RS-232C ( s e r i a l )  d a t a  

.communications i n t e . r f a c e  and an IEEE-48'8 ( p a r a l l e l )  g e n e r a l  

purpose i n t e r f a c e  bus ( G P I B ) .  The 4662 d i g i t a l  p l o t t e r ,  a  micro- 

p roces so r  c o n t r o l l e d  u n i t  w i t h  a  25x38 cm p l o t t i n g  s u r f a c e ,  

s e r v e s  a s  t h e  hardcopy o u t p u t  dev ice  f o r  g r a p h i c  d a t a .  Graphic 

,data  can c o n s i s t  of  alphanumeric c h a r a c t e r s  a s  w e l l  as  v e c t o r s ,  

and t h e  c h a r a c t e r s  can be s c a l e d  and r o t a t e d  independent ly  of  

p l o t  s i z e .  A 1600 b y t e  i n p u t  b u f f e r  p r e v e n t s  t h e  p l o t t e r  from 

s lowing system o p e r a t i o n .  The p l o t t e r  can a l s o  be used a s  a  

d i g i t i z e r  t o  send c o o r d i n a t e  i n fo rma t ion  back t o  t h e  computer 

from t h e  p l o t t e r  s u r f a c e .  Hardcopy . - o u t p u t  o f  program l i s t i n g s ,  



t e s t  and numeric d a t a  i s  produced by t h e  4641 l i n e  p r i n t e r .  The 

4907 " f loppy  d i s c "  system i s  t h e  primary d a t a  and c o n t r o l  pro- 

g r a m ' s t o r a g e  dev ice .  The f l e x i b i l i t y  o f  i t s  f i l e  and command 

s t r u c t u r e ,  t o g e t h e r  w i t h  i t s  l a r g e  (1.8M b y t e )  s t o r a g e  c a p a c i t y  

and r e l a t i v e l y , h i g h  speed (compared t o  mag t a p e )  p rov ide  . the  

n e c e s s a r y  c a p a b i l i t y  f o r  f a s t  d a t a  a c q u i s i t i o n  du r ing  bo th  manual 

mode and even tua l  au tomat ic  mode HYCSOS o p e r a t i o n .  The 4907 

system i s  microprocessor  c o n t r o l l e d  and r e q u i r e s  none o f  t h e  

4051 RAM f o r  i t s  o p e r a t i o n .  Communication between t h e  4907 and 

4051 i s  over  t h e  p a r a l l e l  (GPIR) bus. 

The 4923 magnet ic  t a p e  d r i v e  can be i n s e r t e d  i n t o  t h e  s e r i a l  

(RS-232C) d a t a  l i n k  between t h e  d a t a  l ogge r  and t h e  computer such 

t h a t  i t s  presence  i s  t r a n s p a r e n t  t o  e i t h e r  dev ice .  This  pe rmi t s  

sys tem d i a g n o s t i c s  i nvo lv ing  communication between t h e  d a t a  

l o g g e r  and t h e  computer, a s  w e l l  a s  a back-up d a t a  logging  

c a p a b i l i t y .  

2 .  Opera t ion  

The programmabi l i ty  o f  bo th  t h e  4051 computer and t h e  2240B 

d a t a  l oqge r  p r o v i d e s  wide f l e x i b i l i t y  i n  t h e  o p e r a t i o n  of  t .he 

system. Depending on t h e  requi rements  o f  t h e  exper iment ,  d a t a  

can  be logged on paper  t a p e  on ly ,  on paper  t a p e  and magnetic d i s c  

or  t a p e  s imul taneous ly  wi th  t h e  d a t a  processed and d i sp l ayed  o r  

p l o t t e d  l a t e r ,  o r  t h e  d a t a  can  be logged on a  magnetic d i s c  

w h i l e  s e l e c t e d  channel  d a t a  i s  processed  and p re sen ted  i n  r e a l -  

t i m e  on t h e  CRT and/or t h e  p l o t t e r .  Concur ren t ly ,  d a t a  can b e  



output to the line printer if required. 

As no computer actually performs multiple taSks simultane- 

ously, the throughput rate of channel data depends on the number 

and type of input/output operations per data scan as well as 

the operational speed of the computer. Because of this, trade- 

offs must be made among scan rate, number of channels scanned, 

complexity of data processing steps involved, and type and 

quantity of output.. Typical'throughput rate with moderate pro- 

cessing requirement and outputting two or three channels to the 

CRT or plotter is about 8 measurement channels/sec. 

In addition to real-time graphic presentation of process 

variables during HYCSOS operation, the data processing capability 

of the system permits rapid recall and plotting of previous data 

for comparisons, trend analysis, record keeping, visual present- 

ation slides, etc. 
. . 

V, SYSTEM OPERATION 

  he Argonne HYCSOS system was designed and constructed 

as a facility to evaluate materials and components,as can- 

didates. for use in the hydride chemical heat pump concept. 

Since most hydride materials are relatively expensive, economic 

considerations require rapid cycling to obtain kaxiinum thermal ' .  

benefits. ~easurement of rapid thermal and pressure transients 

are thus important for the evaluation of materia-1s and components. 

The.. HYCSOS. instrumentation and data handling. system is designed 

to measure system transients and dutput data for further evaluation.. 



I n  mu l t i channe l  l o g g i n g ,  HYCSOS d a t a  can be c o l l e c t e d  a t  r a t e s  

up t o  e i g h t  channe l s  p e r  second. Success ive  r ead ings  of  a  

s i n g l e  channe.1 can  be recorded  up t o  f o u r  p e r  second. 
b 

A. System T r a n s i e n t  Measurements 

The performance o f  o l d  hydr ide  beds cyc l ed  a t  l e a s t  70 

t i m e s  was compared w i t h  t h a t  of new beds which had been hydrided 

and dehydrided a b o u t ' l 0  t i m e s  i n c l u d i n g  t h e  i n i t i a l ' a c t i v a t i o n  

o f  t h r e e  c y c l e s .  With an  i n i t i a l  composi t ion n e a r  t h e  c e n t e r  

. o f  t h e  p l a t e a u  i n  bo th  o l d  and new a l l o y  beds ,  approximately  

5 moles of hydrogen w e r e  t r a n s f e r r e d  from LaNi5 t o  CaNi5 (Run 89) 

and t h e n  back (Run 9 0 ) .  The o l d  and new h e a t  exchangers  w e r e  

i n  p a r a l l e l  f o r  t h e  a p p r o p r i a t e  h e a t  t r a n s f e r  f l u i d  (HTF) loops .  

The d a t a  channe l s ,  t empera ture ,  hydrogen p r e s s u r e ,  f l u i d  f low 

and hydrogen mass t r a n s f e r ,  w e r e  r ead  a t  1 2  second i n t e r v a l s .  

F i g u r e s  1 4  and 15 compare t h e  performance o f  t h e  o l d  hydr ide  , 

beds ,  HHE-2 and HHE-3; and t h e  new beds ,  HHE-1  and HHE-4.  

The hydrogen p r e s s u r e  behavior  o f  t h e  o l d  beds (channe ls  45 

and 4 6 )  and t h e  new beds (channe ls  4 4  and 47) a r e  similar  and 

show no d e t e r i o r a t i o n  o f  t h e  o l d  beds.  Although t h e  18  kw 

h e a t e r s  were a b l e  t o  keep c o n s t a n t  t h e  i n l e t  t empera tu re s  

( channe l s  13 and 15 ,  F igu re  15a )  d u r i n g  d e s o r p t i o n  from CaNi5, t h e  

wa te r  c h i l l e r  (2200 b tu /h r  h e a t  removal)  was n o t  a b l e  t o  ma in t a in  

t h e  i n l e t  t empera ture  d u r i n g  a b s o r p t i o n  on LaNi (channe ls  17 5  

and 19 ,  F igu re  1 5 b ) .  Note a l s o  t h e  i n c r e a s e  i n  low tempera ture  f low - 
rate ( channe l s  50 and 51,  F igu re  15b) w i t h  i n c r e a s e  i n  temper,ature 



due t o  dec rease  i n  v i s c o s i t y  o f  t h e  e t h y l e n e  g lyco l -wate r  

h e a t  t r a n s f e r  f l u i d .  

F igu re  16  compares hydrogen d e s o r p t i o n  a t  3g°C (Run 89) 

and a t  5g°C (Run 91) from LaNi5. I n  h a l f  t h e  t r a n s f e r  t i m e  

a t  5g0c,  12 seconds,  more hydrogen was t r a n s f e r r e d  than  i n  

24 seconds a t  t h e  lower tempera ture .  I n  bo th  c a s e s  absorp-  

t i o n  was on CaNi5 a t  1 4 ' ~ .  

A comparison o f  hydrogen t r a n s f e r  a s  a  f u n c t i o n  o f  h e a t  

t r a n s f e r  f l u i d  f low r a t e  i s  shown i n  F'igure 17.  Approximately '  

5  moles o f  hydrogen were t r a n s f e r r e d  from CaNi5 a t  106°C t o  

LaNi5 a t  8' a t  f l u i d  f low r a t e s  between 3-12 l / m  f o r  t h e  de- 

so rb ing  u n i t s  and 2.7-7,3 l / m  f o r  t h e  absorb ing  a l l o y  beds.  

A t  t h e  lowes t  f low rates i n  both  c a s e s  t h e  hydrogen behavior ,  

a s  monitored by hydrogen p r e s s u r e ,  i s  s lower .  Heat removal 

a t  f low r a t e s  be low '3  l / m  ha s  a p p a r e n t l y  become slow' enough t o  

a f f e c t  t h e  h e a t ,  t r a n s f e r  from t h e  hydr ide  bed. s i n c e  f i l m  

c o e f f i ' c i e n t s  a r e . l a r g e ,  t h e  i n s e n s i t i v i t y  o f  hydrogen behavior  

t o  h e a t  t r a n s f e r  f l u i d  f low r a t e  a t  t h e  h igh  f low r a t e s  would 

i n d i c a t e  ' t he se  r e a c t i o n s  t o  be h e a t  t r a n s f e r  l i m i t e d  w i t h  t h e  

s1ow' ; s tep 'be ing  the '  t r a n s f e r  of  h e a t  from t h e  r e a c t i o n  s i t e  

i n  t h e  bed t o  t h e  f i r s t  wa l l  of  t h e  h e a t  t r a n s f e r  f l u i d  t ube .  

The more r a p i d  tempera ture  recovery  a t  t h e  f a s t  f low,  F igu re  17a ,  

i s  because ' o f  a  s h o r t e r  hydrogen t r a n s f e r  t i m e  and s o  an earl ier  

recovery  s t a r t ;  The longe r  c y c l e  t empera ture  f l u c t u a t i o n s  of 

t h e  low flow rate fo l low t h e  c y c l i n g  o f  t h e  h e a t e r  i n p u t .  



The heat transfer characteristics of the hydride heat 

exchangers can also be evaluated by comparing the temperature 

. of the hydride'bed with the temperature of the heat transfer 

" fluid leaving the heat exchanger. The bed temperature, .cal- 

culated from the measured hydrogen pressure using the appro- 

priate hydride vapor pressure equation and assuming rapid gas 

sorption kinetics, is a measure of the lowest bed temperature. 

Figure 18 compares the bed temperature, normalized to the fluid 

temperature at 15 minutes, with the heat transfer fluid temp- 

erature for.both absorption and desorption of approximately 

6 moles of hydrogen. The large lag of the bed temperature 

shows the relatively slow heat transfer between the bed and 

the fluid.. 

A quantitative measure of the heat transfer in the beds 

can be obtained from the time for half recovery of the temp- 

erature after cessation of hydrogen transfer. Using the extra- 

polated peak and the'bed temperature at 15 minutes for a peak 

base,' the time for half peak-height recovery ( ~ i ~ u r e  18) as a 

function'of fluid flow rate for hydriding processes is listed 

in Table 4 ,  For flow rates above 3 l/m, the time to recover 

half the temperature is approximately 30 seconds. The slight 

bias in favor of the desorption process for both alloys may . 

indicate the slower, continued absorption of hydrogen and 

release of heat after hydrogen flow into the chamber has 

ended. The slower recovery,.44 seconds, at lower flow rates 



i s  c o n s i s t e n t  w i th  t h e  p rev ious  (F igu re  1 7 )  o b s e r v a t i o n  

t h a t  f l u i d  h e a t  removal becomes l i m i t i n g  a t  f lows be low.3  l l m .  

Table  4 .  Time f o r  Half Temperature Recovery 

Pr.oces s HTF f low r a t e  Time: 1 / 2  recovery  
. ( . l / m )  . . ( s e c  

. . 

Desorb. CaNij 

Desorb. CaNi . 
. . .  5 

Desorb. LaNi 5 

Absorp . .CaNi5 5.2 ; 35 

Absorp. LaNi5 7 .3  33 

Absorp. LaNi5 2.7 4 4  

Absorp. LaNi,5 A 1  Foam HHE 4.5 
. . 

The l i m i t i n g  e f f e c t  of  f l u i d  h e a t  removal could cause  t h e  

t ime '  f o r  abso fp t ion  'and de&orp t ion  t o  be t h e  s a m e ' i f  t h e  r a t 6  

of h e a t  removal was. s low compared t o  t h e  h e a t  a d d i t i o n  a f t e r  

hydrogen t r a n s f e r  has  ended.. The t i m e  f o r  h a l f  recovery  f o r  

t h e  ~ i ~ i ~  loaded. aluminum foam t e s t  module h e a t  exchanger ,  

F igu re s  7  and 8 ,  f o r  a  s i m i l a r ,  b u t  h o t  t h e  same ,' exper iment ,  

F igu re  9 ,  was about  4.5 seconds compared t o  33 seconds f o r  . 

t h e  c o i l e d  t u b e  h e a t  exchangers.  The reduced hydr ide  bed h a l f  

t h i c k n e s s  (see Sect . ion I V  B3) i s .  r e ~ ~ o n s i b . 1 6  f o r  t h e  improved 

h e a t  t ran , s f  er . 
. . :  . . 

. . . .  , .  . . 



B. Simulated Coo l in s  Cycle 

An e f f o r t  was made t o  s i m u l a t e  a  complete c o o l i n g  c y c l e .  

Hydrogen was t r a n s f e r r e d  from C a N i 5  hydr ide  (HHE-1)  a t  llO°C 

t o  LaNi ( H H E - 4 )  a t  33OC whi le  a t  t h e  same t i m e  hydrogen w a s  5  

desorbed  from LaNi5 hydr ide  (HHE-3) i n  t h e  c o o l i n g  loop  a t  g 0 C  

and absorbed on CaNi (HHE-2) a t  33OC f o r  c o o l i n g  c y c l e  I.  The 5  , 

hydrogen and h e a t  t r a n s f e r  f l u i d  f lows  w e r e  t h e n  r e v e r s e d  s o  

hydrogen was k r a n o f c r r c d  from C s M i  hydr ide  (HHP-2) a t  110' 5 
t o  L a N i  (HHE-3) a t  33O and from .LaNi (HHE-4)  a t .  go t o  C a N i  5 5  5 

( H H E - 1 )  a t  33' f o r  c o o l i n g  Cycle 11. Base l i n e  i n t e g r a t e d  power, 

t h a t  r e q u i r e d  t o  ma in t a in  t h e  f l u i d  loop  and hydr ide  h e a t  ex- 

changer  a t  c o n s t a n t  t empera ture  w i thou t  r e a c t i o n ,  w a s  measured 

f o r  loop  A ,  t h e  h igh  tempera ture  l oop ,  t o  be 15.70 kcal/min,  . 

and f o r  loop C ,  t h e  c o o l i n g  loop ,  t o  be 2.31 kcal/min. The n e t  

i n c r e a s e  i n  loop  A i n t e g r a t e d  power ( I .  P-.A. ) '  is  t h e  h i g h  temp- 

e r a t u r e  h e a t  i n p u t  r e q u i r e d  t o  d i s s o c i a t e  t h e  CaNi hyiiri.de. 
5 

The n e t  i n c r e a s e  i n  l oop  C i n t e g r a t e d  power (I.P.C.) i s  heat 

r e q u i r e d  t o  ba l ance  t h e  c o o l i n g  e f f e c t  of  hydrogen d e s o r p t i o n  i n  

t h e  c o o l i n g  loop  and ma in t a in  a c o n s t a n t  t empera ture .  The llleas- 

ured  c o e f f i c i e n t  o f  performance f o r  c o o l i n g  i s  

COPc = -.  
I . P . C .  
I . P . A .  ' 

For t h i s  s i m u l a t i o n ,  hydrogen v a l v e s  w e r e  l e f t  open .  and 

h e a t  t r a n s f e r  f l u i d -  l o o p s  were manually switched a t  c y c l e  

t i m e s  of about  7-10 minutes  w i t h  d a t a  t aken  a t  1 minute i n t e r -  

v a l s .  F ive  complete c y c l e s  w e r e  r un  s t a r t ' i n g  wi th  a  t he rma l ly  



e q u i l i b r a t e d  sys tem.  Data f o r  t h e  f i r s t  Coo l ing  Cyc le  I.,. 

i s  g i v e n . i n  F i g u r e  19 .  C o r r e c t e d  f o r  t h e  lower hydrogen 

t r a n s f e r  - i n  t h e  c o o l i n g  l o o p  o f  t h e  c y c l e ,  t h e  c o e f f i c i e n t  

of  per formance  i s  measured t o  be 

I..P. C .  H 2  (HHE-1  + HHE-4)  
copc = X 

I.P.A. . H 2  (HHE-3 + HHE-2) 

- - 44.37 k c a l  17 .30  Mole = 
123.27 k c a l  5.77 Mole . 

. . 

. Using t h e  g e n e r a l  h e a t  pump e q u a t i o n  f o r  c o o l i n g  c y c l e s  ( S e c t i o n  11) 

and t h e  e x p e r i m e n t a l  t e m p e r a t u r e s ,  Th = 383OK. Tm = 308OK and 

TQ = 283OK, a  t h e o r e t i c a l  c o e f f i c i e n t  o f  per formance  o f  2 . 1  i s  
. . 

c a l c u l a t e d . ,  A s i m i l a r  measurement f o r  o t h e r  c y c l e s  would be 

less mean ingfu l  because  l a c k  o f  r e g e n e r a t i v e  h e a t  exchange coup led  

w i t h  t h e  l a r g e  h e a t  c a p a c i t y  o f  t h e .  l o o p  e x t e r n a l  t o  t h e  h e a t  

exchanger  would r e q u i r e  s u b s t p n t i a l  amount o f  h e a t  t o  a r r i v e  a t  

t h e  s t a r t i n g . t e m p e r a t u r e s .  The t e m p e r a t u r e s  used  w e r e  n o t  

optimum and s h o u l d  be  s e l e c t e d  t o  p r e v e n t  hydrogen b u i l d u p  i n  " 

one  h e a t  exchanger .  

C, ,Thermal C o n d u c t i v i t y  

Thermal' c o n d u c t i v i t y  i s  a n  i m p o r t a n t  c h a r a c t e r i s t i c  deter- 

mining ' h e a t  t r a n s f e r ' o f  powder beds .  . L e h r f e l d  and Boser  (36)  

have:measured a n  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  o f  a c t i v a t e d  

L a N i g , , . F i g u r e a  20,qand found t h a t  f i l l i n g  f a c t o r ,  t h e  r a t i o  o f  

powder p a c k i n g  d e n s i t y  ' t o  t h e  b u l k  m a t e r i a l  d e n s i t y ,  a f f e c t s  

, t h e r m a 1 : c o n d u c t i v i t y  more s t r o n g l y  t h a n  e i t h e r  t e m p e r a t u r e  o r  

hydrogen p r e s s u r e .  T h i s  f i n d i n g  i s  c o n s i s t e n t  w i t h  t h e  g e n e r a l l y  



a c c e p t e d  model t h a t  conduct ion i n  a powder bed i s  l i m i t e d  by 

t h e  p o i n t  c o n t a c t  between a d j a c e n t  p a r t i c l e s  and t h e  g r e a t e r  

t h e  compression t h e  h ighe r  i s  t h e  thermal  conduct ion.  To be 

better a b l e  t o  e v a l u a t e  and.compare h e a t  exchangers  ( s e e  

S e c t i o n  I V  B3), t h e  c o n d u c t i v i t y  of t h e  a l l o y  beds i n  t h e  c u r r e n t  

c o i l e d  tube  hydr ide  h e a t  exchangers  w a s  c a l c u l a t e d .  Because 

t h e  h e a t  f low i s  through  t h e  c y l i n d r i c a l  w a l l  o f  t h e  f l u i d  t u b e s ,  

t h e  model s e l e c t e d  i s  a ' c o n d u c t i o n  c r o s s  s e c t i o n  p a t h  proport iona.1  

t o  t h e  radius . ,  ( 4 0 )  Since  the '  e f f e c t i v e  bed d iameter  i s  n o t  l a r g e  

compared t o  t h e  f l u i d  t u b e  d i ame te r ,  t h e  thermal  c o n d u c t i v i t y  of 

t h e  hydr ide  bed,  k ,  can be approximated by 

k = Qd/(At a  T )  where 

Q = q u a n t i t y  o f  h e a t  t r a n s f e r r e d  

d = l e n g t h  o f  conduct ion pa th  

A t  = t empera ture  d i f f e r e n c e  a c r o s s  t h e  bed 

d = f l u i d  heat t r a n ~ f e r  surface area 

T = t i m e  of h e a t  f low 

The 5 . 7 4  mole t r a n s f e r  of hydrogen from C a N i 5  t o  LaNi5, 

F i g u r e s  18c and 18d,  w a s  used t o  p rov ide  t h e  tempera ture  

d i f f e r e n c e  between t h e  bed and t h e  h e a t  t r a n s f e r  f l u i d .  The 

bed t empera tu re  was determined from t h e  hydrogen p r e s s u r e  and 

t h e  a p p r o p r i a t e  v a n ' t  Hoff equa t ion ,  whi le  f o r  t h e  h e a t  t r a n s -  

f e r  f l u i d  i n  t h e  c o i l e d  t u b e s ,  t h e  average  of t h e  i n l e t  and 

o u t l e t  t empera ture  w a s  used.  Temperature and p r e s s u r e  r e a d i n g s  



were t aken  a t  20 second i n t e r v a l s  f o r  t h e  f i r s t  two minu t e s  o f  

hydrogen d e s o r p t i o n  from CaNi and a b s o r p t i o n  on LaNi5 a t  , 5  

which t i m e  t h e  i n l e t  wa t e r  t empe ra tu r e  t o  t h e  C a N i  h e a t  ex- 
5  

c h a n g e r , r e - e s t a b l i s h e d  i t s  o r i g i n a l  v a l u e .  From t h e  d e s i g n  

s p e c i f i c a t i o n s  . . o f  t h e  h e a t ' e x c h a n g e r s ,  t h e  change i n  f r e e  g a s  

volume a f t e r  a d d i t i o n  of  t h e  a l l o y  and t h e  weight  o f  a l l o y  added, 

t h e  s u r f a c e  a r e a  o f  t h e  h e a t  t r a n s f e r  f l u i d  and t h e  bu lk  d e n s i t y  

of t h e  a l l o y  w e r e  c a l c u l a t e d .  The bed t h i c k n e s s ,  0.32 c m ,  was 

t aken  a s  h a l f  t h e  d i s t a n c e  between a d j a c i e n t  f l u i d  c o i l s  i n  

t h e  bed. A powder d e n s i t y  o f  4 g/ml, de te rmined  f o r  l i g h t l y  

poured LaNi .was used t o  o b t a l n  t h e  f i l l i n g  f a c t o r .  The accep t ed  5' . 

h e a t  of  r e a c t i o n ,  7 .5  kcal/mole f o r  CaNi5 and 7 .2  kcal/mole 

f o r  LaNi was used t o  c a l c u l a t e  t h e  q u a n t i t y  of  h e a t  t r a n s -  5  , 
f e r r e d .  The r e s u l t s  of  t h e  c o n d u c t i v i t y  d e t e r m i n a t i o n  a r e  shown 

i n  Table  5. 

Tab le  5. Thermal Conduc t iv i t y  o f  . C a ~ i ~  Hydride and LaNi5 ~ y d r i d e  . 
Comp. Range Heat A t  S u r f a c e  F i l l i n g  Conduc t iv i t y  

r\ 

( k c a l )  (OC)  ( c m L  F a c t o r  Ca l  
O C * c m *  sec 

X 

5  minu tes  h e a t  , t r .ansf  er t i m e .  



~ l t h o u g h  thermal  c o n d u c t i v i t y  measurements are , '  a t  b e s t ,  

approximate ,  t h e  r e l a t i v e '  cons tancy  o f  t h e  d e t e r m i n a t i o n s  would 

i n d i c a t e  t h e  importarice .of f a c t o r s  o t h e r  t han  composi t ion ' o r .  

f i l l i n g  f a c t o r ,  e . g . ,  bed d i s r u p t i o n  d u r i n g  hydrogen mass t r a n s -  

p o r t ,  on t h e . e f f e c t i v e  c o n d u c t i v i t y  of  powder beds i n  t h e s e  h e a t  

exchangers .  

V I  ., CONCLUSIONS , 

Under o o n t r a o t  t o  t h c  Argonne National Lalsorn Lory, TRW 

Energy Systems D i v i s i o n ,  McLean, V a .  has  independent ly  e v a l -  

u a t e d  t h e  performance and c o s t  e f f e c t i v e n e s s  o f  t h e  HYCSOS 

system. ( 4 1 )  The system des ign  w a s  op t imized  us ing  an  i t e r a t i v e  

computer program. To m i n i m i z e . r e g e n e r a t i v e  h e a t  l o s s e s ,  a  

f r e o n  h e a t  t r a n s f e r  f l u i d  i s  used and t empera tu re . changes  o f  

t h e  hydr ide  h e a t  exchangers  occu r  when t h e y  c o n t a i n  gaseous 

f r e o n .  Due t o  t h e  h igh  c o s t  o f  hyd r ide  materials, L a N i 5  f o r  

t h e  low tempera ture  beds and e i t h e r  C a N i 5  o r  aluminum sub- 

s t i t u t e d  lanthanum n i c k e l  a l l o y  f o r  t h e  -high tempera ture  bed, 

r a p i d  c y c l i n g  hydr ide  beds w a s  p o s t u l a t e d  wi th  t h e  hydr ide  

imbedded i n  open-pore aluminum foam wi th  f i n s  t o  augment 

t he rma l  c o n d u c t i v i t y .  To f a c i l i t a t e  r a p i d  c y c l i n g ,  the hy- 

d r i d e  beds  w e r e  des iqned  t o  maximize h e a t  t r a n s f e r  wh i l e  mini- 

mizing  hydrogen p r e s s u r e  drop.  F i b e r g l a s s  paper f i l t e r s  a r e  

used t o  p reven t  m i g r a t i o n  o f  hyd r ide  powder. For t h e  energy 

conve r s ion  c y c l e ,  an  i so the rma l  f r e e - p i s t o n ,  double -ac t ing  

expander i s  proposed.  The p i s t o n  would form an  e lement  of a 

r e c i p r o c a t i n g  a l t e r n a t o r .  



A computer program was developed to assist in the design 

process. The design heat transfer rate, the aluminum foam and 

fin thermal conductivity augmentation of the hydride, the out-. 

side air temperature drop, and the aluminum doping of the hydride 

material were all varied to optimize the cost and performance' 

(COP) of the HYCSOS system. The system was optimized for s i x  

design temperatures (temperatures for rated winter heat pump 
, . 

operation). Tables 6 and 7 show the result of the design pro- 

gram process for three sizes of HYCSOS with electrical power 

generation and for the range of design temperatures. 

The system price was estimated by including.the cost of all 

components, an assembly charge and a generic markup of 2 . 4 ~  

(for distribution, profit, and selling costs). The computer 

program was used to optimize cost and performance assuming an 

'increase in.COP of 0.1 for the 22,000 BtuH size was worth $600 

(by reducing collector size). Table 8 shows the proportion 

of the system price and the amount attributable to the major 

components. 

The system performance is described by thc coefficient 

of performance (COP) , and the system output of heat and of 
cooling. The coefficient of performance of the overall system 

is determined from.the thermal losses due to cycling the hydride 

beds and due to the auxiliary power consumed by freon pumps and 

air-moving fans. The systems are designed to a "design point". 



TABLE 6 .  . HYCSOS C X P O N E N T  S I Z I N G  AND POWER C3JSUMPTION 

*LTB = LOW TEMPERATURE BED 
HTB = HIGH TEMRERATURE BED 

"COOLING OUTPUT 

WINTER 
DESIGN 
TEMP 
(OF) 

25 

I 

30 

r 

35 

, 

40 

45 

47 

DESIGN 
HEAT 

OUTPUT 
(TONS) 

1.84 
4.57 
2.99"" 

1 $4 
4.57 
3.01 "* 

1.84 
4.57 . 

3 41'" 

1 8 4  
4!5 7 
3.00 *? 

1.84 
4.57 
3.00 ** 

1 ..a4 
4..56 
2.99 ** 

HYDRIDE MASS 
BED 

AREA 
( F T ~ )  

1.58 
3.90 
7.81 

1,339 
3 -44 
6.83 

1.13 
2.79 
5.43 

1.01 
2.49 
4.82 

1 ;91 
4.73 
8.54 

2.011 
4.97 
8.97 

LT3 - 

(ILBSJ 

2 8 9  
6.41 

12:83 

2.6.1 
6:46 

12.84 . 

2.63 
6.52 

1 2.70 

2.64 
6154 

1266 

2 8 4  
T.02 

12.70 

4.21 
. 10.41 

1 8.38 

HTB* 
(ILBS) 

3.41 
8.45 

16.91 

3.40 
8.42 

- 16.74 

3.42 
8.47 

16.50 

3.41 
8.44 

1 6.34 

4.2 1 
1 0.43 
18.85 

6.24 
15.46 
27.28 

HX FACE AREA 

INDOOR OUTDOOR 
( F T ~ )  ( F T ~ )  

2.5 4.4 
6.3 10.9 

12.5 1 21.8 

2.5 
6.3 

12.4 

PUMP 
POWER 

(WATTS) 

7 7 
155 
382 

76 
188 
373 

I 

79 
195 
308 

7 9 
196 
379 

A 

5 5 
137 . 

247 

55 
137 
242 

I 

FAN POWER 

4.5 
11.2 
22.11 

INDOOR 
( W R ~ S )  

333 
824 

1649 

333 
824 

1638 

333 
824. 

1606 

333 
824 

1595 ' 

333 
824 

1490 

325 
805 

'1 42 1 

OUTDOOR 
(WATTS) 

132 
328 
656 

135 
335 
666 

140 
346 
673 

142 
350 
678 

252 
625 

1130 

190 
47 1 
832 

2.5 4.6 
6.3 11.5 

12.2 22.4 

2.5 [ 
6.3' 

12.1 

2.5 
6.3 

11.3 

2.5 
6.1 

10.8 

4.7 
11.6 
22.5 

8.4 
20.8 
37.5 

. 6.3 
15.7 
27.6 



TABLE 7. RESULTS OF DESIGN OPTIMIZATION 

. 
( O F )  

25 

30 

35 

4 1  

45 

47 
? 

'IGH 
BED COMPOSITION 

laNi4.575 *' .425 

laNi 4.59 A'.41 

laNi 4 595 A1.405 

LaNi4.ti05 A1.395 

Ca Ni5 

CaNi5 

EllUIVALENT 
FOAM DENSITY 

(%I 

35 

3 5 

. 35 

35 

- 35 

' 35 

FIN 
, T H I C K ~ E S S  

(IUCHES) 

,020 

D20 

.021 

,021 

.a20 

.021 

FOAM 
DENSITY 

6.7 

6.7 

4.9 

4.9 

6.7 

4.9 

BED DEPTH 
(INCHES) .ABSORPTION- 

DESORPTION 
TIME (MINUTES) 

, 1 

1 

1 

1 

1 

1.5 

HTB 

,231 

,262 

,325 

,362 

,236 

,333 

LTB 

. I 75  

201  

2 5 0  

2 8 1  

,159 

,224 

REGENERATION 
TIME 

(MINUTES) 

.16 

.16 

.16 

.16 

.16 

.20 . 

SOLAR INPUT 
TEMPERATURE (OF, 

OUTDOOR AIR 
TEMPERATURE 

CHANGE 
( v )  , 

5 

WINTER 

256 

HYDRIDE BED.OESIGN 
HEAT IRANSFER RATE 

('ITUH~FT') 

6300 

. 
SUMMER 

278 

7200 

8950 

10050 

5700 

5 3 5.0 

254 

257 

258 

211 

212 

277 1 
280 

280 

224 

229 

5' 

5 

3 

4 



TABLE 8 .  HYCSOS COMPONENT PRICE BREAKDOWN AND TOT-2.L PRICE 



The h e a t i n g  d e s i g n  p o i n t  and c o o l i n g  d e s i g n  p o i n t  u se  t h e  A R I  

s t a n d a r d s  f o r  indoor  c o n d i t i o n s  (68OF indoor s  ' i n  w i n t e r  and 

78OF irlducjrs i n  summer) . I n .  a d d i t i o n ,  t h e  A R I  'summer outdoor  
. - 

des ign  tempera ture  i s  90°F and t h e  w in t e r  outdoor  des ign  p o i n t  

i s  47°F. The ou tpu t  a t  17°F i s  a l s o  used by t h e  A R I .  The 

HYCSOS was d e s i g n e d . t o  a va ry ing  s e t  o f -  ou tdoor  w i n t e r  d e s i g n  
. .. 

t empera tures .  

Table  9 g i v e s  t h e  system performance a t  t h e  h e a t i n g  and 

c o o l i n g  des ign  tempera tures .  The COP i n c l u d i n g  t h e  e l e c t r i c a l  
. % 

draw and exc lud ing  it a r e  g iven .  

The e l e c t r i c a l  o u t p u t  whi le  h e a t i n g  i s  l e s s  t han  t h e  

e l e c t r i c a l  o u t p u t  w h i l e  r e j e c t i n g  t h e  h e a t  ou tdoors  because t h e  

power requi rement  f o r  t h e  indoor  f a n  i s  h ighe r  t h a n  t h e  outdoor  

f an .  The use  of a  lower indoor  f a n  speed would r e s u l t  i n  a  some- 

what h ighe r  n e t  average  power d u r i n g  power g e n e r a t i o n  
. . 

w i t h  indoor  hea t ing .  

A s o l a r  a b s o r p t i o n  c o o l i n g  system t o  p rov ide  3 t o n s  of 

c o o l i n g  c u r r e n t l y  r e t a i l s  fo r '  $3000 exc lud ing  a c o o l i n g  tower ,  

which i s  expens ive ,  and an indoor  h e a t  exchanger.  The HYCSOS 

system t o  prov ide  3  t o n s  o f  c o o l i n g  would c o s t  $3700 t o  $3800, 

i n c l u d i n g  a l l  h e a t  exchangers.  HYCSOS a l s o  p rov ides  h e a t i n g  wi th  

a  COP g r e a t e r  t han  one and e l e c t r i c a l  power, a l t hough  it re- 
. . 

q u i r e s  a  h igher  s o l a r  i n p u t  t h a n  t h e  a b s o r p t i o n  u n i t  (250" t o  

280°F a s  compared wi th  1 8 0 ° F ) ,  and has  s l i g h t l y - l o w e r  c o o l i n g  



TABLE 9 .  HYCSOS DESIGN POINT PERF3lWANCE 

COEFFICIENT OF PERFORMANCE ELECTRICAL HEAT 
WIHTER SIZE SOLAR , I OUTPUT (Kw) OUTPUT 

DESIGN TEMPERATURE , , NWT HEATING COOLING DURING 
L 

OF HEAT ELECTRICAL 
I 

TONS TONS NET WITHOUT WITH WITHOUT W I T H  PEAK GENERATION 
HEATI'NG COOLING ELECT ELECT ELECT ELECT ( T o r s )  



COPS. Thus this HYCSOS systems, which can be packag.ed similar 

to a conventional heat pump, compares favorably with a sola'r 

absorption cooling/dircct solar Ilea L i u y  unit. 



APPENDIX A : 

CHANNEL 

0. 

1. 

2. 

Data Logger .channel Function 

. . CHANNEL FUNCTION 

Loop A fluid temperature HA inlet. 

Loop A fluid temperature HA outlet. 

Loop B fluid temperature HXB inlet., 

Loop B fluid temperature HXB outlet. 

Loop C fluid temperature HC inlet. 

Loop C fluid temperature HC outlet. 

Loop W water supply temperature. 

Loop W water temperature HXB inlet. 

Loop W water temperature. HXB outlet. 

HHEd H2 temperature. 

HHE-2 H2 temperature. 

HHE-3 H2 temperature. 

HHE-4 H2 temperature. 

HBE-1 fluid temperature inlet. 

HHE-1 fluid temperature outlet. 

.IIFIE. 2 fluid tcmpcrsture i n L e t .  

HHE-2 fluid temperature outlet. 

HHE-3 fluid temperature inlet. 

HHE-3 fluid temperature outlet. 



CHANNEL 

59 

. . 

APPENDIX A ( con t i nued )  

CHANNEL FUNCTION 

HHE-4 f l u i d  t e m p e r a t u r e  i n l e t .  

HHE-4, f l u i d  t e m p e r a t u r e  o u t l e t .  

Ambient a i r  ' t empera tu re .  

HA s u r f a c e  t e m p e r a t u r e  t u b e  1. 

HA s u r f a c e  t empe ra tu r e  t u b e  2.  

HA s u r f a c e  t empe ra tu r e  t u b e  3 .  

Unused t empe ra tu r e  channe l .  

Unused t empe ra tu r e  channe l .  

'Unused t empe ra tu r e  channe l .  

" Unused t empe ra tu r e  channe l  

unused t empe ra tu r e  channe l .  

Hea te r  A Power I n t e g r a t o r .  

Hea te r  ' C '  Power I n t e g r a t o r .  

Pump A Power I n t e g r a t o r .  

Pump B Power - I n t e g r a t o r .  

Pump C Power I n t e g r a t o r .  

Pump W Power' I n t e g r a t o r .  

H Z  f l ow  from H H E - 1 .  

H 2  i n t e g r a t e d  f low from HHE-1.  

H 2  f low from HHE-2. 

H2  i n t e g r a t e d  f low from HHE-2. 



APPENDIX A (cont inued)  

, CHANNEL 

40. 

4 1 .  

42. 

43. 

4 4 .  

4 5. 

4 6 .  

47. 

48. 

49. 

50. 

51: 

52. 

CHANNEL FUNCTION 

H2 f low from HHE-3. 

H 2  i n t e g r a t e d . f l o w  from HHE-3. 

H2 .flow from .HHE-4. 

H 2  i n t e g r a t e d  f low from HHE-4. 

H 2  p r e s s u r e  HHE-1. 

H 2  p r e s s u r e  HHE-2. 

H p r e s s u r e  HHE-4. 
2  

F l u i d  f low r a t e  through HHE-1. 

F l u i d  f low r a t e  through HHE-2. 

Flu2d f low ra'te through HHE-3. 

Fluid-,flaw rate through MHE-4. 

Water flow through  HXB. 

Unused vol t , age  ahannel  . 
Unused v o l t a g e  channel .  

Unused v o l t a g e  .channel .  

Unused v o l t a g e  channel .  

Unused v o l t a y e  channe l .  

Unused vo l t age . channe1 .  

Unused v o l t a g e  *channe l .  
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APPENDIX B 

* .  . . . .  System ~ e f i n i t i o n s  and A b b r e v i a t i o n s  

1) A F-1HTF -Heat  t r a n s f e r  f l u i d  f l o w  r a t e  t h r o u g h  HHE-1. 

2 )  >F-2HTF H e a t  t r a n s f e r  f l u i d  f l o w  r a t e  t h r o u g h  HHE-2. 

3 )  F-3HTF Heat  t r a n s f e r  f l u i d  f l o w ' r a t e  t h r o u g h  HHE-3. 

. 4 )  F-4HTF .Heat t r a n s f e r  f l u i d  f l o w  r a t e  t h r o u g h  HHE-4. 

HA 1 8  kw h e a t e r  i n  l o o p  A .  

HC 6  kw h e a t e r  i n  l o o p  C. 

H H E - 1  ~ y d r i d e ' h e a t  exchanger  c o n t a i n i n g  17.344 moles  

HHE-2 Hydri.de h e a t  exchanger  c o n t a i n i n g  1 7 . 3 4 4 . m o l e s  

(5786 g ) .  CaNi5. 

,HHE-3 .. Hydride  h e a t  exchanger  c o n t a i n i n g  11 .561  mole 

, . 
(5004 g )  LaNi). 

HHE-4 Hydr ide  h e a t  exchanger  c o n t a i n i n g  11 .561 .mole  

. . . ( 5 0 0 4  g )  LaNi5. 

1 )  . HTF ' -  .  eat' ' t r a n s f e r  f l u i d .  

. 1 2 )  HXB 25 kw- h e a t  exchanger  - in l o o p  B. 

1 3 )  'IPA . I n t e g r a t e d  h e a t e r  power i n  l o o p  A. 

1 4 )  -: IPC. ' I n t e g r a t e d  h e a t e r  power i n  l o o p  C.  

5.)' LOOP' A Heat  t r a n s f e r  f l u i d  l o o p  r e p r e s e n t i n g  t h e  s o l a r "  

' ' or o t h e r  t h e r m a l  ene rgy  input . .  C o n t a i n s  18  kw , . 

. . .  e,lectric h e a t e r .  



APPENDIX B (cont inued)  

1 6 )  .LOOPB. Heat t r a n s f e r  . f l u i d  loop  c o n t a i n i n g  water  cooled 

hea t . exchange r  o f  25 kw h e a t  t r a n s f e r  c a p a c i t y .  

r e p r e s e n t i n g  t h e  space being .heated i n  w i n t e r  

and s e r v e s  f o r  ambient  h e a t  r e j e c t i o n  d u r i n g  

c o o l i n g  c y c l e s .  

1 7 )  LOOP C Heat t r ans fe r  f l u i d  loop with 6 kw electric 

h e a t e r  and 2200 B ~ u / h r  h e a t  removal c a p a c i t y .  

1 8 )  L O O P W  uomestic wate r  c o o l i n g  for loop  B. 

1 9 )  P-1H Hydrogen p r e s s u r e  i n  HHE-1.  

20) P-211 Hydrogen p r e s s u r e  i n  HHE-2. 
. . 

21) . P-3H Hydrogen p r e s s u r e  i n  HHE-3. 

: . 2 2 )  . 'P-4H Hydrogen p r e s s u r e  i n  HHE-4. 

2.3) T(bed)  Temperature of hydr ide  bed as  c a l c u l a t e d  from 

a p p r o p r i a t e  vapor p r e s s u r e -  equa t ion ,  

2 4 )  . T ( o u t l e t )  Temperature o f  h e a t  t r a n s f e r  f l u i d  l e a v i n q  H H E . .  

25) T-IHTF-I Temperature of h e a t  t r a n s f e r  f l u i d  e n t e r i n g  HHE-1. 

2 6 )  ' T-IHTF-O Temperature o f  h e a t  t r a n s f e r  , f l u i d  l eav ing  HHE-1.  

27) T-2HTF-I Temperature 05 h e a t  t r a n s f e r  f l u i d  e n t e r i n g  HHE-2. 

28) T-2HTF-0 Temperature o f  h e a t  t r a n s f e r . f l u i d  l e a v i n g  HHE-2. 

' 2 9 )  T-3HTF-I Temperature of  h e a t  t r a n s f e r  f l u i d  e n t e r i n g  HHE-3. 

30) T-3HTF-0 ~ e m ~ e r a t u r e '  of  h e a t  t r a n s f e r  f l u i d  l e a v i n g  HHE-3.. . 

31)  T-4HTF-I Temperature o f  h e a t  t r a n s f e r  f l u i d .  e n t e r i n g  HHE-4. 

32) T-4HTF-0 Temperature of h e a t  t r a n s f e r  f l u i d  l e a v i n g  HHE-4. 



APPENDIX C 
. . 

v a n ' t  Hoff Vapor P r e s s u r e  E q u a t i o n s  

C a N i 5  Hydr ide  I n  e . P ( a t m )  = - - 3778 + 11.97 
. .  . T 

L a N i 5  Hyclride ( d e s o r p t i o n )  Ine  P ( a t m )  = - - 3632 + 1 3 . 1 4 '  
T 

LaNi5 Hydr ide  ( a b s o r p t i o n )  I n e  P. (atm) = -. - 3013 + 11.39 
. T 
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Fig. 7. Construction of Aluminum 
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Fig. 9. Hydrogen Absorption on LaMi-Loaced 
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Fig. 12. Heat Transfer Fluid System Fig. 13. Graphic Control Panel 
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