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. . . .  , 

D y n a m i c - t e s t s '  and modeling s t u d i e s  w e r e  made on t h e  chemi- 

c a l - e n e r g y - s t o r a g e  p o r t i o n  o f  an  e l e c t r i c a l  e n e r g y  c o n v e r s i o n  

and s t o r a g e  sys tem proposed.  f o r  l e v e l i n g  t h e  l o a d  o f  a n  e lec t r ic  

u t i l i t y  company. Hydrogen i n  t h e  form o f  a  m e t a l  h y d r i d e  was 
I 

used a s  t h e  energy  s t o r a g e  medium. The c o n c e p t  u t i l i z e s  o f f -peak  

power t o  produce  hydrogen by e l e c t r o l y z i n g  w a t e r ,  s t o r i n g  t h e  

hydrogen a s  i r o n - t i t a n i u m  h y d r i d e ,  FeTiHx, a n d  s u b s e q u e n t l y  re- 

l e a s i n g  t h e  hydrogen t o  a  f u e l  c e l l  where t h e  r e a c t i o n  w i t h  a i r  

g e n e r a t e s  e l e c t r i c a l  power. The hydrogen s t o r a g e  p o r t i o n  o f  t h e  

sys tem was t e s t e d  on a  s m a l l  s c a l e  u s i n g  a  6 - in . -d iamete r  t e s t  

bed a b o u t  30- in .  l o n g ,  and c o n t a i n i n g  84 l b  of  F e T i  a l l o y .  Hydro- 

gen r e a c t s  w i t h  t h i s  a l l o y  a t  o r d i n a r y  t e m p e r a t u r e s ,  w i t h  t h e  

r e l e a s e  o f  h e a t ,  p roduc ing  t h e  h y d r i d e  F ~ T ~ H ~ ;  and hydrogen i s  

r e l e a s e d  by h e a t i n g  t h e  h y d r i d e  t o  decompose it. The v e s s e l  was 

p rov ided  w i t h  a  w a t e r  j a c k e t  f o r  t h e  u s e  of  c o l d  w a t e r  d u r i n g  

h y d r i d i n g  and h o t  w a t e r  d u r i n g  dehyd-r id ing .  I n  one d e s i g n ,  an 

energy  s t o r a g e  sys tem would u t i l i z e  an a r r a y  o f  t h e s e  h y d r i d e  

c o n t a i n e r s  h o r i z o n t a l l y  mounted i n  a  t a n k ,  th rough  which c o l d  

and h o t  w a t e r  was c i r c u l a t e d .  

I n  t h e  s i x  hyd.r id. ing-dehydriding c y c l e s  t h a t  w e r e  s t u d i e d ,  

t h e  t i m e s  t h a t  hydr.ogen f low r a t e s  of  40 t o  10 s t a n d a r d  l i t e r s  

p e r  minu te  (SLPM) c o u l d  b e  s u s t a i n e d  was de te rmined .  Water 

t e m p e r a t u r e s  o f  30°c ( 8 6 O ~ )  and 50°c ( 1 2 2 O ~ )  were used ;  and t h e  

t e r m i n a l  hydrogen p r e s s u r e s  used  w e r e  500 p s i a  d u r i n g  h y d r i d i n g  



and ~ 1 6  psia during dehydriding; Under these conditions the 

dynamic working capacity of the test bed was 1 lb of hydrogen 

as the composition varied between FeTiHo.l,S and FeTiH1.400. 

For a 10-hour transfer time the design rating of the unit was 

9 SLPM of hydrogen, which is equivalent to 0.119 wt% of the 

alloy per hour, using water at €!oOC ( 1 7 6 ~ ~ )  . Temperature pro- 

files and histories were also obtained. A battery comparison 

test showed that the reserve capacitv of the test bed was sub- 

stantially greater than that expected from the best present-day 

lead-acid battery in a standard test made at the 50%-discharged 

condition. In the modeling study it was shown that by usinq 

measured values of the bed thermal conductivity and pressure, 

the analytical and experimental results for hydrogen discharge 

rate, and amount of hydrogen discharged, were in good agreement. 

Further studles are required in order to determine the effect 

of other water temperatures on the dynamic behavior of this 

t c ~ t  bcd. 



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

A major  problem o f  d i s t r i b u t e d  e l e c t r i c a l  e n e r g y  i s  t h a t  t h e  

demand v a r i e s  t h r o u g h o u t  t h e  day and week, and t h e r e  i s  no u n i v e r -  

s a l  and c o s t - e f f e c t i v e  method o f  s t o r i n g  l a r g e  amounts o f  e x c e s s  

e n e r g y  when it i s  a v a i l a b l e  a t  minimum c o s t .  The c o s t  o f  p ro -  

d u c i n g  power t o  m e e t  peak demands, th rough  t h e  u s e  of  peak ing  

f a c i l i t i e s  t o  supplement  t h e  o u t p u t  o f  t h e  base - load  p l a n t ,  i s  much 

h i g h e r  t h a n  it i s  when t h e  base - load  p l a n t  h a s  e x c e s s  c a p a c i t y  and 

can  t h u s  produce  power a t  minimum c o s t . '  S t o r a g e  o f  t h i s  o f f - p e a k  

power, f o r  u s e  d u r i n g  p e r i o d s  of peak demand, c o u l d  r e s u l t  i n  l o a d  

l e v e l i n g  f o r  e lec t r i c  u t i l i t y  compa.nies. The c o s t  i n c r e m e n t  pro-  

v i d e s  a n  economic i n c e n t i v e  t o  d e v e l o p  ways o f  e f f i c i e n t l y  s t o r i n g  

e l e c t r i c a l  e n e r g y  f o r  d a i l y  and weekly c y c l e s .  

A new and p romis ing  l o a d - l e v e l i n g  c o n c e p t  now under  deve lop-  

ment i s  based  on t h e  s t o r a g e  o f  ene rgy  a s  hydrogen i n  t h e  form o f  

a  decomposable m e t a l  h y d r i d e .  The b e s t  known h y d r i d e  f o r  t h i s  
'i . 

a p p l i c a t i o n  i s  i r o n - t i t a n i u m  h y d r i d e ,  FeTiHx; i t  r e a c t s  r e v e r s i b l y  

w i t h  FeTi  e l l o y  a t  o r d i n a r y  t e m p e r a t u r e s  and h a s  a  l i m i t i n g  composi- 

t i o n  o f  F ~ T ~ H * . ~  I n  t h i s  c o n c e p t  an  e l e c t r o c h e m i c a l  d e v i c e  ( e l e c -  

t r o l y z e r ) ,  o p e r a t i n g  on o f f -peak  'power, consumes w a t e r  in .  p roduc ing  

hydrogen which i s  s t o r e d  a s  FeTiHx; s u b s e q u e n t l y  t h e  hydrogen i s  

r e l e a s e d  t o  a n o t h e r  e l e c t r o c h e m i c a l  d e v i c e  ( f u e l  . c e l l )  where i t  

r e a c t s  w i t h  a i r  and g e n e r a t e s  e l e c t r i c a l  power t o  s a t i s i y  t h e  

peak demand. I 6  Power -cond i t ion ing  equipment  i s  a l s o  re- 

q u i r e d  f o r  t h e  two c o n v e r s i o n s  between a l t e r n a t i n g  and d i r e c t  

c u r r e n t .  A p r a c t i c a l  d e m o n s t r a t i o n  of  t h i s  c o n c e p t  was r e c e n t l y  



completed at a power level of 12.5 kW by Public Service Electric 

and Gas Company of New Jersey. The 10-lb hydrogen storage unit 

was designed and constructed for PSE&G by BNL under a shared-cost 

agreement. 4 , 5 , 7  

There are several advantages to storing energy in the form 
. . 

o,f FeTiHx. Its use avoids the high pressure of compressed-gas 

storage, or the low temperature of hydrogen s t n r ~ d  as a. liquid. 

Irun-titanium hydride can sustain th0usan.d~ nf storage cycl~s 

when utilizing the high-purity hydrogen from electrolyzers--with- 

out any gradual loss such as the slow boil-off from liquid hydro- 

gen.* Another advantage possessed by this method of storing 

energy is that it is environmentally attractive. In addition to 

the source of electrical power, the only other service required 

is a water supply. Water is the source of hydrogen, and cold 

water is used for removing the heat released during hydriding; 

the hot water required during dehydriding is obtained from the 

fuel cell when the two reactants, hydrogen and oxygen (from air), 

combine to form water as electrical power is being generated. 

Thus this energy storage concept demands little from the environ- 

ment and it has no detrimental effect on the envirnnment. A 

secondary benefit can be realized through use of the by-product 

oxygen for secondary wastewater treatmenk. 

In particular, the work described here is limited to the 

energy-storage portion of the system. The rates at which hydro- 

gen can be stored in and released from a 6-inch-diameter hydride 

container were determined for one set of water conditions.' An 



e n e r g y  s t o r a g e  sys tem would u t i l i z e ' a n  a r r a y ' o f  t h e s e  c o n t a i n e r s  

h o r i z o n t a l l y  mounted i n : . a . t a n k  p rov ided  w i t h  c i r c u l a . t i n g  c o l d  

and h o t  w a t e r .  A m o d e l i n g  s t u d y  was a l s o  made f o r  u s e  i n  t h e  

p r e d i c t i o n  o f  performance;  s i m i l a r  s t u d i e s  have  been made. 1 0  

The above e f f o r t  i s  p a r t  o f  t h e  Hydrogen Technology Develop- 

ment Program s u p p o r t e d  by t h e  U . S .  Enerqy Research  and Develop- 

ment A d m i n i s t r a t i o n .  A s u b s t a n t i a l  p o r t i o n  of  t h e  f u n d i n g  r e -  

q u i r e d  f o r  t h e  energy  s t o r a g e  work was c o n t r i b u t e d  by t h e  Empire 

S t a t e  E lec t r ic  Energy Research C o r p o r a t i o n  (ESEERCO), a  g roup  

of  e i g h t  u t i l i t i e s  s p o n s o r i n q  energy  r e s e a r c h  and development  work 

i n  N e w  York S t a t e .  S p e c i f i c a l l y ,  ESEERCO f u n d i n g  was used f o r  t h e  

d e s i g n ,  f a b r i c a t i o n  and o p e r a t i o n  of  a  6 - i n . - d i a m e t e r ,  hydrogen- 

s t o r a g e  t es t  bed ,  and f o r  t h e  a s s o c i a t e d  p r o c e s s  equipment  and 

i n s t r u m e n t a t i o n .  T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of  t h e  numerous 

tes ts  performed w i t h  t h e  ESEERCO T e s t  Bed, which r e p r e s e n t s  a  h e a t -  

t r a n s f e r  c e l l  of  t h e  e x t e r n a l - f l u i d  t y p e .  ESEERCO f u n d i n g  a l s o  

covered  d a t a  e v a l u a t i o n  and development  of  t h e  mathemat ica l  model 

used  t o  d e s c r i b e  t h e  t h e r m a l  and r n a s s - t r a n s f e r  b e h a v i o r  of  t h e  

tes t  bed.  

The r e s u l t s  of  t h e  work performed i n  t h i s  c o o p e r a t i v e  program 

have p rov ided  i n f o r m a t i o n  u s e f u l  i~ t h e  d e s i g n  of  l a r g e r  s t o r a g e  

u n i t s .  One removable i n t e r n a l  assembly proposed f o r  a  2 - f t - d i a m e t e r  

u n i t  now b e i n g  d e s i g n e d  w i l l  have a n  a n n u l a r  t e s t  bed w i t h  a  w a t e r  

j a c k e t  on t h e  minor d i a m e t e r ;  i t  w i l l  supplement  t h e  w a t e r  j a c k e t  

on t h e  v e s s e l  e x t e r i o r .  O t h e r  proposed removable a s s e m b l i e s  w i l l  

employ w a t e r  t u b e s  o r  embossed h e a t - t r a n s f e r  p a n e l s .  A t  t h e  



conclusion of this next test program, an assessment will be made, 

and the preferred design will be utilized for the next storage 

device. Before passing on to the new work, several more runs 

will be made with the ESEERC0,Test Bed at the 50% discharged 

condition, for further comparison with the performance of the 

best present-day lead-acid battery. The goal of the continuing 

Hydrogen Technology Development. Program is to develop cost-effective 

materials and equipment, so.that the proposed system can provide a 

practical method of storing electrical energy. The ESEERCO Test 

Bed has been a vital part of that program. 



Hydr ide' 'Behavi'or 

The ability of hydrogen to react with certain metals and 

alloys to form decomposable hydrides is the basis for this , 

method of energy storage. These materials readily take up or 

release hydrogen, depending upon the temperature and pressure 

of the system. The choice of hydride depends upon the applica- 

tion. For large-scale land-based applications, the leading 

contender at this time is iron-titanium hydride, FeTiHx, where 

x approaches a value of two under equilibrium conditions when 

materials of very-high purity are used. Details on the forma- 

tion and properties of this material have been described by 

Reilly &  isw wall.* The advantages of FeTiHx are that it can 

react with and release hydrogen at ordinary temperatures, and 

that potentially FeTi all'oy, from which FeTiHx is prepared, can 

be produced cost-effectively from the ore ilmenite (FeTiOj) which 

is very abundant. The alloy is used in granular form. An acti- 

vation procedure is necessary in preparing FeTiHx because the 

initial reaction rate is slow. The first step consists of heating 

and evacuation in order to outgas the surfaces. Low pressure 

flushing with hydrogen helps, and also initiates the reaction 

which is continued at moderate pressure (%500 psis) after cooling 

the material to essentially room temperature. This contact with 

hydrogen causes severe embrittlement and the development of 

microfissures which greatly increase the surface area and re- 

activity of the material. Volumetric expansion during the 



r e a c t i o n  w i t h  hydrogen a l s o  c o n t r i b u t e s  t o  a t t r i t i o n  of  t h e  

p a r t i c l e s .  A c t i v a t i o n  can be a ided  by hydr id ing  and dehydr id ing  

t h e  m a t e r i a l  eve ry  day o r  two; t h e  amount of hydrogen s t o r e d  i n -  

c r e a s e s  wi th  each c y c l e  u n t i l  f u l l  c a p a c i t y  i s  reached.  High- 

p u r i t y  a l l o y  r e q u i r e s  up t o  two weeks t o  become f u l l y  a c t i v a t e d ,  

whereas m a t e r i a l  c o n t a i n i n g  s e v e r a l  t e n t h s  of a  p e r c e n t  of oxy- 

gen (as ox ides )  can be  a c t i v a t e d  i n  cons ide rab ly  less t ime--at  

t h e  expense of reduced hydrogen s t o r a g e  c a p a c i t y .  1 1 , 1 2  

The b a s i c  r e a c t i o n  which occu r s  w i t h  h igh -pu r i t y  m a t e r i a l s  

may be summarized a s  fo l lows:  
+ 

1.08 FeTiHOel + 1.08 FeTiHleg5. (1) 

I n  p r a c t i c a l  systems t h e  hydrogen c o n t e n t ,  Hx ranges  from approx- 

ima te ly  H O e 2  t o  H I . * ,  and t h e  working range i s  expressed as 

AHx = 1.2.  Over this range t h e  thermal  load  i s  c l o s e  t o  6 2 5 0  

Btu/ lb  H2 (7 Kcallgram mole) .  H e a t  must be  removed i.n t h e  fo r -  

ward r e a c t i o n  (hydr id ing ,  charg inq  o r  a s soc i a t . i on )  , and it m u s t  

b e  supp l i ed  d u r i n g  t h e  r e v e r s e  r e a c t i o n  (dehydr id ing ,  d i s cha rg ing  

o r  d i s s o c i a t i o n ) .  The r e a c t i o n  r a t e  i s  governed by t h e  r a t e  of 

h e a t  t r a n s f e r ,  and i s  a l s o  l i m i t e d  by t h e  comparat ively  low 

thermal  c o n d u c t i v i t y  of t h e  FeTiHx bed. During hydr id ing  t h e  

system p r e s s u r e  must exceed t h e  e q u i l  i h r i  um associati .on pressure 

of  t h e  hydr ide  i n  o r d e r  f o r  t h e , r e a c t i o n  t o  proceed,  and l i k e w i s e  

du r ing  dehydr id ing  t h e  d i s s o c i a t i o n  p r e s s u r e  must exceed t h e  

p r e s s u r e  of t h e  system t h a t  hydrogen i s  d i scha rg ing  t o .  



A .demanding requiremenat of" F ~ T ~ H  i s  t h a t  it r e q u i r e s  
X 

hydrogen hav ing  a  p u r i t y  of .?99.999'%. I t  i s  s e n s i t i v e  t o  t h e  

presence  of oxygen, and a s  l i t t l e  a s  1 0  ppm w i l l  cause  a  slow 

l o s s  of  s t o r a g e ,  capac'i ty . l3 Thus hydrogen which i s  produced 

e l e c t r o l y t i c a l l y  f o r  t h i s  use  i s  p u r i f i e d  by r e a c t i n g  it w i t h  

. t h e  r e s i d u a l  oxygen, i n  a  c a t a l y t i c  r e a c t o r ,  and t h e  wate r  

formed i s  removed by a  d ry ing  agent .  

The equ i l i b r ium between a  decomposable hydr ide  and hydro- 

gen i s  desc r ibed  by a  p l o t  of p r e s s u r e  v e r s u s  composit ion f o r  

a  g iven tempera ture .  This  r e l a t i o n s h i p  i s  shown i n  F igu re  1 

2 f o r  hydr ide  produced from zone-ref ined Fe and T i  ; t h e  charac-  

t e r i s t i c s  of t h e  FeTiH used i n  t h e  p r e s e n t  work c l o s e l y  approx- 
X 

imate  t h o s e  i l l u s t r a t e d .  T h e  FeTi a l l o y  was one of two ba t ches  

produced by Titanium Metals  Corp.,  a  Div is ion  of N.L. I n d u s t r i e s .  

T e s t i n g  showed t h a t  t h e  second b a t c h ,  des iqnafed  ML-2, had a  

h ighe r  s t o r a g e  c a p a c i t y ,  presumably because of i t s  lower oxygen 

c o n t e n t ;  s o  it was s e l e c t e d .  In  t h e  pressure-composi t ion p l o t  

t h e  upper curve i s  f o r  t h e  forward r e a c t i o n  i n  which hydrogen 

i s  s t o r e d ,  and t h e  lower curve  i s  f o r  t h e  r e v e r s e  r e a c t i o n  i n  

which hydrogen i s  r e l e a s e d .  Hydride composit ion i s  expressed  

a s  t h e  atom r a t i o  of hydrogen t o  me ta l ,  H/M. Thus f o r  t h e  

l i m i t i n g  composi t ion,  FeTiH2, H = 2 and M = 1+1; t h e r e f o r e  H/M = 

2/2 = 1, t h e  h i g h e s t  va lue  of t h e  a b s c i s s a .  In  o t h e r  words, a t  

any p o i n t  t h e  va lue  of x  i s  twice  t h a t  of  H/M. The p r e s s u r e  

d i f f e r e n c e  between t h e  curves  i s  du'e t o  h y s t e r e s i s ,  a  phenomenon 

which i s  n o t  c l e a r l y  understood.  I ts  e f f e c t  i s  t h a t  hydrogen 



i s  r e l e a s e d  a t  a lower p r e s s u r e  than  i s  r e q u i r e d  t o  s t o r e  

hydrogen. The s t e e p  i n i t i a l  rise i n . p r e s s u r e  i s  t h e  r eg ion  

of  s o l i d  s o l u t i o n  of  hydrogen i n  t h e  me ta l  l a t t i c e ;  t h e  p l a t e a u  

i s  t h e  r eg ion  of FeTi and FeTiHl; and t h e  subsequent  r i s e  i s  t h e  

r eg ion  of  FeTiHl and FeTiH2. I n c r e a s i n g  t h e  system tempera ture  

causes  t h e  hydrogen p r e s s u r e  t o  i n c r e a s e ,  and i s  i l l u s t r a t e d  by 

t h e  i so therms  shown i n  Reference 2 .  



D e s c r i p t i o n  of  Equipment and , :Opera t ion  

The h y d r i d i n g  and dehydr id ' ing  r e a c t i o n s  r e q u i r e  a n  atmos- 

p h e r e  of  h i g h - p u r i t y  hydrogen and a  means o f  h a n d l i n g  t h e  t h e r m a l  

l o a d  i n  o r d e r  t o  b e  s u s t a i n e d .  T h i s  need i s  s a t i s f i e d  t h r o u g h  

t h e  u s e  o f  a  c l o s e d  c o n t a i n e r  ( p r e s s u r e  v e s s e l )  p r o v i d e d  w i t h  a  

h e a t  exchanger .  Such a  v e s s e l  i s  c a l l e d  a  h y d r i d e  r e s e r v o i r ;  

e x p e r i m e n t a l  u n i t s  a r e  g e n e r a l l y  r e f e r r e d  t o  a s  t e s t  beds .  The 
. . 

u n i t  used f o r  t h i s  work was named t h e  ESEERCO T e s t  Bed. A 

r e s e r v o i r  a l s o  r e q u i r e s  a  p a r t i c l e  b a r r i e r ,  o r  f i l t e r ,  t o  r e t a i n  

t h e ' f i n e  p a r t i c l e s  produced by a t t r i t i o n .  Connec t ions  f o r  t h e  

t r a n s f e r  of  hydrogen and f o r  t e m p e r a t u r e  and p r e s s u r e  s e n s o r s  

a r e  a l s o  needed.  The h e a t  exchanger  may be  immersed i n  t h e  bed 

o r  it may be  i n  t h e  form o f  a  w a t e r  j ,acket  o r  i t s  e q u i v a l e n t .  

They a r e  c l a s s i f i e d  a s  i n t e r n a l  and e x t e r n a l  t y p e s ,  r e s p e c t i v e l y ,  

and b o t h  r e l y  on t h e r m a l  conduc t ion  i n  t h e  f iydr ide .  Each t y p e  

can  be  c o n s i d e r e d  a s  a  u n i t  h e a t - t r a n s f e r  c e l l ;  namely, a s  a  

c y l i n d e r  hav inq  a  w a t e r  t u b e  on i t s  a x i s  o r  a s  a  c y l i n d e r  hav inq  

w a t e r  on i t s  e x t e r n a l  s u r f a c e .  

The ESEERCO T e s t  Bed was conce ived  a s  a  c y l i n d r i c a l  h e a t -  

t r a n s f e r  ce l l  hav ing  a  w a t e r  j a c k e t  and a  porous-meta l  t u b e  (PKT) 

on i t s  l o n g i t u d i n a l  a x i s ;  t h u s  b o t h  t h e  h e a t  and hydrogen f l o w s  

a r e  r a d i a l .  I n  t h i s  c o n c e p t  t h e  r e q u i r e d  nun-ber of  h y d r i d e  con- 

t a i n e r s  would be  a r r a n g e d  hori 'zontal1.y i n  a t a n k  p r o v i d e d  w i t h  

c i r c u l a t i n g  w a t e r .  The e x t e r n a l - f l u i d  t y p e  of  h e a t - t r a n s f e r  c e l l  

h a s  a n  a p p a r e n t  advan tage  i n  t h a t  t h e  h e a t - t r a n s p o r t  f l u i d ,  w a t e r  



in this case, is adjacent to the major part of the cross-sectional 

area of the bed. The water tank is not a pressure vessel, and 

the hydride containers are small-diameter pressure vessels. A 

cell diameter of 6 inches was selected for the ESEERCO Test Bed 

on the basis of experience obtained with the 3-inch-diameter, 

internal-fluid-type of cell used in the 10-lb hydrogen' reservoir 

constructed for Public Service Electric and Gas Company of New 

Jersey. In comparing the geometric factors .involved in these 

two types of cells, it was judged that a 6-inch-diameter cell 

of the external-fluid-type would approa.ch the performance of the 

3-inch-diameter internal-fluid-type of cell. 

The vessel was made from 6-in. schedule 10 pipe, (0.134-inch 

nominal wall thickness) welded to two end caps, and the bottom 

cap was provided with a baffle plate to support the bed. A 

sketch of the test bed.without its removable water jacket is 

shown in Figure 2 and the vessel components are shown in Figure 

3 .  All of the structural components were made of type 316 

stainless steel. A 5/8-in.-O.D. PMT was used as the particle 

barrier; this material has a filtration rating of n , S  brM (micron) 

and a wall thickness of 1/16 in. The fixture for supporting the 

thermocouples was attached to the t o p  cap, and thc completed 

assembly is shown in Figure 4. Twenty-one thermocouples were 

provided for measuring internal temperatures both radially and 

axially. Their general arrangement. is shown in the test bed 

sketch and their specific locations are listed in Table 1. The 



t h r e e  r a d i a l  p o s i t i o n s  were 1 2 0 °  a p a r t ;  and thermocouples w e r e  

l o c a t e d  a t  0,  25, 50 and 87.5% of t h e  n e t  c r o s s - s e c t i o n a l  a r e a  

(CSA). Iron-Constantan thermocouples having 1/16-in.-O.D. 

shea ths  of s t a i n l e s s  s t e e l  were i n s t a l l e d  i n  groups of t h r e e ,  

pa s s ing  through Tef lon s e a l s .  

A photograph of t h e  completed v e s s e l  b e s i d e  i t s  wate r  

j a c k e t  i s  shown i n  F igu re  5 ,  and t h e  tes t  bed may be seen on i t s  

s t and  i n  F igu re  6 .  The v e s s e l  was designed i n  accordance wi th  

t h e  ASME Code, Sec t ion  V I I I  D iv i s ion  1, P r e s s u r e  Vesse l s .  I ts  

des ign  p r e s s u r e  was 6 3 3  p s i g  and t h e  h y d r o s t a t i c  t e s t  p r e s s u r e  

was 950 p s i g .  A l l  major welds were X-Rayed and found s a t i s f a c -  

t o r y .  Subsequent ly ,  t h e  v e s s e l  passed a  helium l e a k  tes t .  

In  p r e p a r a t i o n  f o r  t h e  exper imenta l  program, t h e  FeTi a l l o y  

was broken up i n t o  1- t o  1 .5- in .  lumps and then ground and s i z e d  

a t  BNL. Except f o r  t h e  2 %  of f i n e s  which passed through a  1 0 0 -  

mesh s i e v e ,  t h e  m a t e r i a l  was used a s  ground; t h e  l a r g e s t  p a r t i c l e s  

al lowed were t h o s e . t h a t ' p a s s e d  through a  4-mesh' s i e v e .  F igu re  7 

i s  a  f u l l - s c a l e  p i c t u r e  of a l l o y  having t h i s  range of p a r t i c l e  

s i z e s ,  t h e  range being des igna t ed  a s  -4 + 1 0 0  mesh s i z e .  A 

loosely-packed bed of t h e  84 lb of a l l o y  used was ob ta ined  by 

r o l l i n g  t h e  v e s s e l  around i t s  l o n g i t u d i n a l  a x i s  and then c a r e f u l l y  

s t a n d i n g  it up. A t  t h i s  t i m e  . the  vo id  space  was 47%, and it was 

e s t ima ted  t h a t  bed dep th  would i n c r e a s e  t o  about  f o u r  d i ame te r s  

a s  a  r e s u l t  of  t h e  15% volumet r ic  expansion expected upon con- 

v e r s i o n  t o  t h e  hydr ide .  The p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  



a l l o y  i s  .given i n  Table  2 ,  and t h e  r e s u l t s  of t h e  chemical  

a n a l y s i s  a r e  provided i n  Table  3. I ts oxygen c o n t e n t  w a s  620 PPM, 

an a c c e p t a b l e  l e v e l .  

The a c t i v a t i o n  s t e p ,  i n  which t h e  FeTi a l l o y  was conver ted  

t o  t h e  hydr ide ,  was s t a r t e d  by h e a t i n g  t h e  t e s t  bed (wi thout  i t s  

j a c k e t )  t o  n e a r l y  600°F ( 3 1 ~ ~ ~ )  under vacuum. During t h i s  pe r iod  

t h e  bed was f l u s h e d  w i t h  hydrogen s e v e r a l  t imes .  For t h i s  opera- 

t i o n  t h e  v e s s e l  was wrapped wi th  h e a t i n g  c a b l e  and i n s u l a t i o n ;  

it was suppor ted  by t h e  s k i r t  r i n q s  r e s t i n g  on two s e t s  nf r n l l e r s  

s o  t h a t  i t  could  be o c c a s i o n a l l y  o s c i l l a t e d  about  i t s  h o r i z o n t a l  

,. a x i s  and k e p t  l o o s e l y  packed. Subsequent ly  hydrogen was admi t ted  

a t  30 p s i a  and t h e  t e s t  bed was al lowed t o  c o o l  w i th  t h e  i n s u l a -  

t i o n  removed. OR t h e  fo l lowing  day t h e  charg ing  pressure was 

i n c r e a s e d  t o  500 p s i a  and t h e  r e a c t i o n  was al lowed t o  con t inue  

f o r  t h r e e  days  b e f o r e  t h e  r e s e r v o i r  was hea ted  t o  600°F and 

evacuated.  A f t e r  twelve dail..y hydridg-dehydridc c y c l e a ,  t h e  

m a t e r i a l  reached 92% of  i t s  dynamic working c a p a c i t y  which was 

l a t e r  found t o  be  1 l b  of  hydrogen. Although t h e  a c t i v a t i o n  

s t e p  i s  t i m e  consuminq, it i s  necessary  nnly  i n i t i . a l l y .  I f  t h c  

hydr ide  should become contaminated e i t h e r  through t h e  use  of 

impure hydrogen o r  t h e  admission of a i r  o r  wate r  vapor t o  t h e  

system, i t s  s t o r a g e  c a p a c i t y  czn be r e s t o r e d  by r e a c t i v a t i o n  

under c o n d i t i o n s  s i m i l a r  t o  t h o s e  used i n i t i a l l y .  

The equipment f low diagram f o r  t h e  system i s  shown in 

Figure  8 .  Most of t h e  components a l s o  appear  i n  F igu re  9 which 



shows t h e  i n s t rumen t . and  c o n t r o l  pane l  boards .  The wate r  t a n k ,  

pump and a s soc i a t ed ,  equipment, a s  w e l l  a s  t h e  tes t  bed a r e  

l o c a t e d  b e t w e e n - t h e  pane l  boards .  A l l  of  t h e  v a l v e s  normal ly  

ope ra t ed ,  t h e  p r e s s u r e  r e g u l a t o r ,  and t h e  p r e s s u r e  gauges were 

mounted on t h e  f r o n t  of t h e  c o n t r o l  pane l  board.  The thermal  

mass f lowmeters were mounted behind it. During hydr id ing  t h e  

f low p a t h  was through va lves  6 ,  4 and/or 17 ,  7 , 2  and 1; and 

du r ing  dehydr id ing  t h e  pa th  was through v a l v e s  1, 2 ,  3 ,  4 and/or 

17 and 5. The v e s s e l  and i t s  c o n t e n t s  w e r e  p r o t e c t e d  by a  rup- 

t u r e  d i s c ,  r a t e d  t o / b u r s t  a t  635 p s i a ,  and a  r e l i e f  v a l v e  which 

opened a t  560 p s i a .  Th i s  v a l v e  was used t o  p reven t  any e n t r y  

of a i r  i n  e v e n t  of  a d i s c  r u p t u r e .  The normally-open exces s  

f low va lve  se rved  t o  keep t h e  d i s c h a r g e  s i d e  of t h e  d i s c  a t  

a tmospher ic  p r e s s u r e ;  i n  even t  of a  r u p t u r e  it would c l o s e .  The 

v e n t  l i n e  was a l s o  provided wi th  a  check va lve  ( n o t  shown) t o  

p reven t  e n t r y  of a i r  whenever hydrogen was r e l e a s e d .  In  t h e  

c losed- loop wate r  system, t h e  tank  tempera ture  was main ta ined  a t  

t h e  d e s i r e d  va lue  by c o n t r o l l i n q  t h e  amount of make-up co ld  o r  

h o t  wate r ,  and t h e  e q u i v a l e n t  volume flowed t o  t h e  d r a i n .  

The ins t rument  pane l  was provided wi th  d i g i t a l  and ana log  

d a t a  a c q u i s i t i o n  ins t ruments .  Hydrogen p r e s s u r e ,  f low r a t e ,  

i n t e g r a t e d  f low,  FeTiHx tempera tures ,  wate r  i n l e t  and o u t l e t  

t empera tures ,  a s  w e l l  a s  t h e  t ime and d a t e ,  were recorded  i n  

d i g i t a l  form. A s e l e c t o r  s w i t c h  was provided f o r  r eco rd ing  t h i s  

d a t a  a t  i n t e r v a l s  ranging  from 1 t o  16 minutes .  The hydrogen 

p r e s s u r e  was a l s o  recorded d i r e c t l y  s o  t h a t  t h e  p r e s s u r e  t r e n d  



w a s  always v i s i b l e .  During hydr id ing  , t h e  . regula . ted p r e s s u r e  

w a s  k e p t  25-75 p s i  h ighe r  than  t h e  r e s e r v o i r  p r e s s u r e ,  by 
% .  

manual advancement of t h e  p r e s s u r e  r e g u l a t o r , . i n  o r d e r  t o  e a s e  

manual c o n t r o l  o f  t h e  hydrogen f low r a t e .  Con t ro l  was cons ide r -  

a b l y  more d i f f i c u l t  du r ing  the .  e a r l y  s t a g e  of dehydr id ing  because 

of  t h e  h igh  p r e s s u r e  drop a c r o s s  t h e  va lve .  

The f i r s t  dehydr id ing  o p e r a t i o n  was perforineC when i t  was 

concluded t h a t  s u t f i c i e n t  t i m e  had bcen al lowed fur a c t i v a t i o n .  

Hydrogen was d i scha rged  du r ing  t h r e e  o p e r a t i n g  p e r i o d s  u n t i l  t h e  

bed p r e s s u r e  decreased  t o  19 p s i a .  The amount r e l e a s e d ,  1 -19  l b ,  

was i n  exces s  of t h e  dynamic .opera t ing  amount because of t h e  long 

charg ing  t i m e  used du r ing  a c t i v a t i o n .  A f t e r  ano the r  hydr ide-  

dehydr ide  c y c l e ,  t h e  flowmeter t h r o t t l i n g  v a l v e s  w e r e  r ep l aced  

w i t h  micrometer need le  v a l v e s  i n  o r d e r .  t o  improve f low c o n t r o l .  

S e v e r a l  compression-type tube  f i t t i n g  j o i n t s  were a l s o  changed 

t o  welded c o n s t r u c t i o n .  The aI:~ove runE made dur ing  the f irst  

two c y c l e s  pxovided t r a i n i n g  f o r  t h e  o p e r a t o r s  and a f i n a l  check- 

o u t  of t h e  system. 



Exper imenta l  Reau ' l t s  and Discussi 'on 

The f i r s t  f.ormal series o f  runs  was, made f o r  t h e  purpose  

o f  de t e rmin ing  t h e  l e n g t h  o f  t i m e  t h a t  v a r i o u s  hydrogen f low 

r a t e s  cou ld  be  s u s t a i n e d  f o r  b o t h  p a r t s  of  t h e  c y c l e .  Water 

was c i r c u l a t e d  through t h e  j a c k e t  a t  2 GPM a n d  30°c ( 8 6 O ~ )  

d u r i n g  hyd r id ing ,  and a t  50°c ( 1 2 2 ' ~ )  d u r i n g  dehyd r id ing .  The 

hydrogen f low rates s t u d i e d  were 40, 30, 2 5 ,  15  and 10 s t a n d a r d  

l i te rs  p e r  minute  (SLPM, a t  14.7 p s i a  and 20°c ( 6 8 O ~ )  ) . I n  each 

c a s e ,  o p e r a t i o n  was con t inued  u n t i l  1 l b  (5409 l i t e r s )  of hydro- 

gen was t r a n s f e r r e d .  The l i m i t i n g  p r e s s u r e s  f o r  h y d r i d i n g  and 

dehyd r id ing  w e r e  500 p s i a ,  and approx imate ly  16 p s i a ,  r e s p e c t i v e -  

l y .  For t h e  cha rg ing  h a l f  of t h e  c y c l e  t h e s e  t i m e s  ranged from 

72  t o  519 minu tes ,  and f o r  t h e  d i s c h a r g i n g  h a l f  t h e y  w e r e  79-510 

minu tes .  T h i s  v a r i a t i o n  i n  t h e  t i m e  of  s u s t a i n e d  f low r a t e  f o r  

each h a l f  of t h e  c y c l e  i s  shown i n  F i g u r e s  10 and 11, a long  w i t h  

t h e  amount of  hydrogen t r a n s f e r r e d .  The lower c u r v e s  show t h a t  

lower f low r a t e s  can be s u s t a i n e d  f o r  l o n g e r  t i m e s ,  and t h e  

upper c u r v e s  show t h e  t o t a l  amount of hydrogen t r a n s f e r r e d  f o r  

t h e  t i m e  of s u s t a i n e d  f low r a t e .  For  example, t h e  cha rg ing  r a t e  

of  30 SLPM w a s  s u s t a i n e d  f o r  115 minu tes  ( lower  c u r v e ) ,  and f o r  

t h i s  t i m e  0.65 l b  of  hydrogen was t r a n s f e r r e d  (upper  c u r v e )  . A l l  

o f  t h e  f low d a t a  f o r  t h i s  series of  runs  i s  l i s t e d  i n  Tab l e  4 .  

P a r t s  of  c y c l e s  3 ,  4 and 5  were performed i n  more than  one opera-  

t i o n  a f t e r  t h e  t i m e  f o r  each s u s t a i n e d  f low r a t e  was o b t a i n e d .  

The dynamic composi t ion range  was c l o s e  t o  FeTiH0.175 - FeTiH1.400; 



t h u s  AHx = 1.225 f o r  t h e  above o p e r a t i n g  c o n d i t i o n s .  . . . . 

A l l  of  t h e  . above..  . d a t a  . o b t a i n e d  f o r .  t h e  t h i r d  (E03) a r e  

shown i n  p l o t t e d  form i n  F i g u r e s  1 2 . t h r o u g h  17 .  A s  s e e n  from 

F i g u r e  12  and Tab l e  4 ,  t h e  cha rg ing  f low r a t e  o f  40 SLPM i n  

Run E03C1 w a s  ma in t a ined  f o r  72 minu t e s ,  a t  which t i m e  t h e  

d e s i r e d  p r e s s u r e  of  500 p s i a  was a t t a i n e d  and 0.532 l b  o f H 2  

was charged.  The f l o w  ra . te  r a p i d l y  d e c r e a s e d ,  and when o i ~ e  ul: 

t h e  f iowmete rs  was t . u r n e d . o f f ,  t h e r e  was a  ' smal l  s t e p  change  i n  

t h e  r a t e .  During r e c a l i b r a t i o n  o f  t h e  f lowmeters  it was found 

t h a t  t h e i r  e r r o r s  w e r e  i n  oppos ing  d i r e c t i o n s .  An  ave r age  o f  

t h e  f l ow  r a t e  v a l u e s  was p l o t t e d  d u r i n g  t h e  t i m e  of  s u s t a i n e d  

f low r a t e ;  t h e r e a f t e r  t h e  i n s t a n t a n e o u s  f low r a t e s  w e r e  used .  

The d e c r e a s e  i n '  r e s e r v o i r  p r e s s u r e  a f t e r  t h e  end o f  hydrogen .  

f low was due t o  c o n t i n u e d  h y d r i d i n g .  Subsequen t ly  hydrogen was 

charged  f o r  an  a d d i t i o n a l  84 minu tes  u n t i l  t h e . t o t a 1  amount was 

0 . 9 9 9  l b .  I n  Run E03DI t . h ~  f low ra te  of  40 SLPM w a s  ma in t a ined  

for 75  minu t e s ,  and U.b' /Y l b  o f  H 2  w a s  d i s c h a r g e d .  Subsequen t l y ,  

t h e  t es t  bed p r e s s u r e  r e cove red  enough t o  d i s c h a r g e  more hydro- 

gen,  and the t o t a l  amount r e l e a s e d  .was 1.057 l b .  

The t empe ra tu r e  measurements  mad^ i i i ir inq t h e  t h i r d  o y c l c  a t  

mid-height  o f  t h e  bed a r e  p l o t t e d  as tempera. ture p r o f i l e s  i n  

Figurc3 1 4  and 15, and a s  t empe ra tu r e  h i s t o r y  i n  F i g u r e s  16 and 

17.  I n  each  c a s e  t h e  t empe ra tu r e  v a l u e  p l o t t e d  i s  t h e  ave r age  

o f  t h r e e  r e a d i n g s  t a k e n  from thermocouples  120° a p a r t ;  and fo r  

any group of t h r e e ,  t h e  v a l u e s  were always w i t h i n  a  r ange  o f  ~ O C  



(5.  OF) . The profiles during charging (Figure 14) showed that 

the maximum temperature occurred essentially when 500 psia was 

reached and the flow rate started to decrease below 40 SLPM. 

During the first 73 minutes of rising temperature profiles, the 

maximum temperatures were located close to the 18% line of the 

cross-sectional area. The lower temperature at the PMT was due 

to the cooling effect of the incoming hydrogen; this effec-t 

diminished as the flow rate decreased. At the vessel wall the 

temperatures converged at approximately 30°c (86O~) , the tempera- 

ture of water flowing along the outer wall of the vessel. A 

similar set of profiles for the discharging ha'lf of the cycle 

is shown in Figure 15. When the flow rate could not be sus- 

tained at 40 SLPM, after 79 minutes of operation, the temperature 

was close to being the minimum value measured. Bed temperatures 

during charging are plotted as a function of time in Figure 16. 

Practically all of the temperatures decreased as soon as the 

flow rate began to fall below 40 SLPM at the end of 72 minutes. 

There was some difficulty in maintaining the water temperature 

at 30°c here, and somewhat more difficulty in maintaining the 

water at 50°c ( 1 2 2 ~ ~ )  during discharging (Figure 17). The 

latter variations were caused by large temperature changes in 

the hot water supply, and the effect of these variations was 

evident to at least the 87.5% - CSA zone. 
All of the remaining data obtained on the time variation of 

reservoir pressure, flow rate and amount of hydrogen transferred, 



f o r  c y c l e s  E04 through E08, ar.e p l o t t e d ' i n  F igu res  18 th rough  

27 .  Discuss ion  of . t h e  r e s u l t s  w i l l  be  l i m i t e d  t o  t h o s e  f o r  

c y c l e  E08, i n c l u d i n g  t h e  tempera ture  h i s t o r i e s  and p r o f i l e s ,  

because t h e  f low r a t e  of 10 SLPM i s  c l o s e  t o  be ing  t h e  10-hour 

r a t i n g  of t h i s  t e s t  bed f o r  t h e  e l e c t r i c - u t i l i t y  a p p l i c a t i o n .  
. . 

I n  t h e  charg ing  run  (E08C1) t h e  f low r a t e  was s u s t a i n e d  f o r  519 

minutes (8.65 H R ) ,  a t  which t ime t h e  t e s t -bed  p r e s s u r e  reached 

500 p s i a ;  t h e r e a f t e r  t h e  f low r a t e  decreased  very r a p i d l y ,  a t  

f i r s t ,  and t h e n  g r a d u a l l y  t o  a  f i n a l  v a l u e  of 3.61 SLPM. When 

t h e  hydrogen supply  was tu rned  o f f ,  t h e  bed p r e s s u r e  began t o  de- 

c r e a s e  toward t h e  e q u i l i b r i u m  a s s o c i a t i o n  va lue  a s  hydrogen i n  t h e  

g a s  phase cont inued  t o  r e a c t  w i t h  t h e  c o o l i n g  hydr ide  a t  t h e  bed 

i n t e r i o r .  The curve  f o r  p r e s s u r e  shows, a t  any t i m e ,  t h e  v a l u e  

neces sa ry  t o  ma in t a in  t h e  f low r a t e .  In  t h e  d i s c h a r g i n g  run 

(E08D1) t h e  f low r a t e  was s u s t a i n e d  f o r  510 minutes (8.50 H R )  , by 

which t ime.  t h e  p r e s s u r e  had decreased  t o  18 p s i a .  Thc bcd pres- 

sure began t o  r ecove r  toward t h e  e q u i l i b r i u m  v a l u e  a f t e r  f low 

w a s  s topped.  A s  mentioned p r e v i o u s l y ,  e x t r a p o l a t i o n  of t h e  r a t e  

d a t a  showed t h a t ,  f o r  , the  wate r  temperat-ures a.nd t e r m i n a l  p re s -  

s u r e s  used,  t h e  ESEERCO T e s t  Bed could s u s t a i n  a  f low r a t e  of 

c l o s e  t o  9.SLPM f o r  each 10-hour p a r t  of t h e  c y c l e .  Th i s  r a t e  

is  e q u i v a l e n t  t o  1.19 x  gram H2/Hr-gram FeTi a l l o y ,  o r ' 1 . 1 9  

x l b  H 2 / H r  l b  FeTi a l l o y ,  over  t h e  composit ion range  



, . .  . . , . . .. 

Curves of the temperature history for both parts of the 
. . 

2 .  - 

cycle are shown in Figures 28 and 29. In each case the inner 

50% of the bed went through a temperature wave during the period 

of constant flow rate. Several factors contributing to this 

shape' are mentioned below; however, others may be involved. At 
. . .. . 

the start of hydriding the bed is essentially isothermal and the 

incoming hydrogen begins to react throughout the bcd. The inner 

bed material, being farther away from the coolant, increases more 

rapidly in temperature, as shown in Figure 28. These gradients 

increase as the reaction proceeds. The reaction .occurs in the 

bed wherever the charging pressure exceeds the equilibrium 
< , . 

association pressure for that local bed temperature. Thus, where 

the temperature is increasing more rapidly, the reaction rate 

decelerates and causes the temperature to begin leveling off as 
. ., .. 

dynamic equilibrium is approached. The temperature data show 
- . .* 

that the reaction zone proceeds inwardly (toward 0% CSA). Because 

bed material at the inner zones has become higher in temperature, 

it doesn't resume reacting until the pressure becomes moderately 

high and again exceeds the equilibrium association pressure. 

Then as this material reacts, its temperature rises again because 

it is farther from the coolant. One factor contributing to the 

temperature trough is that the thermal conductivity of the hydride 

increases as the pressure increases; thus lower temperatures 

(lower at's) are satisfactory for transfer of heat to the coolant. 

~ikewise pait of the final rise in temperature is due to an 



increase in heat release as more of the bed material is con- 

verted from the monohydride to the dihydride. 

The shape of the temperature-history curve for the dis- 

charge part of the cycle is similar to the previous curve, but 

is inverted because heat must be added to the system. At the 

start of dehydridih4 the bed is essentially isothermal 'and some 

hydrogen is released throughout the bed along with the free gas. 

The inner bed material, being farther away from t-he hot. water in 

the jacket, decreases more rapidly in temperature, as shown in 

Figure 29. These gradients increase as the reaction proceeds. 

The reaction occurs in the bed wherever the equilibrium dissocia- 

tion pressure for that local bed temperature exceeds the pressure 

in the test bed. The initial temperature gradients are lower 

than during charging because the thermal conductivity is higher 

at the pressures involved. One factor contributing to the tempera- 

ture trough is that less heat is required as the dihydri8e content 

of the bed decreases. Part of the final decrease in temperature 

is due to further reduction in thermal conductivity at low pres- 

sure. The temperature profiles in the bed are shown in Figures 

30 and 31 for both parts of the cvcle, AS is e v i d e n t  i n  t h e  

temperature-history curves, the temperature gradients are greatest 

at the end of the sustained-flow-rate period. The difference in 

these two gradients is mainly due to the substantial differences 

in thermal conductivity of the bed. A better understandinq of 

FeTiHx behavior will be possible when more detailed pressure- 

temperature-composition data are available. 



Some a d d i t i o n a l  u s e f u l  i n fo rma t ion  was o b t a i n e d  ,from two 

of  t h e  o t h e r  r uns . comple t ed  a f te r  t h e  c o n t r a c t  p e r i o d  ended. 

Run E l O D l  was made a t  9 SLPM i n  o r d e r  t o  de t e rmine  i f  t h i s  r a t e  

cou ld  be s u s t a i n e d  f o r  10 hours .  The i n i t i a l  wa t e r  t empe ra tu r e  

was s l i g h t l y  less than  70°c ( 1 5 8 O ~ ) ,  and it  was g r a d u a l l y  i n -  

c r e a s e d  t o  80°c ( 1 7 6 ~ ~ )  over  t h e  n e x t  2 .5  hours  ., . . A s  expected. ,  

t h e  e n t i r e  1 l b  of  hydrogen was re leased .  a t  9 SLPM. The t e r m i n a l  

p r e s s u r e  was 45 p s i a ,  and 0 .935  l b  was t r a n s f e r r e d  b e f o r e  t h e  

p r e s s u r e  f e l l  below 100 p s i a .  Under t h e s e  dynamic c o n d i t i o n s  t h e  

1 l b  of  hydrogen r e l e a s e d  was i 8 3 %  o f  t h a t  e s t i m a t e d  from t h e  

e q u i l i b r i u m  d a t a .  

I n  t h e  o t h e r  r u n ,  t h e  ESEERCO T e s t ' B e d  was compared w i t h  

t h e  b e s t  p resen t -day  l e ad -ac id  b a t t e r y  i n  a  s t a n d a r d  d i s c h a r g e  

tes t .  I n  a  15'-second test  made w i t h  a  b a t t e r y  a t  t h e  50% d i s -  

charge  p o i n t ,  i t s  expec ted  r a t i n g  i s  130 W/kg. l4 Although t h e  

t e s t -bed  r a t i n g  was l i m i t e d  by t h e  f lowmeter  r ange ,  it was 

determined t h a t  t h e  b a t t e r y  r a t i n g  ( a t  100% e f f i c i e n c y )  cou ld  

0 be  s u s t a i n e d  f o r  31  minu tes  u s ing  h e a t i n g  wa te r  a t  80 C .  Thus 

t h e  t es t  bed has  c o n s i d e r a b l y  more r e s e r v e  c a p a c i t y  than  t h e  

b a t t e r y  i n  t h i s  d i s c h a r g e  t e s t .  



Modeling Stu 'd ies  . 

Some work w a s  done on modeling i n  o r d e r  t o  examine t h e  

dynamic behavior  of a  hydr ide  bed and e s t a b l i s h  t h e  e f f e c t  of  

system v a r i a b l e s  on t h e  hydr id ing  and dehydr id ing  r a t e s .  These 

r e s u l t s  w i l l  be used i n  op t imiz ing  t h e  d e s i g n  of l a r g e r  u n i t s .  

I n  t h e  p r e s e n t  conduction-bed model, h e a t  i s  t r a n s f e r r e d  a c r o s s  

t h e  containment  w a l l ;  a  v a r i a t i o n  of t h i s  c l a s s  of beds i s  one 

having heat-exchanger t ubes  i n  t h e  bed. A thermal  advantage of 

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

a d j a c e n t  t o  t h e  major p a r t  of t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  

bed. The thermal  c o n d u c t i v i t y  va lue  used f o r  t h e  bed was one 

o b t a i n e d  by measurement; a  va lue  cons idered  r e p r e s e n t a t i v e  f o r  

t h e  o p e r a t i n g  p r e s s u r e  range was s e l e c t e d .  Thus t h e  va lue  i s  

an e f f e c t i v e  one and i s  comprised of t h e  p a r t i c l e ,  i n t e r p a r t i c l e  

and hydrogen c o n d u c t i v i t i e s .  The a n a l y t i c a l  procedures  involved 

s o l v i n g  t h e  energy and mass ba lance  equa t ions  given below: 

and 

where 4 = f(T,H/M,P) . ( 4  

The tempera ture  and composit ion s o l u t i o n s  of t h e s e  equa t ions  were 

sought  by t h e  method of f i n i t e  d i f f e r e n c e s ,  u s ing  a CDC 6 6 0 0  com- 

p u t e r ,  f o r  t h e  fo l lowing  boundary c o n d i t i o n s :  



where . . . . .  

k = e f f e c t i v e  the rmal  c o n d u c t i v i t y  of  h y d r i d e  bed,  1.0 

Btu/hr-f t 2 - ~ F  

bed t empe ra tu r e ,  OF 

0 average  t empe ra tu r e  of w a t e r ,  F . 

a x i a l  c o o r d i n a t e ,  f t  

r a d i a l  c o o r d i n a t e ,  f t  

vo id  f r a c t i o n  i n  bed 

3 r e a c t i o n  r a t e ,  l b  H2/hr- f t  

h e a t  o f  r e a c t i o n  Rtu / lb  H 2 

h e a t  t r a n s f e r  c o e f f i c i e n t ,  B t u / h r - f t 2 - ~ F  

h y d r i d e  d e n s i t y ,  l b / f t  3 

0 
hyd r ide  h e a t  c a p a c i t y ,  Btu/ lb-  F 

t i m e ,  h r  

r a t i o  of  hydrogen atoms t o  me ta l  atoms f o r  a 

g iven  hyd r ide  

molecu la r  we igh t  o f  t h e  h y d r i d e ,  l b / l b  mole 

number of me ta l  atoms p e r  "molecule"  of a  g iven  

hyd r ide  

P - - p r e s s u r e ,  a t m  

Z = l e n g t h  of t h e  h y d r i d e  bed,  f t .  



I n  o r d e r  t o  ach ieve  t h e  c o n s t a n t  d i s c h a r g e  r a t e ,  a  l i n e a r  

dec reas ing  e x t e r n a l  p r e s s u r e  v a r i a t i o n ,  , ob ta ined  from t h e  ex- 

pe r imen ta l  d a t a ,  w a s  used a s  an i n p u t .  The main o u t p u t s  from 

t h e  model w e r e  t h e  hydrogen charg ing  and d i scha rg ing  r a t e s  of 

t h e  system and t h e  tempera ture  p r o f i l e s  i n  t h e  bed. Good agree-  

ment w a s  ob t a ined  between t h e  exper imenta l  and a n a l y t i c a l  r a t e  

d a t a ,  a s  shown i n  F igu re  3 2  f o r  Run E08D1. I n  comparing the 

a n a l y t i c a l  t empera tu re  prof i les ,  shnwn i n  F i g u r e  31, i,t i c  

e v i d e n t  t h a t  t h e  agreement was good on ly  a t  t h e  end of t h e  

p e r i o d  of s u s t a i n e d  hydrogen flow r a t e .  The p r o f i l e s  f o r  240 

minutes  d i f f e r e d  by ~ O C  ( 1 0 . 8 O ~ ) .  w i t h  t h e  t es t  hcrl being 

h i g h e r  i n  t empera ture .  A t  132 minutes t h e  p r o f i l e s  d i f f e r e d  

cons ide rab ly ;  t h e  measured bed tempera ture  s t e a d i l y  decreased  

toward 0% CSA, and t h e  a n a l y t i c a l  p r o f i l e  was somewhat h i g h e r  

and e s s e n t i a l l y  f l a t  f o r  t h e  i n n e r  h a l f  of t h e  bed. Some 

improvement i n  t h e  r e s u l t s  can be made by us ing  p re s su re -  

dependent thermal -conduc t iv i ty  va lues  i n s t e a d  of one f i x e d  

va lue .  



Conclusions 

A small test bed of iron-titanium hydride (FeTiHx) was used 

in determining how hydride.conkainers would function as part of 

an energy storage.system that could be used by an electric utility 

company in leveling its load. The rates at which high-purity hy- 

drogen could be stored or released from the energy storage medium, 

FeTiHx, represent the rates at which off-peak power could be used 

to produce hydrogen by the electrolysis of water, and the rates 

at which hydrogen could be utilized in a fuel cell to generate 

power for satisfying a peak demand. 

It was determined that the maximum hydrogen storage capacity, 

under the operating conditions studied, was 1.19 wt% of the FeTi 

alloy, and that a uniform hydrogen flow rate of 9 standard liters 

per minute (0.32 SCFM) could be sustained for a 10-hour transfer 

period. 

The modeling studies showed that good agreement could be ob- 

tained with the experimental values for flow rate and amount of 

hydrogen discharged. A limitation of the computer program at this 

stage of development is that the pressure history must be used as 

an input. Without this information the model can be used to pre- 

dict behavior under other conditions, but the rcsults will be 

relative instead of absolute. 

The storage device performed as expected and was easy to op- 

erate. It was also demonstrated that this test bed has a substan- 

tially higher reserve capacity than the best lead-acid battery 

at the 50%-discharge condition. 



Acknowledgement 

The authors express' their appreciation to J. J. Reilly 

and.J. R. Johnson for helpful discussions on hydride behavior, 

to M. 3. Rosso for assisting with some of the operation, and 

to F. J. Salzano for his guidance during the course of the 

program. The authors are also grateful to J. Fedelem, J. Hala, 

. W. Johnson, W. Lewis., A. Wolke, and A. Wood for their efforts 

in fabrication and assembly nf t h e  equipment,! to C: Davis, 

J. Loper, and G. Schoener for their efforts in providing and 

servicing the instrumentation; to J. Fedelem and W. Lewis for 

assisting in operation of the equipment.; t n  E. Saunders and 

A. Epple for processing of the data; and to R .  Ivero for typing 

the manuscript. We also acknowledge the financial contribution 

made by Empire State Electric Energy Research Corporation 

toward the total cost of building and operating the test bed 

and its associated equipment. 



REFERENCES 

Casazza ,  J .  A . ,  Huse, R.  A . ,  S u l z b e r g e r ,  V .  T . ,  S a l z a n o ,  F .  J. 
P o s s i b i l i t i e s  f o r  I n t e g r a t i o n  o f  ~ l e c t r i c . ,  Gas, and Hydrogen 
Energy Systems.  I n t e r n a t i o n a l  Confe rence  on Large  ~ i g h  V o l t a g e  
Electr ic  Systems,  P a r i s ,  F r a n c e ,  August 21-29, 1974. 

R e i l l y ,  J. J . ,  Wiswall ,  Jr. ,  R. H .  The Format ion  and Proper -  
t i es  o f  I r o n  T i t a n i u m  Hydr ide .  I n o r g .  Chem., 1 3  218, ( 1 9 7 4 ) .  - 
S a l z a n o ,  F. J . ,  Chern iavsky ,  E .  A . ,  Isler, R .  J . ,  Hoffman, K .  C .  
On t h e  Role o f  Hydrogen i n  E l e c t r i c  Energy S t o r a g e .  Hydrogen 
Energy P a r t  B ,  p.  915-932, T .  N e j a t  V e z i r o g l u ,  Ed.,  Plenum Press 
(1975) . 
S t r i c k l a n d ,  G . ,  R e i l l y ,  J.  J . ,  Wiswal l ,  J r . ,  R.  H . , .  An 
Eng ineer ing-Sca le  Energy S t o r a g e  R e s e r v o i r  o f  I r o n  ~ i t a n i u m  
Hydride.  Hydrogen Energy P a r t  A ,  p. 611-620, T .  ~ e j a t  V e z i r o g l u ,  
Ed., Plenum Press ( 1 9 7 5 ) .  

Burger ,  J. M . ,  Lewis,  P e t e r  A . ,  I s l e r ,  R.  J . ,  S a l z a n o ,  F. J .  
Energy S t o r a g e  f o r  U t i l i t i e s  v i a  Hydrogen Systems.  9 t h  I n t e r -  
s o c i e t y  Energy Convers ion  E n g i n e e r i n g  Confe rence ,  San F r a n c i s c o ,  
C a l i f o r n i a ,  August 26-30, 1974. 

Fe rnandes ,  R.  A.  Hydrogen Cyc le  peak-Shaving f o r  ~ l e c t r i c  
U t i l i t i e s .  9 t h  ~ n t e r s o c i e t y  Energy Ccnvers ion  E n g i n e e r i n g  
Conference ,  San F r a n c i s c o ,  C a l i f o r n i a ,  August 26-30, 1974. 

S t r i c k l a n d ,  G . ,  R e i l l y ,  J .  Z. O p e r a t i n g  Manual f o r  t h e  PSE&G 
Hydrogen R e s e r v o i r  C o n t a i n i n g  I r o n  T i t a n i u m  ~ y d r i d e .  BNL 50421. 
February  1974. 

S a l z a n o ,  F. J . ,  P r o j e c t  Manager. Hydrogen P r o d u c t i o n  and 
S t o r a g e  i n  U t i l i t y  Sys tems,  Semiannual  P r o g r e s s  R e p o r t ,  
J u l y  1, 1975 t o  December 31,  1975.  BNL 50590. J a n u a r y  1976.  

S t r i c k l a n d ,  G . ,  Mi lau ,  J . ,  Yu, Wen-Shi. The ~ e h a v i o r  o f  I r o n  
T i t an ium Hydr ide  T e s t  Beds: Long Term E f f e c t s ,  Heat T r a n s f e r  
and Modeling. F i r s t  World Hyd-rogen Energy Confe rence ,  ~ i a m i  
Beach, F l o r i d a ,  March 1 - 3 ,  1976.  BNL 20876. 

Yu, Wen-Shi, Suuberg ,  E . ,  Waide, C .  H .  Modeling S t u d i e s  o f  
Fixed-Bed Metal-Hydride S t o r a g e  Systems.  Hydrogen Energy P a r t  
A,  p .  621-643, T. N e j a t  V e z i r o g l u ,  Ed. ,  Plenum P r e s s  ( 1 9 7 5 ) .  

R e i l l y ,  J. J . ,  Johnson,  J. R .  T i t a n i u m  A l l o y  Hydr ides ,  T h e i r  
P r o p e r t i e s  and. A p p l i c a t i o n s .  BNL 20791. December 1975. F i r s t  
World Hydrogen Energy Confe rence ,  Miami Beach, F l o r i d a ,  March 
1-3, 1976. 



12. Sandrock, G .  D.! R e i l l y ,  J. J., Johnson,  J.  R.  M e t a l l u r g i c a l  
Cons ide ra t ions  I n  t h e  P,roduction and Use-of  FeTi Al loys  f o r  

, Hydrogen',Storage . Proc. l . l t h .  I n t e r s o c i e t y  Energy Conversion 
Engineering.  Conference,  19.76, .p.. 9  6.5-971.. 

13 .  Salzano,  F. J . ,  P r o j e c t  Manager. ~ ~ d k o ~ e n  Produc t ion  and 
S to rage  i n  U t i l i t y  Systems, Annual P rog res s  Report ,  January 1, 
1976 t o  September 30, 1976. BNL 50631. I n  p r e s s .  

1 4 .  ERDA Na t iona l  ~ a b o r a t o r i e s  Study Group, L.  G .  O'Connell .  
The Role of Energy S to rage  Power Sys tems , i r i  Transpor ta t ion- -  
S t a t u s  Repor t ,  Volume 11, S to rage  ~ e v i c e  and Power'Systems 
Eva lua t ion .  LLL UClU-17274. September 30, 1976. 



T a b l e  1 

ESEERCO TEST-BED THERMOCOUPLE LOCATIONS 

TC No. 

1, 2 ,  3 

4 ,  5 ,  6  

7 ,  11, 1 5  

8 ,  1 2 ,  1 6  

9 ,  1 3 ,  1 7  

1 0 ,  1 4 ,  1 8  

1 9 ,  2 0 ,  2 1  

a 
E l e v a t i o n ,  i n .  

3.19 

5 . 0  

1 2 . 7 5  

1 2 . 7  5  

1 2 . 7 5  

1 2 . 7 5  

1 9 . 1 3  

C 
A n g l e ,  D e g r e e s  

a ~ e l a t i v e  t o  t h e  b a f f l e  p l a t e  w h i c h  s u p p o r t s  t h e  b e d .  

b% o f  c r o s s - s e c t i o n a l  a r e a .  

i s  a t  t h e  t o p  o f  t h e  s e c t i o n a l  c i r c l e s  i n  F i g u r e  2 .  



T a b l e  2  

U.S. Std. 
Sieve Size 

P e r c e n t  of 
T o t a l  

66.83 

' W e i g h t  of A l l o y  

Grams  P o u n d s  

2 5 , 4 6 0  5 6 . 1 4  

a F o r  b a t c h  NL-2 of F e T i  a l l o y .  



Table  3 

ANALYSIS OF BATCH NL-2 OF FeTi  ALLOY^ 

a  G r a v i m e t r i c  

Element W t  % 

s p e c t r o g r a p h i c  

Element W t  90 

a 
A s  ana lyzed  by I n t e r n a t i o n a l  Nicke l  Co. 



T a b l e  4 
, . 
! 

SU1II4ARY OF ESEERCO TEST-BED DATA FOR SUSTAINED-FLOW-RATE R U P J S ~ .  - 

ESEERCO Constant-Flow-Rate-Period Var iab le-Flow-Rate-Per iod  T o t a l s  

. Run R a t e  Time W t  P2 Time Wt P '  R a t e  W t  T  i m e  
NO.  - P SLPM Kin - Lb PS I A  Min - Lb PS?A SLPM - Lb Min - .  

a  F o r  ba-ch NL-2 of  FeTi  a l l o y .  H 2 0  c a n ~ f i i t i o n s :  2  GPH, 30°c ( 8 6 O ~ )  f o r  c h a r g i n g ,  50°c ( 1 2 2 ~ ~ )  
f o r  d i s c h a r q i n g .  I n  t h e  Run K 3 . , C  = Charging  and D = D i s c h a r g i n g .  



ATOM RATIO H/(Fe + Ti)  

F i g u r e  1. pressure -cornpbs i t ion  r e l a t i o n s h i p s  f o r  t h e  
FeTi-H sys tem a t  40°C (104OF). 



TYPl 

GAS NOZZLE 
TC = THERMOCOUPLE 

PMT = POROUS 'METAL TUBE ' ,  TC NOZZLE ( 7 )  
3 TC EACH 

BED SURFACE 
TC ORIENTATIONS 

WELD JOINT 

-SHELL I.€), 

D (INSIDE): 6 . 3 7 7  IN. 

.'. L = 25.51 IN. 

L L :  6 "  SCH 10 PIPE 
TYPE 316SS 

WALL TC ( 3 )  

SECTIONAL VIEWS I 

F i g u r e  2 .  Ske tch  of ESEERCO T e s t  Bed. 



Figure 3. Major components of ESEERCO Test Bed. 



Figure 4. Upper cap assembly of ESEERCO Test Sed with 
thermocouples and porous metal tube. 



Figure 5. Completed v e s s e l  and removable water jacket  
f o r  ESEERCO Test Bed. 



Figure 6. Assembled ESEERCO Test Bed mounted on irs 
operattng stand. 



Figure 7 .  Full-scale picture of FeTi al loy,  -4 + 100 
mesh s i ze .  



VENT TO 

6 1 

Figure 8. Equipment flow diagram for the ESEEKCO T e s t  Bed. 





ESEERCO TEST BED CHARGING DATA 
H20 CONDITIONS: 30° C(86OF1, 2 gpm 
FeTi ALLOY: NL-2, -4+100 MESH 

0 I I I I I I I I I .  I 1- I 

0 40 80 120 160 280 240 280 320 360 400 440 480 520 660 600 

TIME OF SUSTAINED FLOW RATE, min 

Figure 10. ESEERCO Test Bed performance during hydriding. 

C 

. i 0.8 

0.7 
ESEFRCO TEST BED DISCHARGING DATA III 

r - -  Hp0 CONDITIONS: 50°C ( 1 ~ 2 ~ ~ 1 ,  2 gpm , , a 
F ~ T I  ALLOY: NL-2, -4+100 MESH 1 "'" 5 

0 I I I I 1 1 I I I J I I do 
0 40 80 120 160 200 2 4 0  280 320 360 400 440 480 520 560 600 

f lME OF SUSTAINED FLOW RATE, mln 

Figure $11. ESEERCO Test Bed performance during dehydriding. 



TIME, mln 

ESEERCO RUN E03CI 

H20 3 0 ° C  (86OF1, 2 g p m  
9 1.2 

F i g u r e  12. R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount charged d u r i n g  Run E03C1. 

- 

- 

- 
I OF 2 FLOWMETERS TURNED OFF 

7 ,  

ESEERCO RUN E03DI  . 
H20:500C (122O F), 2 gpm 

0.8 
[L 
a 

0.6 = 
I- 
Z 

0.4 3 
o 
I 

-0.2 Q 

I 
0 

-0 .6  E 

I- 
- 0 . 4  5 

0 
I 

TIME, min 

2 0 0  2 4 0  2 b 0  O 

F i g u r e  13. R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount d i scharged  d u r i n g  Run E03D1. 



RUN E 0 3 C I  
-H20:  3 0 ° C ( 8 6 0 F ) ,  2 gprn 

H z :  40 slprn FOR FIRST 72 rnin 

3.328 3.189 BED RADIUS, in. 0.313 
1 13.01E 2 . 2 9 8  1.635 

R U N  E03DI  
H 2 0 :  50°C(1220F), 2 gprn 

Hz:  4 0  s l ~ r n  FOR FIRST 79 rnin 

3.328 3.189 BED RADIUS. in. 0.313 

% OF CROSS-SECTIONAL AREA 

F i g u r e  1 4 .  Temperature  p r o f i l e s  for  Run Z03C1. 

% OF CROSS-SECTIONAL AREA 

F i g u r e  15 .  Tempera tc re  p r o f i l e s  f o r  Run E63D1. 



RUN E03CI 
H20:  30°C (86" F), 2 gprn 

-. 
H2: 4 0  slpm FOR FIRST 7 2  rnin 

, CSA 
0 

25 - 
5 0  
87.5 
100 - 

I 
0 4 0  8 0  120 160 2 0 0  2 4 0  2 8 0  

TIME, rnin 

F i g u r e  16. Temperature  h i s t o r y  f o r  Run E03C1. 

R U N  E03DI  
H20 :  50°C (122 O F ) ,  2 gprn 

Hz: 4 0  slprn FOR FIRST 79 rnin 

0 4 0  8 0  120 160 2 0 0  2 4 0  2 8 0  
TIME, rnin 

F i g u r e . 1 7 .  Temperature  h i s t o r y  f o r  Run E03D1. 



TIME, rnin 

RUN E04CI  30°  C 2 g p m  3 0  s lpm 

Figu re  18. Reservoi r  p r e s su re ,  hydrogen flow r a t e  and 
amount charged dur ing  Run E04C1. 

0 .- 
In 
Q 

0 
0 

'7 
0 

RUN E04DI  5 0 °  2 gpm 3 0  s lpm 
I I I I I I I I I I I I I I 

.. 

H 2  FLOW RATE 

W 
AMOUNT CHARGED (3 - 0.6 2 

I 

. 0 2 0  40 60 80 100 120 140 160 180 2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  

- 

C 

0 

5 .. 
0 - 
In 
Q 

r- z - 

TIME, min 

I I 1 I I I I I I I I I 1 I 

RESERVOIR PRESSURE 

RESERVOIR PRESSURE 
. - 

- 

- 

, - 

- 

1 

Figure  19. Reservoir  p r e s su re ,  hydrogen flow r a t e  and 
amount d i scharged  dur ing  Run E04D1. 
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0.R 6 
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." !. 'RUN EQ5Cl 30°C  2 gpm 2 5  s lpm 
I I I I I I I I I 1 I I I 1 I 

- 
0 

k .. 
0 - 
V) 
n 
". s 
u 

AMOUNT CHARGED 
0.8 , - 

d 
0.6 w 

(3 
LL 

0.4 2 
0 

0.2 5 
3 
0 

n H 

TIME, min 

F i g u r e  20. R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount cha rged  d u r i n g  Run E05C1. 

RUN E05DI 50°  C 2 gpm 2 5  slpm 

c - - 7  

AMOUNT DISCHARGED 1.0 , 
4 0 [ R~ ..,SE Rvo PRESSURE , rn 

.TIME, m in  

F i g u r e  21. R e s e r v o i r  p r e s s u r e ,  hydrogen flow, r a t e  and 
amount d i s c h a r g e d  d u r i n g  Run E05D1. , 



0 40 8 0  120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  400 440 4 8 0  5 2 0  5 6 0  600 

TIME, min 

RUN E06CI 30° C 2 gpm 2 0  s lpm 

F i g u r e  22. R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount charged d u r i n g  Run E06C1. 

I I I I I I I I I I I I I 1 

5 0  - 
RESERVOIR PRESSURE- - 

40 - 

AMOUNT CHARGED - 

I I I I I I 

RUN E06DI 50°C 2 gpm 2 0  s lpm 
I I I I I I I I I I I I I I 

1.0 

-0.8 
d 

0.6 : 
€K 
a 

-0.4 6 
I- 

-0.2 
5 

0 a 

AMOUNT Dl  SCHARGEDu 

,-Hz FLOW RATE 

\ 

.5. 

RESERVOIR PRESSURE 
l o -  / 

TIME, min 

F i g u r e  23 .  R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount d i s c h a r g e d  ' d u r i n g  Run E06D1. 



50 /- AMOUNT CHARGED 

,ol // /Hz  FLOW RATE 

T IME,  min 

F i g u r e  24. R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount cha rged  d u r i n g  Run E07C1. 

RUN E07DI 50°  C 2 gpm 15 slpm 
I I I I I I I 1 I I I I I I 

AMOUNT DISCHARGED 

PRESSURE 

H E  FLOW RATE 

. 

0 4 0  8 0  120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  4 0 0  4 4 0  4 8 0  5 2 0  5 6 0  60; 
T I  ME, niin 

F i g u r e  25. R e s e r v o i r  p r e s s u r e ,  hydrogen f l o w  r a t e  and 
amount d i s c h a r g e d  d u r i n g  Run E07D1. 



. . . . ,. \. 'T . . 
RUN EO8CI 30°C 2 gpm 10 s lpm 

5 
d 
W 
(3 
a 
a 

5 0  - 
I 

- 1.0 
I- 

4 0  - 
AMOUNT CHARGED z - 0.8 2 

I 
3 0  - - 0.6 a 

RESERVOIR PRESSURE 
2 0  - - 0.4 

t i 2  FLOW RATE 
/ - 0 . 2  

I I I I I I I I I I I 0 
0 40 8 0  120 160 2 0 0  2 4 0  2 8 0  320 3 6 0  400 440 4 8 0  520  560 600 

TIME, m in  

F i g u r e  2 6 .  R e s e r v o i r  p r e s s u r e ,  hydrogen f low r a t e  and 
amount charged d u r i n g  Run E08C1. 

RUN EO8Dl 50°  C 2 gpm 10 s lpm 
I I I I I I I I I I I I I I 

TIME; m in  
. . 

F i g u r e  2 7 .  Reservo i r .  p r e s s u r e , , h y d r o g e n  f low r a t e  and 
amount d i s c h a r g e d  d u r i n g  Run E08D1. 



RUN E08CI  
H 2 0 :  30°C (86"F) ,  2 gprn 

H 2 :  10 slprn FOR 519rnin 

''INLET H ~ O  

I I I I I I I I I I I I I I 
0 4 0  8 0  1 2 0  160 2 0 0  240  2 8 0  320  3 6 0  4 0 0  4 4 0  4 8 0  5 2 0  5 6 0  6 0 0  

TIME, min 

F i g u r e  28. Temperature  h i s t o r y  f o r  Run E08C1. 

-INLET H z 0  
-100 - 

4 875 

3 RUN E 0 8 D I  

lx H20 :  50°C (122' F), 2 gpm 
W 
a H2:10 s lpm FOR 510rnin 

5 2 0 -  
I- 

10- 

10 110 I ~ O  2 b 0  240 2 A 0  3 l 0  3 L 0  4 b o  4 4 0  4 1 0  5:0 ~ $ 0  6 6 0  

T IME,  rnin 

F i g u r e  29. Temperature  h i s t o r y  f o r  Run E08D1. 



RUN E 0 8 C I  
H 2 0 :  30°C ( B f ° F ) ,  2gpm 

H z :  IOslpm FOR 519 sin 

3 . 3 2 8  3.189 BED RADIUS. in. 0.313 

% OF CROSS-SECTIONAL ARE4 

RUN EO8Dl  
H 2 0 : 5 0 0 C ( 1 2 2 " F ) ,  2gpm 

H 2  : I 0  elpm FOR 510min 

3 . 3 2 8  3.189 BED RADIUS, in. 0.313 

. . 
100 87.5 5 0  2 5  0 

'10 OF CROSS-SECTIONAL AREA 

Figure 30. Temperature ?rofiles for Run E08C1. Figure 31. Temperature profiles' for Run E08D1. 



I . I  - - 

' TOTAL H2 

0.9 - - 

0 . 8  - CONDUCTION MODEL - 

0.7  - - 

0 . 6  - - 

H20 5 0 ° C  ( 1 2 2 O F )  

0 .5  - 2 GPM - 

0 . 4 -  

0.3 - 

0 . 2 -  - 

- 

0 100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  

T I M E ,  M I N  

F i g u r e  32. Comparison of exper imenta l  and a n a l y t i c a l  
r e s u l t s  f o r  amount of hydrogen d i scharged  
d u r i n g  Run E08D1. 



*lo OF CROSS-SECTIONAL AREA 

CUNDUCTION M O D E L  FOR R U N  E O 8 D l  
H z 0  ! 5 0 ° C  1 1 2 2 * F ) ,  2 gpm 

F i g u r e  33.  A n a l y t i c a l  ' t e m p e r a t u r e  p r o f i l e s  f o r  Run E08D1. 
, . 




