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NOMENCLATURE 
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absorbent  bed c r o s s - s e c t i o n a l  area,  rn 
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x i  

EXECUTIVE SUMMARY 

This  document i s  aimed a t  judging whether p resen t -day  hydr id ing  

al l .oys can  v i a b l y  se rve  as working media f o r  hi.&- temperature (>260"C) 
h e a t  pump dev ices .  

Extensive p e r t i n e n t  l i t e r a t u r e  on hydr ides  w a s  a v a i l a b l e  from a 
r e c e n t  (1985,  unpublished) DOE s tudy .  I n  sp i . te  of  copioirs in format ion ,  

on ly  t h r e e  hydr ides  (ZrCo, Z r N i .  and M g p i )  were found capable  of 
reaching  temperatures  2260°C wi th in  an  ope ra t ing  p res su re  range of  10 t o  
0 . 1  a t m .  The moderate p re s su res  h e l p  keep equipment fabr ica t : ion  c o s t s  
low. 

I t  w a s  discovered t h a t  t he  convent ional  temperature  a m p l i f i e r  (TA) 
cyc le  ope ra t ing  on a. th ree- tempera ture  basi-s coii1.d b a r e l y  be  used i n  any 
meaningful way t o  achi.eve 260°C d e l i v e r y  temperature .  I n  o rde r  t o  c i r -  
cumvent t h i s  o b s t a c l e ,  a newly proposed four - tempera ture  TA cyc le  i s  

d iscussed  whose u s e ,  i.t i s  be l i eved ,  w i l l  be mandatory wi th  present -day  
hydr id ing  a l l o y s .  

The U . S .  i ndus t r i . n l  cons t i tuency  demands a t  l.east a two-year Eay- 
back on i t s  investments With p re sen t  energy c o s t s  at $4 .74 /10  kJ 

($5/10 B tu ) ,  an 8.79  x 1.0 W (30 x l o 6  Btu/h) TA would save the  
equ iva len t  o f  $ 2 . 4  x 10 i n  two y e a r s .  I f  instal . l .ntion c o s t s  are 100% 

o€ c a p i t a l  c o s t s  and i.f equipment and m a t e r i a l  ( a l l o y )  -cost:s are of 

equal  magnitude, then  a l l o y  c o s t s  work ou t  t o  be  $6 x 10' , I n  cont inu-  

ous operat i -on,  a b a t t e r y  o f  ats. l e a s t  four  a.dsorption beds w i l l  be 

needed, b r ing ing  t h e  a l l o y  c o s t s  per  bed t o  $ 1 . 5  x 10 . P r e s e n t l y ,  t he  
e s t ima ted  i i i inimuin c o s t  of a l l o y  product ion i s  $33.07/kg which l i m i . t s  t he  
q u a n t i t y  of  a l l o y  i n  each adsorp t ion  bed t o  about 4 5 3 5  k g .  

The computed r e s u l t s  show t h a t  under the  most o p t i m i s t i c  condi t ions  

o f  favorab1.e hydrogen t x  raetal (H/M) r a t i o s ,  cyc1.e t imes ,  a l l o y  d u r a b i l -  
i.ty, and cyc l ing  stalii.l .i .ty, a t  l e a s t  1 5 , 9 O Q - 2 2  I 700 kg of  a1.I.oy pe r  bed 
would be r e q u i r e d ,  wi.tIi t h e  p re sen t  s t a t e  of  hydride technol-ogy. Lower 
a l l o y  inven to r i e s  wou1.d be poss ib l e  by decreas ing  cyc le  time from 20 min 
t o  about 5 inin, bu t  it i s  shown t h a t  t h i s  i s  practi.cal1.y i-rnpossible 
w i t h i n  temperature  atid design c o n s t r a i n t s .  

I n  a d d i t i o n  t o  cyc le  t imes ,  a f u r t h e r  l i a b i l i t y  of hydr ides  i s  t h a t  

t h e i r  d u r a b i l i t y  has rie.ver been t e s t e d  over l o n g  per iods  (>2 years )  
under cont inuous cyc l ing  (charging/discharging)  cond i t ions .  One reason 
i s  t h a t  most hydr ides  break down i n  s i z e  a f t e r  about 300 cycles.  The 

breakdown i s  n o t  de t r imen ta l  o t h e r  than  caus ing  an increased  pressure  
drop and plugging problems. However, i t  has  been observed t h a t  reduc- 
t i o n  i n  H/M r a t i o  caused by d ispropor t iona t i .on  and traces of  impuri ty  
(CO, C 0 2 ,  (I2, e t c . )  are pl.aguing problems which i ~ s u a l l y  l i m i t  a l l o y  l i f e  
from six months t o  even a mat te r  O F  d a y s .  Under these  circumstances,  
metal. hyclri-des do not  appear t o  h e  vi-able €or h e a t  pump a p p l i c a t i o n s .  

A n  i n t e r a c t i v e  FOK'I'RAN computer prograiii rlevel.opetl dur ing  t h i s  work 
enables  the  u s e r  t o  c a l c u l a t e  a l l o y  requirements f o r  a gi.ven s e t  o f  
i npu t  in format ion .  

6 i, 
6 
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METAL HYDRIDE TEMPERATURE AMPLIFIERS FOR 
HIGH-TEMPERATURE (>260"C) APPLICATIONS-- 

A PARAMETRIC STUDY 

Moonis R .  A l l y  

ABSTRACT 

The v i a b i l i t y  o f  hydr id ing  a l l o y s  as working metli-a i.n h e a t  pumps t o  
achieve temperat;ure boos ts  up t o  260°C o r  b e t t e r ,  i.s i -aves t iga ted  on the  
b a s i s  of  the  m a s s  t r a n s f e r  zone concept o f  absorp t ion  bed design and. a 

r e t u r n  on c a p i t a l  investment of two y e a r s .  

The Van ' t  Hoff curves f o r  var ious  metals  i n  t:fre tenipernture and 
p res su re  ranges o f  i n t e r e s t  were found i n  t h e  open. l i t e r a t u r e .  An 
i n t e g r a t e d  form of the Clausi-us -Clapeyron e q u a t i o n  w a s  used t o  descr ibe  
t h e  e q u i  1 i.br i u r r i  hydrogen p r e s  s ur e - temp era  tu re  D e s  i gn 

equatio-ns p e r t a i n i n g  t o  overal.1. ma te r i a l  and h e a t  balances are presen-  
t e d .  An inhe ren t  assumpt.ion i n  the  developmen2 of  t hese  eqiuati.ol;r; i s  
t h a t  o f  s t eady  s t a t e  ope ra t ion .  Other ,  imre sti-i.ngent assumptions per -  
t a i n  t o  c y c l i n g  s t a l> i . l i t ; y ,  r e s i s t a n c e  t o  poisoni-ng, cons tan t  absorptiori  

cxp;~ci.-t:y and d u r a b i l i t y  o f  the metal  o v e r  ii  two year per iod .  The design 
equat ions  a long  wi th  t h e  necessary  theriuodynami c da.ta a r e  incorpora ted  
i n  an i n t e r a c t i v e  FORTRAN coiriput:er program c a l l e d  HYDKIDE which d e t e r -  
m i n e s  the qi.iant:ity o f  metal r equ i r ed  per  bed f o r  an 8 . 7 9  X 10  W (30 X 

10 Btu/h) temperature  amplif:i er ~ 

The computer r e s u l t s  sliovi -&:hat even under the o p t i m i s t i c  nssump- 
t i o n s  o f  the model, the e:;t:ini,ited metal  r equ i r ed  per bed would be 

between 1.5 ~ 900 and. 2 2 ,  700 kg, depeitding on the p a r t i c u l a r  1us ta l .c :  chosen. 

Based on  a metal  c o s t  o f  $33 .07/kg  and cost: oE e r ~ r g y  a t  $5/10 B t u ,  the 

rnaxirnum permiss ib le  metal i n  each bed f o r  iz two y;.sr payback works ou t  
t o  be 4 5 3 5  kg. I t  is  thei:eEo~e concluded t h a t  even under very  opt imis-  
t i c  c o n d i t i o n s ,  hydri.ding a l l o y s  are economically u n a t t r a c t i v e  f o r  h e a t  

pump a p p l i c a t i o n s  . 

r e  1. at i o  n.s h j. p . 
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1. INTRODUCTION 

1.1 Background 
a t  

room teinperature and near atmospheric pressure  when brought i n t o  physi.- 
c a l  contac t  wi th  i t .  Such metals include elements l i k e  pal-ladium, mag- 
nesium, and a l l o y s ,  commonly r e f e r r e d  t o  a s  hydridii ig meta ls .  

During phys ica l  c o n t a c t ,  hydrogen molecules a r e  f i r s t  adsorbed orito 
the  su r face  o f  the  meta l .  Some of t he  molecules d i s s o c i a t e  i n t o  hydro- 
gen atoms ( H ) ,  which subsequently e n t e r  t he  c r y s t a l  l a t t i c e  o f  t he  metal 
t o  occupy s p e c i f i c  s i t e s  among the  metal atoms. Such l o c a t i o n s  a r e  

c a l l e d  i n t e r s t i t i a l  s i t e s .  They must possess  a c e r t a i n  minimum volume 
i n  order  t o  e a s i l y  accommodate the  hydrogen atom. A s  t he  pressure  o f  
t he  hydrogen gas above a hydriding metal  i s  increased  (by e x t e r n a l  
means), a l i m i t e d  number of  atoms a r e  forced  i n t o  the  c r y s t a l .  Usually 

a t  some c r i t i c a l  concent ra t ion  and pressure  the  metal becomes s a t u r a t e d  

with hydrogen arid goes i n t o  a new phase c a l l e d  the  metal-hydride phase.  

I f  the hydrogen pressure  is  only s l i g h t l y  inc reased ,  much g r e a t e r  
amounts o f  hydrogen a r e  absorbed. Ul t imate ly ,  a l l  t he  o r i g i n a l  hydrogen 
s a t u r a t e d  metal phase w i l l  be converted i n t o  the  metal.-hydride phase.  
Since metal c r y s t a l s  have many i n t e r s t i t i - a 1  s i t e s ,  i t  i s  poss ib l e  f o r  

them t o  accommodate l a r g e  amounts of hydrogen i n  a high1.y compact man- 
n e r .  I n  many hydr ides ,  t he  nuriil-,er of  hydrogen atoms i n  the  c r y s t a l  w i l l  

be two o r  th ree  times the  number of metal atoms. Hydrogen wi th in  the  
metal c r y s t a l  can be r e l eased  by warming the metal a l l o y .  The process  
of hydrogen absorp t ion  and desorp t ion  i s  the re fo re  r e v e r s i b l e  and i s  

gene ra l ly  represented  by the  followi.ng chemical r e a c t i o n :  

Some metals have the  unusual property of r e a c t i n g  wi th  hydrogen 

A s p e c i f i c  example1'* of E q .  1 i s  the  r e a c t i o n  o f  lanthanum penta-  

n i cke l  (one of t he  e a r l i e s t  compounds t o  be s tud ied )  with hydrogen. 

The hydrogen capac i ty  represented  by the  hydride i s  usua l ly  spec i -  
f i e d  as the  hydrogen t o  metal rat-io (H/M) which i n  the  above example i s  
1 . 0 .  This r ep resen t s  a weight: capac i ty  of about I. /+%. Vol.umetrically , 

2 t he  s torage  capac i ty  of  tht: al.loy i.s a very impressive 1.1 l i t e r  I-I 

(STP)  per  cc of a l l o y  o r  about  80% more than t h a t  o f  pure  1i.quid hydro- 
gen.  The l a r g e  numerical d i s p a r i t y  between the  weight and volumetric 
c a p a c i t i e s  i s  due t o  t-he l a rge  density o f  the  a l l o y .  F o r  f u r t h e r  
details, the  reader  i s  r e f e r r e d  t o  the l i t e r a t u r e .  3 , 4  
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1 . 2  Absorption I s o t h e r m  
Absorption and deso rp t ion  p r o p e r t i e s  of hydr id ing  metals  a r e  empir- 

i c a l l y  determined from pressure-comy_tosition ( P - C )  diagrams. S t a r t i n g  
wi th  t h e  m e t a l  phase a t  p o i n t  1 (Fig .  l), t h e  p re s su re  o f  t:ho H2 gas i s  
s lowly inc reased  while  t h e  t o t a l  system i s  ina i  n ta ined  at: cons tan t  tern-- 

p e r a t u r e .  A s m a l l .  q u a n t i t y  of  hydrogen permeates i.nto the a . l l oy  u n t i l  
p o i n t  2 i s  reached when t h e  hydr id ing  r e a c t i o n  coininexlees wi th  r e l a t i v e l y  
l a r g e  q u a n t i t i e s  o f  hydrogen be ing  absorbed a t  n e a r l y  cons t an t  p re s su re .  
The nea r ly  cons tnnt  pressure  p a r t  o f  t he  P-C curve corresponds t o  a 
t w o  -phase mixture  of  me ta l ,  Me, and metal  hydr ide ,  MeH--  i.n equi l ibr ium 
wi th  t h e  gaseous H phase.  At: p o i n t  3 ,  t he  a l l o y  has  been completely 

converted t o  t h e  hydr ide  phase and a f u r t h e r  i nc rease  i n  app l i ed  
p r e s s u r e  up t o  poi.nt 4 r e s u l t s  i n  a nominal. pi-ckup of  hydrogen i n  s o l u -  
t i o n  i n  the  hydride phase.  In p r i n c i p l e  the  P - C  curve i s  r e v e r s i b l e .  
As t he  t o t a l  p re s su re  above the  a l l o y  i.s lowered, t he  metal hydride 
phase d i s s o c i a t e s  t o  Me + H l i b e r a t i n g  H as i t  t r a c e s  t h e  r eve r se  
p a t h ,  4-3-2-1. .  1.n p r a c t i c e ,  t h e  p l a t e a u  p res su re  i s  never completely 
f l a t  and t h e  r eve r se  (dehydriding)  curve is  never r e t r a c e d  wi th  f i d e l -  
i t y ,  e s p e c i a l l y  wi th  regard  t o  the  f l a t  plateau.. The discrepancy 
between t h e  hydr id ing  and dehydriding curves i s  known as  h y s t e r e s i s  and. 
depends upon o t h e r  f a c t o r s  such as t h e  way i n  which the  process  was con- 
ducted ( s t a t i c  vs dynamic). The h y s t e r e s i s  e f f e c t  f o r  L a N i  i s  shown i n  
F i g .  2 ( r e f .  2 ) .  

A 

2 
H2 

2 2 

5 

1.3 Vanft Hoff Curves 
A n  examination of F ig .  2 shows t h a t  the p l a t e a u  p res su re  inc reases  

wi th  temperature .  This t r e n d  i s  common t o  a l l  metal hydr ides .  The p l a -  

t e a u  p res su re  dependence on temperature f o r  a given a l l o y  i s  represented  
by p l o t t i n g  p res su re  on the  o r d i n a t e  and the corresponding temperature 
o r  i t s  r e c i p r o c a l  on the  a b s c i s s a ,  i n  accordance wi th  t h e  Van' t  Hoff  
equa t ion  given by: 

AH AS 
RT R 2 . 3  l o g  P = I n  Y = - - , 

where AI1 and AS a r e  t h e  en tha lpy  and entropy changes respec t i -ve ly  o f  the  
hydr id ing  r e a c t i o n .  The magnitude o f  AH v a r i e s  widely wi th  d i - f f e ren t  
a l l -oys .  For r e a c t i o n s  o f  t he  type represented  by Eq. 1, t h e  hydriding 
r e a c t i o n  (+) i s  exothermic and the dehydriding r e a c t i o n  (+) i s  endother-  
mic. The d i f f e r e n c e  i n  entropy o f  hydrogen between i t s  gaseous and 
metal  hydr ide  s t a t e s  i s  AS and v a r i e s  only s l i g h t l y  from a l l o y  t o  a l l o y .  

T h e  va lues  o f  AH and AS can eas i - ly  be obt.airied from experimental  
isotherms by p l o t t i n g  p l a t e a u  p res su re  vs the r e c i p r o c a l  abso7.ute tem- 
p e r a t u r e  a s  shown i n  F ig .  3 .  S u c h  p l o t s  are commonly known a t  Van' t  
Hoff p l o t s .  Most d a t a  f a l l  on a s ~ r a i g h t  l i n e  over moderate temperature 

l i m i t s .  I f  E q .  3 i s  app l i ed  t o  the Van't  Hoff p l o t s ,  the  s lope  
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represents AH and the intercept: on the ordinate when 1 / T  = 0 (infinite 
temperature) represents A S .  

A more convenient way t o  represent the data i.n Fig. 3 is by utiliz- 
ing the equation, 

( 4 )  
A 
T 

2 . 3  l o g  P = In P = - -t B , 

which can a l s o  be put in the differential form, 

Equation 5 bears a very close resemblance to the Clausius-Clapeyron 
equation, 

which represents an equation for the phase change o f  a pure substance. 
In fact, the absorption of hydrogen and formation of the hydride phase 
i s  a phase change from gaseous 11 to a state in a solid solution. Since 
the forces binding H2 in the metal interstices are stronger than the 
attractive forces between adjacent molecules in the liquid state but 
weaker than chemical bond forces, the magnitude of AH l i e s  somewhere i n  

between those of heats of vaporization and chemical reaction. Equations 
5 and 6 also indicate that AH can be evaluated from a knowledge of the 
empirical constant, A .  

The pressure and reciprocal temperature relationships of nine 
selected alloys from Fig. 3 were correlated by the equation, 
log P = A/T t E .  T h e  equations, temperature range of val-idity, and AM 

values are summarized i n  Table 1. 

2 
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Table 1. Summary of equations of the type, log P = A/T + E ,  
f o r  various alloys shown in Fig. 3 

(P is in atmospheres) a 
...... ......... .- ........ .......... .................... 

Integrated form of Temperature Mass 
Clasius-Clapeyron range of per atom 

Alloy type of equation validity, K of metal 
.- . _ _ _ ~  .......... __ .......... .......... .......... 

ZrCo l o g  P - 4 1 3 1 / T  + 6 . 4 8 6  

Z r N i  10e P - 4 0 2 5 / T  + 7 . 0 7 5  

Mg Ni l o g  P = - 3 5 3 4 / T  + 6 . 7 3 0  
2 

2 

0 . 9 5 v 0 . 0 5 c 0  

Ti Ni l o g  P = - 3 5 1 8 / T  + 7 . 4 3 4  

l o g  P = -4221/T + 9 . / 3 3  T j  

Tic0 l o g  P - - 3 2 0 / t / T  + 1 . 9 9 3  

T i C o O .  5Mn0. l o g  P - - 2 4 1 2 / T  + 6 . 6 0 4  

l o g  P - - 2 2 9 J / T  f 6 . 3 5 8  
Tik'eO. gNiO. 15'0.05 

T i  Fee. 8Ni0. i o g  P = - 2 i 9 9 / r  + 6 . 3 2 4  

4 6 5  < T < 6 2 5  7 5 . 0  

4 1 6  < T < 6 2 5  7 4 . 9 5  

4 3 4  < T < 6 2 5  3 5 . 7 8  

357  < T < 4 3 / &  5 1 . 5 0  

7 4 4  < T < 4 1 6  5 3 . 5 0  

3 2 2  < T < 4 7 6  5 3 . 4 2  

2911- < T < 4 5 4  5 2 . 4 3  

2 9 4  < r < 4 5 4  5 1 . 9 7  

2 8 5  < T < 5 0 0  5 2 . 1 6  

a 5 I atin = 1 . 0 1 3  x 10 Pa. 
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2. APPLICATION OF HYDRIDES IN TEMPERATURE AMPLIFIERS 

I n  the temperature  ampl i f i e r  (TA) c o n f i g u r a t i o n ,  a hydride h e a t  
pump uses waste h e a t  a t  an in te rmedia te  tempera ture ,  TM, t o  achieve a 

h ighe r  temperature ,  TH. Of cour se ,  i n  c y c l i c  ope ra t ions  i n  o rde r  t o  

main ta in  thermodynamic cons i s t ency ,  h e a t  must be r e j e c t e d  a t  a tempera- 
t u r e  T lower than  T The TA conf igu ra t ion  i s  shown i n  F ig .  4 .  

Refe r r ing  t o  t h i s  f i g u r e ,  one notes  t h a t  t he  TA c o n s i s t s  of  two a l l o y s  
which, f o r  h i s t o r i c a l  reasons ,  a r e  c l a s s i f i e d  a s  t h e  h o t  and co ld  s i d e  
a l l o y s .  The r a t i o n a l e  f o r  t h i s  c l a s s i f i c a t i o n  sterns from the  fac t  t h a t  
at a given hydrogen p res su re ,  t h e  h o t  s i d e  a l l o y  i s  t h e  one whose 

corresponding equ i l ib r ium temperature i s  t h e  h i g h e s t .  The h o t  s i d e  
a l l o y  is  somet imes  a l s o  r e f e r r e d  t o  a s  t h e  l o w  p re s su re  a l l o y  because a t  
a g iven  temperature  i t s  equi l ibr ium p res su re  i s  l o w e r  than  the  co ld  s i d e  
alloy, t h e  l a t t e r  now be ing  c a l l e d  the  h igh  p res su re  a l l o y .  

A s  shown i n  Fig.  4 ,  h e a t  from a w a s t e  source a t  T desorbs hydrogen 
from t h e  h o t  s i d e  alloy a t  p o i n t  1. The desorbed hydrogen i s  absorbed 
O K ~ ~ O  the c o l d  s i d e  a l l o y  a t  2 ,  with  the  en tha lpy  of abso rp t ion  r e j e c t e d  
t o  t h e  surroundings a t  T The hydrogen p res su re  i.n t he  co ld  s i d e  alloy 
is  inc reased  t o  i t s  equi l ibr ium va lue  a t  T by supplying h e a t  from the  
w a s t e  s t ream ( p o i n t  3 ) .  The hydrogen i s  then  desorbed a t  3 and absorbed 
a t  4 ,  with  t h e  h e a t  of abso rp t ion  r e l e a s e d  a t  t h e  equi l ibr iu in  tempera- 

t u r e ,  TH. Unlike the  i d e a l i z a t i o n  shown i n  F ig .  4 ,  i n  a c t u a l  p r a c t i c e  a 
c e r t a i n  p re s su re  drop  must e x i s t  i n  t r a n s p o r t i n g  hydrogen between the  
v e s s e l s  con ta in ing  t h e  h o t  and co ld  s i d e  a l l o y s  a t  t h e  p re sc r ibed  mass 
flow rate .  These p re s su re  drops Eont r ibu te  t o  p a r a s i t i c  l o s s e s ,  l o w e r -  

Other important  des ign  cons ide ra t ions  r e l a t e d  t o  the  a p p l i c a t i o n  of 
metal  hydr ides  t o  heat: arnpl.ifiers o r  t h e  r e f r i g e r a t i o n  cyc le s  can be 
found i n  t h e  l i t e r a t u r e .  

L’ M’ 

M 

L: 
K 

i n g  t h e  o v e r a l l  cyc le  e f f i c i e n c y .  $ 5  

1 , 2 , 4 , 6  
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3. ACHIEVING PRESCRIBED DELIVERY TEMPERATURES 
WITH METAL HYDRIDES 

One of  t h e  o b j e c t i v e s  of the  Chemical Heat Pump program i s  t:o 
achieve d e l i v e r y  temperatures  of  at l ea s t  260°C (500°F) wi th  h igh  tem- 
p e r a t u r e  l i f t s  and reasonable  pressures  wi th in  the  TA machine. The 
a l l o y  V a n ' t :  Hoff p l o t s  i n  F ig .  3 show t h a t  Z r C o ,  Z r N i  and Mg W i  opera te  

we l l  beyond 260°C and t h e r e f o r e  p re sen t  themsel-ves as s t r o n g  candidates  
f o r  h o t  s i d e  a l l o y  s e l e c t i o n .  However, the c o n s t r a i n t  of reasonable  
ope ra t ing  pressures l e v i e s  a restr ic tZion on ZrUo attd Z i - N i  i n  terms of 
f i n d i n g  s u i t a b l e  co ld  s i d e  p a r t n e r s .  This is  especi.al . ly s o  i f  the TA i n  
ques t ion  ope ra t e s  on t h e  t h r e e -  temperature b a s i s  of  F i g .  (+. An example 
will.  c l a r i f y  thLs p o i n t .  Suppose Z r C o  i s  s e l e c t e d  as t:he h o t  s i d e  
a l l o y .  A t  260"C, t:he equi l ibr ium hydrogen p res su re  i s  5369 Pa (0.053 
atm) . With a t h r e e -  temperature c y c l e ,  t he  s o l i t a r y  co ld  si.de al-loy f o r  
ZrCo i s  Z r P 7 i .  F igure 5 shows t h a t  t he  waste h e a t  source t:cr-:inperature 
must be  208°C ( 4 0 7 . 6 " F )  arid the  pressure, an i.mprnc,tical va lue  of 7 7 7 . 6  
P a  ( 0 . 0 0 7 7  a t m )  . I t  should be c1.ea-r from the  d a t a  o f  F ig .  3 t h a t  t he re  
i s  v i r t u a l l y  no o t h e r  co ld  s i d e  a l l o y  t h a t  can be used in combination 

wi th  ZrCo o r  Z r N i  which w i l l  s a t i . s fy  D O E ' S  p r e s su re  ( l o 6  t.o 3 X 10 P a )  
and temperature  boost: (2260°C)  c r i t e r i a .  I t  w i l l  be s h v w r i  l . a t e r  how 
this d i f f i c u l t y  may be ci-rcumvented by r e s o r t i n g  tzo a f o u r -  temperature 
TA c y c l e ,  but: f i r s t  the  d i scuss ion  on the  t h r e e -  tiemperature cyc le  needs 
t o  be completed. Fur ther  pondering shows t h a t  i n  a t h r e e -  temperature TA 

c y c l e ,  only two of  t h e  a l l o y s  o f  F ig .  3 ,  v i z . ,  Mg N i  (ho t  s i d e )  and 
V Co ( co ld  s i d e ) ,  w i l l .  meet DOE'S temperature and p res su re  c r i -  

Ti0:95 0 . 0 5  
ter ia .  T h i s  cyc le  i s  dep ic t ed  i n  F ig .  6 .  

Ret:urning t o  Z r C o  arid ZrNi a l l o y s ,  i t  w i l l  be demonstrated how they 
can be used i n  combinati.on wi th  o t h e r  a l l o y s  i n  F ig .  3 t o  a t t a i n  500°F 
d e l i v e r y  txrnperature o r  b e t t e r ,  and y e t  be w i t h i n  the limits o f  reasona-  
b l e  p r e s s u r e s .  Such an  achievement i s  p o s s i b l e  by cons ider ing  a f o u r -  

temperature  T A  c y c l e .  Examples wi.11 b e s t  i l l .ustra-t :e t h i s  p o i n t .  Con- 

s i d e r  tlie scena r io  i n  F ig .  7(a) wi th  ZrCo AS t l i e  h o t  s i d e  a l l o y .  Sup- 
pose  waste h e a t  i s  a v a i l a b l e  a t  253°C ( 4 8 7 ° F ) .  T h e  equi l ibr ium hydrogen 
p res su re  f o r  Z r C o  a t  t h i s  temperature i.s 4279 P a  (0.0422 at:m) as ir idi-  

c a t e d  by p o i n t  1. If T i  N i  i s  chosen as t h e  co ld  s i d e  a l l o y ,  t he  s i n k  
temperature  must be 133.2"C ( 2 7 l " F )  ( p o i n t  2 ) .  I f  hydrogen is  n o w  

desorbed from T i  N i  wi th  a waste s t ream a t  1 6 7 ° C  (331°F) (point: 3 )  and 
absorbed by ZrCo, t he  r e s u l t i n g  d e l i v e r y  temperature  w i l l  be  302°C 
(576°F) ( p o i n t  4 ) .  The lowest  and h i g h e s t  p ressures  i n  the  c y c l e ,  4265 
Pa  and 2 . 0  x 10 P a  (32  [inn Ilg and 152 mm Hg) , a r e  w i t h i n  reasonable  l i m -  
i t s  f o r  CIIPs. In t h i s  case  the temperature l i f t  is  n o t  c1enrl.y def ined  
because o f  the involvement o f  two in te rmedia te  w a s t e  h e a t  temperatures ,  
b u t  i t  i s  a t  l e a s t  equal  t o  49.5"C ( 3 0 2 . 2 O C  - 2 5 2 . 7 " C ) .  High de l ive ry  

Co [ F i g .  7 ( b ) ] ,  temperatures  may be  a t t a i n e d  w i . t h  %rCo and T i  

Z r N i  and T i C o  [ F i g .  7 ( c ) ] ,  o r  with Mg Ni and T i C o  [ F i g .  7 ( d ) ] .  The 
€ l e x i b i l i t y  and h igh  deli .very temperatures o f f e r e d  by a four - tempera ture  

2 

3 

2 

2- 

2 

4 

0.95'0.05 
2. 
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TEMPERATURE ("e) 
300 250 2Q0 150 

Fig 5. Low cycle pressure and low temperature lift limilations 
using ZrCo ( h o t  side) and Z r N i  (cold side) a l l o y s  in a three-temperature 
TA c y c l e .  [I aim = 1 . 0 1 3  x 10 Pa] 
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Fig .  6. Three-temperature TA cycle us ing  Mg2Ni (hot s i d e )  and 
Co (cold side) alloys to attain 256°C ( 4 9 2 ° F )  with waste heat 

0.95 '0.05 5 
Ti 
source at 163°C ( 3 2 5 ° F ) .  [l atm = 1.013 x 10 Pa] 
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Fig. 7 .  Four-tleinperature TA cycles showing how they may achieve 
high delivery t-cmperature within reasonable pressure limits. [ 1 a t m  = 

1 . 0 1 3  x 1 0  Pa] 
5 
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cycle opens the possibility of various hydride combinations. 
ibility was impossible using a three-temperature TA cycle. 

Such flex- 
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4 .  COMPUTER PROGRAM DEVELOPMENT 

A n  i n t e r a c t i v e  FORTRAN program w a s  w r i t t e n  t o  eval-uate the  TA cycle  
f o r  any p a i r e d  combination of a l l o y s .  The inpu t  d a t a  c o n s i s t s  of iden-  
t i f y i n g  the  h o t  and co ld  s i d e  a l l o y s  by s p e c i f i c  numbers (shown i n  a 

menu), the  w a s t e  heat source tempera ture(s )  ( " F ) ,  d e s i r e d  h e a t  pump 
capac i ty  ( B I ; u / h ) ,  t he  H/M r a t i o s  f o r  the t w o  a l l o y s ,  and the  cycle  time 
(min) of each absorbent  bed. More wi.3.1 be s a i d  about the cyc le  time 
l a t e r .  The computer ou tput  c o n s i s t s  of  a systematzic l i s t i n g  of the  
input  data and the  c a l c u l a t e d  val.ues of the  d e l i v c r y  tempera ture ,  qunn- 
t i t i e s  of requi red  h o t  and co ld  si.de a l l o y s  (lb), the pres su re  va lues  

( a t m )  , and the  coef f i.ci.ent of  performance ( C O P ,  d imensionless)  . 
L i s t i n g  of  the  FORTRAN program c a l l e d  HYDRIDE and examples o f  out- 

pu t s  a r e  i n  the  Appendix.  
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5. RESULTS AND ANALYSIS 

I t  has been shown [F igs .  7(a)-7(d)] t h a t  i n  p r i n c i p l e ,  it i s  possi.- 
b l e  t o  use  hydr ides  i.n c e r t a i n  ways t.o a t t a h  d e l i v e r y  tempmatures  even 
grea t -e r  than 500°F (260°C) w i t h i n  the COTLS t r a i n t s  oE moderate pressures  

( 1 0 - 0 . 0 3  a t m )  . However, t he  br idge  between p r o o f  o f  p r i n c i p l e  a n d  prac- 
t ica l -  a.ppl.ication i s  a v ide  one encompassi.ng i s s u e s  o E hardware c o n f i -  
gu ra t ion  and economic n e c e s s i t i e s .  T o w a r d s  the goal. of evaIuatj.tig t he  
hydr ides  o b j e c t i v e l y ,  both the  p r a c t i c a l  nrid economic aspec t s  w i l l  be 
corisi.dered but the t i p p i n g  of  t he  scal~es eit-lier i n  the d i r e c t i o n  o f  

favor  o r  di.s Favor will.  be done by ecorioinic cons ide ra t ioas  . T h i s  i s  
because i n  the i.ri&ist:riaI heat: puIJip constii txency, there is  a t a c i . t  

understzinding tha t  even a p e r f e c t  heat; pump i i i u s t  have l.ess t h a n  a. t w o  - 
yeRr payback pe r iod .  

For t h e  purpose of  a n a l y s i s ,  a basel.ine case  o f  a 30 x 1.0' Ktu/'n 

( 8 .  79 % 10 '.i> TA i s  cons idered .  The selec,t:ion o f  t h i s  c x p a c i t y  i s  
a n o t h e r  legacy i n h e r i t e d  fworr, a n  e a r l i e r  era o f  metcltariical heat piimps . 
T h e  p re sen t  val-ue of energy :is cake11 as $ .? / IO  Btu.  I f  i ndus t ry  adheres 
to t h e  two-year payhack l i m i t a t i o n ,  the t o t a l  energy produced by a TA 

wi th in  pe r iod  would be 30 x LO6 B t u / h  x 8000 h/yr  x 7 y r  = [i . 80 i( 

IO'.'  tu va3.ueci a t  $4.80 x 10" x 5 . O O / I O ~  $2.40 ;r 10 . Tiietrc:for-e the 
cost of  equiproent, i n :  il.la t i on , m t d  opera t i.on dur irig tAe. two - year  
pe-riod must be t m  grea te r  t:han $ 2 . 4 0  x 1.0 . 

If Lri:;t::illntion c o s t s  are 1.00% o f  cap i t a l .  cc js ts  ~ the cost.  of  
hydr ide  ma.t:erial anti e~:lui.piiient riwsi: be $1. 20 x LO . Far the r  as:;uriii.ng 

rnat-esial. a i i t i  equipment. c o s t s  t o  be o f  eqi.ial prop!'r t i o n ,  the hydride 
c o s t s  1~ec:orrte $0.  6 x 1.0 . E'or cont:i.tiuous ope ra t ion ,  a rrt inintum o f  fovr 

beds i s  r equ i r ed .  I-1en.c~ t he  inater:i.al. c o s t s  p e r  bed work ou t  as $1. 5 x 
10 . A t  an es t imated  s e l l . i n g  c.ost; o f  $15/1.h of a l l o y ,  the hyt l r i ik  
requirementis become 4535 kg/bed, i.f the  mate t - i a l  s i iows  durnbi . l i ty  
without  I.oss o f  performance f o r  t w o  yea r s .  

The q u a n t i t y  o f  hydride materinl r equ i r ed  f o r  a n  8 . 7 9  x l o 6  bJ TA 

machine under the assumpt: ior is  d i scussed  ab,ove i s  4535 l.rg/hed i n  a b a t -  
t e r y  of foi.1-r beds .  

The r e s u l t s  o f  t he  cornputer program shown i n  F igs .  8 and 9 can he  
used t o  tlc:tc.rmine i.l-ie condi t ions  under- which hydr id ing  alloys m a y  h e  
economi-cal f o r  CHP app1 i.cntiot1.s . 

A n  exn!n.i.naition of  E'i.g. 8 reveals t h a t  t he  h o t  s i d e  a l l o y  inveritory 
p e r  hed va.r:ies l i i-Learly w i t h  cyc le  t h e  f o r  a cons t an t  val.ue o f   lie H/M 
r a t i o  ~ This  l i n e a r  relat: i .oriship is steep for l o w  H/H and moderate E n r  
h igh  H/M r a t i o s ,  as iliny 1,t. e-xpectizd. The range o f  H/M r a t i o s  :Eov a1 l ays  
varies betweeti 0 . 2  arid 1 . 0  ~ Howe-mr, t he  a l l o y s  wi[:l-t va lues  near  u n i t y  

The AB5 type a:r-e typically low- temperature AB type alI.oys l i k e  LaNi  

all.oys w o d d  be unsuitab1.e f o r  a t t a i  ni.ng h igh  tempe.ratures because the 

p res su res  would he p r o h i b i t i v e l y  hi.,sh. Therefore ,  t he  H/M r a t i o s  i n  

F ig .  8 we-t-e  v;ari.c:d from 0 . 2  t o  0 .  7 and t h i s  range i s  considered t o  be 
r e p r e s e n t a t i v e  of h igh  temperature a l l o y s .  A t  high  cyc le  t imes ( [ to -45  
1 n i . n )  , t he  i n a s s  o f  a l l o y  r equ i r ed  reniaihs very  h igh  even at H/M ---- 0 .  7 

G 

G 

t h a t  
G 

6 

6 

6 

5 

5 '  5 



18 

ORNLr-DWG 86-7985 

140 w a- 
>- 
0 
I-- 

ti 120 

z 
100 t ..I 

N 
01 

v 60 

c 
" 0  
Q 

Fig. 8 .  Hot and co ld  s i d e  a l l o y  inventories p e r  bed a s  a iunc t ion  

H/M r a t i o s  and cycle  times for a three- tempera ture  TA (TH = 2 5 3 . 8 " C ,  o f  

TM = 1 6 3  2 " C ,  TL = 7 0 5 . 5 " C ) .  [I lb - 0 . 4 5 3 6  kg] 
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( 3 2 , 6 5 0 - 3 6 , 2 8 0  kg ) .  A t  lower cyc le  times ( 5  min) ,  the  absolu te  mass of  
a l l o y s  i s  siiiall (<13,600 kg) f o r  any range of H/M va lues  even though the  
proportional.  v a r i a t i o n  o f  a l l o y  quan t i ty  with H/M remains the  same a t  

l o w  and h igh  cyc le  t imes.  Since a l - loy  quanti . ty i s  d i r e c t l y  r e l a t e d  t o  
m a t e r i a l  c o s t s ,  t he  main conc1.usion o f  F i g .  8 i s  t h a t  metal hydride 
absorp t ion  beds must opera te  a t  l o w  cycle  t imes .  To f i n d  out  how l o w  
these  cyc le  tinies have t o  be i n  order  t o  s a t i s f y  the  two-year payback 
per iod  c r i t e r i o n ,  a s t r a i g h t  l i n e  represent ing  a cons tan t  a l l o y  inven- 
t o r y  of 4535 kg/bed i s  drawn as  shown i n  F i g .  8 .  From i t s  in t e r sec t i -on  
wi th  the  parametr ic  curves ,  it is  obvious t h a t  under the  most o p t i m i s t i c  
H/M value of 0 . 7  t he  maximum allowable cyc le  time i s  5 . 5  min. 

Figure 9 i s  the  r e s u l t  f o r  Z r C o  (ho t  s ide )  and T i  N i  ( co ld  s ide )  
a l l o y  i n  a four- temperature  TA cyc le .  The only q u a l i t a t i v e  d i f f e rence  
between the  t h r e e -  and four- temperature  cyc les  i.s t h a t  i n  the  l a t t e r ,  
waste h e a t  i s  suppl-ied a t  two in te rmedia te  temperatures in s t ead  of  one, 

as i.n the  former.  The t r end  o f  the r e s u l t s  is  the same as i n  Fig.  8 .  
The a l l o y s  have t o  be operated a t  l o w  cyc le  times ( 3 - 6  min) t o  be v i a b l e  
f o r  h e a t  pump a p p l i c a t i o n s .  

I n  absorp t ion  beds o f  t he  so l id-vapor  type ,  decreasing the  cyc le  
time i s  a very d i f f i c u l t  problem t o  overcome because o f  t he  l i m i t a t i o n s  
imposed by ma te r i a l  p r o p e r t i e s  and bed c h a r a c t e r i s t i c s .  According t o  
the  s tandards  of  c u r r e n t  technology, cyc le  times of l e s s  than 20 rnin a r e  
d i f f i c u l t  t o  ach ieve .  This l i m i t a t i o n  fo rces  the m a t e r i a l  inventory t o  

i n c r e a s e ,  thereby adversely a f f e c t i n g  c o s t s .  
To determine the  f a c t o r s  in f luenc ing  cyc le  t imes,  t he  mass t r a n s f e r  

zone (MTZ) concept i s  used t o  descr ibe  the r a t e  o f  absorp t ion  and h e a t  
t r a n s f e r  i n  f ixed-bed absorp t ion  systems. F i r s t  t he  p e r t i n e n t  f e a t u r e s  
o f  t h i s  model a r e  descr ibed and l a t e r ,  the  design equat ions a r e  presen-  
t e d .  

2 
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6. ADSORPTION BED DESIGN PARAMETERS 

6.1 The Mass Transfer Zone (MTZ) Concept 
Consider a f i x e d  bed con ta in ing  an  adsorbent  w i t h  a f eed  stream 

e n t e r i n g  on t h e  l e f t  as shown i n  F ig .  10 .  I n i t i a l l y ,  t h e  adsorbent  is  

h i g h l y  a c t i v a t e d  wi th  a low adsorba te  load ing ,  x [F ig .  1 0 ( a ) ] .  If the  
f eed  gas  flow i s  s t a r t e d  a t  t i m e  U = 0 ,  t hen  as t h e  gas flows through 

t h e  bed it  w i l l  be  absorbed by t h e  adsorbent .  A t  some l a t e r  t ime,  
B > 0 ,  an a n a l y s i s  of t he  adsorbent  samples t:aken a t  vari .ous c r o s s -  
s e c t i o n s  of  the  bed would show an adsorba te  loading  curve as i n  Fi.g. 
10(b) .  A t  the bed i n l e t ,  under s t e a d y - s t a t e  cond i t ions ,  t h e  equi-l ibrium 

loading  would be x corresponding t o  the  maximum c a p a c i t y  of  t h e  adsor- 
b a t e  (hydride)  t o  absorb H, a t  i t s  given H/M r a t i o .  The p o r t i o n  of  the  
bed whose adsorba te  loading  i s  equal  t o  x i s  c a l l e d  t h e  equi1i.brium 
zone. 

'Toward t h e  o u t l e t  s i d e  of  t he  bed,  e s s e n t i a l l y  no gas w i l l  ernerge 
i n i t i a l l y  and t h e  loading  o f  t h e  bed would be equal  t o  t h e  i n i t i a l  
l oad ing ,  x =: 0 .  This  p o r t i o n  is known as the  unused be.d. 

I n  some in te rmedia te  zone between t h e  equ i l ib r ium zone and t h e  
unused bed ,  the  adsorba te  loading w i l l  be  as shown i n  F i g .  1 0 ( c ) .  I t  i s  
i n  t h i s  zone t h a t  the  gas i s  be ing  t r anspor t ed  from t h e  f eed  stream i n t o  
t h e  adsorbent  bed,  and i s  c a l l e d  t h e  mass  t r a n s f e r  zone (MTZ) .  The 
inve r se  S-shaped wave i n  the  MTZ i s  c a l l e d  t h e  mass t r a n s f e r  wave o r  

f r o n t  I 

As flow cont inues  under s t e a d y - s t a t e  c o n d i t i o n s ,  t h e  PIT% moves 

f u r t h e r  t o  the  r i g h t  a t  a uniform v e l o c i t y .  Breakthrough occurs  when 
t h e  l ead ing  edge of  t h e  MTZ j w t  l eaves  the o u t l e t  end of  the  bed,  a t  

as shown i n  F ig .  lO(d> . The t i m e  taken f o r  t he  f r o n t  t o  t i m e  0 = U 
t ravel  t h e  e n t i r e  l eng th  of  the bed u n t i l  breakthrough occurs  i s  c a l l e d  

the breakthrough t ime,  . 
I f  t h e  flow of gas a t  t h e  i n l e t  i s  cont inued ,  t h e  adsorbent  loading  

curve wil.1. look as i n  F igs .  10(e)  and 1 0 ( f )  and f i n a l l y  when U > 8 t he  
e n t i r e  bed i s  a t  i t s  e q u i l i b r i m  load ing ,  t h e  curve w i l l  a p p e a r  as i n  
F ig .  1O(g) and no f u r t h e r  absorp t ion  w i l l  occur .  

0 

e 
L 

E? 

0 

t, ' 

'b 

e 

6 . 2  Design Equations 

6.2.1. Mass transfer 
'The mass of  hydrogen gas absorbed i n  t i m e  0 t o  0 -1- A 0  i s ,  

w - G M B  
S 

, >  lhe mass of  hydrogen t r a n s f e r r e d  i n  the  MTZ i s :  

w = (Xi - x )AT> p 
o f b  

( 7 )  

Equate Eqs. 7 and 8 t o  so lve  f o r  mass t r a n s f e r  w a v e  l e n g t h ,  o r  f r o n t  
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length, Lf: 

G AB 
S 

Lf = Gi - X0)Pb * 

But 

L = v A B ,  
f f  

where v is the front velocity. f 
From E q s .  9 and 10, 

( 9 )  

It is important to point out that the front velocity, vf, is only a 
function of the boundary conditions of the adsorbent bed. By this it is 
meant that the conditions existing at the inlet and outlet section of 
the bed determine uniquely the velocity. The bulk density pb has the 
same value at. the boundary as it has within the bed. 

6 . 2 . 2  Heat transfer 
The heat generated in the MTZ due to absorption of hydrogen gas is, 

For isothermal operation, this quantity of  heat must be removed by 
circulating a cooling medium around the bed walls. The transfer of heat 
therefore occurs transverse to the flow of' feed gas. T e heat transfer 
rate per unit volume of the absorption bed is given by, 9 , 7  

= Tl - To . 
a 

If the tube material i s  thin, R = K and ln(R /R) = 0. With this 1 1 
s implif icatiori, E q .  13 reduces to, 

Taking the Least Common Multiple (LCM) of the term within the square 
brackets on the left-hand side of  Eq. 14 and simplifying gives, 
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4k h U T  
a a  ..... 

But 

2 
q = QRR L . 

Equating Eqs. 1 5  and 1 6  g i v e s ,  

4k h RnL 
a a  

Q =  AT , 

[Kha + 2ka] 

But h >> k . Therefore ,  a a 

Q = 4nLk AT . 
a 

Equating E q s .  18 and 12 g i v e s ,  

4xLk Al' = G . U N  . ( 1 9 )  a S 

I f  t he  l eng th  of tube considered i s  equal  t o  one f r o n t  l e n g t h ,  
s i n c e  A 7- nR = ( K D  ) / h ,  E q .  1 9  becomes 

L f ,  and 
2 2 

G D ~ A H  
S L s  

f 16k ( A T )  ' 
a 

Equating Eqs. 20 and 9 f o r  L gives an equat ion  f o r  the time i t  takes  
the  mass t r a n s f e r  wave t o  t r a v e l  one f r o n t  l eng th .  

f 

L 
(xi - xo)pb4H 

Ad E Ad E 

f 16ka (AT) 

I n  a c t u a l  f ixed-bed  absorp t ion  ope ra t ion ,  the  cyc le  time i s  tliree 

t o  f o u r  tirne.s AB t o  a l l o w  s u f f i c i e n t  time f o r  the  inverse  S-shaped mass 

t r a n s f e r  wave p r o f i l e  t o  develop and a t t a i n  s teady s t a t e .  
The f a c t o r s  which determine t he  cyc le  t i l n e  a r e  evident-: f r o m  Eq. 21. 

Lower va lues  o f  AB, (and consequently 1.ower cyc le  t.i.rnes) can be a t t a i n e d  
by inc reas ing  the  henominator and reduct ing  the  numerator o f  E q .  2 1 .  

However, p b ,  x .  x and AH a r e  p rope r t i e s  of the  bed material. and a r e  
cons t an t .  D i s  the di-ameter o f  

each a d s o r b e n t - f i l l e d  tube comprising the  bed. The smaller the  

f 

1.' 0 '  
Therefore ,  D ,  k a ,  and AT can be v a r i e d .  
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diameter ,  D ,  o f  each tube ,  t h e  l a r g e r  the  number of tubes r equ i r ed ,  
which inc reases  t h e  c o s t s .  Moreover, t he  commercial manufacture o f  
tubes  below a c e r t a i n  diameter becomes too  expensive.  The thermal con- 
d u c t i v i t y  of  the adsorbent  bed.Lmaterial, k , can be i nc reased  by t i g h t l y  
packing t h e  material t o g e t h e r , "  b u t  t h e r e  i s  a c e r t a i n  vo id  f r a c t i o n  
which cannot be t ranscended.  Moreover, t he  hydr ides  expand during 
hydrogen absorp t ion  which inc reases  the  voidage,  and somewhat lowers k . 
The only e a s i l y  v a r i e d  q u a n t i t y  happens t o  be A T ,  t h e  d i f f e r e n c e  i n  tem- 
p e r a t u r e  between the  adsorbent. bed arid t h e  cool ing  f l u i d  c i r c u l a t i n g  

o u t s i d e .  For steam product ion,  t h e  temperature  of the  cool ing  f l u i d  
must be h igh .  Therefore ,  AT cannot be too g r e a t ,  o therwise t h e  requi red  

process  steam temperature:; will never be reached. 
The norm i n  p i l o t  s i z e  u n i t s t s 9  have a cyc le  t h e  of  about  20 min. 

If k can be improved by 1.0% and AT by 208, then  the  overal.1. reducti.on 
a 

i n  cyc le  time? us ing  Eq. 22 can be shown t o  be 3 2 % .  The average cyc le  

time o f  20 m i t i  can then  be reduced t o  1 3 . 6  min. However, t o  be economi- 
c a l l y  v iab1e ,  the  cyc le  t imes must be a t  l e a s t  5 min, i f  not  l e s s ,  and 
t:he hydr ide  material  must endure f u r  two yea r s  without  requir ing.  p a r t i a l  
or complete xeplacement. 

a 

a 

- 
8 .5 

'A r e p o r t  by SRP 1riternati .onal meritions a process  tlevel.oped by 
Daimler-Renz t h a t  improves thelrmal conduc t iv i ty  by a f a c t o r  o f  1.0 t o  30 
when cez:tsain hydr ides  are mixed with 5 -20  w t  % of  metals such as 

aluminum, magnesium, and copper.  The i.mportant: p o i n t  t o  no te  i s  t h a t  i n  

a hydri.de lied, the  empty spaces  between hydr ide  p e l l e t s  have a 

d e t e r i o r a t i n g  e f f e c t  on the  hed t:hc:rn~l conduc t iv i ty  which predominates 
over t he  cont:ri.bution t o  the  bed thermal conduc t iv i ty  made by t h e  s o l i d  
hydr ide  mater i.al. Nickel has  been traclitiorial.ly used as support  
mater ia l .  for hydrides  because o f  i t s  sp iky  s t r u c t u r e  which is  i d e a l l y  
s u i t e d  f o r  formation of  a porous p e l l e t  fo l lowing  s in t e r i . ng  and h e a t  
t rea tment .  The q u a l i t y  of  p e l l e t  material produced by us ing  aluminum, 
magnesium, and copper i s  unce r t a in .  The i.ric:rease i n  thermal coxiduc- 
t i v i t y  by a factor of 10 t o  30 seems a l i t t l e  high because the  thermal 
c o n d u c t i v i t i e s  of n- icke l ,  aluminum, magnesium, and copper are approxima- 
t e l y  i n  the  r a t i o  of  1 : 3 : 2 . 5 : 7 .  Therefore ,  if a11 the  ni.cke1 s u p p o r t  
p rev ious ly  used w a s  replaced by copper ,  t he  thermal conduc t iv i ty  of t he  

p a r t i c l e  wou1.d be increased  by a f a c t o r  o f  7 .  However, as point:ed out  
e a r l i e r ,  the  main ohs tincle i n  improving bed thermal conduc t iv i ty  i s  the  
vo id  f r a c t i o n .  

tTlii?re a r e  no commercial hydride u n i t s  a v a i l a b l e .  A p i l o t - s c a l e  
u n i t  at. A i r  Product-s Company, desi.gned t o  recover hydrogen f r o m  an 
ammonia s l i p s t r e a m ,  is  t:he c l o s e s t  curr'erkt: a.pproximat: i.on t o  a cominercial 

u n i t  and i s  the  only one of i t s  kind known t o  e x i s t  i.n the  United 
S ta tes .  
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7. CYCLIC STABILITY, DECREPITATION, KINETICS AND COSTS 

7 . 1  S t a b i l i t y  

The most exhaust ive 1 i . i e r a tu re  survey and l abora to ry  d a t a  c o l l e c -  
t i o n  on hydride ma te r i a l s  w a s  recent1.y completed by Ergeni-cs, Inc .  * The 
fo l lowing  a r e  excerp ts  from t h i s  r e p o r t .  

Even i n  t h e  absence o f  any i rnpur i t ies ,  i n t e rme ta l - l i c  hydriding 
a l l o y s  can be degraded during repea ted  cyc l ing  by separat i -on,  o r  d i sp ro -  
p o r t i o n a t i o n ,  of the  metal  s p e c i e s .  This is because many o f  the a l l o y s  
a r e  thermodynamical.ly metas tab le  i n  r e spec t  t o  t he  hydride o E the  iiiost 

r e a c t i v e  component. 
A dramatic example of t h i s  occurs  wi th  the  a l l o y  CaNi~- which wou1.d 

otherwi-se be an important a l l o y  due t o  i t s  good capac i ty  and l o w  c o s t .  
However, it can l o s e  much o f  i t s  hydrogen absorp t ion  capac i ty  i n  l e s s  
t:liari 300 cyc le s  a t  85°C (185°F). '0 Thi.s loss can be r eve r sed ,  but: t he  
inconvenience diminishes  the a l l o y ' s  use .  On the  o the r  hand, the prob- 
lem appears t:o be avoided by a l l o y  s e l e c t i o n .  Compounds based on 
La(Ni,Al~) are found t o  be e s s e n t i a l l y  immune t o  t h i s  i n t r i n s i c  d i sp ro -  
p o r t  i. o m  t ion .  

A poss ib ly  rei-ated c y c l i c  i n s t a b i l i t y  i s  known t o  occur i n  some A 3  

type compounds. I n  t h i s  case  i t :  i s  more l i k e l y  a d i so rde r ing  phenomenon 
and i t  a f f e c t s  ZrCo and the  d ihydr ide  (upper)  p l a t e a u  of some a l l o y s  
based on TiFe. 

3 

5 10 

11. 

7 . 2  Decrepi ta t ion  

Volume expansion occurs  during the  hydr id ing  r e a c t i o n  which c a n  

range from 10  t o  2 5 % .  Most o f  the  all.oys a r e  q u i t e  b r i t t l e ,  crack 

seve re ly  on expansion, and d e c r e p i t a t e  t o  f i n e  powder w i t h i n  a few 
abso rp t ion  and desorp t ion  c y c l e s .  The E'ine powder s t a t e  i s  a inixed 
b l e s s i n g .  I t  provides  high su r face  a rea  which can he lp  r e a c t i o n  kinetx- 
i c s  and g e t t e r  i m p u r i t i e s .  On the  o the r  hand, i t :  packs i n  r e a c t o r s  cau- 
s i n g  increased  p res su re  drops and con ta ine r  bu lg ing .  'The f i n e  powder 
~ 1 . ~ 0  r e s u l t s  i n  poor h e a t  t r a n s f e r ,  and some al.loys i.n t h i s  s t a t e  can be 
very  pyrophoric .  

'The handl ing  of t he  f i n e  a l l o y  powders has  l e d  t o  s e v e r a l  con ta in -  

ment approaches.  These inc lude  permeable capsules" and bonded p e l l e t s .  
The la t t re r  approach can include improved management o f  t h e  r e a c t i o n  
h e a t i n g  and cool ing  by enhanci-ng thermal conduct iv i ty  o r  by thermal b a l -  
l a s t .  P e l l e t  porosi . ty can a f f e c t  gas flow, and d i f f e r e n t  a l l o y s  could 
have vary ing  s e n s i t i v i t y  t o  t h e  b inders  t h a t  inay be used ti) make p e l -  
l e i s .  

7 . 3  React ion Kine t i c s  

I n t r i n s i c  r e a c t i o n  r a t e  cons tan ts  f o r  the  hydr id ing  r e a c t i o n s  a re  

func t ions  o f  temperature and p res su re .  These func t ions  suggest  an 
opt iinum p res su re  arid temperature cornhination f o r  maximum absorp t ion  
r e a c t i o n  r a t e .  

1 3  
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With the exception of magnesium alloys, the intrinsic kinetics of  
hydriding reactions for most alloys appears to be so rapid that opera- 
tion of  practical devices is usually controlled by other factors. The 
principal factors are heat transfer, gas permeability, and impurity 
effects. Unfortunately, these (and pressure dependence) are often over- 
looked in determinations and analyses of kinetics reported in the 
literature. The data in most reports are so uncertain that they cannot 
be used in connection with alloy selection. 

7.4 Cost and Availability 
There are many intermetallic hydriding alloys in the literature 

that are composed o f  very exotic and expensive elements. No one, for 
example, would consider using thorium, hafnium, gadolinium, etc., on a 
large scale in an industrial process. Even s o ,  many of  the metals 
included are expensive: Z r ,  La, Ti, and Co are examples; Ni, which is 
contained in many compositions, is lower in cost but hardly inexpensive. 
In addition, many of  the alloys require special techniques or care in 
preparation and this adds to cost. 

Nevertheless, the generally unavoidable, relatively high materials 
costs can be balanced in several ways. Expensive lanthanum is diluted 
1:5 with nickel, and/or i s  replaced with less expensive mischmetnl. 
Iron and manganese which are less expensive are used where possible. 
Finally, alloys with high hydrogen capacity are used where possible, and 
they are cycled as rapidly as practicable to minimize the quantity that 
a process must have in inventory. These considerations all become part 
of the alloy selection process and economic basis of any process 
deve 1 opinent . 
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APPENDIX 

LISTING AND EXECUTION OF COMPUTER PROGRAM, HYDRIDE 



30 

C 
C HYDRIDE TEMPERATURE AMPLIFIER MACHINE. 
C 

C 

COMPUTER PROGRAM ENABLES USER TO DESIGN A SINGLE STAGE METAL 

10 WRITE(6,20) 
20 FORMAT(IX,'THF FOLLOWING METAL HYDRIDES ARE CONSIDERED:',//, 

1 ' 1. ZIRCONIUM-COBALT, ZRCO',/, 
2 ' 2. ZIRCONIUM-NICKEL, ZRNI',/, 
3 ' 3. MAGNESIIJM-NICKEL, MG2NI',/, 
4 ' 4. TITANIUM-MIDKEL, T12NI',/, 
5 ' 5. TITANIUM-VANADIUM-CABALT,TlO.95VO.O5CO',/, 
6 ' 6. TITANIUM-CABALT, TICO'J, 
7 ' 7. TITANIUM-COBALT-MANGANESE, TICO0.5MN0.5',/, 
8 ' 8. TITANIUM-IRON-NICKEL-VANADlUM,TIFEO.8Nl0.iVO.O5',/, 
9 ' 9. TITANIIJM-IRON-NICKEL, 'l'lJFEO,SNI0.2',//, 
6: '(THE ABOVE INCLUDE A,A2B,AND A 5  TYPE ALLOYS)') 

30 WRITE(6,40) 
40 FORMAT(lX,'CHOOSE HOT AND CLOD SIDE ALLOYS ACCORDING TO ABOVE 

C NUMBERING SYSTEM') 
WRITE(6,60) 

READ(5,65)HOTA 

WRITE(6,90) 

READ(5,95)COLDA 

60 FORMAT(2X,'HOT SIDE ALLOY, HOTA = ') 

65 FORMAT(W,F5.1) 

90 

95 FORMAT(W,F5.1) 

FORMAT(2X,'COLD SIDE ALLOY, COLDA = ') 

C 

WRITE(6,llO) 

READ(5,115)T\JVH 

TWHK: KELVNWH) 
DEGC=DEGIQC(TWHK) 

110 FORMAT(2X,'WASTE HEATTEMP. FOR HOT SIDE ALLOY, F= ') 

1 1 5 FO RMAT(2X, F5.1) 

C WRITE(11 , I  17)HOTA,COLDA,TWH,TWHK 

C 
117 FORMAT(2X,'HOTA =',F3.1 ,'COLDA =',F3.1,'WH =',F5.1,'TWHK',F5.1) 

CALL VANTHF(HOT.A,TWHK,PR) 
PHI=PR 
DELTAP=O.O 
PCI=PHI -DELTAP 
CALL HFVANT(COLDA,PCi ,TC) 

C WRITE(6,900)TC 
900 FORMAT(2X,'TC VALUE FROM HFVANT (K)= ',F7.1,/) 

T=TC 
TCI F=FAREN(T) 
T=TCI F 
TCI K=KELVN(T) 
T=TCI K 
TCI  C=DEGQC(T) 

C WRITE(I1 , I  19)PHl ,TC,T 
119 FORMAT(' PHI=',F8.5,' TC(F) =',F7.1,' T = ',F7.1) 

IF(TC.GE.NVHK)GO TO 120 
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120 
130 
140 

150 

160 

170 

180 
C 

C 

GO TO 140 
WRITE(6,130) 
FORMAT(2X,’WRONG SELECTION OF COLD SIDE ALLOYJ‘) 
CONTINUE 

FORMAT(2X,’WASTE HEAT TEMP. FOR COLD SIDE ALLOY, F =’) 

FORMAT(2X, F5.1) 

WRITE(6,150) 

READ(5,lGO)WCA 

TWCA= KELVN (TWCA) 
CALL VANTHF(COLDA,TWCA,PR) 
PC2=PR 
T=TWCA 
TC2F=FAREN(T) 
T=TC2F 
TCPK=KELVN(T) 
T=TC2K 
TC2C=DEGWC(T) 
DELPC=O.O 
PH2= PC2-DELPC 
CALL HNANT(HOTA,PH2,TC) 
T=TC 
TH2F=FAREN(T) 
T=TH2F 
TH2K=KELVNm 
T=TH2K 
TH2C=DEGK2C(T) 
WRITE(6,170) 

READ(6,lSO)BTU 
FORMAT(W,’DESIRED HEAT PUMP CAPACIlY(BTU/HR = IN E9.1 FORMAT) 

FORMAT(2X, E9.1) 

CALL DELTAH(HOTA,DELH) 
DHBTU=CALBTU(DELH)*454.0 

C WRITE(6,lSO)DHBTU 

C 
C LB-MOLES/HR OF HYDROGEN REQUIRED 
C 

190 FORMAT(2X,/,’DHETU = ’,F8.1,/) 

REQDH2=BTU/DHBTU 
C 

WRITE(6,200) 

READ(5,210)HMHOT 
210 FORMAT(W,F3.2) 

WRITE(6,250) 
250 FORMAT(2X,’H.M RATIO FOR COLD ALLOY =’) 

READ(5,260)HMCOLD 
260 FORMAT(2X,F3.2) 

200 FORMAT(W,’H/M RATIO FOR HOT ALLOY = ’) 

C 

CALL LBATOM (HOTA, PO U N DA) 

H2H OT= POU N DAiH M HOT 
CALL LBATOM(COLDA, PO U N DA) 

C LB ALLOY PER LE3 HYDROGEN, H2HOT 



C LB COLD ALLOY PER LB HYDROGEN 
H2COLD=POUNDA/HMCOLD 

C 
C 

W RITE(B,220) 

READ(5,230)CYCLE 
220 FORMAT(2X,'CYCLE TIME {IN MINUTES) ? ') 

230 FORMAT(W,FS.l) 
C 
C LB-MOLES H2 ABSORBED IN EACH CYCLE, H2ABS 

H2ARS=REQDHZ*CYCLE/60. 
C 
C ALLOY (HOT) INVENTORY PER BED QHALOI(LB ALLOY) 

QHALOI=H2ABS"2.0*H2HOT 
CALL COPTA(HOTA,COLDA,COP) 

c 
C ALLOY (COLD) INVENTORY PER BED, QCALOI 

QCAI..OI=H2ABS*ti2COLD 
C 
C 

CALL PRlN T(lWH,DEGC, T'WHK,PHl ,PCI,l-Cl F,TC1 C,TCl K,PC2,TWF,TC2C, 
C TC2K,Pti2,T~i2F,TH2C,TH2K) 

C 
C 

CALL PRINT~(BTU,DHBTU,i1MHOT,H2HOT,CYCLE,H2ABS,Q~ALOl,HMC~l~~, 
C H2COLD,QCAI.OI) 

W RITE(8,24C))COP 
240 FORMAT(il,2X,'COP',l4X,F5.2,/) 

C 
STOP 
END 

C 
C 

FUNCTION PlJT) 
C: EO. PRESSURHE OF tl2 ABOVE HYDRIDE 

P1=10**(-4137/1+6.486) 
RETURN 
END 

C 
C 

FUNCTION P2(T) 
C EQ. PRESSURE OF HYDROGEN OVER HYDRIDE 

P2=10**(-4025/T+7.075) 
RETURN 
END 

C 
FUNCTION P 3 0  

C EQ PRESSURE OF H2 OVER MGPNl 
P3= 10**(--3534n+6.730) 
RETURN 
END 

C 
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C 

C 

C 

C 

C 
C 

C 

C 
C 

C 

C 
C 

C 

C 
C 

C 

FUNCTION P 4 0  
EQ. PRESSURE OF H2 OVER T12NI 

P4=10**(-3578fl+7.434) 
RETURN 
END 

FUNCTION P 5 0  
EQ. PRESSURE OF H2 OVER T10.95V0.05CO 

P5=10**(-4221 /T+9.733) 
RETURN 
END 

FUNCTION P 6 0  
EQ. PRESSIRE OF H2 OVER TIC0 

P6=10**(-3204fT+7.993) 
RETURN 
END 

FUNCTION P7(T) 
EQ. PRESSURE OF H2 OVER TIC00.5MN0.5 

P7=10**(-2412/T+6.604) 
RETURN 
END 

FUNCTION P 8 0  
EQ. PRESSURE OF H2 OVER T~FE0.8NIO.15VO.05 

P8=10**(-2297Pr+6.358) 
RETURN 
END 

FUNCTION P9m 
EQ. PRESSURE OF H2 OVER TIFEO.SN10.2 

P9= 1 0**(-2.199fl+6.324) 
RETURN 
END 

c 
C 

FUNCTION TCI(P) 

RETURN 
END 

TCI:4137/(6.486-ALOGIO(P)) 

C 

C 

FUNCTION TC2(P) 
TC2=4025/(7.075-ALOGl O(P)) 
RETURN 
END 

C 
C 
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FUNCTION TC3(P) 
TC3=3534/(6.73O-ALOGi O(P)) 
RETURN 
END 

c 
FUNCTION TC4(P) 
TC4=3578/(7.434-ALOGI O(P)) 
RETURN 

END 
c 

FU N CTION TC5( P) 
TC5=4221/(9.733-ALOGI O(P)) 
RETURN 
END 

C 
FUNCTION TCS(P) 
TCs=3204/(7.993-ALOGi O(P)) 
RETURN 
END 

C 
FUNCTION TCS(P) 
TC7=2412/(6.604-ALOGIO(P)) 
RETURN 
END 

C 
FUNCTION TC8(P) 

RETURN 
END 

TC8=2297/(6.358-ALOGI O(P)) 

C 
FUNCTION TC9(P) 
TC9=2199/(6.324-ALOGlO(F)) 
RETURN 
END 

C 
FUNCTION KELVN(T) 
KELVN=(T+46O)/I .8 

RETlJRN 
END 

C 
C 

FUNCTION FAREN(T) 
FAREN=T*i .8-460. 
RETURN 
END 

C 
C 

FUNCTION DEGUC(1) 
DEGK2C: 1--273.0 
RETURN 
END 

C 
C 

FUNCTION BTU2W(B) 
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BTU2W=0.293*B 
RETURN 
END 

C 

C 
FUNCTION CALBTU(C) 
CALBTU=1/252.*C 
RETURN 
END 

C 
C 

10 

20 

30 

40 

50 

60 

70 

80 

90 
1 0 0  

C 

C 

FU NCTl ON CALJUL( C J) 
CALJUL=4.186*CJ 
RETURN 
END 
SUBROUTINE DELTAH(ALO1,DELH) 
R=l.987 
Ee2.303 
IF(ALOI.EQ.1)GO TO 10 
IF(ALOI.EQ.2)GO TO 20 
IF(ALOI.EQ.3)GO TO 30 
IF(ALOI.EQ.4)GO TO 40 
IF(ALOI.EQ.5)GO TO 50 

IF(ALOI.EQ.6)GO TO 60 
IF(ALOI.EQ.7)GO TO 70 
IF(ALOI.EQ.8)GO TO 80 

IF(ALOI.EQ.9)GO TO 90 
CONTINUE 

DELH=4137*R*E 
GO TO 100 

DELH=4025*R*E 
GO TO 100 

DELH=3534*R*E 
GO TO 100 

DELH=3578*R*E 
GO TO 100 

DELH=4221 *R*E 
GO TO 100 

DELH=3204*R*E 
GO TO I00 

DELH=2412*RkE 
GO TO 100 

DELH=2297*R*E 
GO TO 100 

DELH=2199*R*E 
RETURN 

END 
SUBROUTINE VANTHF(ALOI,T,PR) 

IF(ALOI.EQ.1)GO TO 10 
IF(ALOI.EQ.P)GO TO 20 
IF (ALOI.EQ.3)GO TO 30 
IF(ALOI.EQ.4)GO TO 40 
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IF(ALOI.EQ.5)GO TO 5Q 
IF(ALOI.EQ.6)GO TO 60 
IF(ALOI.EQ.70)GO TO 70 
IF(ALOI.EQ.8)GO TO 80 
IF(ALOI.EQ.9)GO TO 90 
CONTl N U E 

10 PR=Pl(T) 

GO TO 100 

20 PR=P20  
GO TO 100 

30 PR=PB(T) 
GO TO 100 

40 PR=P4(T) 
GO TO 100 

50 PR=P50  
GO TO 100 

60 PR=PG(T) 
GO TO 100 

70 PRzP7CP) 

80 PR=P8(T) 
GO TO 100 

GO ro 100 
90 PR=PS(T) 

100 RE'lUHN 
END 
SU BROUTl N E HFVAN T(AI.OI ,P,TC) 
IF(ALOI.EQ.1)GO TO 10 

IF(ALOI.EQ.2)GO TO 20 
IF(ALOI.EQ.3)GO TO 30 
IF(ALOI.EQ.4)GO TO 40 
IF(ALOI.EU.5)GO TO 50 
IF(ALOI.EQ.6)GO TO 60 
IF(ALOI.EU.7)GO TO 70 
IF(ALOI.EQ.8)GO TO 80 
IF(ALOI.EQ.9)GO TO 90 

CONTl N U E 

GO TO 100 

10 TC=TCl(P) 
GO TO 100 

20 TC=TC2(P) 

911 FORMAT(2X,'VALUES FROM HFVANT:',/, 
C WRITE(6,911)ALOI,P,TC 

C 2X,'ALOI=',F5.1,' P(ATM)= ',F8.4,' TC(K) =',F7.1) 
GO TO 100 

30 TC=TC3(P) 
GO TO 100 

40 TC=TC4(P) 
GO -ro loo 

50 TC=TC5(P) 
GO TO 100 

60 TC=TCG(P) 
GO TO 100 

70 TC=TC7(P) 
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GO TO 100 
80 TC=TC8(P) 

90 TC=TCS(P) 

100 RETURN 
END 

GO TO 100 

GO TO 100 

c 
C 

SUBROUTINE LBATOM (ALOI ,POUNDA) 
IF(ALOI.EQ.I)GO TO 10 
IF(ALOI.EQ.2)GO TO 20 
IF(ALOI.EQ.3)GO TO 30 
IF(ALOI.EQ.5)GO TO 50 

IF(ALOI.EQ.6)GO TO 60 
IF(ALOI.EQ.7)GO TO 70 
IF(ALOI.EQ.8)GO TO 80 
IF(ALOI.EQ.9)GO TO 90 

GO TO 100 
20 POUNOA=74.95 

GO TO 100 
30 POUNDA=35.78 

GO TO 100 
40 POUNDA=51.50 

GO TO 100 
50 POUNDA=53.50 

10 POUNDA=75.O 

GO TO 100 
60 PQUNDA=53.42 

GO TO 100 
70 POUNDA=52.42 

GO TO 100 
80 POUNDA=51.97 

GO TO 100 
90 POUNDA=52.16 
100 RETURN 

END 
SUBROUTINE COPTA(HOTA,COLDA,COP) 
CALL DELTAH(HOTA,DELHOT) 
CALL DELTAH(COLDA,DELCLD) 
COP= DELHOT/( DELHOT+ DEI-CL.D) 
RETURN 
END 
SUBROUTiNE PRINT(TWH,DEGC,NVHK,PHI ,PC1 ,TC1 F,TC1 C,TCI K,PC2,TC2F, 

C TC2C,TCZK,PHZ,TM2F,TH2C,TH2K) 
c 

WRITE(6,17O)TWH,DEGC,NVHK 
170 FORMAT(lX,/I,’WASTE HEAT SOURCE TEMP. FOR HOT SIDE ALLOY ’,F7.1, 

C ’[fj’,F7.l,’(C)’,F7.l,’(K)’,/) 

FORMAT(IX,’HOT SIDE ALLOY (LOW PRESSIRE),ATM ’,I 1X,F8.4,/) 

FORMAT(IX,’COLD SIDE ALLOY (LOW PRESSURE),ATM ’,lOX,F8.4,/) 

WRITE(6,i 80)PHl 
180 

WRITE(6,I 9O)PC 1 

190 
WRITE(6,20O)TCl F,TC1 C,TCl K 
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200 FORMAT(IX,'COLD SIDE ALLOY (LOW TEMPERATURE) ',I 1X,F7.1 ,'(F)', 
C F7.1 ,'(C)',F7.1 ,'(K)',/) 

220 FORMAT(IX,'WASTE HEAT SOURCE TEMP. FOR COLD SIDE ALLOY ',F7.1, 
C '(F)',F7.1 ,'(C)',F7.1 ,'(K)',/) 

210 FORMAT(lX,'COLD SIDE ALLOY (HIGH PRESSURE), ATM ',8X,F8.4,/) 
WRITE(6,210)PC2 

W RITE(6,220)TC2F,TC2C,TCZK 
WRITE(6,230)PH2 

WRITE(I~,~~O)TH~F,TH~C,TH~K 
230 FORMAT(lX,'HOT SIDE ALLOY (HIGH PRESSURE), ATM',lOX,F8.4,/) 

FORMAT(IX,'HOT SIDE ALLOY (HIGH TEMPERATURE) ',llX,F7.l,'(F)', 
C F7.1 ,'(C)',F7.1 ,'(K)',/) 

240 

RETURN 
END 

SUBROUTINE PRlNTi(BTU,DHBTU,HMHOT,H2HOT,CYCLE,H2ABS,QHALOl, 

WRITE(6,250)BTU,OHBTU,HMHOT,H2HOT,CYCLE,H2ABS,QHALOI, 

C 

C HMCOLD,H2COLD,QCALOI) 

C HMCOLD,H2CQLD,QCALOI 
FORMAT(//,2X,'DESlRED CHP CAPAClTY,BTU/HR = ',IW,E9.1,/, 

C 2X,'HEAT OF ABSORPTIQN,BTU/LB-MOLE = ',IOX,F8.1,/, 
C %,'HYDROGEN TO METAL ATOM RATIO (HOT ALLOY) = ',F3.1,/, 
C 2X,'LB ALLOY (HOT)/LB H2 = ',18X,FS.I,/, 
C 2X,'CYCLE TIME, MINS ',24X,F5.1,/, 
C 2X,'LB HYDROGEN ABSORBED PER CYCLE = 

C 2X,'HYDROGEN TO METAL ATOM RATIO (COLD ALLOY = ',F3.1,/, 
C 2X,'LB ALLOY (COLD)/LB OF H2 = ',14X,F0.1,/, 
C 2X,'LB ALLOY (COLD) IN EACH BED ',13X,F8.1) 

250 

',6X,F8.1,/, 
C 2X,'LB ALLOY (HOT) IN EACH BE0 = ',13X,F8.1,/, 

RETURN 
END 



39 

EX 
LINK: Loading 
[ INKXCT IIYDRID execution] 

THE FOL1,OWING METAL HYDRTDES ARE CONS I DEKED : 

1. Z I R C O N I U M -  COEALT , ZRCO 
3 .  ZIRCONIUM-NLCKEL, ZRNI 
3 .  MAGNESIUM-NICKEL, MG7Nl 
I t .  TITANIUM-MIDKEL, TL2NT 
5. TITANIUM-VANADIUM-CARALT,TIO.  95VO.05CO 
6 .  'L'TTANIUM-CABAL'1', TLCO 
I .  TITANIUM- COBALT-PL4NGANKSE1 T I C O O .  5 M M O .  5 

9 .  T T T A N ~ U M - T R O N - N Z C K E L ,  TUFEO. 8NiO. 2 
8 .  TITANIUM-IRON-NTCKEI,-VANADIIJM,TIFEO. 8NIO.IVO.05 

THE ABOVE INCLUDE A , A % B , A N D  AB w P E  ALT~OYS) 
CHOOSE HOT AND CLOD SIDE ALLO'IS ACCORDING TO ABOVE NUMI3EKLNG SYSTEM 
HOT S I D E  ALLOY,  IIOTR = 

COLD S I D E  AT,T,OY, COLDA = 

WASTE HEAT TEMP. FOR HOT S I D E  A L L O Y ,  F- 

WASTE HEAT TEMP. FOR COLD S l D E  ALLOY, F = 

DES1KED HEAT PUMP CAPACITY(RTU/HR = IN E9.1 FORMAT 

IJ/M LiRTlO FOR HOT ALT,OY -.- 

l l . M  R A T I O  FOR COLD ALLOY = 

CYCLE TIME ( I N  M I N U T E S )  ? 

3 . 0  

5 . 0  

3 2 5 . 0  

'325.0 

3 0 .  OEOS 

0 . 2  

0.2. 

2 0 . 0  

ASTE HEAT SOURCE 'I'EMP. FOR HQT S I D E  AI,T.,OY 

HOT S I D E  ALLOY (-[,OW P R E S S I R E )  ,ATP1 

COLD S I D E  ALLOY (LOW P R E S S U R E )  ,ATM 

COLD S I D E  AT.I.OY (LOW TEMPEL'UT'URE) 

COLD S I D E  ALL07 (II'LGH PRESSURE) , ATP1 

3 2 5 . 0 ( F )  163.O(C) 4 3 6 . 0 ( K )  

0.0421 

0.0421. 

224.0(Fj 106.0(C) 3 7 9 . 0 ( K )  

1.1267 

WASTE: HEAT SCLTRLE TEMP. FOR COLD S I D E  AI,T.OY 374  8 ( F )  163.O(C) 436.O(K) 

110'1' S I D E  ALLOY (HIGH PRESSURE) , Al'M 1.126/ 

HUT S I D E  ALLOY ( H I G H  TEPIPLRA'I'URE) 49?.5(F:) 216.0(C) 5 2 9 . 0 ( K )  
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DESIRED CHP CAPACITY,BTU/HR = 0.3E+08 
HEAT OF ABSORPTION, B'rU/LB-MOLE = 29134.9 
HYDROGEN TO METAL ATOM RAT10 (HOT ALLOY) = . 2  
LB ALLOY (HOT)/LR H2 = 178.9 
CYCL.E TIME, MINS =: 20.0 
LB HYDROGEN ABSORBED PEK CYCLE = 343.2 
LB ALLOY (HOT) IN EACH BED = 122808.0 
HYDROGEN TO METAL ATOM RATIO (COLD ALLOY = .2 
LB ALLOY (COLD)/LB OF 1-12 = 267.5 
TAB ALLOY (C01,D) IN EACH BED = 91814.3 

COP 0.46 

STOP 

END OF EXECUTION 
CPU TIME: 0.27 ELAPSED TIME: 44.17 
EXIT 
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