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SOME ENGINEERlNG ASPECTS OF THE HYDROGEN-OXYGEN FUEL G%L 
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Introduct ion 

There i s  no doubt that the hydrogen-oqgen c e l l  possesses 
a number of important c h a r a c t e r i s t i c s  which have made it much e a s i e r  
t o  develop i n t o  p r a c t i c a l  u n i t s  capable of generating a useful amount 
of power, compared w i t h  hydrocarbon-air c e l l s .  It is perhaps worth- 
while b r i e f l y  t o  r ecap i tu l a t e  these cha rac t e r i s t i c s ,  and this w i l l  
make p l a in  the reasons for the  choice of the  p a r t i c u l a r  system which 
was developed at Cambridge, England. 

electrochemically much more e a s i l y  than any hydrocarbon f u e l ;  t h i s  
of course makes electrode design much eas ie r .  

possible t o  use a n  a lka l ine  e lec t ro ly te ,  which has obvious advantages 
i n  the lower cost  of mater ia ls  which can be employed f o r  the 
electrodes,  current c o l l e c t o r s  and other c e l l  par t s .  

Thirdly, the use of pure gases means that an unvented 
system i s  possible, and this eliminates the add i t iona l  problems 
which have t o  be faced when an i n e r t  d i luent ,  such as GO2 i n  a 
reformed hydrocarbon fue l ,  have t o  be vented from the system at 
the co r rec t  rate under a l l  load conditions; this would seem t o  
present qu i te  an i n t r i c a t e  con t ro l  problem, i f '  undue waste of f u e l  
i s  t o  be avoided. Moreover, groups of c e l l s  would presumably have 
t o  be f ed  i n  s e r i e s  wi th  the f u e l  gases, each group having i t s  
own control  valve; i t  would c l e a r l y  be too complicated t o  have a 
monitoring device on each c e l l  t o  regulate  the  gas f l o w  individual ly .  
Some of these arguments would a l s o  apply i f  a i r  i s  used instead of 
pure oqgen;and i n  addition, control  of the rate of  water removal 
from the vented system may be d i f f i c u l t  under conditions of varying 
air temperature and humidity. This i s  i n  contrast  t o  the hydrogen- 
oxygen system, i n  which the only react ion product i s  steam which 
can e a s i l y  be separated from the hydrogen i n  a simple air-cooled 
condenser, provided that the operating temperature of the c e l l s  i s  
somewhat above ambient; p a r a l l e l  f l o w  of hydrogen through a l l  the 
c e l l s  i n  a ba t t e ry  can be used without d i f f i c u l t y ,  and s m a l l  in- 
e q u a l i t i e s  of f l c w  through individual  c e l l s  a r e  of l i t t l e  consequence. 
Besides this, the higher partial pressures of the react ing gases, 
using pure hydrogen and oxygen, lead t o  a higher c e l l  performance 
and a higher l imi t ing  current.  

F i r s t  of a l l ,  i t  i s  w e l l  hown that hydrogen r e a c t s  

Secondly, t h e  use of pure hydrogen and oxygen makes i t  

It m u s t  be admitted that even w i t h  very pure gases, 
occasional venting of the system t o  atmosphere i s  usual ly  necessary, 
owing t o  the gradual build-up of i n e r t  d i luents ;  but this, i n  our 
experience at Cambridge, need only be done very occasionally, 
especial ly  i f  e l e c t r o l y t i c  gases a r e  used, and can e a s i l y  be done 
by hand. 
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Fourthly, there i s  t h e  poss ib i l i t y  of operat ing the ba t te ry  
a t  considerably e leva ted  pressures.  T k i s  has the advantage of reducing 
ac t iva t i cn  pc l a r i za t ion  of the  electrodes and so y ie ld ing  possible  
savings i n  weight, bulk and electrode cost .  The use of e levated 
pressures a l so  makes i t  possible  t o  operate with an increased partial  
pressure of  water vapour and hence a higher e l ec t ro ly t e  conductivity 
and a more compact ccndenser. It i s  r e l a t ive ly  simple t o  supply 
pure hydrogen and oxygen a t  e levated pressure, but,  with a hydro- 
carbon-air ce l l ,  t he re  would be complications and a heavy p a r a s i t i c  
load due t o  the compressors. 

be made s e l f - s t a r t i n g  frcm cold; th i s  w a s  not  a feature of the c e l l s  
developed at Cambridge, where the  decis ion had been taken t o  operate 
a t  t he  highest  p rac t icable  temperature so as t o  minimize the problems 
associated with e lec t rode  a c t i v i t y .  However, o ther  workers have 
demonstrated hydrogen-oxygen c e l l s  w i t h  lower temperatures of operation, 
which w i l l  s t a r t  from cold though r e l a t ive ly  cheap ca t a lys t s  a r e  used; 
a l t e rna t ive ly ,  very small  amcunts of precious metal ca t a lys t s  may be 
emplcyed with E G C d  results i n  tkis respect ;  i t  i s  assumed that one of  
the many nev t y p e s  cf electrode, which depend on a degree of semi- 
wetness i n  the a c t i v e  layers ,  wculd be used. 

I t  should be added that e f f o r t s  were made, qu i te  ea r ly  i n  
the work t o  th ink  i n  terms of a complete working system ra the r  than 
i n  terms cf s ing le  c e l l s ,  or even a ba t t e ry  of c e l l s ;  and before the 
work was clcsed down at Cambridge, a complete working system was 
evolved, including gas admission, and cont ro l  of  temperature, 
e l e c t r c l y t e  concentrat ion and pressure difference across  electrodes,  
under bo th  steady and rapidly varying loads, with a u n i t  of 40 c e l l s  
which wculd develop u p  t o  6 kw of power. (1) 

Personnel 

f i n a n c i a l  reasons, i t  w a s  e s s e n t i a l  t o  break as l i t t l e  f r e s h  ground 
as  possible ,  and the  p r a c t i c a l  experience of b o t h  ba t t e ry  and 
e l ec t ro lyse r  manufacturers was f r e e l y  drawn upon; up till  1941, t he  
authcr wGrked alone, t h e  work being supported by Merz and McLellan, 
the  well-known ccnsul t ing  engineers.  From 1946-51, addi t iona l  he lp  
was given by one part-time consultant,  the  work being done i n  the 
Departments of Col loid Science, and Metallurgy, Cambridge University. 
After this a small team w a s  gradually bu i l t  up i n  the Department of 
Chemical Engineering, Cambridge, the team ccns is t ing  of two chemists, 
cane meta l lurg is t ,  one engineer (author)  and three a s s i s t an t s ,  besides 
LLwc part-time consul tants ,  one being a physicis t  and t h e  other  an 
electrcchernist. This team was unfortunately completely disbanded rfn 
1956 cwing tc l ack  of support. 
by t h e  E l e c t r i c a l  Research Association, w i t h  addi t iona l  help from 
the  Ministry cf Fuel and Power, and the Admiralty. I n  1957, 
another  team was b u i l t  up with the  he lp  cf the  National Research 
Development Ccrpcration, a t  Marshall of Cambridge Ltd., the  t o t a l  
numbers of  the team reaching a m a x i m u m  of fourteen, including one 
chemist, om metallurgist and three  engineers,  besides f i v e  part-time 
consul tants ,  cne being a chemist, one a meta l lurg is t ,  one a control  
engineer and t w G  chemical engineers.  

F i f th ly ,  t he re  i s  the  importai t  f a c t  t h a t  hydrogen c e l l s  can 

As i t  w a s  only possible  t o  employ very small teams, for 

From 1946-56 the work was financed 

Once again the team w a s  completely 
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disbanded i n  1961 owing t o  lack of i n d u s t r i a l  support i n  England. 
It should be added that the help given by the consultants was 
invaluable; a l l  were men of wide t h e o r e t i c a l  howledge and much 
p r a c t i c a l  experience, and without their help some ser ious mistakes 
would undoubtedly have been made. 

Further Develoments i n  Hydropen-Oxygen Cel ls  

The author has not ca r r i ed  out any experimental work since 
1961, but i t  has been most i n t e r e s t i n g  t o  watch the  work of others 
during this time, p a r t i c u l a r l y  the wonderful developnents which have 
taken place i n  the United S ta tes .  

and r e l i a b l e  b a t t e r i e s ,  using hydrogen and oxygen, have been produced, 
these b a t t e r i e s  being completely equipped w i t h  controls  which w i l l  
dea l  w i t h  a l l  load conditions including rapidly varying loads; i n  
addi t ion t o  this ,  many a r e  s e l f - s t a r t i n g  from cold. The first cost 
i s  s t i l l  high, but this i s  systematical ly  being reduced. I s  it 
possible that some commercial app l i ca t ion  could now be found f o r  
this type of ce l l ,  apa r t  from space and m i l i t a r y  uses? 

Storage of Gases 

hydrogen-oxygen b a t t e r i e s  f o r  say t r a c t i o n  purposes is, i n  the 
author 's  view, associated w i t h  the storage of the gases, i n  pa r t i cu la r  
the storage of hydrogen; it seems inconceivable that l iqu id  hydrogen 
could ever become a commercial fue l .  It is, therefore,  very important 
t o  watch f o r  any new deve lopen t s  i n  science and engineering which 
could have a bearing on this d i f f i c u l t  problem of hydrogen storage. 
As recent ly  as 1959, the bes t  r a t i o  which could be quoted f o r  weight 
cf hydrogen ca r r i ed  t o  weight of container w a s  1 t o  100; this was 
f o r  nickel-cbome-molybdenum forged steel  cylinders,  w i t h  a working 
pressure of 3,000 p.s . i .  ( 2 ) .  Since that time, considerable d e v e l o p  
ment has taken place i n  the design of gas vessels  and a r a t i o  of 
1 t o  4 3  can be quoted f o r  weight o f  hydrogen t o  weight of s t e e l  w i t h  
a gas pressure of 3,600 p . s . i . ;  a low carbon chrome-molybdenum s t e e l  
i s  used a t  present, and welded construction; these f igu res  refer t o  
spheres, and assume that a l l  the gas can be used, which i s  not 
s t r i c t l y  accurate but which does not introduce a se r ious  e r ror .  
Taking an average voltage of 0 . 8 ~  per c e l l ,  and assuming the  above 

I weight r a t i o  of 1 t o  43  f o r  hydrogen, and assuming a l s o  that oxygen 
i s  ca r r i ed  as w e l l ,  the  weight of  gas vessels  + hydrogen + oxygen 

I comes out a t  about 8.1 lb/kwh. generated; w i t h  hydrogen alone, the 
weight would be 4.7 lb/kwh generated. 

These gas vessels  a r e  not a l l y  used i n  missiles and 
mi l i t a ry  a i r c r a f t ,  but a l s o  i n  c i v i l  a i r c r a f t  where very h igh  
standards of s d e t y  a r e  of course required. Pa r t ly  as a result of 
the American space programme, even f u r t h e r  improvements I n  design 
appear t o  be under way; but i t  seems impossible t o  prophesy when, 
or even whether, r e s i n  f i b r e  g lass  containers w i l l  become a 
p r a c t i c a l  proposit ion f o r  the storage of hydrogen under ordinary 
comerc ia1  conditions. The whole question of ultra N g h  s t r eng th  
mater ia ls  i s  being in t ens ive ly  s tudied i n  many parts of the world ( 3 )  , 
and i t  seems possible that, i n  the future ,  f u r t h e r  reductions i n  the 
weight of gas vessels  w i l l  be achieved. 

The s t age  has now been reached where completely automatic 

The p r inc ipa l  technical  d i f f i c u l t y  preventing t h e  use of 

, 
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Other f a c t o r s  which must be taken i n t o  account are volume, 
ccs t ,  safety and convenience, but i t  i s  not possible t o  go i n t o  these 
closely i n  this shor t  paper. I n  the past ,  it has always been the 
weight which has made gas s torage  r e l a t i v e l y  una t t rac t ive .  

Possible Applications f o r  Hydrogen-Oxygen Ca l l s  

t r a c t i o n  a re  the most promising appl icat ions f o r  f u e l  c e l l s ;  this I 

appl ies  pa r t i cu la r ly  i n  the  case of shor t  range t ransport  i n  ci t ies,  
using public s e rv i ce  vehic les .  
numbers of b a t t e r y  dr iven  de l ivery  vehic les  are used - the numbers 
have now r i sen  t o  over $0,000 - and these are able  t o  compete on 
l eve l  terms w i t h  engine dr iven vans, i n  s p i t e  of the weight and 
high f irst  cost  of the  lead/acid b a t t e r i e s ;  t h i s  i s  bas i ca l ly  
because of the lower cos t  per m i l e  of e l e c t r i c i t y  compared w i t h  
taxed gasoline,  and a l s o  because of the lower maintenance cos ts  of 
ba t t e ry  driven vehic les ,  under the rather spec ia l  s t o p s t a r t  
conditions under which de l ivery  vans have t o  operate) and this i s  
i n  s p i t e  of a much higher  c a p i t a l  cost ,  part of which i s  due t o  
the cos t  of t he  b a t t e r y  i t se l f ,  and part t o  the f a c t  t ha t  mass 
producticn methods cannot be used f o r  the small numbers of vehicles 
produced. It i s  hoped that the  f u e l  c e l l  w i l l  eventually extend the 
f i e l d  of ba t te ry  t r a c t i o n  i n t o  a reas  where the  weight of lead 
batteries precludes the p o s s i b i l i t y  of e l e c t r i c  t rac t ion ,  owing t o  
the fact tha t  a rather higher speed and longer range are required.  

ba t te ry ,  at 80 amp discharge,  has been given as 12.8 kwh.; t h i s  w a s  
f o r  a 20 cwt pay load  de l ive r  vehicle  w i t h  a speed of 15-18 m.p.h. . This capaci t  would requi re  a weight and a range of 25-30 miles (49 
of hydrogen + oxygen + gas vesse ls  of 12.8 x .1 = 104 lb .  Assuming 
that the  weight of modern low temperature low pressure hydrogen-oxygen 
batteries on normal load  i s  about 40 lb./kw., and also assuming that 
a power of 5.3 kw. i s  requi red  on normal load (4), the weight of the 

weight would be 316 lb. 
for a lead t r a c t i o n  ba t t e ry ,  on a 2-3 hour discharge basis, a 
conventional ba t t e ry  would weigh 1,220 lb .  If  these f igu res  can 
indeed be substant ia ted,  i t  would appear that hydrogen-oxygen 
batteries cannot be ruled out  f o r  sho r t  range road t r ac t ion ,  on a 
weight basis ;  i n  f a c t  they appear t o  be more or l e s s  subs tan t ia ted  
by W i l l i a m  T. Reid (5) i n  an  estimate deal ing w i t h  a passenger road 
vehic le  w i t h  a range of 150 miles a t  40 m.p.h. 
extremely d i f f i c u l t  t o  compete on l e v e l  terms w i t h  i n t e r n a l  combustion 
engines, espec ia l ly  if  a long range i s  required between re-fuel l ings;  
but a s i l e n t  fume-free propulsion system would have many a t t r ac t ions  
fcr publ ic  se rv ice  vehic les  i n  c i t i e s ,  where they could e a s i l y  re turn  
each night  t o  a c e n t r a l  r e fue l l i ng  s t a t ion ,  thus avoiding the high 
cost  normally assoc ia ted  w i t h  the  d i s t r ibu t ion  of hydrogen i n  cylinders. 
Reid (5) concludes that running costs ,  using e lec t ro lysers  f o r  gas 
production, would <compare favourably w i t h  gasoline-powered engines, 
even i n  the United S ta t e s ,  and the  comparison should be even b e t t e r  
i n  the  United Kingdom, though the ana lys i s  admittedly ignores the  t a x  
problem. Sc far, b a t t e r y  dr iven vehicles  have been exempt from any 
fcm of fue l  tax i n  the U.K. 

It has always seemed t o  the author that road and r a i l  

I n  the United Kingdom qui te  l a rge  - 

The e f f e c t i v e  capaci ty  of a typ ica l  lead-acid t r a c t i o n  

6 

ba t t e ry  alone would be 212 l b . ;  complete w i t h  gas vessels,  t he  t o t a l  \ Taking an up-to-date f igu re  of 10.5 wh/lb 

It i s  admittedly 

A s  regards the engineering problems 
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associated w i t h  the s torage and t r a n s f e r  of compressed gases, much 
experience w a s  obtained i n  England, before  and during the Second 
World War, i n  the use of compressed coal  gas as a f u e l  f o r  propel l ing 
buses, and no spec ia l  d i f f i c u l t i e s  were encountered (2) .  

Conclusion 

It has f o r  many years  been rea l ized  that there are two 
a l t e rna t ive  appl ica t ions  f o r  f u e l  c e l l s ;  one i s  the t a s k  of producing 
b a t t e r i e s  which w i l l  consume a hydrocarbon fuel  and a i r ;  the other  
concerns the p o s s i b i l i t y  of s t o r i n g  e l e c t r i c a l  energy; the author 
has always been drawn towards the l a t t e r  appl icat ion.  It i s  t r u e  
that  the ove ra l l  e f f ic iency  of the double process i s  not  l i k e l y  a t  
present t o  exceed 50 per cent (6)  and might indeed i n i t i a l l y  be 
somewhat below t h i s  f igu re  (7 ) ;  but i t  i s  hoped that, before  long, 
Scme of the  knowledge acquired by f u e l  c e l l  workers w i l l  be applied 
t o  the process of e l e c t r o l y s i s ;  th is  would e n t a i l  extensive tes ta  f o r  
endurance, i n  view of the present t rouble-free l i f e  of at  least ten  
years, which i s  now expected w i t h  ex i s t ing  designs. Further,. i t  i s  
l i k e l y  that, i n  the foreseeable  future, very cheap off-peak power 
w i l l  become ava i lab le  12 the  United Kingdom; i n  an a r t i c l e  on "Large 
Scale Storage of Energy A. B. H a r t  (8) states that w i t h  nuclear  
s t a t ions  off-peak power may be ava i lab le  f o r  s torage a t  a generating 
C G s t  of 0 .25 penny ( o r  2.9 m i l s )  per kwh, though t h i s  does not mean 
that i t  could be so ld  t o  a consumer a t  this  very low pr ice .  

can be  achieved, it would not be a very b ig  s t e p  t o  des ign  a la rger  
plant  su i t ab le  f o r  propel l ing r a i l c a r s ,  where the problems of weight 
and space a r e  much less severe than w i t h  road t ranspor t ;  many ba t t e ry  
driven r a i l c a r s  are now i n  use i n  Germany, where conditions are 
favowable  for this appl icat ion.  

If p r a c t i c a l  power p lan ts  f o r  shor t  range road t ransport  

Lastly,  i t  i s  hoped that the suggestions contained i n  this  
paper, which may be regarded as very react ionary,  w i l l  not be taken 
as de t rac t ing  i n  any way from the magnificent work which i s  being 
done i n  many pa r t s  of the world on hydrocarbon-air c e l l s ;  but the  l a t t e r  
pro jec t  s t i l l  seems some way from complete fu l f i lment ,  and it would, 
i n  t h e  au thor ' s  opinion, be of immense bene f i t  t o  the whole f u e l  Cel l  
scene if some subs t an t i a l  commercial appl ica t ion  could be found quite 
som,  even i n  a l imi ted  sphere such as the  one suggested. 
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