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THE EFFECT OF CORONA ON THE REACTION OF CARBON MONOXIDE AND STEAM 

T.C. Ruppel, P.F. Mossbauer, and D. Bienstock 

U.S. Department o f  the  I n t e r i o r ,  Bureau  of Mines, 
P i t t sburgh  Coal Research Center, P i t t sburgh ,  Pa. 

SUMMARY I 

The water-gas s h i f t  r e a c t i o n  was chosen f o r  s tudy i n  a corona discharge with 
t h e  aim of  e s t a b l i s h i n g  t h e  important v a r i a b l e s  assoc ia ted  with t h e  production of 
hydrogen. 

The reac t ion  was c a r r i e d  out i n  a quar tz  Siemen's type ozonizer  having an 
e l e c t r o d e  length of 1 2  inches and an e lec t rode  separa t ion  of 8 nun. The e lec t rodes  
cons is ted  of f i r e d - s i l v e r  paint--one e lec t rode  coa t ing  t h e  i n s i d e  o f  t h e  inner (high 
vol tage)  tube, and t h e  o ther  coa t ing  the  o u t s i d e  o f  t h e  outer (ground) tube. 

The reac t ion  was s tudied  by means o f  a four - fac tor ,  two-level, f a c t o r i a l l y  
designed s e t  of experiments. This cons is ted  of input  power l e v e l s  of  60 and 90 
watts,. pressures  of .Si and 1 atmosphere, hourly space v e l o c i t i e s  of 200 and 800, and 
r e a c t o r  temperatures of  127 and 527OC (400 and 800'K). 
f a c t o r ,  the  vol tage ranged from 3100 t o  11,000 rms v o l t s .  

Although vol tage  was not a 

The predic t ion  equat ion r e s u l t i n g  from t h e  s t a t i s t i c a l  a n a l y s i s  o f  t h e  d a t a  
i n d i c a t e s  t h a t  more hydrogen i s  produced a t  h igher  pressures ,  temperatures, and 
power i n p u t s ,  and lower space  v e l o c i t i e s .  P r a c t i c a l l y  no hydrogen i s  produced i n  
t h e  absence of a d i scharge ,  r e g a r d l e s s  of  t h e  va lues  of  space v e l o c i t y ,  temperature, 
p ressure ,  o r  power d i s s i p a t e d .  

The highest  y i e l d  of hydrogen wi th in  t h e  f a c t o r i a l  region s tudied was 4.5 per- 
cen t .  An e x t r a - f a c t o r i a l  reg ion ,  which was indicated by the  p r e d i c t i o n  equation t o  
be f r u i t f u l ,  was explored and 11.5 percent  hydrogen was obtained. 

It was found t h a t  the water-gas s h i f t  reac t ion  i n  a corona discharge i s  
k i n e t i c a l l y ,  r a t h e r  than thermodynamically cont ro l led .  

INTRODUCTION 

Novel techniques are being inves t iga ted  a t  the  Bureau of Mines t o  introduce 
energy i n t o  coal  and c o a l  products  i n  an e f f o r t  t o  f i n d  new uses  f o r  coal. One 
technique under study involves  chemical reac t ions  i n  a corona discharge. I n i t i a l l y  
t h e  gas-phase r e a c t i o n  o f  carbon monoxide and steam t o  produce carbon dioxide and 
hydrogen w i l l  be inves t iga ted .  

The immediate a i m  o f  th is  s tudv i s  t o  e s t a b l i s h  t h e  imoortant v a r i a b l e s  associ-  
a t e d  with the  production of hydrogen i n  t h e  water-gas s h i f t  r e a c t i o n  i n  t h e  presence 
of  a corona discharge. 
y i e l d  on t h e  important v a r i a b l e s  i n  a corona d ischarge  f o r  s e v e r a l  gas-phase reactions' 
A s  knowledge i s  gained o n  the e f f e c t  of corona d ischarge  i n  chemical r e a c t i o n s ,  mre 

A more genera l  goa l  i s  t o  determine t h e  dependence of product 

4 complex reac t ions  involv ing  coa l  and i t s  products w i l l  be s tudied.  < 

The water-gas s h i f t  r e a c t i o n ,  which i s  usua l ly  c a r r i e d  out  i n d u s t r i a l l y  over / 
a n  Fefl3-Cr203 c a t a l y s t  a t  300-500°C and 100-300 p s i g ,  h a s  been discussed a t  grea t  ' 
l ength  i n  t h e  l i t e r a t u r e .  Summary articles a r e  a ~ a i l a b l e . l - ~  It is almost cer ta in-  ,' 
l y  a s u r f a c e  react ion5 as opposed t o  t h e  apparent homogeneous na ture  of  t h e  reac t ion  ; 
i n  t h e  corona discharge. 
descr ibed  have shown t h a t  no r e a c t i o n  occurs  between water  and carbon monoxide a t  ,p Experiments with the  quar tz  Siemen's type ozonizer  t o  b e  
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600°C and 1 atmosphere pressure  i n  t h e  absence of  a corona. This suggests  t h a t  t h e  
r e a c t i o n  is  homogeneous when it  does occur with a corona. That i s ,  t h e  r e a c t o r  walls 
probably do not  e n t e r  i n t o  t h e  r e a c t i o n  by a c t i n g  a s  a c a t a l y s t  o r  as a t h i r d  body. 

The physics6-8 and chemistry9-" of corona d ischarge  have been surveyed by 
severa l  authors .  A bibl iography of  chemical r e a c t i o  s i n  e l e c t r i c a l  discharges over 
a th i r ty-year  per iod,  1920-1950, has  been compiled. 19 

I 
PROCEDURE 

The corona discharge u n i t  i s  shown i n  f i g u r e  1. The o p e r a t i o n a l  scheme can be 
seen i n  t h e  flow diagram, f i g u r e  2. Carbon monoxide from a compressed gas  cy l inder  
(1) i s  passed through an a c t i v a t e d  carbon adsorp t ion  t r a p  (5). 
passes  through a flow c o n t r o l  va lve  (9); a second stream of  gas  may be blended here  
i f  desired.  
steam generator  (11). The thermocouple immediately above t h e  r e f l u x  condenser (17) 
c o n t r o l s  t h e  steam flow rate v i a  a t ime-proport ionat ing temperature c o n t r o l l e r  (not 
shown). The carbon monoxide and water flow rates may be i n d i v i d u a l l y  var ied  between 
0.2 and 3 f t .3 fhr .  by a d j u s t i n g  t h e  flow c o n t r o l l e r  (9) and temperature c o n t r o l l e r  
s e t t i n g s .  The carbon monoxide-steam mixture then e n t e r s  t h e  Siemen's-type r e a c t o r  
through prehea ters  (18) and (21). The r e a c t o r  i s  enclosed i n  a tube  furnace (23). 
The product gases pass  through a s e r i e s  of t h r e e  co ld  t r a p s  (25, one shown) a t  
-8OOC. 
pass  through a sample t r a i n  (28,29) and then through a flow meter (30) which i s  at  
system pressure.  On leaving t h e  flow meter t h e  non-condensable gases  pass  through 
t h e  system-pressure r e g u l a t o r  (32), vacuum pump (34), and f i n a l l y  a wet test meter 
(35). 

The metered flow (7) 

The carbon monoxide a t  t h e  pressure  of t h e  system passes  through a 

Bypass cold t r a p s  (26) a r e  a v a i l a b l e  i f  required.  The non-condensable gases 

The system is  designed t o  o p e r a t e  from 0.5 t o  2.0 atmospheres. 

The Siemen's type r e a c t o r ,  shown i n  f i g u r e s  3 and 4, c o n s i s t s  of two concentr ic  
quar tz  tubes ,  45 and 33 mm. OD, having a 4 mm. annular  space. 
i s  12 inches and t h e r e  i s  an 8 mm. e lec t rode- to-e lec t rode  separa t ion .  The e lec t rodes  
c o n s i s t  of f i r e d - s i l v e r  paint--one e l e c t r o d e  coa t ing  t h e  i n s i d e  o f  t h e  inner  (high 
vol tage)  quar tz  tube,  and t h e  o t h e r  coa t ing  t h e  o u t s i d e  o f  t h e  o u t e r  (ground) tube. 
Tungsten (or  o p t i o n a l l y  copper) wires a r e  a t tached  t o  t h e  o u t s i d e  and i n s i d e  of t h e  
reactor with two o r  t h r e e  coa t ings  o f  f i r e d - s i l v e r  pa in t .  
r e a c t o r  was measured as 86-89 pfad using a n  impedance br idge.  

The e l e c t r o d e  length 

The capac i tance  o f  the  

The average w a l l  temperature w a s  used as a measure of  t h e  temperature of the  
system. 
t h e  r e a c t o r  ( f ig .  2) and three along t h e  o u t s i d e  w a l l .  The i n s i d e  w a l l  thermo- 
couples  were a t  t h e  corona p o t e n t i a l  and thus  w e r e  i s o l a t e d  from ground. A m i l l i -  
vo l tmeter  w a s  connected i n  series t o  each of  t h e  i n s i d e  w a l l  couples ,  and thus was 
s i m i l a r l y  "floated". 
compensating i c e  junc t ion  w a s  included;  t h e  room temperature  c o r r e c t i o n  w a s  added t o  
each mi l l ivo l tmeter  reading. 
mi l l ivo l tmeter  readings i n  t h e  h o t  c i r c u i t .  Therefore  t h e  m i l l i v o l t m e t e r s  were read 
before  t h e  corona p o t e n t i a l  w a s  impressed on t h e  system. The system temperature was 
taken as t h e  average of a l l  six thermocouple measurements. 

Three thermocouples w e r e  equa l ly  spaced v e r t i c a l l y  along t h e  i n s i d e  wall of 

To s impl i fy  t h e  e l e c t r i c a l l y  hot thermocouple c i r c u i t s ,  no 

The corona p o t e n t i a l  had a positive e f f e c t  on t h e  

The study was made according to  a f a c t o r i a l l y  designed set o f  experiments t o  
determine t h e  e f f e c t  of pressure ,  space v e l o c i t y ,  temperature, and input  e l e c t r i c a l  
power on t h e  y i e l d  o f  hydrogen. 

This was a four  f a c t o r ,  two level set of  experiments as shown i n  Table 1. 
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Figure 1.- Unit for studying chemical reac t ions  i n  a corona,.discharge. 
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Figure 3.- Siemen's type reactor.  
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9mm O.D. 5mm I.D. 
45mm 0.D 41mm I.D. ' 

,33 mm O.D. 29 mm I.D. 

2mm wall with a tolerance - . 2 m m  

4mm annular space 
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Figure 4. Siernen's t:ne reactor.  
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4 Table 1.- F a c t o r i a l  design of t h e  experiments 

2 level, 4 f a c t o r ,  f u l l  f a c t o r i a l  
Z 4  = 16 experiments 4 

1:1 molar mixture ,  H2:CO 

I Leve 1 
F a c t o r  L O W  High 

Pressure ,  a t m .  0.5 1.0 
Space v e l o c i t y ,  hr.-' 200 800 
Temperature, "K 400 800 
Input  power, w a t t s  60 90 

I It w a s  found that no hydrogen was produced i n  t h e  absence of  a discharge,  no 
matter what the p o t e n t i a l  impressed on t h e  high vol tage  e lec t rode .  
law curves ,  d i s c h a r g e - i n i t i a t i n g  p o t e n t i a l  VS. t h e  product of  pressure  and electrode 
separa t ion ,  were developed f o r  t h e  reac tor .  These a r e  shown i n  f i g u r e  5. A second 
r e a c t o r  with 12 m. e l e c t r o d e  separa t ion  was a l s o  used t o  o b t a i n  these  curves. 

Thus Paschen's 

I n i t i a l l y  it was intended t o  f a c t o r i a l i z e  secondary vol tage ,  r a t h e r  than input 
However, it was not  p o s s i b l e  t o  f a c t o r i a l i z e  vol tage  (set a high and low power. 

l eve l )  without los ing  t h e  d ischarge  a t  l o w  temperatures o r  drawing too  high a current  
a t  h igh  temperatures. 
Maintaining a discharge i n  some cases  and not  o t h e r s  would in t roduce  a very  s i g n i f -  
i c a n t  unfac tor ia l ized  (uncontrol led)  q u a l i t a t i v e  v a r i a b l e ,  discharge vs. no discharge,  
i n t o  t h e  design. While it might be p o s s i b l e  t o  f a c t o r i a l i z e  discharge VS. no d i s -  
charge,  it w a s  known t h a t  no hydrogen would be produced with no d ischarge ,  regardless  
of  t h e  power level .  

A t  h igh c u r r e n t s  t h e  arc would puncture t h e  quar tz  reactor. 

Input  power w a s  f a c t o r i a l i z e d  s i n c e  t h e  v o l t a g e  and amperage requi red  f o r  a 
chosen power leve l  are determined by t h e  discharge and t h e r e f o r e  need not meet s e t  
requirements of a f a c t o r i a l  design. 

Although the v o l t a g e  was n o t  a f a c t o r ,  t h e  vol tage  ranged from 3100 t o  11,000 
rms volts. 

The above f a c t o r s  were chosen i n t u i t i v e l y .  Other  f a c t o r s ,  such a s  AC frequency, 
d i s t a n c e  between r e a c t o r  e l e c t r o d e s ,  and e l e c t r i c a l  c u r r e n t ,  may a l s o  have an e f fec t .  
Future  experiments using a frequency of  10,000 cps a r e  planned t o  d e t e c t  any f re -  
quency e f f e c t  on hydrogen production. 

The f a c t o r i a l  design form o f  e x p e r b e n t a t i o n  has  the  advantages of  1) obtaining 
an empir ica l  regress ion  equat ion  with minimum e f f o r t ,  2) i s o l a t i n g  t h e  magnitudes of 
t h e  e f f e c t s  of each v a r i a b l e  and i t s  i n t e r a c t i o n  with o ther  v a r i a b l e s  (synergism) on 
the dependent v a r i a b l e ,  3) a l lowing opt imiza t ion  o f  t h e  dependent v a r i a b l e  within 
t h e  l e v e l s  o f  t h e  f a c t o r s  s t u d i e d ,  and 4) suggest ing t h e  d i r e c t i o n  t o  be taken out-  
s i d e  t h e  region s tudied  f o r  f u r t h e r  opt imizat ion.  

A f t e r  t h e  d e s i r e d  carbon monoxide and steam flow rates w e r e  obtained and s t a b i -  
l i z e d  a t  .?; or 1 atmosphere, t h e  d ischarge  was i n i t i a t e d .  It w a s  monitored with a n  
o s c i l l o s c o p e  (Tektronix Model RM 35A), t y p i c a l  osc i l lographs  of  which are shown i n  
f i g u r e  6. 
The a r e a  enclosed by t h e  Lissa jous  f i g u r e  on the r i g h t  is a measure of t h e  t r u e  Power 
used by t h e  discharge. 

The waveforms on  the l e f t  show the v o l t a g e  t r a c e  above t h e  c u r r e n t  t race.  

1 

I 

i 



Figure 5.- Paschen's l a w  curves .  
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The water-free product gases  were analyzed by gas chromatography. However t h e  
hydrogen y i e l d s  are reported with water present .  

\ 

'? 
I 

RESULTS AND DISCUSSION 

The data  were analyzed according t o  t h e  l i n e a r  hypothesis  s t a t i s t i c a l  model 
r e s u l t i n g  i n  t h e  following empir ical  p red ic t ion  equat ion f o r  t h e  percent  hydrogen 
(water included): 

I 
Pct. H2  = - 1 . 8 8 e . 7 6 2  - (1.946+0.499)P + (0.00402+0.00042)SV 

+(0.00486+0.00121)T - (O.O106K).O0830)W 
+(0 .0047~.000791)(P*T)  - (0.0000103+0.0000006)(T~SV) 
+(0.000028&H).0000132)(T-W) 

where P = pressure,  atmospheres 
SV = space v e l o c i t y ,  hr . -1  
T = temperature, "K 
W = input  power, watts. 

An inspect ion of  t h e  terms i n  t h e  equat ion,  a f t e r  numerical va lues  a r e  i n s e r t e d ,  
shows t h a t  tempzrature h a s  the l a r g e s t  e f f e c t  on t h e  product ion o f  hydrogen, with 
space v e l o c i t y  being t h e  l e a s t  important. 

The c o e f f i c i e n t  with t h e  l a r g e s t  error assoc ia ted  with it is i n  t h e  input  power 
term. Since t h e  f a c t o r i a l  l e v e l s  were maintained q u i t e  c l o s e l y ,  t h e  inference  which 
can be drawn i s  t h a t  t h e  y i e l d  of hydrogen tends t o  be least c o r r e l a t a b l e  w i t h  input  
power. The reverse  i s  a l s o  t r u e ,  t h a t  hydrogen product ion tends t o  c o r r e l a t e  bes t  
with t h e  i n t e r a c t i o n  term T-SV. 

The c o e f f i c i e n t s  w e r e  determined wi th  an IEN 7090 d i g i t a l  computer a v a i l a b l e  at  
t h e  Univers i ty  of  P i t t sburgh ,  using a program f o r  a regress ion  equat ion previously 
developed by Bureau personnel. 

According t o  t h e  equat ion,  maximum product ion of  hydrogen, w i t h i n  t h e  range 
s tudied ,  was found t o  be a t  1 atmosphere, 200 hourly space v e l o c i t y ,  800%, and 90 
wat t s  input .  A t  t h e s e  l e v e l s  t h e  percentage of hydrogen was 4.5, compared with t h e  
f i g u r e  4.1 ca lcu la ted  by t h e  equation. The e x t r a - f a c t o r i a l  region of i n t e r e s t  sug- 
gested by the  equation would be h igher  pressures ,  temperatures ,  and inputs ,  and 
lower space v e l o c i t i e s .  
flow b a s i s ,  t h i s  was P=2, SV=lOO, T=800, and W=lOO. The hydrogen percentage i n -  
creased t o  8.6. By s topping the gas  flow, 11.6%H2 was obtained i n  t h e  product. 

Within t h e  l i m i t a t i o n s  o f  our equipment, and opera t ing  on a 

Extrapolat ing an empir ica l  equat ion i s  always dangerous. 
t h a t  a n  ind ica ted  e x t r a - f a c t o r i a l  reg ion  w i l l  y i e l d  good r e s u l t s .  
case ,  t h e  e x t r a - f a c t o r i a l  region proved t o  be  more f r u i t f u l  than predicted.  The 
advantage of an empir ical  equat ion i s  t h e  ease i n  which i t  i s  obtained while  repre-  
sen t ing  t h e  d a t a  w e l l  i n  a compact form wi th in  t h e  reg ion  i n  which the d a t a  were 
taken. 

There is no guarantee 
I n  t h e  present  

I f  one could d e f i n e  t h e  r e a c t i o n  temperature  i n  a corona d ischarge ,  it would be 
p o s s i b l e  t o  d iscuss  t h e  thermodynamics of  t h e  system. 
not impossible, t o  d e f i n e  an equi l ibr ium with r e s p e c t  t o  t h e  corona reac t ion .  
t h e r e  are methods a v a i l a b l e  f o r  ob ta in ing  measurements of  t h e  average ( t r a n s l a t i o n a l )  
temperature of  t h e  gas  o r  plasma, t h e r e  i s  a v a l i d  ques t ion  as t o  t h e  " l o c a l  t m p e r a -  
ture"  a t  t h e  r e a c t i o n  s i t e  of  t h e  a c t i v a t e d  species .  
t h i s  s tudy t o  c o r r e l a t e  t h e  average w a l l  temperature of  t h e  system with hydrogen 
product ion and thus t o  d e f i n e  t h e  system s u f f i c i e n t l y  f o r  des ign  purposes. 
p r e d i c t i o n  equation s t r o n g l y  i n d i c a t e s  t h a t  t h i s  approach i s  s a t i s f a c t o r y .  

However i t  i s  d i f f i c u l t ,  if 
While 

However it w a s  attempted i n  

me 
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The decrease i n  equi l ibr ium constant  o f  t h e  water -gas-sh i f t  r e a c t i o n  with I 

I temperature i s  shown i n  f i g u r e  7. 
temperature  e f f e c t  on t h e  product ion of  hydrogen, t h e  water -gas-sh i f t  reac t ion  i n  
an e l e c t r i c a l  discharge must be k i n e t i c a l l y  r a t h e r  than thermodynamically con- 
t r o l l e d .  I 

A s  the  p r e d i c t i o n  equat ion i n d i c a t e s  a pos i t ive  

The y i e l d s  of hydrogen shown here  a r e  less than t h e  y i e l d s  achieved indus- 
t r i a l l y 1 3  by c a t a l y t i c  means. What is  of  more 
determinat ion,  f o r  s e v e r a l  r e a c t i o n s ,  of t h e  func t iona l  dependence of t h e  y ie ld  of 
a given product on t h e  s e v e r a l  independent v a r i a b l e s  i n  a corona discharge. 
information i s  a prelude t o  f u t u r e  experiments where powdered coa l  o r  coa l  v o l a t i l e s  
will be t r e a t e d  with c e r t a i n  gases  i n  a corona discharge. 

i n t e r e s t  t o  us i s !  t h e  empir ical  

This 

f CONCLUSIONS 

The conclusions t h a t  can be drawn from this study a r e :  

(1) No hydrogen i s  produced i n  t h e  absence of a d ischarge ,  regard less  of  the  values 
o f  space v e l o c i t y ,  p ressure ,  temperature, o r  power d iss ipa ted .  

4 

(2) The predic t ion  equat ion a r i s i n g  from t h e  s ta t i s t ica l  ana lys i s  of  the  da ta  in-  
d i c a t e s  t h a t  more hydrogen i s  produced a t  h igher  pressures ,  temperatures, and power 
i n p u t s ,  and lower space v e l o c i t i e s .  

i (3) Within t h e  range o f  v a r i a b l e s  s t u d i e d ,  temperature has  t h e  l a r g e s t  r e l a t i v e  
e f f e c t  on the  product ion o f  hydrogen, while  space v e l o c i t y  has  the least  r e l a t i v e  
e f f e c t .  

4 

(4) Of t h e  four  f a c t o r s  chosen, input  power is  t h e  least c o r r e l a t a b l e  with t h e  
whi le  t h e  f i r s t  o rder  in te rac t ion :  product ion of hydrogen, 

v e l o c i t y )  i s  the  most c o r r e l a t a b l e .  
(temperature) X (space 4 
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