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INTRODUCTION 

The dwindling s u p p l i e s  of  o i l  and impending shor tages  o f  n a t u r a l  gas have made 
A g r i c u l t u r a l  wastes it worthwhile t o  cons ider  recover ing  energy from s o l i d  was tes .  

such as  f e e d l o t  manure, are one c l a s s  of m a t e r i a l s  t h a t  a r e  be ing  i n v e s t i g a t e d  f o r  
poss ib le  u t i l i z a t i o n .  Feedlot  manure is a low s u l f u r  m a t e r i a l  t h a t  i s  renewable and 
a v a i l a b l e  i n  s i g n i f i c a n t  amounts i n  c e r t a i n  a r e a s .  Manure can be  converted i n t o  use- 
f u l  products by anaerobic  d i g e s t i o n ,  a tmospheric  p r e s s u r e  g a s i f i c a t i o n  o r  l iquefac-  
t i o n .  Of t h e s e ,  a tmospheric  pressure  g a s i f i c a t i o n  appears  t o  be  t h e  most economi- 
c a l l y  a t t r a c t i v e  [Engler e t  a l . ,  (l)]. Contact ing devices ,  such as t h e  f i x e d  bed, t h e  
moving bed, t h e  en t ra ined  bed and t h e  f l u i d i z e d  bed can  b e  used f o r  g a s i f y i n g  manure. 
From t h e  s tandpoin t  of gas product ion,  f l u i d i z e d  beds are h i g h l y  d e s i r a b l e  because of 
t h e i r  high h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  and t h e i r  c a p a b i l i t i e s  f o r  maintaining iso-  
thermal condi t ions .  

A survey of  t h e  l i t e r a t u r e  on t h e  g a s i f i c a t i o n  of manure i n d i c a t e s  t h a t  t h e  a v a i l -  
a b l e  experimental  d a t a  are somewhat l i m i t e d .  Most i n v e s t i g a t o r s  have only examined the 
inf luence  of temperature .  Burton (2) c a r r i e d  out  two exper imenta l  runs wi th  d r i e d  cow 
manure i n  a f l u i d i z e d  bed r e a c t o r .  The r e a c t o r  used w a s  0.38 m (15") i n  diameter  and 
employed i n e r t  mat r ix  of  sand a s  t h e  bed m a t e r i a l .  Hot f l u i d i z i n g  gas f o r  t h e  r e a c t o r  
was generated by combusting methane OT propane. The r e a c t o r  o p e r a t i n g  temperatures  
used f o r  t h e  two runs repor ted  were 1041 K and 1022 K.  Smith e t  a l . ,  (3) publ ished 
p a r t i a l  ox ida t ion  d a t a  obta ined  i n  a moving bed r e a c t o r  u s i n g  manure as t h e  feed 
material. 
recycled product  gas  and a i r  a s  t h e  gas  medium. Data were obta ined  f o r  a t e m p e r a h r e  
range of  894 K t o  950 K. 

The experiments w e r e  conducted i n  a 0.05 m ( 2 " )  diameter  r e a c t o r  and used 

Bench scale o p e r a t i n g  d a t a  w e r e  ob ta ined  by Hal l igan  e t  a l . ,  (4)  i n  a 0.05 m (2") 
d iameter  r e a c t o r ,  which was operated i n  a p a r t i a l  combustion mode us ing  s team and air .  
The reac tor  w a s  e x t e r n a l l y  heated wi th  e l e c t r i c a l  h e a t e r s  and t h e  d a t a  were obtained 
between 977 K and 1069 K.  
pyro lys i s  of steer manure i n  a m u l t i p l e  h e a r t h  r e a c t o r .  
f o r  these  experiments were between 873 K and 1023 K.  Recent ly ,  Beck et a l . ,  (6)  pre- 
sented p a r t i a l  ox ida t ion  d a t a  on manure obta ined  i n  a p i l o t  p l a n t  r e a c t o r .  Steam and 
a i r  were used as t h e  f l u i d i z i n g  medium i n  t h e  450 kg/day p i l o t  p l a n t .  
used was 0.15 m (6") i n  diameter  and had an a x i a l  temperature  v a r i a t i o n  of about 500 K. 
The da ta  were presented  f o r  an average temperature  of about  870 K i n  t h e  r e a c t o r .  
Howard et a l . ,  (7) have r e c e n t l y  completed a comparative s t u d y  on t h e  g a s i f i c a t i o n  of a 
v a r i e t y  of biomass m a t e r i a l s  ( i n c l u d i n g  manure) i n  a 0.5 m I D  f l u i d  bed p i l o t  p l a n t .  
They examined t h e  i n f l u e n c e  of f l u i d i z a t i o n  v e l o c i t y  and r e a c t o r  loading  and g a s i f i e r  
performance. 

Mikesel l  e t  a l . ,  (5) r e p o r t e d  l i m i t e d  d a t a  on t h e  f l a s h  
The o p e r a t i n g  temperatures  

The r e a c t o r  

To proper ly  des ign  a system f o r  the  g a s i f i c a t i o n  of manure or other  biomass, i t  
is necessary t o  develop s y s t e m a t i c  d a t a  base  which i n c l u d e s  t h e  e f f e c t  of o p e r a t i n g  
temperature, feed s i z e ,  s u p e r f i c i a l  gas v e l o c i t y  and perhaps o t h e r  v a r i a b l e s  on t h e  
g a s i f i c a t i o n  c h a r a c t e r i s t i c s .  These would b e  most u s e f u l  i f  ob ta ined  on a p i l o t  p l a n t  
s c a l e .  The o b j e c t i v e s  of t h e  present  work w e r e  t o  conduct g a s i f i c a t i o n  experiments 
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with  manure i n  a f l u i d i z e d  bed reactor and t o  assess t h e  inf luence  of  the  feed s i z e  
f r a c t i o n  and  s u p e r f i c i a l  gas  v e l o c i t y  on t h e  fol lowing:  
2)  h i g h e r  h e a t i n g  va lue  of t h e  produced g a s ;  and 3) produced gas y i e l d .  The opera- 
t i n g  temperature  was a l s o  v a r i e d  i n  t h e  experiments .  

1) produced gas composition; 

EXPERIMENTAL 

F a c i l i t i e s  

The p i l o t  p l a n t  f a c i l i t y  used f o r  t h e  g a s i f i c a t i o n  of  manure is shown schemati- 
c a l l y  i n  Figure 1. The p i l o t  p l a n t  c o n s i s t e d  of  t h e  fol lowing seven components: 1) 
the  r e a c t o r ,  2) a screwfeeder ,  3) a cyc lone  s e p a r a t o r ,  4)  a Venturi  s c r u b b e r ,  5)  a n  
a f t e r b u r n e r ,  6) a c o n t r o l  and i n s t r u m e n t a t i o n  panel  and 7) a gas sampling t r a i n .  

I 

, 
The r e a c t o r  w a s  cons t ruc ted  from h e a t  r e s i s t a n t  s t a i n l e s s  steel  310 a l l o y .  The 

r e a c t o r  proper  had an I.D. of 0 .23  m (9") with  an expanded freeboard of 0 .41  m (16") 
I . D .  
r e a c t o r  (plenum) generated t h e  gas f o r  f l u i d i z a t i o n  by t h e  combustion of propane under 
s t a r v i n g  a i r  condi t ions .  Water w a s  a l s o  i n j e c t e d  i n t o  t h e  plenum s e c t i o n  a s  necessary 
t o  maintain t h e  temperature  below 1250 K and t o  supply a d d i t i o n a l  gas  f o r  f l u i d i z a t i o n .  
A sampling p o r t  w a s  provided a t  t h e  plenum s e c t i o n  t o  permit  monitor ing of t h e  composi- 
t i o n  o f  t h e  f l u i d i z i n g  gas. Supplemental h e a t  ( a s  needed) f o r  o p e r a t i o n  was t rans-  
f e r r e d  across  t h e  w a l l s  of a r a d i a n t  j a c k e t  surrounding t h e  r e a c t o r .  A burner  wi th  a 
duty of  105.5 M / h r  (100,000 BTU/hr) suppl ied  h e a t  t o  t h e  j a c k e t  u s i n g  n a t u r a l  gas as 
the  f u e l .  The d i s t r i b u t o r  p l a t e  f o r  t h e  r e a c t o r  w a s  made from a 3 mm t h i c k  316 s t a i n -  
less s teel  p l a t e  and had 844 h o l e s  of  1 .5  m diameter .  The r e a c t o r  was w e l l  i n s u l a t e d  
wi th  a minimum of 0 .1  m of Kao Wool and had adequate  temperature  and p r e s s u r e  measuring 
elements loca ted  a t  v a r i o u s  s t r a t e g i c  p o i n t s .  
s i l i c a  sand w a s  used as t h e  bed material. 
p a r t i c l e  s i z e  of 0.55 mm w a s  used t o  g i v e  a s t a t i c  bed h e i g h t  of 0 .6  m ( 2 4 " ) .  
flow p i p e  f o r  withdrawing s o l i d  samples from t h e  bed was provided on the  r e a c t o r  as 
shown i n  Figure 1. 

A burner  with a duty of 47.5 W / h r  (45,000 BTU/hr) loca ted  a t  t h e  bot tom of t h e  

An i n e r t  mat r ix  composed pr imar i ly  of  

An over- 
Approximately 45 kg of sand  wi th  a mean 

The s o l i d s  t o  be  g a s i f i e d  were f e d  i n t o  t h e  bed through a feed p i p e  of 0.075 m 
(3") diameter ,  which d ischarged  t h e  feed  j u s t  above t h e  expanded bed s u r f a c e .  
m a t e r i a l  was d e l i v e r e d  t o  t h e  feed p i p e  from a s e a l e d  hopper wi th  a v a r i a b l e  speed 
screw feeder .  
t a i n  a p o s i t i v e  p r e s s u r e  on t h e  feed  hopper as w e l l  as t h e  feed p i p e  so as t o  prevent  
t h e  backflow of  of f -gas  i n t o  t h e  f e e d e r  and subsequent  condensat ion i n  t h e  feeder .  
The off-gas  from t h e  r e a c t o r  w a s  withdrawn from t h e  top  and passed through a cyclone 
s e p a r a t o r  f o r  removing t h e  e n t r a i n e d  s o l i d  p a r t i c l e s  which were c o l l e c t e d  i n  a 
r e c e i v e r  loca ted  below t h e  cyclone.  
diameter  of 5 micrometers. 
cyclone f o r  monitor ing t h e  composi t ion of t h e  r e a c t o r  off-gas .  
from t h e  cyclone was then  s e n t  i n t o  a Ventur i  s c r u b b e r ,  which served t o  quench t h e  
off-gas  and remove condens ib les .  The scrubber  was te  water w a s  discharged t o  t h e  sewer 
and t h e  scrubbed gases  were s e n t  t o  a n  a f t e r b u r n e r .  The a f t e r b u r n e r  served as a f l a r e  
s t a c k  which permit ted t h e  gas t o  d i s c h a r g e  t o  the  atmosphere a f t e r  i n c i n e r a t i o n .  

The feed 

A purge s t ream of about  0.36 cubic  meter /hr  of  helium was used t o  main- 

The cyc lone  could remove p a r t i c l e s  up t o  a 
A gas sampling poin t  w a s  provided a t  t h e  i n l e t  of  t h e  

The s o l i d s  f r e e  gas 

A l l  the  temperature  and flow measuring ins t ruments  and t h e  temperature  recorder  
Control  loops wi th  alarms were f o r  t h e  p i l o t  p l a n t  were mounted on a c o n t r o l  panel. 

provided to ensure  safe opera t ion .  
monitor  t h e  temperatures  a t  s e v e r a l  l o c a t i o n s ,  inc luding  t h e  plenum s e c t i o n ,  t h e  
r a d i a n t  s e c t i o n ,  t h e  p o r t i o n  j u s t  above t h e  d i s t r i b u t o r ,  t h e  middle p o r t i o n  of t h e  
r e a c t o r ,  and t h e  freeboard s e c t i o n .  

A twelve poin t  s t r i p  c h a r t  r e c o r d e r  w a s  used t o  

A sampling t r a i n  w a s  cons t ruc ted  t o  c o l l e c t  samples o f  t h e  plenum gas as w e l l  as 
The sample stream w a s  passed through a series o f  g l a s s  conden- t h e  r e a c t o r  off-gas .  

s e r s  and condensate r e c e i v e r s  p e r m i t t i n g  t h e  s e p a r a t i o n  of condensibles  from the  
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sample b o t t l e ,  and subsequent ly  i n c i n e r a t e d .  ! 
Feed Mater ia l  Prepara t ion  

The manure used w a s  c o l l e c t e d  from paved f e e d l o t s  a t  Kansas S t a t e  Univers i ty’s  
Beef Research Center .  The manure had a mois ture  conten t  of  about  80% and w a s  subse- 
quent ly  f l a s h  d r i e d  t o  reduce t h e  mois ture  conten t  t o  about  8%. The dry manure was 
s ieved  t o  o b t a i n  t h r e e  s i z e  f r a c t i o n s ,  namely; -2 + 8 mesh (0.45 cm), -8 + 14 mesh 
(0.19 cm) and -14 + 40 mesh (0.09 cm). The u l t i m a t e  a n a l y s e s  of t h e  t h r e e  s i z e s  of 
manure are presented  in Table 1. 

Procedure 

The r e a c t o r  w a s  i n i t i a l l y  heated t o  t h e  d e s i r e d  o p e r a t i n g  tempera ture  us ing  both  
t h e  plenum and r a d i a n t  burners .  The temperatures  i n  var ious  p a r t s  of  t h e  r e a c t o r  were 
monitored t o  e s t a b l i s h  a s t a b l e  s t a r t i n g  condi t ion .  The propane used i n  t h e  plenum 
burner  w a s  burn t  under s t a r v i n g  a i r  condi t ions  t o  ensure a n  oxygen d e f i c i e n t  atmos- 
phere i n  t h e  r e a c t o r .  
a n a l y s i s  b e f o r e  a run  was i n i t i a t e d .  Over t h e  course of t h e  sampling per iod ,  conden- 
s a t e  w a s  c o l l e c t e d  f o r  a measured volume of  t h e  burner  gas  ( s a t u r a t e d  a t  t h e  meter ing  
condi t ions)  t o  determine t h e  water conten t  of t h e  f l u i d i z i n g  gas. 

Gas samples ( 2  o r  3)  were taken from t h e  plenum s e c t i o n  f o r  

Manure w a s  in t roduced  i n t o  t h e  r e a c t o r  a t  a cont inuous p r e s p e c i f i e d  r a t e ,  and t h e  
Samples of  t h e  r e a c t o r  o f f -  temperature  p r o f i l e  of t h e  r e a c t o r  w a s  c l o s e l y  monitored. 

gas were taken wi th  t h e  s imultaneous c o l l e c t i o n  of  condensate .  
minutes t o  one hour .  Feeding was then  terminated and t h e  char  c o l l e c t e d  i n  t h e  
cyclone w a s  weighed. Samples of  t h e  cyclone char  were reserved  f o r  a n a l y s i s .  A f t e r  
t h e  completion of each run,  t h e  char  r e t a i n e d  i n  t h e  r e a c t o r  was burn t  wi th  excess  a i r  
and t h e  a s h  produced w a s  e l u t r i a t e d  from t h e  bed and c o l l e c t e d  i n  t h e  cyclone.  
sample of t h e  ash genera ted  w a s  a l s o  reserved  f o r  a n a l y s i s .  

Run d u r a t i o n s  w e r e  30 

A 

The flow rates of t h e  propane, a i r  and i n j e c t i o n  w a t e r  w e r e  noted dur ing  each run. 
The s o l i d  feed  rate was determined by t h e  d i f f e r e n c e  i n  weights  of s o l i d s  i n  t h e  hopper 
b e f o r e  and a f t e r  t h e  experiment. For each of t h e  runs ,  t h e  gas samples w e r e  drawn 
a f t e r  f l u s h i n g  t h e  sample b o t t l e s  f o r  about  f i v e  minutes. The volumetr ic  flow of  gas 
through t h e  w e t  test meter and t h e  p r e s s u r e  and t h e  temperature  of  t h e  w e t  test meter 
were noted. The condensates  c o l l e c t e d  were measured volumetr ica l ly .  

Chemical Analysis  

Gas a n a l y s i s  w a s  accomplished us ing  a Packard Model 417 Becker Gas Chromatograph 
equipped w i t h  thermal  conduct iv i ty  d e t e c t o r s .  
Hg, CO, CO2, CH49 C H49 C2H6, C3Hg, C H 
5A molecular  s i e v e  ?or t h e  separa  ion30a’H2~ A2,  N , CO, and CH4, w h i l e  t h e  remaining 
components were separa ted  u s i n g  a column of Porapaz Q w i t h  a s h o r t  l ead  s e c t i o n  of 
Porapak R t o  s h i f t  the  r e t e n t i o n  of water. The chromatograph w a s  opera ted  i so thermal ly  
a t  80°C wi th  hel ium as a carrier gas. The instrument  w a s  c a l i b r a t e d  w i t h  purchased 
c a l i b r a t i o n  mixtures .  S o l i d  materials were analyzed w i t h  r e s p e c t  t o  t h e i r  e lemental  
composition (C, H,  N ,  0) u s i n g  a Perkin-Model 240 Elemental Analyzer. The ash  
a n a l y s i s  w a s  performed according t o  t h e  s tandard  ASTM procedure i n  a muff le  furnace  
and t h e  moisture  conten t  w a s  determined by dry ing  t h e  samples i n  an oven f o r  3 hours 
a t  373 K. The composi t ions of t h e  s o l i d s  a n i  gases  given i n  t h i s  s tudy  r e p r e s e n t  t h e  
average of a t  least t w o  de te rmina t ions .  

The gas components of  i n t e r e s t  included 
H S N 2  and 02. Column packings used were a 

Operat ing Condit ions 

Gasif:-cation experiments  were conducted by vary ing  t h e  o p e r a t i n g  t e n p e r a t u r e ,  t h e  
feed s i z e  f r a c t i o n  and the  gas s u p e r f i c i a l  v e l o c i t y .  The a r i t h m e t i c  average 
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between t h e  bed temperature  and t h e  f reeboard  temperature  w a s  taken as t h e  opera- 
t i n g  temperature  of  t h e  r e a c t o r .  
ture w a s  less than t h e  bed tempera ture .  
observed i r ,  t h i s  s tudy  w a s  120  K and t h e  averaqp temperature  d i f f e r e n c e  was 89 K.  
A sumnary of t h e  o p e r a t i n a  condi t ions  i s  uresented i n  Table 2 .  

In a l l  the experiments ,  t h e  f reeboard tempera- 
The maximum temuerature  d i f f e r e n c e  

Data Analysis  

Mass ba lance  c a l c u l a t i o n s  were f i r s t  performed on t h e  plenum b u r n e r  us ing  t h e  
a n a l y s i s  of  t h e  dry plenum g a s ,  t h e  condensa te  c o l l e c t e d  and t h e  f low rates of pro- 
pane, a i r  and i n j e c t i o n  water .  The f low r a t e  of t h e  d r y  burner  gas e n t e r i n g  t h e  
r e a c t o r  w a s  computed by performing a n i t r o g e n  ba lance  around t h e  burner .  An over- 
a l l  n i t r o g e n  ba lance  on t h e  r e a c t o r  w a s  then used t o  e v a l u a t e  t h e  d r y  of f -gas  flow 
rate wi th  the  a i d  of t h e  of f -gas  a n a l y s i s .  For computing t h e  amount of gas pro- 
duced from t h e  manure, i t  was assumed t h a t  t h e  burner  gas  d i d  not  s i g n i f i c a n t l y  
t a k e  p a r t  i n  t h e  r e a c t i o n s .  
w e r e  computed as  the  d i f f e r e n c e  between t h e  dry  off-gas  and t h e  dry burner  gas .  

The y i e l d  and t h e  composition of t h e  d r y  produced gas 

From t h e  condensate  c o l l e c t e d  f o r  a u n i t  volume o f  t h e  burner  gas ,  the  t o t a l  

S i m i l a r l y ,  t h e  condensa te  a s s o c i a t e d  wi th  t h e  dry  off-gas  was 
water conten t  of t h e  burner  gas  w a s  computed us ing  t h e  volumetr ic  flow r a t e  of t h e  
dry  burner  gas. 
computed from t h e  volumetr ic  flow r a t e  of  the  dry off-gas  and t h e  condensate  d a t a  
obta ined  f o r  a u n i t  volume of t h e  dry of f -gas .  The l i q u i d  produced dur ing  g a s i f i -  
c a t i o n  was computed as t h e  d i f f e r e n c e  between t h e  two a f t e r  making a p p r o p r i a t e  
c o r r e c t i o n s  f o r  t h e  w a t e r  of s a t u r a t i o n  of  t h e  metered gases .  

T o  complete t h e  o v e r a l l  m a t e r i a l  ba lance  around t h e  r e a c t o r ,  i t  w a s  
necessary t o  know t h e  t o t a l  amount of char  produced. Since a p o r t i o n  o f  t h e  
c h a r  w a s  r e t a i n e d  i n  t h e  bed, i t  was necessary  t o  e s t a b l i s h  a procedure f o r  eval-  
u a t i o n  of the  t o t a l  c h a r  genera ted .  Attempts were made t o  estimate t h e  char  i n  
t h e  bed by performing an i n e r t  ba lance  on t h e  ash  produced dur ing  combustion and 
t h e  char .  This method w a s  n o t  very s a t i s f a c t o r y  s i n c e  s u b s t a n t i a l  amounts of  t h e  
a s h  w e r e  c a r r i e d  pas t  t h e  cyclone t o  t h e  scrubber  and dra in .  From experimental  
observa t ions ,  it was found t h a t  f o r  any  run, t h e  elemental  a n a l y s i s  of t h e  
cyc lone  char  and t h e  c h a r  r e t a i n e d  i n  t h e  r e a c t o r  agreed wi th  each other  c l o s e l y .  
Hence, t h e  char  r e t a i n e d  i n  t h e  bed was assumed t o  have the  same composi t ion a s  
t h a t  o f  t h e  cyclone char .  The t o t a l  c h a r  produced w a s  es t imated  us ing  t h e  u l t i -  
mate a n a l y s i s  of char  and feed coupled wi th  a n  ash  ba lance  on t h e  r e a c t o r .  This  
procedure was subsequent ly  checked w i t h  a p e l l e t i z e d  feed  m a t e r i a l ,  whose c h a r  
could b e  s e p a r a t e d  o u t  from t h e  i n e r t  s o l i d s  i n  t h e  bed.  The check i n d i c a t e d  
t h a t  t h e  i n e r t  ba lance  w a s  a s a t i s f a c t o r y  approach. 

RESULTS AND DISCUSSION 

Approximately 100 experiments  were conducted, 45 each f o r  t h e  -8 + 14 mesh 
and -14 + 40 mesh f r a c t i o n s  and t h e  remainder  f o r  t h e  -2  + 8 mesh f r a c t i o n .  For 
each run ,  material ba lance  c a l c u l a t i o n s  were performed t o  e v a l u a t e  t h e  q u a n t i t y  
and t h e  composition o f  t h e  produced gas .  Mater ia l  b a l a n c e  c l o s u r e  ranged from 
80-115% wi th  most runs  c l o s i n g  t o  b e t t e r  than 90%. The higher  h e a t i n g  v a l u e  of 
t h e  produced gas was c a l c u l a t e d  from its composition and t h e  h e a t i n g  va lues  of 
t h e  i n d i v i d u a l  components. 
s i z e  f r a c t i o n  were a s s e s s e d  from t h e  r e s u l t s  ob ta ined .  

- Product  G a s  Composition 

The e f f e c t s  of s u p e r f i c i a l  gas v e l o c i t y  and t h e  feed 

To examine t h e  i n f l u e n c e  of gas s u p e r f i c i a l  v e l o c i t y  on t h e  c o n c e n t r a t i o n s  
o f  t h e  i n d i v i d u a l  components o f  t h e  produced gas ,  d a t a  obtained a t  d i f f e r e n t  
s u p e r f i c i a l  v e l o c i t i e s  were p l o t t e d  a g a i n s t  t h e  o p e r a t i n g  temperature  f o r  a given 
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feed s i z e  f r a c t i o n .  These p l o t s ,  presented i n  F igures  2 and 3 ( f o r  t h e  -8 + 14 
mesh and t h e  -14 + 40 mesh s i z e s )  showed a minimal s c a t t e r  (+1%) i n d i c a t i n g  t h a t  
f o r  t h e  range i n v e s t i g a t e d ,  t h e  gas s u p e r f i c i a l  v e l o c i t y  d i d  not  have a d iscern-  
i b l e  i n f l u e n c e  on t h e  produced gas composition. 
t h e  subsequent ones,  t h e  a c t u a l  d a t a  p o i n t s  a r e  n o t  shown f o r  t h e  sake of  
s i m p l i c i t y .  

I n  t h e s e  two p l o t s  a s  w e l l  a s  i n  

The e f f e c t  of t h e  s i z e  f r a c t i o n  used on t h e  composi t ion of  t h e  produced gas  
can be  assessed  by comparing Figures  2 and 3. 
comparison shows t h a t  t h e  concent ra t ions  of C2H6and C H a r e  very c l o s e  t o  each 
o t h e r  f o r  t h e  two feed s i z e  f r a c t i o n s .  
show s i m i l a r  t rends  i n  both c a s e s .  
wi th  each o t h e r  up t o  an o p e r a t i n g  temperature  of  about  950 K. 
p e r a t u r e ,  t h e  d i f f e r e n c e s  are more pronounced. The concent ra t ions  of H and CO 
complement each o t h e r  i n  t h e  two p l o t s .  
o f f s e t  by a lower v a l u e  of CO concent ra t ion  and v i c e  v e r s a .  It can a l s o  b e  seen  
t h a t  t h e  concent ra t ion  of C02 goes through a minimum i n  t h e  two f i g u r e s  wi th  t h e  
numerical va lues  f o r  t h e  two s i z e  f r a c t i o n s  be ing  d i s t i n c t l y  d i f f e r e n t .  

For a given opera t ing  temperature ,  

The concentrazi&x of CH4, C2H4 and C02 
Thei r  numerical  v a l u e s  a r e  i n  good agreement 

Beyond t h i s  t e m -  

A higher  v a l u e  of H 2  concentragion is  

Figure  2 shows t h a t  f o r  t h e  -8 + 14 mesh s i z e  f r a c t i o n ,  t h e  concent ra t ion  of 
H2 i n  t h e  produced gas var ied  between 19% and 35% and t h a t  of CO var ied  between 
20% and 25%. In Figure  3 i t  can be  seen  t h a t  f o r  t h e  -14 + 40 mesh s i z e  f r a c t i o n ,  
t h e  concent ra t ion  of H2 v a r i e d  between 15% and 50% and t h a t  of CO between 25% and 
15%. These two f i g u r e s  sugges t  t h a t  t h e r e  i s  a d i s t i n c t  d i f f e r e n c e  i n  t h e  concen- 
t r a t i o n s  of  CO,  H2 and C02 from t h e  two s i z e  f r a c t i o n s .  
+ 8 mesh s i z e  f r a c t i o n  d i d  not  show an apprec iab le  d i f f e r e n c e  from t h e  r e s u l t s  f o r  
t h e  -8 + 14 mesh f r a c t i o n .  

Limited da ta  f o r  t h e  -2  

Heat ing Value 

In  F igure  4 t h e  h igher  h e a t i n g  v a l u e  of t h e  gas produced a t  d i f f e r e n t  gas 
s u p e r f i c i a l  v e l o c i t i e s  i s  p l o t t e d  a g a i n s t  t h e  o p e r a t i n g  temperature .  
seen t h a t  t h e  h e a t i n g  va lues  go through d e f i n i t e  maxima and then diminish.  As i n  
t h e  case  of t h e  produced gas composi t ion,  f o r  a given feed s i z e  f r a c t i o n ,  t h e  gas 
s u p e r f i c i a l  v e l o c i t y  d id  not have a s i  i f i c a n t  i n f l u e n c e  on t h e  h e a t i n g  va lues .  
The d e v i a t i o n  observed was 5 0.8 MJ/Nm'(+ 25 BTU/SCF). 

It can b e  

By comparing t h e  two curves i n  F igure  4 ,  t h e  e f f e c t  of  t h e  s i z e  f r a c t i o n  on 
t h e  h e a t i n g  va lue  of  t h e  produced gas can b e  assessed .  For t h e  s i z e  f r a c t i o n  of -8 
+ 14 mesh, t h e  h e a t i n g  va lue  increases  from 10.43 MJ Nm3 (280 BTU/SCF) t o  19.75 MJ/ 

t u r e  range s t u d i e d .  I n  t h e  case of -14 + 40 mesh f r a c t i o n ,  t h e  h e a t i n g  value 
increases  from 13.04 MJ Nm3 (350 BTU/SCF) t o  18.26 MJ/Nm3 (490 BTU/SCF) and then 

f r a c t i o n  may have a marginal  i n f l u e n c e  on t h e  h e a t i n g  v a l u e  of t h e  produced gas. 
This  t rend  was confirmed when t h e  d a t a  w e r e  compared w i t h  a l i m i t e d  number of d a t a  
obtained f o r  a -2 + 8 mesh f r a c t i o n  of manure as shown i n  F igure  4. 
of t h e  h e a t i n g  v a l u e  curves f o r  t h e  t h r e e  s i z e  f r a c t i o n s  i n d i c a t e s  t h a t  t h e  smaller  
t h e  s i z e ,  t h e  lower t h e  h e a t i n g  v a l u e  of t h e  produced gas  a t  temperatures  above 900 K 
?he peak of t h e  h e a t i n g  v a l u e  curve shows a s h i f t  t o  t h e  r i g h t  as t h e  q i z e  f r a c t i o n  
becomes l a r g e r .  A l s o ,  as s i z e  i n c r e a s e s ,  t h e  peaks become narrower. 

Nm3 (530 BTU/SCF) and then diminishes  t o  13.41 MJ/Nm 4 (360 BTU/SCF) over  t h e  tempera- 

decreases  t o  12.3 M J / N m  4 (330 BTU/SCF). These d a t a  i n d i c a t e  t h a t  the  feed s i z e  

A comparison 

Produced Gas Yield 

F igure  5 p r e s e n t s  p l o t s  of t h e  y i e l d  o f  dry produced gas (on a dry  ash f r e e  
The d a t a  p o i n t s  f o r  a b a s i s )  versus  temperature  f o r  t h e  d i f f e r e n t  s i z e  f r a c t i o n s .  

given s i z e  f r a c t i o n  showed a f a i r  amount of s c a t t e r .  The s c a t t e r  was such t h a t  bands 
of I O . 2 5  Nm3/kg about t h e  l i n e s  shown i n  F igure  5 w e r e  needed t o  conta in  t h e  d a t a  f o r  
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a given s i z e  f r a c t i o n .  
s u p e r f i c i a l  v e l o c i t y  v a r i a t i o n s  w e r e  r e s p o n s i b l e  f o r  t h e  s c a t t e r  observed. The 
average y i e l d  of dry produced gas ranges  from 0.13 Nm3/kg (2.1 SCF/lb) a t  820 K t o  
0.86 Nm3/kg (13.8 SCF/lb) a t  1020 K f o r  t h e  -14 + 40 mesh f r a c t i o n .  
f r a c t i o n  t h e  average y i e l d  ranges from 0.04 Nm3/kg (0.6 SCF/lb) a t  820 K t o  0.72 Nm3/ 
kg (11.5 SCF/lb) a t  1020 K. 
a l s o  presented i n  F igure  5. 
y i e l d s  w i t h  smaller feed  s i z e  f r a c t i o n .  

There were no d i s c e r n i b l e  t r e n d s  i n  the  d a t a  t o  sugges t  t h a t  

For t h e  -8 + 1 4  

A l i m i t e d  amount of d a t a  f o r  t h e  - 2  + 8 s i z e  f r a c t i o n  a r e  
The comparison shows a d e f i n i t e  tendency f o r  h igher  gas 

A simple conceptual  model f o r  t h e  g a s i f i c a t i o n  of  manure can  b e  envis ioned t o  
c o n s i s t  of t h e  fo l lowing  s t e p s :  1) D e v o l a t i l i z a t i o n  of t h e  s o l i d  t o  form char  and 
v o l a t i l e  mat te r ;  2 )  Thermal c racking  of heavy v o l a t i l e s  t o  produce l i g h t  components 
and c h a r  (carbon depos i t ion)  and gas  phase water-gas and steam-hydrocarbon reac t ions .  
The y i e l d  of t o t a l  v o l a t i l e s  i n  t h e  f i r s t  s t e p  w i l l  d i c t a t e  t h e  l e v e l  of gas y i e l d  
t h a t  can  be obtained from t h e  s o l i d  feed .  The e x t e n t  of thermal  c racking  and o t h e r  
gas phase r e a c t i o n s  o f  t h e  v o l a t i l e s  is determined by t h e i r  time-temperature h i s t o r y .  
These r e a c t i o n s  w i l l  e s t a b l i s h  t h e  f i n a l  r a t i o  of gas t o  l i q u i d  and t h e  gas composition. 

Thermogravimetric s t u d i e s  on manure have i n d i c a t e d  t h a t  t h e  d e v o l a t i l i z a t i o n  s t e p  
starts around 420 K and is  complete around 770 K [Howell, (611. S t a t i s t i c a l  a n a l y s i s  
of a d d i t i o n a l  d a t a  taken  i n  t h i s  l a b o r a t o r y  i n d i c a t e  t h a t  t h e  h e a t i n g  r a t e  employed 
(40 K/min t o  160 K/min) has  no e f f e c t  on t h e  d e v o l a t i l i z a t i o n  c h a r a c t e r i s t i s t i c s .  
A n t a l ' s  work (10) on manure i n d i c a t e s  a s l i g h t  dependence on h e a t i n e  rate (5  I;/min t o  
140 K/min) b u t  t h i s  w a s  not examined t o  determine i f  i t  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t .  
Anthony and Howard ( 9 1 ,  i n  t h e i r  work wi th  c o a l ,  \ave argued t h a t  h i a h  h e a t i n g  r a t e s  
(10,000 K/sec) g i v e  a g r e a t e r  e x t e n t  of d e v o l a t i l i z a t i o n  than  c a n  b e  obta ined  wi th  
normal TGA h e a t i n g  rates. 

S ince  t h e  r a t e  of  h e a t  t r a n s f e r  is very  high i n  t h e  f l u i d  bed (1000 K/sec) and 
normal opera t ing  tempera tures  are w e l l  above those  f o r  completion of  d e v o l a t i l i z a t i o n ,  
i t  can b e  assumed t h a t  t h e  d e v o l a t i l i z a t i o n  s t e p  t a k e s  p l a c e  ins tan taneous ly .  Further  
more, f o r  t h e  range of  temperature  employed, i t  is a n t i c i p a t e d  t h a t  t h e  v a r i a t i o n  i n  
o p e r a t i n g  temperature  has  l i t t l e  e f f e c t  on t h e  e x t e n t  of d e v o l a t i l i z a t i o n .  In t h i s  
work comparisons a r e  made a t  a g iven  o p e r a t i n g  temperature  and even i f  a temperature  
dependence of  t h e  d e v o l a t i l i z a t i o n  d i d  exis t ,  t h e  Dhenomenon would not  be  a v a r i a b l e  
t h a t  in f luenced  t h e  comparison. Consequently t h e  d e v o l a t i l i z a t i o n  phenomenon can b e  
ru led  o u t  a s  a cause f o r  t h e  observed v a r i a t i o n s  i n  gas y i e l d  f o r  a given feed s i z e .  

Anta1 (10) conducted s t u d i e s  of  t h e  vapor phase c racking  r e a c t i o n s  wi th  v o l a t i l e s  
produced from c e l l u l o s e  under c o n d i t i o n s  where t h e  d e v o l a t i l i z a t i o n  phenoma was held 
cons tan t .  He found t h a t  a t  a g iven  temperature ,  t h e  amount of each component i n  t h e  
produced gas w a s  a f f e c t e d  by t h e  r e s i d e n c e  time. H i s  r e s u l t s  i n d i c a t e d  t h a t  f o r  
res idence  t i m e s  up t o  about 5 seconds,  t h e  y i e l d  of t h e  components such as C H 4 ,  CIH6, 
C2H4 and C H increased  d r a m a t i c a l l y  and beyond f i v e  seconds t h e  e f f e c t  was much ess 
pronounced? 6He a l s o  found t h a t  t h e  amount o f  each component increased  wi th  temperature 
and i n  t h e  case of both C3H6 and C2H6 t h e  amounts of each passed through maxima a s  
temperature  increased .  

In the  p r e s e n t  work, t h e  r e s i d e n c e  t i m e  of t h e  gas i n  t h e  r e a c t o r  w a s  ca lcu la ted  
t o  b e  approximately s i x  seconds. The v a r i a t i o n  i n  t h i s  v a l u e  over  t h e  experimental  
range w a s  about  % 1 second. S ince  t h i s  v a l u e  i s  more than f i v e  seconds and t h e  var ia -  
t i o n  observed i s  not  e x t e n s i v e ,  it can  b e  expected t h a t  t h e  gas res idence  time does 
not  have a s i g n i f i c a n t  e f f e c t  on t h e  d a t a .  
observa t ion  t h a t  t h e  s u p e r f i c i a l  v e l o c i t y  of  the  gas ,  which i s  r e l a t e d  t o  t h e  res idence  
t i m e ,  d i d  not have a s i g n i f i c a n t  i n f l u e n c e  on  t h e  gas composi t ion and h e a t i n g  v a l u e  f o r  
a g iven  feed s i z e  f r a c t i o n  and a g iven  g a s i f i c a t i o n  temperature .  However, t h e  y i e l d s  
obta ined  with a given feed s i z e  f r a c t i o n  and temperature  showed a s i g n i f i c a n t  s c a t t e r  

This  i s  cor robora ted  by t h e  experimental  
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which is f a r  beyond t h e  bounds of v a r i a t i o n s  t h a t  can b e  expected on t h e  b a s i s  of 
t h e  v a r i a t i o n s  i n  t h e  time-temperature h i s t o r y  t h a t  t h e  produced gases  experience.  

One p l a u s i b l e  explana t ion  f o r  t h e  observed behavior  might l i e  i n  p o s s i b l e  var ia -  
t i o n s  i n  t h e  feed  make-up as a consequence of s e g r e g a t i o n  e f f e c t s  between ba tches .  
This i s  supported by t h e  observa t ion  made during t h e  test program t h a t  t h e  gas y i e l d  
d a t a  f o r  a given ba tch  of manure w e r e  c o n s i s t e n t  b u t  v a r i e d  from ba tch  t o  b a t c h  f o r  a 
given feed s i z e  and o p e r a t i n g  temperature .  An examination of  t h e  e lementa l  a n a l y s i s  
of t h e  d i f f e r e n t  feed ba tches  d id  n o t  i n d i c a t e  s i g n i f i c a n t  v a r i a t i o n s  i n  e lemental  
composition. Since manure cons is ted  of a mixture of s t a l k s ,  h u l l s  and o t h e r  p l a n t  
m a t e r i a l s ,  i t  w a s  next  decided t o  examine p o s s i b l e  v a r i a t i o n s  i n  t h e  c e l l u l o s e  content  
of these  components. Whis t le r  and Smart (11) i n d i c a t e  t h a t  a cons iderable  v a r i a t i o n  
i n  c e l l u l o s e  conten t  e x i s t s  f o r  d i f f e r e n t  p a r t s  of a p l a n t  as w e l l  as between d i f f e r e n t  
types of vege ta t ion .  For example, l eaves  conta in  10-20% c e l l u l o s e ,  s t a l k s ,  40-50%, 
h u l l s ,  35% and cobs, 40% c e l l u l o s e .  Consequently s e g r e g a t i o n  phenomena between batches 
could give rise t o  feeds  wi th  d i f f e r e n t  c e l l u l o s e  conten t .  

The inf luence  of c e l l u l o s e  conten t  on t h e  d e v o l a t i l i z a t i o n  c h a r a c t e r i s t i c s  of 
biomass materials was then  examined. Howard et  a l .  ( 7 )  repor ted  on t h e  maximum o i l  
y i e l d  o b t a i n a b l e  from d i f f e r e n t  biomass m a t e r i a l s .  
r e l a t e d  t o  t h e  e x t e n t  of d e v o l a t i l i z a t i o n  t h a t  w i l l  t a k e  p l a c e  f o r  a given m a t e r i a l .  
In t h e i r  work wi th  paper ,  sawdust and mixtures  of t h e  two, i t  was observed t h a t  t h e  
maximum o i l  y i e l d  increased  i n  t h e  o r d e r  sawdust, mixture ,  paper .  The c e l l u l o s e  
content  i n c r e a s e s  i n  t h e  same order .  Thei r  s tudy does not  r e l a t e  t h i s  observa t ion  
t o  t h e  gas y i e l d ,  unfor tuna te ly .  

The maximum o i l  y i e l d  can b e  

In order  t o  examine t h i s  dependence f u r t h e r ,  l i m i t e d  d a t a  on t h e  c e l l u l o s e  con- 
t e n t ,  TGA a n a l y s i s  and gas y i e l d s  f o r  c e l l u l o s e ,  paper hardwood, softwood, manure 
and c o a l  were compared. Table 3 presents  the  summary of  t h e  TGA results obta ined  by 
Antal  (10) f o r  c e l l u l o s e ,  paper  and wood and by Howell (8) f o r  manure and c o a l .  The 
c e l l u l o s e  conten t  as w e l l  as t h e  r e l a t i v e  gas y i e l d  f o r  some of t h e s e  m a t e r i a l s  are 
a l s o  presented f o r  comparison. The r e l a t i v e  gas y i e l d  is  f o r  970 K with  t h e  r e s u l t  
f o r  c e l l u l o s e  from Antal  (10) and t h e  remaining va lues  from t h i s  l a b o r a t o r y .  As 
t h e s e  l imi ted  d a t a  i n d i c a t e ,  i t  appears  t h a t  t h e  TGA r e s u l t s ,  gas y i e l d s  and c e l l u -  
l o s e  conten t  show t h e  same t r e n d s  implying t h a t  i n c r e a s i n g  c e l l u l o s e  conten t  may 
c o r r e l a t e  wi th  i n c r e a s i n g  d e v o l a t i l i z a t i o n .  This p o s s i b l e  c o r r e l a t i o n  needs t o  be  
examined f u r t h e r .  

It i s  q u i t e  p o s s i b l e  i n  t h i s  work, t h a t  between ba tches ,  t h e  c e l l u l o s e  conten t  
of t h e  manure feed  could have been d i f f e r e n t  due t o  segrega t ion .  This  d i f f e r e n c e  
could very w e l l  be r e s p o n s i b l e  f o r  t h e  scatter observed i n  t h e  produced gas  y i e l d  
f o r  a given feed  s i z e  f r a c t i o n .  In view of t h i s ,  cau t ion  should b e  exerc ised  i n  
i n t e r p r e t i n g  t h e  i n f l u e n c e  of  p a r t i c l e  s i z e  on t h e  g a s i f i c a t i o n  c h a r a c t e r i s t i c s  of 
biomass. 

For t h e  d i f f e r e n t  feed  s i z e  f r a c t i o n s ,  v a r i a t i o n s  i n  t h e  m a t e r i a l  make-up were 
evident .  
The -8 + 14 mesh s i z e  f r a c t i o n  w a s  s p h e r i c a l  i n  shape and had a small amount o f  
undigested g r a i n ,  whereas t h e  s i z e  f r a c t i o n  of  -14 + 40 mesh w a s  comprised of f i n e  
s t r a n d s  of s t a l k s .  

The -2 + 8 mesh s i z e  f r a c t i o n  cons is ted  of h u l l s  and undiges ted  g r a i n .  

The d i f f e r e n c e s  in h e a t i n g  v a l u e  and y i e l d  observed f o r  d i f f e r e n t  s i z e  f r a c t i o n s  
could w e l l  b e  due t o  v a r i a t i o n s  i n  material make-up a lone  b u t  i t  cannot  be ru led  out 
t h a t  p a r t i c l e  s i z e  may a l s o  have some inf luence .  Maa and Bai ley ( 1 2 )  i n  t h e i r  s tudy 
on c e l l u l o s i c  materials, theor ized  t h a t  f o r  p a r t i c l e  s i z e s  l e s s  t h a n  0.2 cm i n  diam- 
eter, pyro lys i s  is r e a c t i o n  c o n t r o l l e d  and t h e  p a r t i c l e  s i z e  has  no inf luence .  In 
t h e  present  s tudy  t h e  s i z e  f r a c t i o n  -14 + 40 mesh (0 .09 cm)  f a l l s  below t h i s  va lue ,  
t h e  s i ze  f r a c t i o n  -8 + 14 mesh (0.19 cm) is marginal ly  below, w h i l e  t h e  s i z e  f r a c t i o n  
-2  + 8 mesh (0.45 cm) is above t h e  0.2 cm s i z e  s t i p u l a t e d  by Maa and Bai ley .  
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Consequently f o r  th is  s t u d y  s i z e  e f f e c t s  should not be important  f o r  t h e  s m a l l e s t  s i z e  
f r a c t i o n  but  may b e  i n t r u d i n g  f o r  t h e  o t h e r  two s i z e s ,  e s p e c i a l l y  t h e  l a r g e s t  s i z e .  

CONCLUSIONS 

Gas i f ica t ion  s t u d i e s  were conducted wi th  d i f f e r e n t  s i z e  f r a c t i o n s  of manure 
p a r t i c l e s  i n  a f l u i d i z e d  bed r e a c t o r .  
feed  s i z e  f r a c t i o n  on t h e  g a s i f i c a t i o n  were s t u d i e d  a t  d i f f e r e n t  o p e r a t i n g  tempera- 
t u r e s .  
t h e  composition and h e a t i n g  v a l u e  of t h e  produced gas .  
have a d e f i n i t e  i n f l u e n c e  o n  t h e  composi t ion,  h e a t i n g  v a l u e  and y i e l d  of t h e  produced 
gas. 
decreases  a s  t h e  s i z e  f r a c t i o n  becomes smaller. I n  t h e  conduct of t h e  experiments 
cons iderable  s c a t t e r  was observed i n  t h e  gas y i e l d  obtained wi th  d i f f e r e n t  ba tches  of 
feed f o r  a g iven  o p e r a t i n g  condi t ion .  A p o s s i b l e  explana t ion  f o r  t h i s  behavior  i s  
o f f e r e d  which sugges ts  t h a t  s e g r e g a t i o n  phenomenon between ba tches  of feed and SUbSe- 
quent v a r i a t i o n s  i n  t h e  c e l l u l o s e  conten t  of t h e  ba tch  may be  primary f a c t o r s  in f lu-  
enc ing  t h e  observed s c a t t e r .  The apparent  c o r r e l a t i o n  between t h e  c e l l u l o s e  content  
and t h e  gas y i e l d  needs f u r t h e r  examinat ion.  
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Figure 1 .  Flow scheme of  

II Waste U 

the P i l o t  p l a n t .  

Table 1 .  Elemental Analyses of t h e  Feed 

- 2  + 8 mesh -8 + 14  mesh 
(wt %) (wt %) 

43 .1  

3.0 
26.5 

16 .8  

5.8 

4 . 8  

38.9 
5 . 4  
3 . 1  

30.4 
9 . 4  

1 2 . 8  

-14 + 40 mesh 
(wt  % I .  

4 1 . 1  
5 . 2  
3 . 3  

30.0 
6 . 6  

13 .8  
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Table 2. Summary of Operat ing Conditions 

-14 + 40 Mesh 

5.1 t o  31.8 

900 t o  980 800 t o  1040 800 t o  1040 

-2  + 8 Mesh -8 + 1 4  Mesh 

Feed Rate (kg/hr )  11.0 t o  17 .2  11.9 t o  30.2 

Reactor  Temperature (K) 

S u p e r f i c i a l  Gas Veloc i ty  (m/sec) 0 .31  t o  0.37 0.33 t o  0.45 

Feed Size F r a c t i o n  

0.33 t o  0.45 

I n j e c t i o n  Water Rate (kg/hr )  2.0 t o  2.5 2.0 t o  3.5 2.0 t o  3.5 

Table  3 .  D e v o l a t i l i z a t i o n  C h a r a c t e r i s t i c s  of 
D i f f e r e n t  M a t e r i a l s  

Mater ia l s  

C e l l u l o s e  

Paper  

Cherry 
(Hardwood) 

P ine  
(Softwood) 

Cane 
(Sorghum) 

Manure 

Coal 

T o t a l  D e v o l a t i l i z a t i o n  
(weight 56) 

90 

85 

80 

70 

55-60 

30 

R e l a t i v e  C e l l u l o s e  
gas  y i e l d  cont  en t  

(weight X) 

11 

- 

7 

5 

3 

100 

58 

35-50 

0 
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Figure 2. Produced gas composition versus temperature for -8 + 14 mesh size. 
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Figure 3. Produced gas composition versus temperature for -14 + 40 mesh size. 
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Figure 4 .  Gas higher  heat ing  value  versus  temperature. 
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Figure 5. Gas y i e l d  versus temperature. 
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