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INTRODUCTION : 

For t h e  last two y e a r s ,  C i t i e s  Serv ice  R & D has  been i n v e s t i -  
ga t ing  t h e  S h o r t  Residence T i m e  (SRT) Hydropyrolysis Process  which 
n o n c a t a l y t i c a l l y  hydrogenates d r y  c o a l  t o  produce d i r e c t l y ,  i n  a 
one-step p r o c e s s ,  l i g h t  a romat ic  l i q u i d s  ( e s s e n t i a l l y  benzene) ,  
and h igh  Btu g a s  (CHL,, C,H,) (1) .  
coa l  are removed a s  H , S ,  NH,,H,O and COX. 
used t o  produce make-up hydrogen o r  hydrogas i f ied  f u r t h e r  i n  
another  r e a c t o r  t o  make a d d i t i o n a l  h igh  Btu g a s .  

I n  a d d i t i o n ,  heteroatoms i n  the  ' 
The product  char  can  be  

A cont inuous ,  bench-scale u n i t  t o  process  1 t o  2 l b / h r .  c o a l  
has been cons t ruc ted  a t  t h e  CSRhD l a b o r a t o r i e s  i n  Cranbury, N . J . ,  
and has  been i n  opera t ion  s i n c e  t h e  summer of 1975. Coal conver- 
s ions  of t h e  o r d e r  of  50-80 w t . %  MAF c o a l  have been r o u t i n e l y  
a t t a i n e d  with a l i g h t  aromatics  y i e l d  of t h e  order  of 12-16 w t . %  
MAF c o a l  and a gas  y i e l d  (C,+ C, ,and CO ) of t h e  o r d e r  of 34-68 w t z  
MAF Coal .  X 

EXPERIMENTAL PROGRAM: 

The C i t i e s  Serv ice  program w a s  as fo l lows:  

1. Design, c o n s t r u c t  and o p e r a t e  a 2 l b / h r .  exper imenta l  u n i t .  
2 .  

3 .  Derive mathematical  models t o  p r e d i c t  experimental  r e s u l t s .  
4. 
5. Define m e t a l l u r g i c a l  requirements .  

A r e l a t i v e l y  s imple f r e e - f a l l ,  d i l u t e  phase r e a c t o r  system w a s  

Perform cold  f low model s t u d i e s  t o  de te rmine  optimum 
nozz le  des igns .  

I d e n t i f y  s c a l e a b l e  c o a l  f e e d e r  des igns .  

designed t o  u t i l i z e  a s  s imple an appara tus  a s  p o s s i b l e  t o  prove o r  
d i sprove  t h e  i n t r i n s i c  chemistry f o r  producing l i g h t  a romat ics  d i r e c t l y  
from c o a l .  Operat ion of t h e  u n i t  has  demonstrated t h a t  c o a l  can b e  
converted d i r e c t l y  t o  l i g h t  aromatic  l i q u i d s  wi thout  the  in te rmedia te  
product ion of h igh  b o i l i n g  tars. 
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The bench-scale  u n i t ,  as designed,  is a l s o  being u t i l i z e d  t o  
c a r r y  out  the  fol lowing o b j e c t i v e s :  

1. Determinat ion of t h e  r o l e  of major process  v a r i a b l e s  on 

2 .  Development of commercially s c a l e a b l e  equipment necessary  

3 .  Development of a s imple ,  working k i n e t i c  model of SRT 

4 .  Determinat ion of t h e  c r i t i c a l  sca leup  parameters  and t h e i r  

conversion and s e l e c t i v i t y .  

f o r  t h e  s u c c e s s f u l  o p e r a t i o n  of an SRT Hydropyrolysis  u n i t .  

Hydropyrolysis experimental  d a t a .  

e f f e c t  on product  y i e l d s  and s e l e c t i v i t i e s .  

The u n i t  is performing e s s e n t i a l l y  t rouble- f ree  and i s  g i v i n g  
the necessary smooth opera t ion  requi red  t o  perform process  v a r i a b l e  
s t u d i e s .  About t h r e e  dozen runs  each of f o u r  t o  f i v e  hours  d u r a t i o n  
have been completed. 

DESCRIPTION: 

Figure 1 is a schematic of t h e  bench s c a l e  u n i t .  Hydrogen i s  
suppl ied from a tube t ra i ler  t o  a diaphragm compressor capable  of 
recompressing the  hydrogen t o  3000 p s i .  The hydrogen i s  then metered 
to  t h e  c o n t r o l l e r  v a l v e s  which c o n t r o l  t h e  f low of hydrogen t o  t h e  
prehea ter  and t o  t h e  quench c o o l e r .  These hydrogen s t reams then  
e n t e r  t h e  r e a c t o r  assembly a s  i n d i c a t e d  i n  t h e  schematic .  Dr ied ,  
pulver ized c o a l  i s  fed  batchwise t o  a hopper which i s  then  p r e s s u r i z e d  
to  r e a c t o r  p r e s s u r e  wi th  hydrogen. A s tar-wheel  f e e d e r  then d e l i v e r s  
the c o a l  through a s tandpipe  i n t o  t h e  r e a c t o r .  The c o a l  then mixes 
with t h e  hydrogen, which has  been heated t o  t h e  approximate r e a c t i o n  
temperatures d e s i r e d .  The mixing occurs  i n  a manner formulated t o  
achieve very high hea t ing  r a t e s  of t h e  c o a l  which i s  necessary f o r  a 
high degree of c o a l  conversion.  The c o a l  then f a l l s  i n  f r e e - f a l l  
through t h e  four-foot  r e a c t o r  p i p e  i n t o  t h e  char  p o t  d e v o l a t i l i z i n g  
as i t  t r a v e r s e s  t h e  r e a c t o r .  The temperature-time h i s t o r y  of t h e  
coa l  is c o n t r o l l e d  by t h e  i n t r o d u c t i o n  of a cold quenching medium 
(cryogenica l ly  cooled hydrogen) through a v a r i a b l e  length  probe w i t h i n  
the r e a c t o r .  
reac tor  l e n g t h  e a s i l y  thus  providing t h e  mechanism f o r  varying 
res idence  t i m e  without  changing t h e  r e a c t o r .  The e n t i r e  r e a c t o r  i s  
immersed i n  a n  a d i a b a t i c  enc losure  ( e l e c t r i c a l  f u r n a c e ) .  The r e s u l -  
t a n t  quenced hydrogen-product gas  mixture  e x i t s  t h e  char  po t  a t  a 
temperature between 440-880'F which is below t h e  r e a c t i o n  temperature  
of t h e  prodcc t  s t ream. The r e s i d u a l  char  remains i n  t h e  char  p o t  
u n t i l  removal a t  t h e  completion of a run .  The hydrogen-product gas  
stream then  passes  through t h r e e  s t a g e s  of i n d i r e c t  h e a t  exchange 
where t h e  l i q u i d  products  a r e  s e q u e n t i a l l y  condensed from t h e  hydrogen 
Stream. 
and +200"F by t h e  use  of s u i t a b l e  coolan ts .  The non-condensable 
hydrogen stream is then depressured ,  metered,  analyzed by gas  chroma- 
tography and then vented t o  t h e  atmosphere. 

The v a r i a b l e  length  probe al lows f o r  the  change i n  

Condensation temperature  can be c o n t r o l l e d  between -200'F 
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Figure  2 i s  a schematic of t h e  r e a c t i o n  s e c t i o n .  It shows t h e  
coa l  hopper d e l i v e r i n g  c o a l  t o  a s tar-wheel  f e e d e r  s i m i l a r  i n  des ign  
t o  one t h a t  has  been used f o r  a number of y e a r s  by t h e  P i t t s b u r g h  
Energy Research Center. The c o a l  flows from t h e  s t a r - f e e d e r  i n t o  
the  r e a c t o r  i n  which hot  hydrogen i s  made t o  i n t i m a t e l y  mix wi th  t h e  
co ld  c o a l .  The c o a l  then  f r e e - f a l l s  through t h e  r e a c t o r  i n t o  t h e  
char  p o t  where t h e  products  are s e p a r a t e d  from t h e  char  by t h e  u s e  
Of a s imple f i l t e r .  The r e a c t o r  c o n t a i n s  a v a r i a b l e  l e n g t h  quench 
probe which has  been per fec ted  by Cities Serv ice  and a l lows  f o r  t h e  
res idence  time t o  be  e x p l i c i t l y  def ined  by moving t h e  probe t o  
varying lengths  w i t h i n  t h e  r e a c t o r .  For t h e  i n i t i a l  s t u d i e s ,  hydro- 
gen was used as a quench medium because i t  d i d  n o t  complicate  t h e  
a n a l y s i s  of t h e  products .  

Table 1 shows t h e  range of o p e r a t i n g  c o n d i t i o n s  s t u d i e d  us ing  
North Dakota l i g n i t e .  Although Western Kentucky bituminous c o a l  
has been run ,  t h i s  paper w i l l  be  confined t o  d iscuss ions  on l i g n i t e .  
The Table  shows c o a l  has  been r u n  cont inuous ly  from 1.25-8.0 hours .  
Most of the  r u n s ,  however, have been i n  t h e  4-5 hour range.  The 
r e a c t o r  temperatures  were var ied  from 1150" t o  1575°F average 
hydrogen-coal temperatures .  This  r e a c t o r  temperature  was i n d i r e c t l y  
measured from t h e  s k i n  tempeiature  of t h e  r e a c t o r  by us ing  a 
mathematical model generated by C i t i e s  Serv ice .  The r e s i d e n c e  t i m e  
has  been v a r i e d  from 100-3000 mi l l i seconds  by t h e  use  of t h i s  
v a r i a b l e  length  quench probe.  One of t h e  more c r i t i c a l  parameters  on 
t h i s  Table i s  heatup r a t e ;  t h i s  parameter  has  been v a r i e d  from 
50,000-150,000F0/sec. 

Table 2 is t h e  a n a l y s i s  of t h e  l i g n i t e  t h a t  w a s  used.  Thc c o a l  
was d r i e d  t o  3% mois ture  before  i t  was used i n  t h e  experiment. 
Table 3 shows t h e  range of conversion and y i e l d s  obtained us ing  
North Dakota l i g n i t e .  
and t h e  l i q u i d  y i e l d s  have been as high as 16 w t . %  based on mois ture  
and a s h  f r e e  c o a l .  This  l i q u i d  is e s s e n t i a l l y  94% pure  benzene wi th  
smaller amounts of naphthalene and an thracene .  Above about a 1200°F 
r e a c t o r  temperature ,  only l i g h t  a romat ic  l i q u i d s  a r e  produced. The 
gas produced i s  e s s e n t i a l l y  composed of methane and ethane.  These 
products  a r e  i d e n t i f i e d  by using a gas  chromatographic system 
designed so t h a t  a thermal conduct iv i ty  d e t e c t o r  is i n  s e r i e s  w i t h  
the  flame d e t e c t o r .  Using t h i s  system, carbon ba lances  a r e  c a l c u l a t e d  

Carbon conversion df 80% have been achieved 

The fol lowing are t h e  p i l o t  p l a n t  achievements t o  da te :  

1. Continuous, s t e a d y - s t a t e  o p e r a t i o n  wi th  c o a l  feeding  f o r  8 .0  hours .  
2. No p r e s s u r e  drop bui ldup i n  nozz les ,  r e a c t o r s  o r  recovery 

system. 
3. Prehea t ing ,  r e a c t i n g  and quenching of coal--hydrogen mixtures  

a t  t o t a l  res idence  times of less than  one second. 
4 .  Coal heatup rates of t h e  order  of 50,000-100,000F0/sec. 
5. Quenching of r e a c t i o n  products  w i t h i n  r e a c t o r  v e s s e l .  
6. No tar formation wi th  p r i n c i p a l  hydrocarbon products  be ing  

7.  
benzene, methane, e thane.  
Exceeded Fisher  assay c o a l  and carbon conversions a t  a l l  
t h r e e  opera t ing  s e v e r i t i e s .  
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TABLE 1 

RANGE OF OPERATING CONDITIONS STUDIED 

NORTH DAKOTA LIGNITE 

RUN TIME (COAL) 

REACTOR TYPE 

HYDROGEN/COAL RATIO 

AVERAGE PARTICLE S I Z E  

COAL HEATUP RATE 

AVERAGE REACTOR TEMPERATURE 

REACTOR PRESSURE 

AVERAGE PARTICLE RESIDENCE TIME 

M7iXIMUM VAPOR RESIDENCE TIME 

QUENCH TEMPERATURE 

159 

1.25 - 8.0 HOUR 

FREE-FALL 

0.18 - 2 .0  LB/LB. 

50 - 4 5 0  MICRONS 

5 0 , 0 0 0  - lSO,OOOFo/SEC. 

1150 - 1575OF 

5 0 0  - 3000 PSI 

1 0 0  - 3000 MSEC. 

0.8 - 1 4  SECONDS 

4 5 0  - 1000°F 



TABLE 2 

NORTH DAKOTE LIGNITE COAL ANALYSIS 

I. ULTIMATE WT. % MAF 

CARBON 

HYDROGEN 

NITROGEN 

SULFUR 

OXYGEN 

68.1% 

4.6 

1.3 

1.6 

24.4 

11. PROXIMATE (AS RECEIVED) WT.% 

MOISTURE 38.8% 

ASH 6.1 

VOLATILE MATTER 25.7 

FIXED CARBON 29.4 
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TABLE 3 

RANGE OF CONVERSION AND YIELDS OBTAINED 

NORTH DAKOTE LIGNITE 

CONVERSION 

COAL 

CARBON 

DEVOLATILIZATION 

DEOXYGENATION 

YIELDS , 

GAS (‘25, COX) 

LIQUIDS (C6+) 

LIQUOR 

HYDROGEN CONSUMPTION 

SELECTIVITY TO PRODUCTS 

LIQUIDS (C,’) 

GAS (Cg, COX) 

PRINCIPAL PRODUCTS 

GAS - 
METHANE 

ETHANE 

co (C02) 

‘JH8 

40 - 85 WT.% MAF BASIS 

25 - 80 WT.% 

60 - 99 WT.% 

3C - 99 WT.% 

Q 

14 - 65 WT.% 

4 - 16 WT.% 
1.1 - 1.4 BBL/TON 

12,000 - 40,000 SCF/TON 

161 

15 - 50 WT.% 
85 - 50 WT.% 

LIQUIDS 

BENZENE 

NAPHTHALENE 

TOLUENE 

ANTIIRACENE/PIIENANTIIRENE 



RESULTS : 

A pproximately t h r e e  dozen runs  have been made wi th  t h e  exper i -  
mental system. F igure  3 shows t h e  carbon s e l e c t i v i t y  t o  g a s  and 
l i q u i d  as a f u n c t i o n  o f  carbon conversion.  
of approximately 45%, carbon s e l e c t i v i t y  t o  l i q u i d s  of 43% is 
a t t a i n e d .  As carbon convers ion  i n c r e a s e s ,  the  l i g n i t e  is hydrogasi-  
f i e d  with t h e  p r i n c i p a l  product  be ing  methane. These r e s u l t s  were 
obtained wi th  s h o r t  r e s i d e n c e  t i m e s  i n  t h e  order  of 500 mil l i seconds .  
A s  the  r e s i d e n c e  t i m e  i s  increased ,  t h e  BTX is cracked t o  coke and 
hydrogen r a t h e r  than  converted d i r e c t l y  t o  methane. A s  a r e s u l t ,  
i f  t h e  l i q u i d  product  i s  n o t  removed, t h e r e  is a decided decrease  
i n  carbon convers ion  because t h e  l i q u i d  ends up as coke which is 
deposi ted onto  t h e  remaining char .  K i n e t i c  c a l c u l a t i o n s  v e r i f y  
t h e s e  assumptions. 

A t  a carbon conversion 

Figure 4 shows t h e  e f f e c t  of r e a c t i o n  temperature  on carbon con- 
vers ions  a t  res idence  t i m e  i n  t h e  o r d e r  of 500 mil l i seconds .  A t  
t h e s e  medium p r e s s u r e s ,  t h e  carbon conversion i s  asymptot ic  a t  about  
46 w t .  %. 

Figure 5 d e p i c t s  a fami ly  of curves  f o r  t h e  h y d r o g a s i f i c a t i o n  
of l i g n i t e .  I t  shows how t h e  heatup ra es e f f e c t  carbon conversion.  
The Ci t ies  Service.  d a t a  f a l l  above IGT"' d a t a  because t h e  heatup 
r a t e s  a r e  h igher .  

Figure 6 c o n t a i n s  t h e  same d a t a  a s  F igure  5 ,  b u t  depic ted  
d i f f e r e n t l y .  It shows t h a t  as you i n c r e a s e  t h e  r e a c t i o n  temperature  
and a l s o  i n c r e a s e  t h e  h e a t i n g  r a t e ,  carbon conversion i n c r e a s e s .  

DISCUSSION: 

The experimental  r e s u l t s  achieved t o  d a t e  sugges t  t h a t  non- 
catalyt ic  hydropyrolys is  of c o a l  t o  methane and BTX is t e c h n i c a l l y  
f e a s i b l e .  S u f f i c i e n t  d a t a  has  been accumulated t o  e x p l i c i t l y  d e f i n e  
t h e  opera t ing  c o n d i t i o n s  necessary  t o  d e s i g n  a commercial u n i t  t h a t  
w i l l  r e a c t  l i g n i t e  t o  methane and BTX. In t h e  commercial des ign ,  
i t  is  a n t i c i p a t e d  t h a t  an e n t r a i n e d  f low r e a c t o r  would be used.  
The advantage of  t h i s  process  is t h a t  no f u r t h e r  h y d r o t r e a t i n g  of 
l i q u i d  products  is necessary  and t h a t  t h e  products  can be s o l d  "as 
is" from t h e  p l a n t .  
a n  optimum flow d i a g r a m ' f o r  t h i s  process .  Two schemes w i l l  be  shown. 

S e v e r a l  cases  have been developed t o  determine 

Figures  7 and 8 are process  f low diagrams of p o s s i b l e  r o u t e s .  
F igure  7 shows a scheme whereby t h e  c h a r  is g a s i f i e d  wi th  steam and 
oxygen. In both  schemes, 16,800 T/D of MAF l i g n i t e  a r e  d e l i v e r e d  t o  
t h e  SRT r e a c t o r ,  324 MM SCFD of CH,: 10,600 B/D BTX, 235 T/D NH3 and 
126 T/D S are produced. The o v e r a l l  thermal  e f f i c i e n c y  f o r  F igure  7 ,  
i . e . ,  B T U ' s  ou t  over  BTU's i n  on a n i t r o g e n  and s u l f u r - f r e e  b a s i s  i s  
68%. 
In t h i s  scheme c o a l  i s  requi red  t o  supplement t h e  char  so t h a t  hydro- 
gen and oxygen can b e  produced. 

Approximately 10,000 SCF of CHI, a r e  produced per  ton of c o a l .  
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Figure  8 is a f low diagram whereby hydrogen i s  produced by steam 
reforming some of t h e  methane t h a t  is produced. In  t h i s  c a s e ,  the  
char i s  g a s i f i e d  wi th  a i r  and t h e  r e s u l t i n g  150 BTU/SCF gas  is used 
t o  f i r e  t h e  reformer.  The thermal  e f f i c i e n c y  of t h i s  scheme is  62% 
but t h e  c a p i t a l  investment  i s  much less s i n c e  an oxygen p l a n t  i s  
not  requi red .  
duced. though both schemes a r e  economically a t t r a c t i v e ,  t h e  scheme 
shown on Figure  8 seems t o  be t h e  p r e f e r r e d  r o u t e  n o t  on ly  because 
of t h e  lower c a p i t a l  investment  b u t  also because air-blown char  
g a s i f i c a t i o n  is much s impler  than char  g a s i f i c a t i o n  wi th  oxygen and 
steam. 

Approximately 9000 SCF of CH /ton of c o a l  are pro- 

A t  p r e s e n t ,  C i t i e s  Serv ice  i s  planning t o  r e t a i n  a n  independent 
engineer ing f i rm t o  make a d e t a i l e d  engineer ing a n a l y s i s  s o  t h a t  
a l l  a l t e r n a t i v e s  can be  eva luca ted .  
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l i k e  t o  express  our a p p r e c i a t i o n  t o  D r .  Gordon H. Gronhovd, 
Di rec tor  of Grand Forks Energy Research Center ,  f o r  h i s  a s s i s t a n c e  
by supplying t h e  l i g n i t e .  

We would a l s o  
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