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I. INTRODUCTION 

W o r k  w a s  c o n t i n u e d  on  p rocess  d e v e l o p m e n t .  The e v a l u a t i o n  o£ 
a l t e r n a t e  m e t h a n a t i o n  sche~.~es was c o m p l e t e d .  T h e  d u a l - £ ~ e d - b e d ,  h o t -  
g a s - r e c y c l e  scheme  a p p e a r s  to Be the m o s t  e c o n o m i c a l  as w e l l  as techu ica11y  
the soundest  at the  p r e s e n t  t i m e .  

T h e  gasif icat~_on of  a n t h r a c i t e  a t  1 7 0 0 ° F  f o l l o w s  the  p s e u d o  f i r s t  
o r d e r  r a t e  e x p r e s s i o n  l og  C / C o  = -0. Z?-5(C) t .  

Wi th  a n t h r a c i t e  a n d  B i t ~ n i n o u s  ashes  i n  m o l t e n  s o d i u m  c a r b o n a t e  
t he  v i s c o s i t i e s  e q u ~ i B r a t e  i n  4 h o u r s  o r  l e s s  and  ~he v i s c o s i t i e s  r ~ u g e  f r o m  
300 to 8000 c p s .  

A f t e r  a b o u t  100 h o u r s  of  o p e r a t i o n  t h e  n ~ t e r i a l s  o f  c o n s t r u c t i o n  
t e s t  s a m p l e s  w e r e  r e m o v e d  f r o m  the  m o l t e n  s a l t  b a t h .  V i s u a l  o b s e r v a t i o n s  
i n d i c a t e d  s e v e r e  to  m o d e r a t e  c o r r o s i o n .  
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II. PROCESS DEVELOPMENT 

A. A C C O M P L I S H M E N T S  

i .  Me thane  S y n t h e s i s  

The e v a l u a t i o n  of  a l t e r n a t e  m e t h a n a t i o n  s c h e m e s  h a s  b e e n  
completed. As was r e p o r t e d  earlier, the f o u r  reactor types u n d e r  con- 
sideration w e r e :  

a. T r a n s p o r t  r e a c t o r  
b. D u a l - f i x e d - b e d  r e a c t o r s ,  h o t - g a s - r e c y c l e  s y s t e m  
c. Fixed-fluidized-bed r e a c t o r  
d. Tube -wall reactor 

The plant  c a p a c i t y  c h o s e n  fo r  th i s  s t u d y  w a s  90MM SCFD of 
p i p e l i n e  gas  b e c a u s e  p r o c e s s  d e s i g n s  fo r  s o m e  of  the  s c h e m e s  w e r e  a l -  
r e a d y  a v a i l a b l e  f r o m  p r e v i o u s  s t u d i e s  for  th is  c a p a c i t y .  S ince  even the  
90MM SCFD plant already consists of multiple trains of equipment, it is 
expected that the investment for a larger plant will be almost directly 
proportional to capacity and therefore the operating costs should be 
a/n~ost independent of plant size in this range. 

In each of the cases considered the feed gas is a purified 
synthesis gas containing about i. 0 mole per cent CO 2 and about 0. 004 
grains total sul/ur/100 SCF. The remainder of the gas is essentially H 2 
and CO in the ratio of 3 volumes Iq 2 to 1 volume CO. Operating pressure 
of the methanation step is approximately 320 psia. 

a. , T r a n s p o r t  R e a c t o r  

In the  t r a n s p o r t  r e a c t o r  m e t h a n a t i o n  s y s t e m ,  p r e h e a t e d  s y n -  
t h e s i s  ga s  i s  fed  to the  r e a c t o r  a t  about  465°F .  H e r e  t h e  gas  e n t r a i n s  a 
R ~ n e y  n i c k e l  c a t a l y s t  and  c a r r i e s  i t  u p w a r d  t h r o u g h  t h e  t u b e s  of  a hea t  
e x c h a n g e r  d e s i g n e d  to r e m o v e  the  e x o t h e r m i c  h e a t  of  the  r e a c t i o n  be low 

CO + 3H 2 --~ CH 4 + H 2 0  
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by gene r a t i ng  h i g h - p r e s s u r e  s t e a m .  V~-nen r eac t ion  is  c o m p l e t e d ,  the  p r o -  
ducts and the catalyst are separated, the catalyst being recycled and mixed 
v~ir.h fresh synthesis gas, thus completing the catalyst circuit. ~-£fluent 
gas from the reactor is cooled to condense water, resulting in a product 
gas containing about 9~0 CH 4 and having a heating value of about 915 Btu 
per SCF. 

Although  t he r e  has  b e e n  a cons ide r ab l e  amount  of r e s e a r c h  into 
the ca ta ly t i c  s y n t h e s i s  of me t hane  p e r f o r m e d  r e c e n t l y  in the  Uni ted  States  
and in England, no ex~rimenta! ~vork has been done on the transport re- 
actor system as such. ~'or this reason, the design of the reactor is based 
on data obtained for a sirrdlar reaction system -- namely, the work done 
at the Institute of Gas Technology on a fixed-lluidized-bed methanation re- 
actor, and on Kellogg experience with the synthesis of liquid fuels in a 
transport reactor. A discussion of the results of the IGT experimental 
programs ~,iLl be given later. 

b. D u a l - F i x e d - B e d  R e a c t o r s ,  H o t - G a s - R e c y c l  e Sys. tem 

The  h o t - g a s - r e c y c l e  m e t h a n a t i o n  s c h e m e  has  b e e n  deve loped  
by the Bureau of Mines (I, Z). Basically, the system consists of two 
fixed-bed reactors in series; th~ first containing an iron catalyst in the 
form of lathe turnings, wherein the bulk of the methanation reaction occurs, 
followed by a second reactor containing Raney nickel catalyst wherein the 
reaction is completed. Heat ~.~ reac'~on is : emoved from the first-stage 
reactor partially by generating steam in cooling coils located between beds 
of packing and partially by externally cooling a recycle stream of reactor 
e~quent. Heat is removed from the ~econd-stage reactor by generating 
steam in e.~-ternal coolers between beds of the nickel catalyst. Product 
gas from this reactor scheme is essentially the same as for the transport 
reactor. 

Unlike the transport reactor scheme, there has Been a con- 
siderable amount of experimental work done by the Bureau on the hot-gas- 
recycle system. Both Bench-scale and pilot-plant programs have been 

I. Bienstock, D. et. al., Bureau of IV~ines Report of Inv. 5841 (1961) 
Z. Forney, A. J. et. al., Bureau of Mines Report of Inv. 61Z61 (196Z) 
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carried out; and these results have served as the basis for the present 
design and evaluation. The bench-scale rnethanation work was done with 
a 3"  I. 13. f i r s t - s t a g e  r e a c t o r  and fou r  i "  I. D. s e c o n d - s t a g e  r e a c t o r s  
(in p a r a l l e l ) ,  w h i l e  the  p i l o t  p lant  r e a c t o r s  w e r e  12" I. D. and 3" I. D. , 
respectively. Operatin~ pressures in these experiments were of the 
order of 400 psig. In both programs the iron catalyst retained its activity 
for runs last~g as long as Z ~o 5 rnonr.hs. Similarly, nickel catalyst lives 
of more th~n I month were demonstrated in both bench-scale and pilot- 
plant operations. The Bureau now recornn~.nds catalyst lives of 6 and 5 
months, respectively, for the iron and nickel catalysts. These latter 
figures have been used in the present evaluation. 

c. Fixed-Fluidized-Bed Reactor 

The fixed-fluidized-bed methanation reactor has been investi- 
gated at the ~nstitute of Gas Technology on both laboratory scale and pilot- 
21an~ scale [3, 4). As the name implies, the reactor consists of a ££xed- 
fluidized bed of R~ney nickel ca.-~lyst (as opposed to the moving fluidized 
bed of the transport reactor) through ,~hich the synthesis gas passes. The 
he~t of r~action is removed by generating steam in bundles of tubes sus- 
pended vertically in the fluid bed. Product gas is essentiaLIy the same as 
thac I'roduced b 7 the two previous schemes. 

In t he  l a b o r a t o r y - s c a l e  m e t h s m a t o r  ( i "  I. D. ), c a t a l y s t  l i f e -  
t i m e s  of  abou t  2 m o n t h s  w e r e  o b s e r v e d  at  o p e r a t i n g  p r e s s u r e s  o f  75 to  150 
ps ig .  M e t hane  o roduc t i .~n  r a t e s  of  abou t  Z0, 000 S C F / I b .  of c a t a l y s t  w e r e  
d e m o n s t r a t e d  in Lhese  s m a l l - s c a l e  t e s t s .  A ~ e m p t s  to  reprc,~Auce t he  l a b -  
o r a t o r y - s c a l e  r e s u l ~ s  on  a l a r g e r  s c a l e  (6"  I. D. r e a c t o r )  w e r e ,  in  g e n e r a l ,  
u~ns : cces s fu l  b e c a u s e  o f  o p e r a t i n g  d i f f i c u l t i e s .  H o w e v e r ,  e v e n  in  t h e  a b -  
s e n c e  of  t h e s e  o p e r a t i n g  p r o b l ~ m s ,  m e t h a n e  y i e l d s  b a s e d  on c a t a l y s t  w e r e ,  
a t  b e s t ,  abou t  o n e - t h i r d  t h o s e  o b t a i n e d  in  the  l a b o r a t o r y  t e s t s .  I t  w-as 
f i n a l l y  c o n c l u d e d  b y  I G T  t h a t  the d i f f e r e n c e  in  r e s u l t s  b e t w e e n  t he  s m a l l -  
and  l a r g e - s c a l e  m e t . h a n a t o r s  was due to d i f f e r e n c e s  in g a s - s o l i d s  c o n t a c t -  
ing.  F o r  th i s  r e a s o n ,  a m e t h a n e  p r o d u c t i o n  r a t e  o f  20, 000 S C F / l b .  i s  s t i l l  
r e c o r n x n e n d e d  hy  I G T ,  and  r_his is the n u m b e r  w h i c h  ha s  b e e n  u s e d  a s  a b a s i s  
f o r  c a t a l y s t  c o n s u m p t i o n  in  t he  p r e s e n t  e v a l u a t i o n .  

. D i r k s e n ,  H.  A. e t .  a l . ,  " P r o d u c t i o n  o f  Pipeline_ Gas  by .~£e~hana - 
t ion  of  S y n t h e s i s  G a s  o v e r  R a n e y  N i c k e l  C a t a l y s t s "  p r e s e n t e d  a t  
ACS,  A t l a n t i c  C i t y  (Sept.  13, 1959). 

4. D i r k s e n ,  H.  A.  e t .  a l . ,  R e s e a r c h  Bu l l .  #51 ,  I G T  (Jul.y "53). 
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d. Tube-~Wall Reactor 

The tube-wall reactor is the most recent n~ethanation scheme 
to be investigated by the Bureau of Iv~.ines (5). Basically, the reactor is 
envisioned to be a shell-and -t-abe heat exchanger v~ith the outside of the 
tubes ccated youth a tb/n layer of nickel ca~lyst. Synthesis gas is fed 
into the bar/led shell o£ the exchanger where i: reacts at the tube surface. 
Heat of reaction is removed by generating steam in the tubes. The Irmjor 
advantage anticipated for this scheme is that of relatively easy tempera- 
t-are control. 

Experiments to date have been made using a concentric-tube 
reactor. The first work was done %v/th a 1 1/8" O. D. 12" long inner tube 
coated with catalyst and enclosed ~.'~ a i i/2" I. D. pipe. With this appa- 
ratus, the synthesis gas is fed into the annulus where reaction occurs. 
Results of this work indicated that 900+ Btu/SCF product could be pro- 
duced for more than i000 hours at a space velocity of 7000 SCF/hr. -CF 
annular volume, l~ore recent experiments have been made ~rith a 1 1/4" 
O. D. x 36" ~"ube coazed v~th catalyst, and t h e  results are substantially 
the same as ~ose obtained in the smaller unit. We have therefore 
assumed a 1000-hour catalyst life and a space velocity consistent v~th 
that used in ~he experimental work for our evaluation. 

e .  E6onomics 

A cost comparison o f  t/le four .~Iternate methanat-ion schemes 
discussed a'oove is presented in Table I. The t1"ansport reactor results 
in the lowest plan~ investment, but the dual-fixed-bed process af/ords the 
lowest operating cost of the four cases. The reason for t~.~s is that the 
catalyst cost for the transport reactor (assumed to be equal to that for 

tb. ~luid-bed case) is much b~gher than is incurred in the fixed-bed scheme. 
TL~ tube-wall reactor results in the highest operating cost of the four cases 
even ~aough its investraent ".~ about the same as for the transport reactor. 
The reasons for this are a relatively high catalyst replacement cost and 
the cost associated ~th replacing the tubes in the reactors when the cata- 

lyst on them loses its activit 7. 

. Field, J. H. et. al., "Development of Catalysts and Reactor 
Systems for }.~eLhanation", presented at ACS, Philadelphia 
(April 5, 1964). 
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COST COPIPAP, I SON OF I.IF.IIIAI"IA'I ION AI.IIIItI,IAI[S 

PLANT CAPACITY - 901.1;| SCID OF PIPELINE GAS 

STREAM EFFICIENCY - 9~Z+ _ _ _  

l lot-Gas- 
Reac tar l'vpe "1" r a...rg_D.s~or t _.R£c c_y__~.L~ F I u i d i ze(I-Bc.cJ Tube-Via I ! 

Investment Summary: 

Erected Equipment Cost $2,200,000 $ 4 , 2 4 0 , 0 0 0  $3,600,000 $2~7OO~000 
Catalyst Inventory ..__~00 0~00 | IO, O0O I L200aO00 ( I nc I .  C,Itolyst) 

Tota I I rives tmen t $2,500,0OO "$11,350, O'-'O(3 $1"~, 80"'O, OOO -(~'2-, 700, OOO) 

U t i l i t i e s  Summary: 
Steam Generated, H / h r  
Steam Consumed, H/hr. 
Net Steam Generated, H/hr.  

Power, kw 
Cooling Water, GPH 

850~000 743~OOO 850~000 
- ~ - 

850,000 658,500 850,000 

IO 60 65 
8,300 25,750 8p2OO 

Pr inc ipa l  Operating Costs, ¢/HSCF: 

Depreciat ion at 5% oF Investment O.hO 
Taxes & Insurance at 3% of Investment 0.211 
Maintenance at 4% of  Investment 0.32 
Steam at 40¢1H# - ( 9 . 0 6 )  
Power at 0.7C/kwh ne9. 
Cooling Water at 1.5¢/M Gal. 0.20 
Operating Labor at $3.20/Man-Hour 0.6 
General Overhead at lO0%of Operating Labor 0.6 
Catalyst  5.0 
Regeneration of Reactors 

0.70 0.77 
0.42 0.46 
0.56 0.62 

-(7.02) -(9,06) 
O.O! O.OI 
0.77 0.20 
o.6 O.6 
0.6 0.6 
0,71 5.0 

850,000 

850,000 
10 

8,320 

i 
0.43 
0.26 
0.35 1 

- ( 9 . 0 6 )  t 
neg. 
0.20 
0.6 
0.6 
2.57 

0 

z 

,4 'r 

p i x  

![o 
~n 
- 1 

1, 

;? 
, I I  

z 
P 

I 

TOTAL OPERATING COST, ¢IMSCF - ( I . 70 )  -(2.65) -(O.80) 2.35 
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f. Discussion 

Based o n  ".-he above =esul~s, we have selected the dual-fixed- 
bed, ho~-gks-recycle methanation scheme for use in all future pipeline gas 
plant designs, in addition I:o ~he fact zha1: this scheme appears to be the 
most economically aZ~rac1:ive me~hana~ion system, it is also the one 
supported by zhe most conclusive experimental data, and is therefore 
zechnically the soundest at ~he present time. 

The tube-wall reactor, al~hough presently the least attractive, 
is po:en~ia!ly of considerable interest, if, for example, catalyst life 
could be e.~¢ended from 1000 to 3000 hours at the same space velocity, its 
operating cost %vould be approximazely the same as the hot-gas recycle 
system. 

The zransport reactor is pote.ntially capable of yielding lower 
operazing costs than the hot-gas-recycle scheme. In the absence of any 
experi.-nental data, cazalyst cost has been assumed to be the same as 
that demons:rated at IGT for a fLxed-fluidlzed bed. This is probably a 
conserva~ve assumption because -~he physical szren~h of the catalyst is 
ve.-.y severely tested in the transporz system. However, if a d~al-reactor 
transport system were developed, using iron c.~.talyst to do zhe bulk of t/~e 
rnethanation and nickel catalyst for zhe finishing step, the ad-v~ntages of 
efficient heat recovery and low caZalyst cost might both be achieved. 

Our selection of methanat-ion process has ~hus been influenced 
considerably by the present state of technology. 

. Gas Purification 

The study of alternative g a s  purification processes was con- 
tinued, iV~Lnor desig-~ ~hanges were made in several processes so that all 
could be compared on the sarne basis; i. e., roughly the same numaber of 
parallel trains of equipment. 

. Hydrogen Productioq Costs 

Estimated costs for producing hydrogen from biturainous coal, 
based on prelL--ninary process desizns, reasonably complete material bal- 
ances, and very approximate estimates of capital investment, are presen- 
ted in Table ,-7. 
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These c o s :  fi~res are all predlca:ed on a bituminous coal of 
~he follow-L-. Z co=.'nposi:ion a; a cos: of 54 per :on: 

Ul:i.~.~:e (dry basis) 
W-.. % Wt. ~ 

k(o.s:ure I. 5 C 79.4 
Volatile .-c..a~er 59.0 H 5. Z 
_---ixed carbon 53.4 ,D 7. 5 
Ash 5. :. X !.4 

ICO. 0 S 1.3 

Ash 5.2 

i00.0 

~s:in',,~ed inves:.-:'..en; ~s for the process unl;s only, inc]u~.in~ coal storage 
and preparat~o.-., gasif:ca~ion, ..-nez~-.ane re-~..oval, %va~er-gas shift, re.~.oval 
o5 CO 2 and sulfur co.~..pou.nds, and =T'-.e:hana~ion. Znvestrnen~ for of/sire 

5acili::~es is no: included, bun u:iiizies =-re charged =~-° razes which include 

~.he .necessary capital charges on utilities-genera=ing facil/~ies, it is 
aSSU~, ed :ha: coal ~- -h "is rerr'.oved fro.n ~. ~he sys:ern "my quenching gasifier 

.n%el: %v-~:h water and :~'~: 5[0 of ~e NazCO 5 catalyst is los: in :his operation. 

Varying levels of product gas purity are indicated in Table II, 
depending on opera:i.ng conditions anti processing sequence chosen. Two 

levels of :r..--h-n=, ,~ e co.ncen=ra~on in ~he raw gasifier effluent were assumed: 

!.' All k-;drogen in d~e coal appears Jn :he raw gas in me~hane. 

. Y.quilibriun% is achieved for ~he foilo~ing reaction at gasifier 
conditions. 

CO + 3H z ~-- CH 4 + H20 

~Vhere ..-ne~ane removal is desired, it is acco.~.plished by partial cornhus- 
k.iota (using oxygen) or by ca=aly-d~c s:earn refornlir.g. Hydrogen purity varies 
frorn about 88 to 99gc, the major impurity being methane. Carbon oxides 
are reduced to less than 10 parts per n~/llion a~d sulfur con%pounds, to 

abou~ 1 pprn. Product gas pressure is 350 psia, amd the cost of compress- 
ing :o any higher pressure desired is indicated by Figure I. 
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HYOROGEH FRO~ITVHINOUS COAL 

i ,  250.000~000 SCFO of Product Gas 
2, 90~Stream Factor 
3, Holt Composition| 80~fla2CO 3 " 2 0 P ~ C O I I  Ash 
G. Hathod of Contacting: Sparglng 
5, Hethod of Heat Supply: Fired-Tube Heater 
6. Product Hydrogen Pressure: 350 Psla 

Olxlrit Ina Condlt Ion I 
Hetl~d 

~ ~PrelSUre .tOlF cx~ in of CH~ 
.WJK 

I1,~ 1800 Lie0 2.0 Al l  H 2 Norm 

I I= l  1800 400 2.0 . [qul l ,  Hone 

| I -¢  1800 ~ 2.0 "" Al l  H 2 Partial 
• Combustion 

l l -D- |  1800 400 2,O All  H 2 Refomlng 
(I) 

11-0=3 I800' 400 t ,0 Al l  X 2 Reforming 
(2) 

Jl=E 1800 400 J.O Al l  H 2 Reforming 
(2) 

. I I-F 1800 45 ).0 Al l  H2 Refomln9 
(2) 

t l -g  .1800 ~ 3.0 Equll. Mane 

l l -X  1600 400 3,0 Al l  H 2 Refomln9 
(21 

I I -J  1600 400 3,0 Eqult. Reforming 
(21 

I~! Refomlng assuming • sulfur-resistent ¢ataly;t 
I~fomlng al l ,mini  a standard catalyst preceded by sulfur re.oval 

Investment Product 
SHH Purity 

37.O 87,7 

38.3 ~t.5 

35,9 99.O 

_,. Production CQFt. ¢/HSCF oP. Product.Gas 
Labor 

& 
Coal ~ ~ o _ ~  

6,6 ! .3 0,~ 1,2 

6.3 1,5 0,3 1,2 

6,2 6,0 0,3 1,2 

~3.0 95.O 7.3 

43,0 95.0 7.6 

46.~ 95,0 7.8 

h5.8 95,0 6.6 

hl .o 99.0 5.9 

~5.8 95.0 7.7 

~6.7 95.0 7.8 

o.3 . 0.3 1,5 

0.) 0.3 1.7 

0,7 0,3 1,7 

2.8. 0.3 1.7 

4.6 0.3 1.2 

1.0 O.3 1.7 

i .o 0.3 1.7 

Fixed 
Charges 

7.6 

7.9 

7.4 

8,9 

8.9 

9.6 

9.5 

8.5 

9.5 

9.G 

17,i 

17.2 

21.1 

18.3 

• . 18.8 

20. ! 

20.9 

20.5 

20.2 

2O .4 

4 .= 

!I i I  8 

+ 

I1[ T 
I 

t , 
] , ,D  
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FLxed charges are calculated as a percentage of investmenz and 
include 10~0 for depreciazion, 4g0 for maintenance, and 3~0 for zaxes and in- 
suraz~ce. Alzhough pipeline gas economics (Progress Report No. 3, page 4) 
were calculated us-/-~g 5~0 depreciation (~=ypical of a public utility), we felt 
that hydrogen production parallels rnoze closely a c/%ernics.l or re_¢~ery 
operazio~ am.d have, zherefore, used the higher rate. Calculated hydrogen 
costs presented in Table 77 are production costs a~ad do not include any re- 
~-urn on inveszrnenz. To obtain a 10g0 return after income taxes, for ex- 
ample, would require ~haz hydrogen selling price be about 9-1Y#/MSCF 
higher than the production cost. 

The utilities figures reported in Table II reflect a credit of 
steam production equal to about 2.5,6/MSCF of hydrogen. This is based on 
~he assumption that heat generated in the hydrogen plant can be used else- 
where in the overall fac~.!ity. 

4. Catalyst Losses 

Sodium carbor~te catalyst may be lost from the gas~icarion 
systerc~ by at least two means: 

a. Volatilization and/or entraimmeLt in 
the effluent gas stream. 

b. Chemical con-foination or mechanical 
entrapment xvith ash components removed 
from the system. 

Molten sodium carbonate is partially converted to the hydroxide 
in the gasifler according to the reaction below. 

NazCO 3 (i) +H20 (g) ~ 2NaOH (I) +CO 2 (g) 

The fraction so converted depends on temperature and steam/carbon ratio 
used in gasification, but at 1600°F and 

½o 
- Z 

C 
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about i. S~0 of the sodium is preset as NaOH. A recent doctoral :heMs (6) 
ind/ca~es ~at the boiling points of a2kali n%etal hydroxides are much lower 
:~.?.n p~-eviously reported, if :rue, ~his could lead to substantial losses of 
scdiurn fro:.~., the ~asifier as NaO~" vapor. Lower operating temperatures 
would reduce vol~.:ilization losses, but to go below about 1600 oF ,A~ould 

require ~. catalyst with a lower n~elting po-ln: than pure Na?CO 3. Additions 
of li:hiu~..~ carbo.na~e and potassium carbc:-~e for this purpos," were investi- 
gated, arid the resulus are presented in Table TTT. Colurn~ 7 shows total 
caLllys: losses, expressed as cents per thousand standard cubic feet of 
pipeline ~as product, by both n'~echanisrns "a" and "b" ar.d assuming that 
~he ~'ecen- boiling point determinations for NaOH, KOH, and LiOH are 
correct (~). 0-% ~he other hand, if the older ~hzndbook da~a on vapor 

pressures of .~'aOH, XOH~ ar.d LiOH are correct, volatilization losses 
~v[il be negii~ible and om!y ash removal losses need be cons-[tiered. These 
costs are presented in co!u_-T~s 5 ~nd 6, assuming, respectively, 95g0 
--'ecovery of catalyst in the ash rel-noval system and 90g0 recovery. The 
follov~ing sai~ prices were used Ln calculating Table 1T7. 

NazCO 3 I. 6 

KzCO3 8.5 

Li2CO 3 50. 

There are two principal reasons why the use of potassium or 
lithiu~ saiZs alv~ys leads t o  increased costs: 

a. At a given temperature the vapor pressure 
of KOH is about eight times that of NaOH. 

b. Al/%ough the vapor pressure of LiOH is lower 

• h~Ln :ha: of NaOH, the formation of LiOH at 
the conditions of opera~ion appears to be much 
more favorable. 

6. SpLuar, L. H., University of ~r!sconsin, Ph.D., "Vaporization 
of Alka/i ~V~e~al Hydroxides (I 958). 



C o l u m n  No. 

C a s e  No. 

I 

II 

]If 

IV 

V 

Vl 

VII 

VIII 

Mel t  C o m p o -  
s i t ion  rnol% 

P u r e  NazCO 3 

P u r e  Na2CO 3 

6.5% 1.izCO 3 ) 
93.5% NazCO 3) 

5. 5% KzCO 3 ) 
94.5~/0 NazCO 3) 

3% L12CO 3 ) 
3% Kzco 3 ) 

94% NazCO 3) 

40% I(:.c:o 3) ) 
60% iqazC03)  

37% LIzCO 3 ) 
63% NazCO 3) 

13.3% L i z C O  3 ) 
43, 5% K. C O , ~  ) 

2 " " 

43.2% NazCO 3) 

Melt.ing 
P o i n t  

°10" . 

1560 

1 560 

1 500 

1500 

1500 

1300 

1150 

1150 

O p e r a t i n g  
To.nape ra  - 
t u r c  oF 

• 1 600 

1700 

]600 

1600 

1600 

1 3 5 0  

1200 

1200 

TA B],]~ l l I  
CATA I,YST GO,q'rs 

% CO~" 
COl%Ve I'| e(| 
to h d r o x | d e  95% recovery_ 

5 6 7 

. .. / M S C F  of I , |pe]ine ga,~ Cata]y.st ] o s s e s , ~ . /  . . . . . . . . . . . . . . . .  :=_~__- • 
Ash  r e m o v a l  

.A_sl~_reJ2Lqya_]]_]_9±~ses (95%) -I- volati'- 
9_0_0/o recovery ]iznllon losses 

1.5  l . Z  2 . 4  7, 

4 . 5  1.2 2 , 4  3d. 

94. 3 .6  7 .2  200. 

1 .5  

2,1 1 .5  
1.5 

94, 
2.1 
1.5 

3.0 3 1 .  

0 .8  
0 . 3  

3 .2  6 , 4  112. 

100, 
0.3 

3,3 6.7 19. 

100. 
0 . 4  
0 . 3  

15. 30, 78. 

7 .7  15.5  31. 
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Two conclusions have resulZed fro~. Table iII: 

Cz:a!ys= coszs cannot be reduced by ad£img 

ooZassiu-~r, or ii=hiu_~., carbonate zo lower the 

~. ehing poln:. 

b. it -is exzrer..ely ir:'..oorza_r~= :o ascer=ain =he 
correcZ vapor pressure of =nol:em NaOH. 

if r~.e Spin~.r zhesis is correc=, drastic 

ac~on rnus= be zzken to avoid excessive 

sodium carryover inzo dowzstrearn equip- 

. Fic, v.'she e: Szu£ies 

" ~.~. process designs and econorric s:udies =o da=e have 
beer. based or. h-'.'.-.u--.incus tom!. inves-iga:ions have been sr2.r;ed I:o de~er- 

r r i r .e  =he effecZ ,,-̂ _ design_ = ~zd coszs o f  :ine o=her raw ..--~:erials uhat rnus: 
he considered - anzhraci:e, sub-bittu-c_.nous coal, and lignize- ir.lzial efforzs 

~viii be d!reczed =o ~i~-e produc:io= of pipeline gas and hydro~c n, bun even- 

=ually =he conversion of each of zhe four raw rna:er'iais into each of four 

produc: gases will be considered. 

3 .  PROSE CT!GIX'S 

I. O~-s .~ur-flca='on 

The evai-aa==_on of gas purifica=ion processes v~.ll continue. ~ne 

effe. c:  of ~_k rr-.." -in prc.iuc- ~zses of%at :h-~.= r:'..e~hame on =he op:im-.~-T~ purifica- 

:lot. sequence will 5e s:udied. 

2.  _='i o,.vshee= S--udie s 

ir.ves=ig~.=ions of =ha e~ec:s of raw r...a=eria!s o~'.er ~.hzn bltu..'niu- 

ous coal ar.d pro~uc; gases o z h e r  -h-n. ~. r..e-hane oa -,£ae design of ~ine g~s:~ica - 
: i on  sec:~.o= w i l l  b e  cor_~.nue6. .-%.s op:L--..u=-n =~zs pur i f~.cm:io= s c h e = n e s  a : e  
selec:e~, con'..p!e:e cor.cepraal desigr.s - i-clud.ing z-lows:-,ee=s and cos: est-:- 

rr.~zes - for each produc: gas fror.~ each raw .-na;erlal rill b e  prepared. 
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._____. P~ocEss RESE_%RCI~I 

A. A C C O_'vZ_~LISS-L~_E ~'T S 

Viscosity tests on amzhrzcize ash/molten c~rbon~e and bitu- 
r~i~ous ash/rnoken cz~oo=zte a: 1650°F ~nd 1800°F have been cornpl,..ted. 
~Vith bo-h z~shes the -viscosl-y eoui~hrates in < -- -_ hours. The viscosities 

-~vO Zo 8000 CpS. The eq'~/lib.~iunl val-.~es are ~iven in the 
table belo~: 

COAL .%SH-h-z2CO 3 VISCOSiTT-~.S 

Coal .~.~h ~rt. ~ ~ NzzCO 3 Temu. OF. VisR0si~/, CPS 

.<ni-~racl-e ! 5 ! 650 i 000 
~-r.i~ra clze 3"0 ! 650 8000 
-'~-nzhra cl-e 15 ! 800 300 

. -~ 1800 7000 
-~.~ ..... o.~ 1650 1000 
L-.-urc'C-~.~uz 30 1650 4000 
Z ~ ~-~rDi-o-& s 15 1800 800 
3 i~---.ir.ous 30 1800 3000 

-~= several ~,~ ',-=-- some e~de-nce of ash settling ~as observed. 
,z.- e:---~er-.~..a.n; ~--.corpo_-a~.n~ ='..eli ..~D/xi=g, jus: prior to viscosity rneasure- 
.~,.e.-.:, v~.il be pe.-Eo.-:~..ed -in order zo es:L-nate the possible constribution 

.h co.--..p!eZe test ,'-.'~=~: results _-'or ~un No. S-9655 indicate zlnat 
a: ~_ cc, ns~-_: L-~le: sierra., pressure the gas[f/cation of carbon is first order 
v,  r i : h  respect :o carbo ~ _ ~ -~-e re.eli to at least 85~0 of the carbon gasified. 
:". perce_n: carbon gasified %vzs calculated by rneasuring the total reducing 
gas (CO+H~) produced az va~_ous ti_-nes. This r-~ gasified anthracite at 
!7O0oY %vi~ ~ . ~_u "/m/e: steam, pressure of 7.6 psia, a superfici?.! gas velocity 

o50. 0S fz/sec., and /=_. 6~0 coal in z'ne !-.let. The gasification ra~e at 7.6 psia 
steam ([.-.let) foLlo%vs :he expressio= -d__~c = 0. tab(c), lbs. carbon gasified/hr. 
cu. ~. of.-.~el:, dt 
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.En az:e.---._pz zo i.ncre~se -he gasi-'icaZlon raze by opeza:'ing aS 

!3 psia sze--rn, z su~e~ficie.! ga£ veloci:~, of 0.3 ft. /sec. and a :nelzen 
szlz bed heighz of . . . . . .  ~ " inches, :="'e.r = due :o .-'..el: zu.-bule=ce and p.u~g--ng~ ~ " 

of zhe o-azlez !-re. .c.n $ inch bed heig-'-.r :s probably the :~axinnurn height 
for z~n~s ap~ar~_zu~. 

B. P ~ O  i --" C ."2-C_"x'$ 

Yu~a-'e w~rk ~v-l! include co--c..plezlcn o- v'-scosiVF teszs using 
sub-biz'c.:-nir..c, us ~nd Lignize as:~._s. .~ffo-:zs w-~ be co~.cen:razecl on zhe 

=-ifec: of "-e~.~ ka g- ,i-l.z s=e~.-n pressure, and superficizl gas velocizy on the 
r-z= e of gas~icaz-lo- of coal. 
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_,-A ~. ~[E CI~_~_N!C_%L DEVELOPl<ENT 

A .  A C C 0 .~.P L! S-q_Af~ .-k-TS 

The firsz ;or=osio ~ - :es; go: s:zr:ed duri:~ zhis repot: period; 

:he obj~a:ive baln Z ~. Zb0 hour e.ndurznce'.+-~s:, in ~he early s.~a~es of opera- 

:io:, sorne shu:-doxvns were reouired : o  repa;.r nnecha.n/cai dan~.~es (fzzi- 

~ue _-'~ilures) cz-&sed by =he pneu.~zzic vibrztin== device. ~odific~:ions zo 
~:e suppor:ir.~ s=ruc.~are and re~.sions of so.~.~e of ~.he crizicai components 
re.-r.oved i':-.s h~.z~rd .to.'% ~ . 5u=ur~ operz:io=. 

Socc..~ difficu'-:ies were experienced with piu~in~ of uhe ~zs ouz- 

ie: ilne and :he so~.$ fee~ "n!e- iir.e. Iz appeared ~n~z at sozne periods of 

o~era:'o: :he bed splashed :o =he =op of --~.e re~czor; znd since this re~ion 
:s ..~.--- Jr. ;ha -&rr.~ce -L~e szi: bed froze, hence Diu=~n~. ~ ~ =he overhead lines. 

~:i=or re~islo=s ~=e.e :o -n ~ overhead plu.-~.bi=A ~ow allow for periodic 

_~":in=~ ooera:icn, i: x.,zs observed :/~.zt so,~..e of :he grzphize fed 

::c ef;que.n: Zzs. However, this =.-.:~ ; h a  re~= -~ -:-r~ v¢~-s =a.n~ carried our "zy " e 

-...2-..-"n:~ Of ~-i~hi-~ ~ e iosz -o :~.'-~= reac:ion oz.-= be asz=.n-.~ted" and corr~pe.nsazed 
. . . . .  in :he over::aad feed r-- . 

--f-er "'~-u- !C0 hours ~ .u:,_-.ir.~-irn :he ternpera:-~re con 

ur-ilar in ~'--- . " ~-r. ~e -her.~..ocoupie circuit. Eur~her inveszi~zzio~ re 

re- l~d ='.':z.: :ha -har_--..ov:ei! hzd corroded :hrou~h ---=d thz= zhe rr.o!:en szi: 

hal had deszr&ved : h e  :her.--..ocouple. Since =his condition could nor be 

ra~.ired "~i:hoz: ,.;i.z_~ --'.f=in .~ ~ -~.e corrosion s~..~.p!es, :-~ %vzs dec~ded zo end 
: h e  : ~ s :  - :  : h i s  p o l z : .  _-~or f ' :  - .r - e s : s  " ~ ~ ~ e ~i~.~ :her.~.owe~ ",~all zhic~ess h~s 
.ee.. cou&=ec an:~ s:zi-!e~-s s:eel-shez:hed ~herrnocouples ~II be used ~o 
~.v~=c. an~., r TM -urra--- of--~-is r~.~.!~ur.czio--. 

The rer2.ovad t~.~: =~_:r.p!.~s sho%ved %~sua! indications of corro- 
~'or. v~.~i.n~ fr~.--.. ---evare =o .~..odera:e. by a~ree.~..ent v~i'~h The iu;err~%;ional 

Xick~! Co.-2..p~.-n~ ", ;-=e s~:r..ples %ve_-e senz to :-celt lahozzZory for :heir evalua- 
zlo". To d~e, r.o res-.d;s h~ve bean received fro=r.~ zhem. 
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~;~"-~ 2 is z sche.~n~zic --ow diao=ra.-n of :he zest process, 

i. _~nv~_ron.-z..en=-- ! T e=~--~ ...... of l~'c u...- Te.-r..Der~:ure ~k~.a:er-ials 

~rep~.r~.=tor.s are u_nder%vay zo .ri:iz~te Yesz #2. The objec:ive 

of zhi~ =ast is :o sub,~c~ refrac=ory samples ~o a~ ~ndura=ce of 250 hours. 

~h refraczcr:es sei~c:ed for ~h!s zesz are: 

Carh~ r'.'udu-~._ 

:,.ruilfr~x --[ 
_~[uilfrax W 
~:arb:de 
Z!rccfrax O 

=-~T Sii~-eon Carbide 

Chrcrr..ex _~ 
ira rr-cn 5---" 

Kor-a--dal XD 

Ge.~.er&i .~e-'rac=ories 

~. i zex  C B  
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V. ~NPOWER AND COST ESTIMR, TES 

F;5=re 3 shows =he ~rojec:ec manpo~ver breakdown for Phase I for 
. ~  ~s v.e; as .., ~c : .a .  e f f c r z  zha: was ~zta ined.  lz can be seen 

~.. :teen =an eT~ort was ~-ztained C~rln 5 January. This was 
cr !nc i~a i~y d.~ t-~ the maintenance raqu:red : o  keep the corros ion zest 
e~u~;nenz ope~z: ic  5. 

F~g~re ~ shows :~e expe=~izuras C~ring Jznuary as well as =he 
:osz estlmzt~s for ?~se I For l~6~. For ~h~ mon:h of J~nuary S21~210 
v:&s axle=dad not i~c~u~ing fee ~n¢ G & A. The :o:ai expenditures 
=~rough January were S~7,376. This represents approxim~:eIy 46% o f  



P ~ e  N o  . . . . . . . . . . .  . 2 . .0 .  . . . . . . . . . . . . . . . .  

~ e p o ~  ~ o  . . . . . . . . . .  ~ .  . . . . . . . . . . . . . . .  

~ : • ~ . . . .  ~ . . .1 i - .  , ~ L ~  

:.-! . . . .  _ 

................................ ; i . ~ . : 

- -  ; - ~ . L ; ~  3 - - + - - ' - - - -  . . . .  ".-.. . "~=,-, 

: : ; • . ! - ~ .  

• ~.~, ~, ~ . . . . .  - - . - - . - -  
- - -  ~ ; .  : _ : . . . ~ , - _ ~ ; " °  

. . . .  . - . . .  . . . . . . . .  . ~ '; : - , ' - - " - - - - ~ .  '~ '~  

• i 

• : . . . .  , l ~ Z .  
. . . . . .  - - . . ~ - - - - _ - - -  . . • , . : ~ 

~ ,  _ ;  " ' ' ! , , I 
• - : : ~ . • i : : , : ,~ 

'~" 1 . ~ : ' , . ,  '" , ,~ * ~ : : )  , r . .  

. . . . .  - . - - ] .  , : • . . "  . , ' i  ~ 
~ .  . . • , 

: : • . ~  

; , : ' _ _ _ _ . [ _ . 4 .  : ' : " ' ! o  

• - ~ : , : , : ~ . ~ ; ~  

• ~ T ~ - : " t '  : , : '  : : i ~ , - .  

t : , ~ ~ • . . ~ . ~ : ~  

,....~ 

i , ' : ' " • ' i . : ~ : ; : : I ~  

' i :. : ~ ~ ~ i i. : ~ ! ! : . ,  . I -~ 
• • : , ~ , : ~ ' " ~ I . , . . ' . ; ~  

- - i  , . . : '  ' ' : • ; ' ' :  ' ~ - ' i ' "  

,, : : : ; : ~ , .'- , . T  ; , - - . ~  ; ~ "  
1 0 , . , I  

!; " ' • -: ' ~ : .  : . . . . . . .  ~ ' ~  ~, : :' " : ; ;'; '~  : ! - ' "  i~" . . . . . .  " "  "~I ':" ' " ~ ' - ~ ' ~ '  ~ - - : "  
• . ,  : • ~ , , i ~  < i', . ~ , - - ' '  : : - - : - - - - ~  - i • ; . : ; : '  

i -  ~" "~" ., , " , ~ "i" • ! : ~ ' ;  i '~ 

" : ~  " : ' ! ~  : ! :  1 " . . . . . . . .  ~ "  . . . . .  ! , r ~ ' '  I " ; -  " , o  = 

' : : , ; ~_ ] I ~ : I : • : . ~ : . i , I ' : - <  
• ,.~ , : T ~ . ' - T  : ' ~ - -  i ' i  : , '~ : :' ~ ; , -  ~ 

- ! ; : ~ '; • ; " : '  , , , ; . . ,  : : : : ' i  , ~ ; i ' J - ; l ~  

, . , . . . ;  . ; • , ,, • ~ ". . : ~ :  . .  ; . ~ . ;  . - ,  - - ~  

; ' ! . , ; , ' ' ~ ; ' :  . . . .  i ' ~  ~ ' i . ; ~ , :  ! . : - , - ~ ' i '  j ~  

; . :  " " : : . ; ! , : ~ : " ' '  '. ; ~ ~ : : ! ; : ! i - i ' : ~ .  I 

• I m, ,  

• ; - - - .  , . .  . . . . .  , . , , ,  , 



"~. -~L A*.. + . ' : .  ; ~ - ' : . , . "  ~ - . . ~  C-C~:.=.~;,-% ~- 
.~.;~ No . . . . . . . .  2 ] . . . . . . . . . . .  

R=;~=r;. N o . .  6 

. . . . . . .  ~ - -  . . . . .  : . - ~  ~ .  :: = 

; ° 

T 

................................. . = "  

. . . . . . . . . .  - - - -  ° . ~  

L 

" . . . . . . . . . . . . . . . .  . . . . . . . .  - - , - ' + T - - ,  . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  COST ~ E S ~  ' T  .' . . . . .  C ~ E  
. . . . . . . . . . . . . . . . . . .  : . . . . .  . . . .  F 3 E  ; " ~  t ; ~  

. . . . . . . . . . . . . . . . . . . . . . . . . .  
.:.'. ~ 
. - - %  

............................... . . . . . . . . . . . . . . . . . . . .  . _ _ _ _ _  = . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ _ ~  _ -  . . . . . .  ~ . -  P. 

\ 

...................................... x 
\ 

.................................... ; _ ,,, 

_ _ _ _ +  ............................................. , ( - -  . . . . . .  

. . . . . . . . . .  , . - . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _ _ _ _ '  . . . .  

" - - - .  
_ . . . -  _ : ,  

"--+ . . . . . . . . . .  

. . . . . . . .  ~ ~ . . . . . . . . . . . . . . . .  , . . . . . . . . . . .  ~ .  - - -  - - ~  

: i J "~ 

I i . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  : -  " . . . . . . . . . . . . .  7 . . . .  

+_.+ ................................... . ~ o . .  . . . . . . . . .  . . . . .  

'_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  L - - ~ _  i _ _ '  

.......................................... _ X , _ _ ~  + _ _  ~ 

0 

K 

. .  - -  

- =  

I -  
R e p r o d u ~  
best a v a i ~ l  

C ~  ~ '  " L '~  : ' , , t  G , ' -  L_'~ ¢M 


