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T~e e f f e c t i v e  of th~s co~tract with the Office of Coal Research is 
zo ~eve:op z~e ;{e;iogg Gas;f ic~;on Process ~o the point where i t  w i l l  
be ~b:e, on ~ commercT~] scaI% Zo convert coa~ into pipel ine gas at a 
cos~ of 5:.'XSC7 o~ hydrosen a~ 25¢/;{SCF. Five raw materials are ~o 
0e stu~ieo - -  an a~Chracize: a h i~h-vo ]& t i le  bituminous coal, a sub- 
~i~u~inous :oat, a ]i~nite~ and a char. AI~hough Ke~logs's experimental 
work w~i  no: extend beyond ~he production of raw synthesis 9~s~ the 
overall pro~eot must make engineering ev~uations for four ultimate end 
products -- pipeline ~os~ hydrosen~ synthesis gas) and transport gas. 

~s!s for tee Re]loss GasiflcazTon Process is the reaction be~wee~ 
steam &~G fine co~: in a molten s~it bath to form synthesis gas~ 
mlxzure of ~ydrocen and carbon monoxide~ ~ccordln~ to the reaction: 

(co~;) "(sZec~} Csynzhesis gas) 

T~e necesscry hea~ of react!on {s supp:~ed by clrcu~atin 9 a heated 
~o:~en so'- str~cm. In ed~:zTc% :he ~o:Zen salt mlxzure is c h o s e n  

Zo c~z&;'.'ze Zne 5esTfic~z,eR reGctlo~ so ,~o~ i t  may be carr ied ou~ at 
a re lcz;v~;y ~ow temperGzure. 

71-e p.-o~rc..-n is c:,.'vi~e(~ into three phases of study ex~ending over 
f ive-;,ecr p~rTod. P:~se I,  which is now ~n progressj involves several 

co~.cu r re,-. ~ c~for ~.s: 

~. 3e~ci~-scaie process research - -  to investigate melt propertles~ 
recczion k ine: ics j  ~nd the e f fec t  of process varlabIes. 

2. Chemlc~: cngineerTng studies and development - -  to determTne 
:izc opzlmum prOCESS f]owsheet and operating conditions and 
:o coordinate experimentcl work wi~h overal l  project object ives. 

3. Xeohen~ca] ~eveIopment -- to flnd acceptable ma=er~als of 
cots:ruction and d~ve]op ~echniques for hand|ing the molten 
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?Sese I will be concluded by the design of a pilot plant to gasify 24 
tons of coal per day. 

Phase tl will be devoted largely to the construction and operation of 
a pilot pi~nt to convert a variety of raw materials into raw synthesis gas. 
The effect of operating variables found to be significant in Phase I will 
be investigated to obtain data for design of a commercial plant. 

Pha~e ~l l  w i l l  i n v o l v e  the  d e t a i l e d  process des ign o f  a commercial 
plant to produce 250 million standard cubic feet a day of product gas~ 
including cost estimates and projected economics for those areas of 
the country that appear to offer commercial possibilities. 
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I f .  SUMMARY 

This progress report is the twenty-first since the awarding of the 
contract. It is concerned with the First phase of the contract and 
s~mmarizes the progress that has been made ;n the three princlpa] areas 
now being studied: orocess research, chemical engineering studies, and 
mechanical development. 

A ~asiflcation experiment at lO atmospheres pressure, the highest 
pressure tested since the ~rosram begen~ was completed successfully 
during the month. Other conditions included: a temperature of !740"F, 
e suoer;icial gas veiocity nf 0.5 ft/sec~ a quiescent melt oepEh of 4 
i~ches, and en initial carbon concentration in melt of 4%. Eight other 
(ata points are available at these conditions~ except for the steam 
partial pressure, which ranoes from 5 to 55 psia. Ten additional points 
ere available at ~SLO°F and-varylng pressures. A plot of these data on 
IcgarTtF~r, ic coordinates showin S gasification rate constant versus steam 
partial pressure yields two straight lines ~one for each temperature 
leve]~, which~ it is felt~ can b~ extrapolated confidently to the 400- 
psia region at which it is proposed to operate the process co..-~nercially. 

.. 

Studies of the effect of melt depth in 2-inch ID and 4.25-inch ID 
reactors were continued. Two successful runs, at 4-inch and 8-inch 
depths~ were made in the larger unit after several attempts Failed because 
o~ heatTno problems. The measured gasification rate in the deep bed was 
only half that ~n th~ 3-1nch bed; and it was concluded that the melt had 
expanded out of the heated zone. !F so, the effect of bed depth is 
confounded. 

The p o s i t i o n  o f  the  Z - i n c h  IO r e a c t o r  in i t s  f u r n a c e  was v a r i e d  in 
several aztempts =o obtain similar temperature profiles For different 
bec depths. It was concluded that bed depth does have a significant 
effect on gasification rate in the 2-inch ID reactor. The rate decreases 
with increasing bed depth, apparently levelling off at about 5~ of the 
value measured for the 3-inch depth. The decrease is probably caused by 
poorer contacting in deep beds of small Oiemeter. Unfortunately, beds 
deeper than $ inches cennct be tested in present equipment. (It should" 
be noted that all bed depths mentioned above refer to depth of quiescent 
melt; as noted ~n Progress Report No. 20, the melt may expand as much as 
three-fold under gasT£1cation condTtions) 
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The effect of suoerficial gas velocity on gasification rate was ~udied 
in the 2-~ncn ~D reactor at 1740 F: ~ atmospheres~ 4-,nch melt depth~ 2, 
a~h in meIt~ ~md 4% ~n~tia] carbon concentration. The ra~e doubles as super- 
Ficla~ ve|ocity is raised fr~ 0.~ to l.~ ft/sec. It increases another i0>' 
at 2.0 Ft/sec~ but seems to be levelling off. InefFicien~ mixing of carbon- 
in the me]~ at low velocities is proposed as the cause. 

comp]et~ "process package j' is presented For the production of 250 
million standard cubic feet of pipeline gas a day From bituminous coal. 
The package includes a process flowsheet~ process description~ material 
balance, utiIit~es summaryj c~p~tal cost est~mete~ and computation of gas 
procuc?ion cost and selling p:ica. Estlmat~o capital investment is about 
ILO million ~o]Tars. Cassel ing price is ~bout 50¢/MSCF~ based on $4/ton 
co~ an~ t~e 0OR standard procedure for calculating gas cost. The plan~ 
eT~o produces about 160 megawatts of electricity which is sold as a by- 
procuct a~ 5 miIls/~.~h~ yielding a credit of 7.6¢/MSCF of pipeline gas. 

specific g~slficatlon rate constant of 2.3 hr -l was used in ~he 
flo~sheet ~sig~: resulting in a volumetric gasification rate of 21 pounds 
of car~on per hour per cubic foot of melt. This is compared in Table I 
with recent experimentally-measured rates. 

Unfortunately~ no experiment has yet been made ~o completely simulate 
ccmme~cia: conditions (nor is this possible in present..equipment). How- 
ever~ ~y u~in 9 one ex~erlmental run (J-9814) as a base case and making the 
n~cess~ry co~rections using correlations derived from other experimental 
daZ2, one may conclude that the actual rate constant may be 5.9 hr.-Is 
about 2 T/2 times the rate used in design. This calculation assumes that 
the correction factors are well defined and that the corrections are addi- 
tives bo~h o~ which require further investigation. The effect of gaslfi- 
cation rates both higher and lower than that used in the design will be 
discussed nex~ month. 

Oxidation Test #3~ a long-term corrosion test under simulated combustor c(~-- 
~itions~ was interrupted af ter  846 hours by a FurNace Failure. Monofrax 
and Inconel 600 have both shown excellent corrosion resistance. The test 
will be resumed as soon as possible and continued to 1O00 hours. 

A s~ries of tests w~s conducted in the 4 I/4-inch ID reactor to measure 
bed expensTon as a function of superficial veloci ty,  ~zs co~Rpositien~ carbon 
concen:ration~ ash concentration~ and continuous coal f,:eding Superficial 
~as velocity is .~ major factorj with melt depth a!most doubling as velocity 
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is increased From 0 to |.0 Ft/sec. Gas composition shows a cecond-order 
effect~ w~th.ex~ansion, decreasino, sIiQhc]y_ as N2~ C023 and steam are u~ d 
as the fluid,zlng medium. Carbom comcentretion has ~itt]e effect on ecui- 
libr!um bec expen~ion~ and the efFecL of ash concentration is not clear. 
5ed expenslon with continuous coal feedinc and gesific~tiom using a super- 
=~cTeI gas velocity of 1.0 Ft/sec is about ~OC~: the same as when usin~ 
:hls su~erficTal velocTzy in the absence of gasification. 
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TABLE I 

C0~PARISON 0F GASIFICATION RATE USED IN ~LOWSHEET DESIGN 

WITH EXPERIMENTAL RESULTS 

Pe ~ m e t  e r 

Independent V a r i a b l e s : "  

Flowshe~: Experimental 
Desion (Run J-~814) 

Feed meter~al Bitun, .ous coal Bituminous coal 
~s;f;er te~perature~°F 1830 1830 
Avq_. steam nar:ia] pressure~ 

psie 250 ,rio 
Ash co~ce~retlon in me!t~ % 8 0 
Cerbo~ coFcentretion in melt~ % 4 4 (initial) 
Avg. s~erflcTal gas velocityj 

Fz/sec 0.9 0.5 
Bed de~th 15 feet 4 inches 

Soecific rate constant~ k~ hr. -l 2.3 1.3 

Cor~ectTons ~o exoerimenta~ rat~ to match Flowsheet operating conditions: 

Pa remeter Correction Factor 

! n c ~ a S e  ev@. steam p ressu re  to 
250 psia (F;cu~e l) 

:mcruese ash concentration to ~j 
(Re~ort No. ~6~ Figure 5) 

Increase superficial velocity to 
0.~ F:/sec (Figure 3) 

increase bed depth to 15 fee: 
(Fiaure 2) 

X4.2 

x 1.8 

X 1.2 

" 2 

~esul~ar~t s~ecific rate ¢onstant~ kj hr. -I 
= ~.3 × 4.2 X 1.8 X 1.2 - 2 =5-9 
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! I I .  PROCESS RESEA~C~ 

~. .-,c co-" -- 1 i shmemt s 

Three ma3or areas of concern have been the e=fect of decreasing 
sDec}=;c casTf;cetion rate c o n s t a n t  with increas;~c bed height, and 
:he eC:e:t of pressure and superficial ve'":ity on ti;e rate constant. 
It Ts bei;eved that t h e  results this month answer these questions to 
e much hT~her deE-ee than was ~reviously pos~ib;e. The run results 
are su--ar~zed in Table It. 

FTrit: the effect of pressure has been determ;ned to i0 atmos- 
pheres absolute for the First =~me (run ~995). This run was made at 

Q 

'TL0 F :.~ith maximum steam get, rat;on and condensation capacity az 
0.5 Ft/sec superficial velocity u~in@ a 4-inch bed of sodium carbonate 
and '~C' carbon from bituminous coke IV. A 5rand new Incone~ reector~ 
• .-..3~c~ -an very smoothly end 9ave no operatlona] di~Ficuities was 
employee. 

The k~netic rate constant For th~s run an~ a~ the other pressu-e 
-='ns a :  C.5 ft/sec, ~-~nch bec hei~nt~ and 17~O°F have been plotted T~ 
?'cure I .  ~: a = p e ~ r s  t h a t  a l i n e a r  r e ! a t l o n s h i p  ~es= d e s c r i b e s  t h e  
~to f r o -  ~O osia ste~- pressure and uo .  ~or convenience, the coordinate 
cn =he ~c,t side @ires Ooz~ds of carbon ' :~fied per hour per cubic 
:eat of ~.s]" cbaroe< at a concentra:ion of 4~ carbon in the bed. Oa~a 
f c -  ~ C  °= .-.'Tth e l !  o t h e r  c o n c i t i o n s  i d e n t i c a l ,  a r e  p ~ e s e n s e d  a l s o .  
Thus. a re~Sona51e extrapolation to ~he desired commerclal pressure 
e = ~00 ~ s ; a  can ~o~, be made.  

In connection with the study of bed height 3 two runs were success- 
~u~ performed ~n =he L.23-1nch reac=or of the Mechanical Engineering 
~ivision (J-~S7 and 9~88). These runs were ma0e at two bed heights,- 
i~ and S ~nches~ using ~7~0°7, 1.0 F:/sec superficial velocity, a:mos- 
Dher:c pressure, ~/, ash in the melt, and ~ initial carbon from Coke V. 
T~e rate cons:ant at the ~ow bed height was 1.38, about 2~ better than 
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l/.m t i e -  J--- . . . . . . .  I c]gUS I '.~;:~b I 9.g~3L I gOlsS ')~.:~91 '-ur?O ,;/f~'-,I ' '-fig? 2);!<)3J._ 22')'~_ _J Tu)k_  

/ rot.~l C,~,'i~on I I I 93,2 I i i l ! 93.2 " 
?, ,.,o,. li,~t~.~ I I I o.r~ I I I I o G 

,,~,,-,~,,,~ ! ,~0  ~.~1 ' l  ~ "-.~/ r,.,, I ,0.01 ,?.~ a..~ ~.~ o , 
';/in inelt ] 2 2 I 2 I 2 2 2 I 2 I 2 2 2 0 , 

i' C in ,,,ell~ in i t ,  I 4 4 I 4 I 4 4 II J 4 I 4 4 4 4 
',~;_.d H e l g h t - i n .  I 8 4 I 8 l 4 6 3 ! 8 l 4 4 4 4 

I I I l I . . . . . . . . . . . . . . . . .  
-;io,,g~ ~ i o:,; . . . . .  .I 2 ill .~21  .!. _ ii ! .  i . . / . . i L ~ 7 . V . ~ - i l :  . . . . . . . . . . . . . . . . . . . . . . . . . . .  .~ 

reanp, - "1 ~ . . . .  1740 1740 1740 ;1736 /hO 1740 1732. 1740 ,71tO 1740 
" P r e s s u r e  - p s i a  45.0  44.7 14.71 14-,7 45.2 M;.5 45 ,2  I 45.5 45.~ 149,7 

"' " i 40. Steam P, 'es . -ps ia  40.4 39.6 I~ 4 I 13.2 40 Ii 40.2 41 0 I 39.~ 132,6 
I Gas in Steaal / . . . . . .  ; ~ i  . . . . . . .  1. "'H2 . . . . . . .  

r~/so~ st , , .  ~ ~os ~ - T b ;  , .0!  . . . .  , -  o i  . . . . . . .  r • ' I. 04. I .  O: I .  O~ I .  5~, 0.5 O. 51 
Nlnutes to 0% CO t~O 30 .... 65 35 25 45 I 20 45 25 

85 75 50 I 25 : 
1178 11738 1886 

5050 

Total  Run-ml n, 45 35 35 35 
cc 1t20 in/h," 173 1169 1756 ',161~0 175 Ii 173 577 
cc Ii 2 in/rain 268 3108 '3668 3985 ~00 !600  2468 14870 i351 

I I 

. .~oSUltS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l l-Of . . . . . .  1 9"2 . . . . . . . . . .  T0tal'%/;'C Toi~oxlc~s ""c~)" .......... 97' . . . .  k'-)~) . . . .  lOft"" 97 !00 100 
Gasi f. Rate Constant: 

' Basis Input 1,6E 2.0C 0.69 1.38 1.8~ 2.40 1.311 2,6 c. 1,5; 
I Basis Output 1.7C 2.14 0.69 1.38 1,94 2.40 1.291 3.1( 1.57 
' Rate-lbs. C/hr/CF I 

i a 4% C in bed 20.1 25.3 8.1 16.3 22.9 28.3 15.2 37,3 18.5 
', Salt Carryover-~s 5.1 12.3 6,4 8.1 4.1 13.8 r~.4 15.7 6.3 

t~otes (2) (2) (4) (4) (2) (2) (3) (2) (2) 

( I )  Is land Creed #27 b i tuminous coal coked at  950 ° (cokes IV and V); 2,-inch ID 
r . ' ,s  9987 e:nd 9988; coke charged in ni t rogen atmosphere at 0 .05-0 .  I f t / s e c .  

(2) Three and f ou r - i nch  beds had reac to r  bottom 8 inches frolll bottom o, ~ furnace 
[-..hes I:rorr, botton b e i gh t - I nch  bed was 2 inches from bottom. 

f3) Bottom o f  reac to r  ~qas 8 inches from bottom o f  furnace.. 
~4) 
~5) 

727 
t~5.6 
40.3 

25 

2316 
'601 

" ~  . . . . .  ] - f i ~0  

2.5t~ I .  80 
3.05 I. 80 

3 .f-. O 2] .2 
)'.I 2.2 

(2) (s) (2) 

Incone reac to r  e~-~cep L 

; s l x - i n c h  bed was 5.5 

Runs made in 4.25-1nch d iameter  reac to r  by Hech. Eng. D i v i s i on •  
Rate cons tan t  cor rec ted  from 1710 F ( f o r  f l r s t  15 mln,)  to 17110°F glves 3.5.  
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rate results from almost equivalent runs in the 2-inch diameter reactor. 
Un;ortunately, the rate constant for the high bed wa~ 0.69~ half the 
above value; despite ~wice ~he quanti:y of carbon available~ on]y the 
sa~e amount reacted as in the I~, bed. Based upon expansion studies~ 
described in last month's summary~ the 8-inch bed during gasification 
~,ould have exceeded the heating zone of the furnace. Consequent]y, 
Tsozhermal conditions hardly could have prevailed~ and the poor ra~e 
sh,~ws it. 

!n order to eliminate the effect of temperature on reaction rate 
at different bed heights~ the position of the 2-inch diameter reactor 
~n the ~urnace was varied~ thus attempting to o~tain similar ~emperature 
~m#i~es. TemDeratures for two runs at 3- and 6-inch bed heights showed 
~dentlc~] ris;nm Drofi!es. Thermocouples above t~e molten salt were 
reading 70°F hi~her than the mol~en ~alt. The reaction rat~s and operat- 
ing condicTons for thes~ runs are given in Figure 2 and Table II 
"J-9985 9986. oQS~ 9990) 

The efFec~ o# increasing bed height, at least from 3 to 6 inches~ 
wa~_ ~* ~/_. loss in rate constant for runs in the 2-inch diameter Inconel 
r~acto-. The run at S-inch bed height expanded during gasification 
beyond the isothermal zone of the furnace despite having the reactor 
et ~ts lowest possible 9ositlon. Thus th~s point (k = 1.7) was ignored 
~ d,~w;n~ the curve for Figure 2. 

A deliSerate expansion of a bed o u t  of the Kanthal Furnace was 
made ~ith an 8-inch bed placed at the usual position for a 3 or 4 inch 
b~d (J-~9!)~ thereby raising the bottom of the reactor 8 inches above 
the bot:om of the furnace. Gasification showed a 4~ drop in rate con- 
s:an= g~om the result for a 4-inch bed under identical conditions. This~ 
of cocrse: adds Further weight to the conclusion that ~his system cannot 
test an ~-inch bed without temperature effects. Thus~ bed heights of 
$ inches and hie~er must be test,~d in larger furnBce and reactor equip- 
memt. 

I t  can be conc luded t h a t  bed h e i g h t  has a s i g n i f i c a n t  e f f e c t  on 
Feac~ion rate in the 2-i~ch diameter reactor. This effect is most 
~roba~]y due to decreasing efficiency of contact between steam and car- 
5on with ~ncreasin~ bed height. It is suspected that carbon distribution 
is a t  ~aul~. 
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B. 

The next phase of the work considered the effect of superficial 
gas v~locity on the rate of gasification. Up to now tests above I ft/sec 
have always plugged. With the new zechnique of introducing the carbona- 
ceous soTid into the melt with only nitrogen flowing 3 devolatilizing for 
5 or 10 minutes~ then gasifying with steam~ runs can be made at higher 
velocities without the plugging comp~icetions previously experienced. 
~uns have been made~ as shown in Figuze 3~ from 0.5 to 2 ft/sec super- 
:TcTel velocity. The run at 2 ft/sec taxed the heat duty of the KanthaI 
furnace~ ~s we~] as the steam generating ant condensing capacltYoOf 
~he unlt. Temperature during the first fifteen minutes was 1710 ~ and 
by a ~revious correlation the measured rate constant was corrected to 
17LO ° ;  r. Increasing rate of gasification with increasing velocity strongly 
ind;cetes that contacting of steam and carbon is the principal problem. 
It does appear that very little in rate is to be gained by velocities 
above I.S ft/sec. Thus far it appears that distribution of carbon in 
the molten salt using the 2-inch diameter reac{or is the main problem. 
It is expected ~at this problem will be diminished in larger d~ameter 
reactors. 

Although correlatTons oF salt carryover have not been made yet~ 
it Ts of interest to point out that salt carryover was lower in the 
~.25-inch reactor setup than in the 2-inch reactor. Also; during gasi- 
fi=ation at 10 atmospheres pressure and no ash in the melt, the lowest 
~t carryover ever recorded was obtained, namely 2.2 grams. 

~ro;ect~on5 

G a s i f ; c e t ~ o n  s tud ies  to d e f i n e  e f f e c t s  o f  carbon c o n c e n t r a t i o n j  
feedstock~ ~ a r t i c l e  s i ze ,  and ash c o n c e n t r a t i o n  have tO b~ made. Return 
~0 c o m ~ s t l o n  s tud ies~  e s D e c i a I l y  under pressure~ is con templa ted .  
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IV. CHEMICAL ENGINEERING STUDIES AND DEVELOPMENT 

A. AccomDl~sh~ents 

A complete "process package" has been developed for the production 
o? 250 mT11ion standard cubic feet of pipeline gas a day from bituminous 
co21 usino the Kellogg Molten Salt Gasification Process. The package 
includes e process flowsheez illustrating the conceptual design of the 
p]ant. ~ capital cost estimate~ a computation of gas production cost and 
se]ITn~ price s a material balances a utilities summarys and a tabulat}on 
of basee ~nd 2ssumotions incorporated in the design. These elements 
~re presented in the following sectlons. 

I. Process DescriPtion 

The process flowsheet for a plant capable of producing 
250~000s000 SCFD of pipeline gas from bituminous coal is pre- 
sented es Figure 4. F]ow rates and compositions of the various 
numbered streams on Figure ~ are shown in Tabie Ill. In addl- 
tTon~ a section-by-section materia! balance is given in Table 
~V. A brief description of the flowsheet Follows. 

a. Section !~ - Coal Storace and Preparation 

During eight hours each day s coal is received by truck 
or conveyor belt from an adjacent coal mine ~t the rate of 
~650 tons per hour. The raw coal travels by belt conveyor 
to a coal distributing center~ where about 550 tons per 
hour is dispatched for immediate use and the remainder is 
conveyed to the storage area. 

Coal is distributed to several storage piles by a 
shuttle conveyor. These piles contain enough coal to 
permi~ the plant to operate for 30 days at normal capa- 
city in the event the coal supply is cut off. 

During the 16 hours each day that the mine is not 
operating~ coal is reclaimed from a ready storage pile 
for ~se in the process. 
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Coal from storage flows by belt conveyor to a 
Bradford ~reBker. where it is reduced in size to about 
minus 2 inch. This coa! is then fed to four panel!el 
hammermills designed to reduce the coa; par t ic le  size 
to minus 12 mesh. The crushed coal travels by conveyor 
belt to three parallel caa! storage bunkers~ from which 
it is carried by conveyor belt to Section 200. 

b. Sections 200 and 600 - Gasification and Ash Removal 

~ituminous coal From storage~ ground to approximately 
-12 mesh in Section lO0~ is Fed to a set of lock hoppers~ 
F-2OI~ a & b~ whose purpcse is to receive the coal at 
atmospheric pressure and to deiiver it to the process 
at the operating pressure of about ~15 psia. Each of the 
lock hoppers operates on a 30-minute cycle comprising 
the following steps: 

(}) Filling with coal a t  atmospheric pressure 
(2) Pressurizing to about ~50 psia with synthesis gas 

or product gas 
(3) Discharging the ,zoa] into the steam line 
(L) De-pressurizinc 

The lock hopper system is designee so that while one hop- 
per is being Fi l led and aressurized: the other is d is -  
charaTnc coal i~o the ~rocess s:ream. T~s provides a 
continuous f!ow of coal to the easifier. 

Coal from F-201 a & b flows by gravity at :he rate of 
l~lO0.C90 pounds per hour into a steam line where !t is 
mixed'with L20 psia steam superhea:ed to lO00"F in pre- 
hea:er C-201. The amount of steam used as a carrier ~as 
is such that the coal will ~ot be heated above about 500 F 3 
thus preven:ing the coal from becoming plastic and sticky 
in the lines. Anothe- strear:1 of this lO00°F steam is used 
to pick up a recycle stream of NaHCO3-Na2CO 3 from lock 
hoppers F-202 a & b. The two solids-containing steam 
streams then flow to the gasigica:ion section of gasifier- 
combustor D-201 together with the remainder of the lO00"F 
steam. The total steam fed to the gasifier is l~O00jO00" 
bounds per hour. Of this~ 920~600 pounds per hour is 
generated in waste heat boilers C-20~ 3 C-206~ C-207 and 
7~00 pounds per hour is generateO in waste heat boilers 
in other sections of the olant. 
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In the gasifier s the steam and coal are heated to 
1830°F by intimate contact with melt (a mixture of 
molten sodium carbonate s coal ash s and coal) and react 
according to the following reactions to produce systhesis 
gas. 

C + H 0 ~- CO + H 2 ( l )  
c0+,i20_~ " C02+Hz (2) 
C + 2H 2 " CH4 (3) 

C0 + 3H2..~__._._ CH 4 + H20 (4) 

CmHn ...... ~-CH 4 + H 2 + C (5) 

The raw synthesis gas leaves the melt at about 1830°F 
and L0~ psie and flows through separator G-20I designed 
to remove entrained coal particles and melt droplets. 
The gas is then cooled to 700"F in exchangers C-201~ 
=-203 and C-20~ and leaves the gasification section at 
the rate of II8s105 moles per hour. 

The primary gasification reaction (reaction I) is 
highly endothermic; the requireG heat of reaction is 
supplied as sensible heat of circulated melt. In the 
version shown in Figure I s the gasifier-combustor is 
d~vided in:~ two sections by a verzical wall which is 
perforated below the liquid level. By pPoper choice 
o = gas ve]ocity~ a difference in degree of aeration 
of the mel: in the two sections is induced. This 
causes meit to circulate from the synthesis gas sectionj 
where it provides the reaction heats to the heating 
or combustion section. In this latter section heat 
is added to the melt by direct contact with hot com- 
bustlon gases, 

The f l u e  gases which supply  heat to  the combustion 
section of  the gasifier-combustor are generated by 
combustion of  coal with a i r .  A i r  for th is  purpose is 
compressed at the rate of 4~285s200 pounds per hour to 
420 psia in compressor J-20l end is preheated to }500°F 
in exchangers C-202 and C-203. Combustion occurs in 
direct contact with the melt s transferring heat to the 
reactin S system efficiently. 
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The hot f lue gases leave the bed st  about 2200"F 
and &O~ psia and pass through separator  G-202 to remove 
ent ra ined coa; and mel t .  The gas then f lows through 
exchangers C-206 and C-202 where i t  is cooled to 1500"F. 
This stream is expanded to subs ten t i a l~y  atmosphere 
pressure in J-202, which provides a l l  the power requi red 
for  a i r  compression plus en eddTt ionat 76~800 ~w of  
e ] e c t r i c i t y  in generator  J-20~. Expanded f l ue  ~es at 
615°F and about 18 psia is cooled to 180°F in exchangers 
C-207, C-208~ and C-209 and is vented zo the atmosphere 
at the r~te of  ~,E55,300 pounds per hour. 

The ash left in the melt by the combustion and a~i- 
ficacion of the coal is allowed to build up to a iEvel 
cF 8 weight percent. A s?ipstreem of th~ ash - carbon - 
Ne2C03 mixture is continuously withdrawn from D-201 a,,d 
Flows to E-601~ where it ;~ querched to /~44°F wlth a 
portion of a recycle solutio~ saturated with NaHCO 3 at 
100°F. Sol~d me!t particles in ~he resulting s!urry are 
ground in L-603 to faciiitate dissolution of the melt 
stream. The remainder of the recycle NeHCO 3 s~ream is 
then mixed with thls slurry~ coo]ing the mixture to 
228°F. This stream ;s then Flashed to I6.! psie in 
F-601~ where sufficient holding time is provided to 
dissolve ~he Ne2CO 3. The bottoms slurry-from F-601 
is f~Itered in L-601 to separate the ash and carbon 
(end some undissolved N~2C0q) from the solution. This 
residue is sent ~o dis~osal~ 

The filtrate from L-60! is pumped up to 30 psia in 
J-602 and is fed to carbonation tower E-602. In this 
tower the Na2C03 is reacted with CO 2 from the gas puri- 
flcetion system accordim9 to reaction (6). 

Na2CO 3 * CO 2 + H20~______~2NaHCO 3 (6) 

Overhead gas from the tower at 200°F is cooied to 95"F 
in C-60I to condense water~ a portion of is is purged 
to remove the impurities brought in with the CO 2 streamj 
and the remainder is recycled through J-6O~ to the tower.. 
~resh CO 2 is added to the tower at the rate of I0~396 
moles per hour. 
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The operating temperature at the bottom of E-602 is 
I00"F. At this temperature the N HCO (along wi~h some - a ~ -' 
ash) is precipitated. The resulting slurry is filtered 
in L.-602: the NaHCO R solution being pumped up to 400 psia 
end recycled to E-60~. The Filter residue {NaHCO 3) is 
dried by hoe gases flowing throdgh the drying hood and is 
returned to lock hoppers F-202 a & b to be recycled to 
zhe gasifler-combustor. 

Because of the l a rge  volumes of gases processed~ 
Sections 200 and 600 consist of nine Fara!le] trains of 
operating equipment. 

c. Sec.t.ion.300.- Shif~ Comversion 

Synthesis gas leaves Section 200 at the rate of ]18~105 
moles per hour and Flows to Section 3003 where about 68 
percent of i t  is fed to sh i f t  converter D-301. t o i l e r  
feed water at 200 F is f~d between beds of catalyst at 
the r~te of !46~980 pounds per hour- to absorb the heat 
of reaction. The remainder of the synthesis gas is by- 
pas~ed end is combined with the shift effluent. This 
stream~ at 735 °F and having a H2/CO ratio of about 3.15/I 
(in preparation for methane synthesis)~ i.s cooled to 
265°F in exchangers C-30I~ C-302~ and C-303. Condensed 
~leter is separated from =he aas in F-302~. and the gas is 
Further cooled to lO0°F in CZ3~4. The gas then flows 
to scrubber E-30I~ where the gas is countercurrently 
scrubbed with cleam water to remove trace amounts of 
ammonia which might be present. 

Section 300 is designed as fi~e ~r=llel'operating 
units. 

C. Section 400 - ~3s Purif icat ion 

The gas p u r i f i c a t i o n  s e c t i o n  is  desianed tO reduce 
the  CO 2 c o n c e n t r a t i o n  in the  s h i f t e d  syn thes is  qas to 
1.0 mole percent  and to reduce the t o t a l  s u l f u r  concen- 
t r a t ; o n  to  about 0.004 g r a i n s / l O 0  SCF o f  gas. The p u r l -  
l i c e = i o n  sequence c o n s i s t s  o f  the " F l u o r  So lvent  CO 2 
Removal Process"  f o r  CO 2 and bu l k  s u l f u r  
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removal s followed by sponge i;on {iron oxide) and 
acziva:ed carbon for residual H2S end organic sulfur 
removel~ resoect;veIy. A]I organic sulfur is assumed 
to be carbony! sul:'de (COS). The selectior of the 
F]uor process for use here wa; based upon an economic 
comoerison with various al~ernate schemes. The quan- 
zitetlve~results of th~s comoarison were reported 
earlier ~) 

The shlf~ed synthesis gas from Section 300 is 
ccoled to 35 F in exchangers C-~Ols C-402 and C-~O3. 
Hydrate end ice formation is prevented by injection 
of ;een ethylene glycol into :ke gas. The glycol is 
subsequer~tly separated from the gas in F-~O2. The 
chT~!ed gas ~s then Fed to absorber E-4UI~ where it 
is countercurrently contacted with ~ean Fluo:" solvent. 
Rich so]vent leaving the bottom of E-~Ol ~s ces~ 
throueh e aower recovery ~urblne on JJ*O2 to a 20 
asia flash drum, F-401~ for partia~ desorption of 
gases. This is foilowed by a vacuum flash at 3 psia 
for complete regeneration of the solvent. Lean 
so,vent from the vacuum flash step is recircu'a~ed to 
E-~01 through J-~01. Intermediate f]ash gas is exehangeu 
against feed gas in C-~02 and is combine~ with the 
final flesh @as after this gas ;s compresse~ from 3 
os!~ to 20 osia Tn J-402. ADout 60 percent of the 
Flas!:ed qases is purged from the system; the remainder 
of the eas !s compressed to 30 psia in J-~D3 and flows to 
Section 6C~). 

.,ean synthesis aas leaves the absOrber et 25"F and 
is heated to 80°F against feed gas in C-40I. At this 
point the gas conjoins i.0 percent CO2s 6 grains H2S/;OO SCF 
and 2.2 @reins COS/IO0 SCF s and is next treated for remova! 
of residue! H2S. The gas is contacted with fineiy divided 
iron oxice suDported on wood ch[pss commonly called "sponge 
iron", which removes H2S practically quant:tatively by the 
classic ~on oxide react[onj as follows: 

(1) Progress ReD,~r~ No. 6 s Contract 1~-01-0001-380 s January 3]s 1965, P. 3. 
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Fe203 5H20 + 3 H ~ S ~ F e 2 S  3 6H20 + 3H20 (7) 

Periodically~ the sponge iron is revivified with air to 
carry out the fo]lowing reaction: 

FezS 3 6H20 + I 1/202-~-Fe 2 03 6H20 + 3S (8) 

The sulfur ~s deposited in the amorphous form aroun~ 
the spo,~ge ircn particles and eventually encloses the 
sponge iron in an impervious mat~ whereupon it must be 
discarded. Each of the five trains of equipment con- 
~eins Four paral~el iron oxide drums, D-401 a-dj fol- 
lowed ~y an iron oxide guard chamber D-402. 

Synthesis gas leaving the iron oxide drums is finalJy 
treated for COS r~nova! by adsorption on fixed beds of 
activated carbon~ D-4E~3 a-c. The activated carbon drums 
are arranged in ten parallel trains 3 each train consisting 
of three drums which are manifolded for cyclic operation. 
Typica!ly~ for each ti'a[n~ gas flows through two vessels 
in series for twelve hours while the third is being regeme- 
rated with steam. During this period any COS leakage from 
the First drum is retained in the second. At the end of 
the period the first drum in line is taken off stream for 
regeneration~ the second drum is moved Jr rlo first position 3 
a~d the freshly regenerated drum is placed into second 
pos~on. This cycle is repeated every twelve hours. 

TE~ purified gasj containing about 1.0 percent CO 2 
are an average of about 0.004 grains total sulfur per 
lO0 SCF~ proceeds to Section 500 

e. Section 500 - Methane S.,m:hesis 

In this section the purifFed synthesis gas is cata- 
lytically converted to methane as foliows: 

CO + 3H2~CH 4 + H20 + heat 

The methanation scheme selected fo r  use here is the 
Hot-Gas-Recycle System developed by th o Bureau of Mines. 
The basis of this selection wasan economic comparison 
with the other possible methanation systemsj the results 
of which were previously reported.(2) 

(2) Progress Report No. II, Contract No. 1~-01-0001-380~ June 30~ 1965~ P. 3 



THE M.W. KELLOGG COMPAhlY 
A ~ I V | ~ I O N  0 ~ ~ L ~ L L M A N  I N C O P ~ 0 ~ A T F ~  , 

R C S £ L m C ~  & O E V ~ O P ~ E ~  O E P A a T ~ N T  

PAGE NO. 22 

REPORT ~0. 21 

Gas from Section 400 at 80"F and 340 psia is 
preheated tc ~O0°F in C-501. Tn:s stream is then 
mixed with recycle gas at 583~F crd flows downward 
through iron catalyst r~actor D-501, Each reactor 
contains four beds of iron catalyst in the form of 
lathe turnings, with imterna] cooling coils located 
between beds. ,\s the gas flows through the reactorsj 
heat of reaction is removed by generating steam in 
the coils of ~aste heat boilers C-502~ ~-503 and C-504. 

Reactor effluent at 626°F is split into three 
streams; a hot recycle stream, a cold recycle stream~ 
and a net reactor effluent. The cold re zycle stream 
is cooled in exchangers C-505:C-512 and C-506 to 
150"F and is separated from entrained condensate in 
F-503. The cold recycle is compressed by J-502~ pr~.- 
heated to QlO'F in C-505~ and mixed with the hot 
recycle stream. Total recycle gas at a mlx tempera- 
ture of 573"F is compressed by J-501 and returned to 
the reactor inlets. 

Net effluent from D-501, containing an appreciable 
quantity of hydrocarbons heavier than methane~ flows 
to nickel catalyst reactor D-502~ where the heavy 
hydrocarbons are cracked and the methanation reaction 
is completed. This reac¢or is physically separated 
into three sections~ with each section containing an 
equal volume of Raney n'=kel c~talyst. External 
coolers C-5Q7~ C-508 and C-509 are provided between 
sections to remove the heat of reaction which is used 
to generate steam. U-502 is also designed fcr ,'ecycle 
operation with the ,total recycle gas bein 9 fed to the 
top bed. Feed to the reactors is split into three 
streams which are fed to each of the three reactor 
sections. 

Net product from D-502 is cooled to 193"F by heat 
exchange ~ith fresh feed in C-50!~ further cooled to 
lO0 F in C-510~ and is separated from condensate in 
F-50~. The gas is then compressed to 1015 psia in 
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J-5063 cooled to 100°F in C-511~ and delivered to F-505~ 
where entrained condensate is separated and purged from 
:he system. Final product gas with a heating value of 
~14 ~TU/SCF Flows fr~ F-505 to the gas mains at I000 
psia and lO0°F at the rate of 250~000~000 SCFD. 

Section 500 ~mploys five parallel operating trains 
of ecuipment~ as indicated on Figure 4. 

F. Section II00 - 0 f f s i t~  Facilltles 

Section II00 (not s~own on Figure ]) includes faci- 
lities for: 

(I) generating ~team and e iec t r lc  power 
(2) supplying cooling wateG process water and 

boiler fe~d water 
(3) providing miscellaneous services necessary 

to make this a completely self-sufficient 
plant 

Steam generation facilities corm istsolely of a 
start-up boiler capable of producing 375~000 pounds 
per houroof 420 psia steam at lO00°F and 125~000 pounds 
per hour of 420 psia 3 saturated steam. O~ce the plant 
is in full operation 3 enough steam is generated by 
waste heat in the process to provide all the high- and 
low-pressure steam needed. 

Electric power is produced at 13,800 volts by 
turbogenerators using condensing steam turbine drives. 
An electric substation is provided to reduce the vol- 
tage to 4160j 440 and 110 v o l t s .  

A complete u t i l i t i e s  summary is included as Table V. 

2. Economics 

The cost of producing 250~000~000 SCFD of pipel ine gas from 
bituminous coal according to the process sequence jus t  described 
is ,:alculated in Tables VI and VII~ assuming 90 percent stream 
eff ic iency.  The procedure used is in accordance with 0CR's (3) 
tentat ive standard for cost estimating of pipel ine gas plants. 

(3) OCR Ten~ative Standard for Cost Estimating of Investor-Owned 
Plants for Producing Pipeline Gas from Coal 3 June 4~ 1965. 
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Estimated capital investment is summarized in Table Vl. 
ShTft catalyst and activated carbon are included in fixed 
investment because they have very long lifetimes. Total 
caoital investment is about SILO,O00,O00. 

Estimated opeTating expenses and gas se l l ing  price are 
shown in Table VII .  eiSuminous coal is charged at $4 per 
tor. Total operating expense is calculated to be 41.6¢/MSCF~ 
and gas se l l ing price~ based on a 20-ye.~r average return on 
equity capital of about 9.~ percent, is 50.3¢/MSCF. 

It should be noted here that a credit of 7.6¢/MSCF is 
taken in the economics for the excess power produced by the 
~aste heat (steam) availab!e from the process. It seems 
entirely logical to treat the plant as an ~ center, 
supplying an area not only with pipeline gas but with 
a portion of its electric power needs as well. Credit is 
taken for the available power at 5 mills/kwh, the cost of 
~roducir, g it in a conventional 169-megawatt power plant 
burning coalat 54 per ton. 

3. Desion Bases and Assumotions 

I t  is the purpose of this section to poin: out the import- 
ant design bases and assumptions which are inherent in Sections 
200 and 600 shown in ~igure ~. 

Calculated economics for the process are based on :he 
pre~ise that the gasification and ash ram.oval steps can be 
ca-tied out as shown on Figure ~. although these two opera- 
t~ons have not as yet been demonstrated on a Fully integrated 
basis at flowsheet conditions. It has yet to be proven~ for 
examole~ Chat the oasiflers can operate at the proposed gasi- 
fTcation and combustion rates (kqas. = 2.3 #C gasified/hr - #C 
in melt = 21.2 #C gaslfied/hr - ~F melt; kcomb" = 1.2 #C 

burned/hr - ~C in bed = I].6 #C burned/hr - CF melt) at 400 
ps;a~ a 2/I steam/carbon ratio, and with melt heights of ~5 
fee:. In addition, a number of other assumptions had to be 
made in preparing this design. 3riefly, the most important 
of these are as follows: 
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(1) Adequate heat t rans fe r  from gas to melt in com- 
bustor ;  

(2) Adequate melt c i r c u l a t i o n  from combustor to 
gasi f ier  in order to t ransfer the required heat; 

(3) Separators w i l l  remove entrained melt to a point 
where ~he f lue gas expander can operate and where no sol ids 
w i l l  deposit on downstream surfaces; 

(~) Satisfactory materials of construction; 
(5) Complete combustion of coal ~o CO 2 in combustor; 
(6) All oxygen in gasi f icat ion coal combines with 

hydrogen; 
(7) Al l  excess hydrogen i~ gasif lcat lon coal goes 

to methane; 
(8) Water-gas-shift equilibrium in gasifiers; 
(9) Na 2 CO 3 losses at 2.4 percent per pass. 

~. Pr.oiection. ~ 

I. PTDeline Gas 

A similar process package for pipeline gas from subbltumi- 
nous coa] w i l l  be completed. The effect of fur ther variat ions 
in design bases and assumptions ( in addition~co those reported 
last month) w i l l  be studied. 

2. ~Uvd roQen 

A conceptual design of a plant to produce 250 MM SCFD of 
hydrogen From bituminous coal w i l l  be started. Desired pro- 
duct gas characterist ics were presented in the fLrst  monthly. 4. 
progress report under th is  project. Subsequent ~tudy showed( )~ 
hov:ever~ that p~oduc~ gas cost can be reduced by I0-15% i f  a 
hi~ner concen~ratlon of methane plus nitrogen (~/o rather than 
]~) ;s tolerable. Since these components w i l l  be inert  for 
many hydrogen end uses the relaxed specif icat ion w i l l  be 
accepted as the objective of the present study. A complete 
product gas speci f icat ion is presented ;.elow: 

(4) Progress Report No. G~ Contract 14-01-0001-380, January 31~ 1965~ 
P. 9A. 
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Quantity~ SCFD 250,000,000 
Tempereturej "F I00 
Pressure, .;sig 500 
CcmDosi:i~n: 

~2 N95% 
SH~ ÷ N 2 ~ 
CO ÷ C0 2 10 ~pm max. 
S compounds ~ opm max. 

A comp le te  Process package fo~ hydrogen product ion is the 
ultTmate ~oa! oF this eFFort. 
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. . .  . . . . . .  . .o 
. . . .  . . . . . . . .  

° . . .  . . . . .  . . .  

7~0,97& 19~208 tO0.0 
198 t l  

7 k t , l T k  7%117 

© 
18o 

15 

'Ho|$)hrt HoJ. Lb/~l r.J (Ory) 

I . . . . . . . . . . .  
le I0~, [IIQ 2~,~00 |~.6 

h6~601 1,~51 .0 ' 
10, 10( 158 ~. I 

hl~ZQ, ]0( 1~3,010 100.0 
2}5,00( 13,0t~0 

Lb/l lr, 

~86,000 
1,120,5]0 

111~500 

9,%0 
9,5~0 

h~O 

I,B~6,60t, 
S,O00 

© 
tO0 

Xol. 

17,)30 16,5 
25,h60 1~.3 
6,910 6.7 

5~,372 51.9 
355 0.3 
28! 0 . )  

7 0.00 

10~,,7~5 100. o 
278 

© 
7O 
20 

Lb/l ir, HQI$/Hr., 

k,)80 156 
6h7,3}0 IE~71~ 

1,590 99 
)66 B) 
17 o.{  

5,550 t6) 
253 

659,~q6 15,219.6 
2.887 I~9 

HOI . t 

L (O,~) 

1.0 
!~.~ 

0,7 
0.5 
.°o 
I , I  
u.0) 

. . .  

IO0.O 

Total ~et Cas 2,089,62k'IIS,IG( 

Stt¢&~ |Io. 
l¢~pera(urc, "f 

P r e z s u r o .  Psla 

Flv~ %~e 

cO 
CO z 
Clll! 
H~ 
N2 

COS 

Total Dry c.as 
H20 

Total  ~e~ ~al 

,,6S~, )0( 1~G,050 

/ 

6Z6 210 
)25 16.1 

Hol. I~O I .'~ - - ~ "  
Lh/H r. Mol . / t i t .  ¢~Or y)__ L b/tl~', I~(~I s/ l i t  (O :v) 

7,i~C 2.~6 0.9 . . . . . . . . . . . .  
I.),?O~. '39) 3.6 6,k6( Ih7 I00.0 

21,6, OO( 15, )/d, 56.1 . . . . . . . . . . . .  

1,851,601, 105~0G3 

® 
~5 
~7 

Hot.% 
Lb/Itr, .Hols/Itr. (Dry) 

2,970 106 3.6 
11)jS00 2,581 88.) 

1,070 67 2.3 

662,168 15,)78.6 

® 
I O0 
1OlO 

Lb/Ih, MOI $/Hr 

700 25 
28~600 650 

38~,000 Z3,997 

Nol, 

0.1 
2.~ 

87,3 
16,36" 8, i80 29.9 
9,92] 35h t. 3 

. . . . . . . . .  . . .  

. . . . .  o . .  . . . .  
IZI ,S§~ 2,Z t*0 6 .2  

~M~,12| 27,1E7' [00.0 
81p00C /%500 

.~5,72E )1,867 

. . . .  ° . •  . . . . .  

°°°  . . . . . .  . . °  
. °  . . . . . . . . . .  

6,~6[ Iq7 100.0 
tg,k0( 1,080 

2S,86( 1,227' 

IIh 57 1.9 
I I  O.k . . . .  

3,740 110 j.O 
16B J 0.1 

. . . . . .  o . . . . .  

. . . . . . .  ° . . . .  

. . . . . . .  . . . . .  

121,~7] 2,92r1.~ I00.0 
1~660 9 2  

)23,2J3 ),016.~ 

~,906 2,1~53 
9,922 )5~ 

o . . . . . . .  

~28,1ZB 27,~79 
~ 26 

| 

~2B,S92 27,505 

8 . 9  
1.3 

tO0.O 

© 

s 

To  

i 

w 
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l~out: 

Output: 

TABLE IV 

Section-by-Section Material Balanc~ 

2~50_000.000 SCFD Pipeline Gas from Bituminous Coal 

Section 200 

Coal to D-201 

Steam to D-201 

Air to J-201 

NaHCO 3 recycle to F-202 

Na2CO 3 make-up to F-202 

Total 

Gas zo Seclion 300 

~It to Section 600 

F!,je Gas Crom J-202 

To ta  I 

Lb /Hr .  

l~lO0~O00 

1,000,000 

4,285,200 

1,235,824 

]8.900 

7,639,924 

2,089,624 

895,000 

4,655.300 

7,639,924 
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Gas From Section 200 
~FW Quench to D-3OI 
~rocess Water to E-301 

Section 700 

Total 

Lb/Hr.  

2,089,624 
146,980 

360.000 

2,596,60~ 

Oc:out: 

i npu t :  

Outout: 

Gas to Section 400 
Condensate from =-302 
Bottoms from E-301 

Section 400 

Gas fron~ SecCion 300 
~egenerdtiu., steam to 9-403 

Gas t "  Se,.tion 500 

C-as :o Sect ion 600 
FpS ~eac:e:  wit.5 i ron  o x i d e  in D-b,01 
~'~St e gas f'IOm 3 -- LI" 0 3 

Tota l  

T o t a l  

1,85i,60~ 
163,000 
582.000 

2,596,604 

t b / H r .  

1,851,604 
~7,6oo 

1,909,204 

741,174 
662,168 
h/47,993 

260 
57.609 

To~a~ 1,909,20& 
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Gas from Section 400 

Sectlon'ZO0 

Lb/Hr. 

741,174 

OutPut: 

Product gas 
Condensate From ~-503 
Condensate from ~-504 
Condensate from F-505 

Total 

428,592 
215,446 
96,030 
1,106 

741,174 

Inaut." 

Melt from D-201 
Process water to L-601 
Gas From Section 400 

Section 600 

Total 

LblHro 

895,000 
606,690 
447,993,,, 

1,949,683 

Outout: 

NaHCO 3 Recycle to F-202 
Solids purge from L-60i 
Overhe3d from F-60] 
Water from L-602 
Condensate from F-602 
Purge gas 

I~235,824 
- 113,640 

25,860 
31,700 

419,426 

Total 1,959,683 
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TABL E V 

Utilities Summa.ry 

2~0.000~C00 SCFD Pioe!ine Gas from Bituminous Coal 

Steam / 
/ 

420 Psia, &Lg°F / 
/ 

A. Generation / 
/ 

/ 
Sectloq Item i 

209 T-203 Steam Drum 
303 P-301 Steam Drum 
~C3 F-50I Steam Drum 

F-502 S:eam Drum 

Sect i on 

2GO 
200 

500 

600 
1100 

Normal Production 
_ Lb/Mr. 

Consumotion 

Item 

D-20I GasiFi~rs 
J-&02 Turbine 
~iscellaneous Fluor Recuirements 
J-&03 Turbine 
Regeneration steai~ to D-403 
J-501 Turbine 
J-502 Turbine 
J-505 Turbine 
3-506 Turbine 
J-604 Turbine 
~-1101 Turbogeneratcr 

920,600 
233,800 

1,304,700 
258.000 

2,717,;00 

Normal Consumptlon 
Lb/Hr. 

/ 

1~000,000 
167,000 
22,600 
21,700 
57,60O 
133,100 
13,400 
18,900 

211~000 
20,700 

I,O51.I00 

2,717o]00 
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A. Generatlon 

Section Item 

200 J-201 
!!00 N-IIOI 

B. Comsum~tion 

Electric Pcwer 

Genera tor 
Tu rbogene ra to r 

Sect;on Item 

IOO L-I04 BradFord Breaker 
L-IOS Hammermills 
~;scellaneous 

200 J-203 Pu'np 
300 J-30] Pump 
500 J-503 Pump 

J-504 Pump 
600 J-60l Pump 

J-602 Pump 
J-b03 Pump 

AvaTlable 

Normal Generation 

76,800 
85,500 
]62,300 

Normal Consumption 
kw 

125 
1,23o 

145 
161 
41 

228 
45 
67 

336 
_ 2~390 

157.532 
162,300 
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A. Production 

Section Item 

If00 

Section 

B. 

Coolinq'Wate_~r 

L-II01 

Consumption 

C(~ol ing Towers 

Item 

200 C-205-a Intercooler 
C-205-b Intercooler 

T o t a l  Section 200 

300 C-304 Cooler 

400 J-402 Surface Conderser 
J-403 Surface Condenser 

5o~ 

6oo 

II00 

C-506 
c-51o 
C-511 
J-5Ol 
J-502 
J-5O5 
J-5O6 

C-601 
J-604 

N-IIOI 

Total Section ~00 

Cooler 
Cooler 
Aftercoolcr 
Surface Condenser 
S.rface Condenser 
Surface Condenser 
Surface Condenser 

T o t a l  S e c t i o n  500 

Condenser 
Surface Condenser 

TcZal Section 600 

Surface Condenser 

Nomal Production 
GPM 

2~1,970 

Normal Consumption 
GPM 

18,~00 

38,600 

25,400 

II,400 
1.480 

12,880 

25,800 
3,000 

-4,530 
9,060 

610 
1,280 

14~00 

58,680 

33,200 

34,610 

71,800 
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SectTon 

200 
300 
400 
500 
600 

1 I00 

Cool inq Water Consumption Summary 

Title 
Normal Consumption 

GPM 

Gasification 
Shift Conversion 
Gas Purification 
Methane Synthesis 
Ash Removal 
0ffsite Faci|ities 

383600 
253400 
12,880 
58,680 
34,610 
7;~00 

Total Consumption 241,970 

i. ~oo°F. 

A. 

Se=tion 

200 
300 

C. Coolino Water Balance 

Recirculated Water 
Make-up Water from river water pumps 

Total Water to Cooling Towers 

Water Losses in CooliJ;g Towers 

Total Water to process 

Warm Water returned to river 

Recirculated water 

1~ plsia 

P~o~uctl.i.gn 

C-209 
C-303 

Item 

Boiler Feed Water 

BFW Heater 
BFW Heater 

~. Consumption 

Section -- I tern 

300 D-301 Quench 
1100 De-aerators 

GPM 

241,370 
21.600 

262,970 

21~000 

-~41,970 

600 

241,370 

Normal Production 
Lb/Hr. 

1,217,980 
1,730.000 
2,947,980 

Normal Consumption 
Lb/Hr. 

146,980 
2.801 000 

2,947,9S0 
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I ! .  21~=F, 15 Dsia 

A. Production 

Section 

1100 De-aerators 

B. ~qnsumotion 

SectTon 

200 3-208 
300 C-302 

Item 

Item 

BFW Heater 
B~W Heater 

Normal Production 
Lb/Hr. 

2,801,000 

Normal Consumption 
Lb/Hr. 

1,160,000 
1,6~.I.OO~ 

23801,000 

I I I .  200"~ ~20 psia 

A. Production 

Sect i on 

200 C-208 
300 C-302 

Item 

BFW 
BF~4 

Heater 
Heater 

B. Consumotiom 

Sect:on 

200 F-203 
300 F-301 
500 F-501 

F-502 

Item 

Steam Drum 
Steam Drum 
Steam Drum 
Steam Drum 

Normal Production 
Lb/Hr. 

1,160,000 
l~6b, l~OOO 

2,801,000 

Normal Consumption 
Lb/Hr. 

949,000 
" 241,000 
1,3~5,000 

266.0q0 

2,801,000 
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Section 

200 

300 

bOO 

5OO 

Section 

II00 

Section 

3o0 
6oo 

Boiler Feed Water Balance 

A. Losses From System 

Item 

D-20I Gasifier Stgam 
F-203 Blow-Down 
D-30I Quench 
F-301 Blow-Down 
Miscellaneous F1uor Requirements 
D-403 Regeneration 
=-501 Blow-Down 
F-502 Blow-Down 

Total 

B. RecTrculation 

Feed Water Make-up 
Condensate from Surface Condensers 

Total Boiler Feed Water 

A. Generation 

B. 

Process Water 

t tern 

Process water pumps 

Consumption 

item 

Water to E-301 
Wash water to L-601 

Lb/Hr. 

I, 000,000 
28,400 

146,980 
7,200 

22,600 
57,600 
40,300 

~.8~ooo 

1,31!,080 

1,311,080 
1,636,900 

2,947,980 

Nonna! Generation 
Lb/Hr. 

803,690 

Normal Consumption 
Lb/Hr. 

360,000 
443,690 

Total Process Water 803,690 
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3A~LE Vl 

INVESTMENI SUMMARY 

PIPELINE GAS FROM SiTUMINOUS COAL 

3asls: 

Section 

~0o 

5oo 

1109 

250,000:000 SCFD of Pipeiine Gas 
9~' Stream Efficiency 

T i : l e  

Coal S~ota@e ant Pre~ara:ion 
Gasiflcction 
Shift Conversion 
Gas P u r i f ; c , t i c n  
Hethane Syn:hesis 
Ash Removal 
Offsite Faci l l t ies 

TotaI Bare Cost 
Inzerc~t Durlng Construction and 
Contractors Overhead and ProFit 

TOTAL FI×ED INVESTMENT 

Bare Cost ~ 

S %556,300 
56,~08,100 
3,874,~00 

19,909,200 
I0,373,100 
4,662,900 

1 4 ~ I , 0 0 0  

S I14,275,000 

.20=II~O00 

S 13~,387,000 

Workl na Caoi tal 

30 days Coal Inventory 
30 days Carbonate In~~,lZc- 7 
30 days Catalyst Inventory 
Catalyst Charge 
Accounts Receivable at i;% of 

Total Operating Expense 

Total Working Capital 

TOTAL CAPITAL INVESTHENT 

S 1~580,000 
211,000 
73,009 

29~, 000 

3,73  O. 00.~0 

$ 5,888~000 
$ 140,275,000 

eBare cost includes materialss Freight~ const ruct ion iabor~ f l e ld  adminis- 
: r a t i o n  and supervision s insurance during construction, cost of tools, f ie ld 
off ice expense s and cost of home office engineerin 9 and procurement. 



TH~,'A.W. KELLOGG COMPANY 
A ~',)IVISION OF ~ULLmAAN INCOI~I~ORATED 

Wfsr_A~C~ & ~CVEI. OP~IrNT D ~ P A ~ " r M F N T  

PAGE MO. 

REPORT NO. 

39 

TABLE'VII 

ESTIMATED ANMUAL OPERATING COST 

AND GAS SELLING PRICE 

PIPELINE GAS FROM BITUMINOUS COAL 

Basis: 250,O00,OO0.SCFD of Pipeline Gas 
9~ Stream Efficiency 

Item S/Year 

Bituminous Co~l at $4 per ton 
Sodium Carbonate make-up at 1.55¢ per 

Dcumd 
Miscc!laneous Chemicals 
Spongc iron make-up 
Methanatlon catalyst make-up 
Direct operating labor at $3.20 per 

man-hour 
Power credit at 5 mills per kwh 
Maintenance at 3% of bare cost 
Sunp!ies at 15Z of maintenance 
SuDervision at l~A of operating labor 
Payroll overhead at I~£ of operating 

tabor ÷ supervision 
Generall overhead at 5~ of maintenance 

supg]ies + operating labor + super- 
vision 

Plant Operating Expenses 
Depreciation at 5~ of fixed investment 
Locat taxes and insurance at 3% of fixed 

investment 
Sub-total 

Contingencies 

TOTAL OPERATING EXPENSE 

20-VEAR AVERAGE TOTAL REVENUE REQUIREMENT 

$17,410,000 

2j320,000 
173,000 
58,000 

743,000 

1,400,000 
(6,240, ooo) 
3,430,000 

515,000 
140,000 

154,000 

2774q,000 

22,843,000 
6,720,000 

z~.030,O00 
33,593,000 

672T000 
$34,265,000 

$41,500,000 

¢IMSCF 

21.1 

2.8 
"0.2 
o.07 
0.9 

1.7 
(7.6) 
4.2 
0.6 
0.2 

0.2 

J_J_ 
27.7 
8.2 

4.9 
40.8 
0 . 8  

41.6 

AVERAGE GAS SELLING PRICE 50.3 
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V. MECHANICAL DEVELOPMENT 

A. Accomolish.~ents 

I. Environmental.Tes~ina o, = Hi(~h:Te~_ pere.ture Materials 

Oxidation Test #3 continued in progress to the 8~6-hour 
mark during this report period. At this point the furnace failed and 
zhe zest was delayed while awaitin 9 replacement parts. The resultsto 
8~6 hours were as follows: 

a. Monofrax A (High-purity cast alumina) - This sample 
has been in the reactor the full 846 hours. The 
average overall corrosion rate on this sample, based 
on 846 Faurs, is O.OB in./year. The sample was 
still in excellent condition and was -eturned to 
the reacto- to complete the lO00-hour test. 

b. MonoFrax M(High-purity cast alumina with 1.1% S i 0 2 ) -  
This sample also has been in the rea~tor 846 hours. 
The average overall corrosion rate, based on LRb,6 
hours, Ts 0.27 in. /year.  The sample s t i l l  was in 
f a i r l y  good condEtion and was returned to complete 
the 1030-hour rest. 

c. Inc~nel 600 - This sample was placed in the reactor 
at the 500-hour mark. Upon examination at the 846- 
hour point~ the scmple was found to have'corroded 
at an average rate of 0.01 in. /year based on the 3~6 
hours of testing. 

d. Moraan i te  Tr ianGle R. R. (High-pu, '~ ty  alumina) - 
Th is  sample was placed in the t e s t  at the 2DO-hour-mark. 
Upon examina; ion at the 846-hour  po int  the average 
corrosion rate for this sample was found to be 0.15 
in . /year  based on the 646 hours of test. 
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~1onofrax A still appears an excellemt choice for the in~ended 
use. Inconel 609 also shows pr~...ise for this atmosphere. The Inconel 
600 has not s however~ been subjected to metalio~raphic examination~ 
and cou!d 5e subject to microscopic penetration. 

2, Gasi~icatlon Rate Testing 

The 4 I/~ inch reactor has been used for gasificatic 
rate testing with bed heights of 4" affd 8". The results of 
these tests are reported elsewhere in this report by Process 
Research as oart of their work on gasification rate testing. 

3. Hechanica] Characteristics Testing 

A ~eries of tests was conducted in the 4 l/4" - I.D. 
reactor used previously for corrosion and gasification rate 
~esti~e to determine bed expansion of molten sodium carbonate 
with various superficial velocities of steam~ nitrogen s and 
carbon dioxide. The effect of carbon level and ash concen- 
tration on 0ed expansion were also explored. Expansion of 
the bed with continuous coal feed with ~ ash and 4% carbon 
level in the bed was investigated. 

Al l  the above exper iments  were conducted w i t h  the reac tor  
top removed to a l l o w  obse rva t i on  of  the bed and permi t  measure- 
ment of bed expansion by use of a dip stick. 

Figure 5 shows the effect of superficial velocity on 5ed 
height of molten sodium carbonate using steam~ nitrogen or 
carbon dioxide as the fluidizing 9as. Figure 6 displays the 
same ;:.Formation as a percent expansion. 

It is interesting to note from these curves that nitrogen 
appears to give a I0 to 20 percent greater bed expansion for a 
glv~n superficial velocity than either CO 2 or steam. Due to 
:he obvious inaccuracies of measJring a bubbling bed height 
by a dip s t i c k  method~ the data should be taken to i nd i ca te  
only a probable effect of fluidizing gas on bed expansion for 
a given superficial velocity. All plot points for the above 
curves are an average of three or more individual readings. 
Variations in individual readings averaged ~ I0%; howeverj in 
extreme cases a t  the higher superficial velocities~ variations 
of + 25~ were noted.  
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Figure 7 shows the effect with time of additions of 13 2, 3 
and - weight oercent of coke in a molten sodium carbonate bed being 
agitated by nitrogen at O.l feet per second superficial velocity. The 
data indicates a rapid increase in bed expansion possibly resulting 
Fr~-~ liberation of voiati}e matter in th~ coke. After approximately 
four mTnutes~ th~ bed level returned to the level produced by the 
acitat;on gas. A higher superficial velocity of 0.5 FPS was introduced 
a:ter 1~ tc ]5 minutes of each run to .establish its effect with c~rbon 
lave!. No significant variation was notee with carbom content. It 
therefore appears that~ within the r~nge of up to ~ percent carbon~ car- 
bo~ has little effect on b~ expansion. 

The effect cf adding i, 2 and & weight percent of coke : o  
a 7-inch h~gh bed of molten sodium carbonate under simulated gasifica- 
tion conditions is shown on Figure ~. In genera]~ a rapid expansion 
o: the Dad occurred Followed Py a gradual decline. The decline appears 
more gradual for the higher percent coke addition as would be expected. 
It is somewhat surprising to note that a greater maximum bed expansion 
was obtained with the 2 percent then with the 4 percent coke addition. 
Here again the difficulty of measuring a bubbling bed may explain the 
difference. Alsoj t~e bed may have been pre-condit~oned in some manner 
by the prev]ous additions of ] and 2 percent coke; although; approxi- 
mately one hour was allowed between runs to complete gasification. 

Figure 9 shows the effect of ash concentration on bed expan- 
, sion. Ash concentrations of 2~ 5 and 8 percent were~te~ted by addition 

of ~ ~ercent coke ~nder simulated gasification conditions (0.1FPS 
superficial velocity N 2 and 0.9 FPS SPV s~eam). As can be seen~ the 
ash concentration a~pea~s to have little effect on maximum bed expansion. 
However~ it does appear to significantly increase the time for maximum 
expansion to develop and extend the Guration of maximum expansion. It 
~s of interest to note tha~ tr:e maximum bed expansion is nearly 240 
percent under the conditions of this test. 

Figure I0 provides the results of an experiment to de~ermine 
bed expansion under conditions simulating continuous operation on c o a l  
feed at a rate of 15 Ibs/hr per cubic foot of quiescent melt. The 
2sh concentration in the carbonate bed was 7 percent at the start of 
the exoeriment but probab]y ~ncreased to nearly 8 percent at the con- 
clusion as a result of the continuous coal feed. A 4 percent initial 
carbon ~evel was obtained by coke addition at the start of the experin 
ment and ec=ounts for the early peak of the plot. Continuous coal 
feed was started Five minutes after :he initial coke addition. The 
plot after 30 or 40 minutes indicates that a bed expansion of about 
100 percent could be expected under continuous steady-state conditions. 



Page No. . 

Reporl' No. 

4 5  

21 

D x 

~:!:i i~:!::~iii~i~'i~i!~!ti!!ii~iL."!.~!iii!:iilli.~ i-!:l.:i!-~.~i-.~i!ii.-i:.:"- : ~ i ~ " -  .-:i~l~~ ~ . ~ r . . ~  - ~  , -~ lL~ i .~  

::::::::::::::::::::::::::::::::::::::::::::::::::: : : : :  : : : :1 : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : :  iT:-- '!!!L"! ' : l : . i i l  , . ,  i i ! . ~ ' : : : , F . ~  
: : - : : : : " :  =~. -*'=:-~:- ' :  :" ~ :=  --'" " : ' 4 : : '  i-- '-  = i - : : "  : . - t = ~ = :  "'~: : " "  . . . . . . .  :" . . . . . .  '---'. ~ . . . . . . . . .  

~:~!~.:!..-:-.~.-~-~..~::~..~'....~...-.~......~.-~--...~.--...b.~.-i..--4.-...i.:.:.~:~..i.:~-~ ._,, 't~!---.:: 
..t.--:-i . . . . . . . .  : . .  ~ , . .  .... , . , t  . . . . . . .  f-, . . . . . . . . . .  : .  . . . . . .  : . . . .  : . . . . . . .  ~ . - . _  . . . . .  . =  

- -  = . . . . . . . . . . . . . . . . . . . .  -;4 . . . . . . . . . .  . . . . . . . . . . . . . .  , ,  . . . . . .  

- - - ~ - : I ~ E - - = - = Z : ~  ' =  ~ ~ t ~  : : - . - : .E-  - - " : : : :  :-_~'~f~i._:~:~_..~:~i.~:-:~-~-:..~.':~ ~ 

- - = i  ~ t  . . . .  :--t-:-li-.~ ~_-'F-"- ::t::-- . . . . . . . . . . .  ~::.l ~ i~ :£:i~' -!i - - - ~ - = ~  . . . . . .  

- - : ~ : i O ~  . . . . .  I ~ . r -  : ~ , I r~  . - , - - - V - ~ I -  - ' - "  ~ ....-~ - -  ' - .~ - -  - " . . . . .  ~ . . . . . . . . .  
~ ~ ,  _ , ~ _ _ k ~ l ~ , _ . . . . ~  . . . . . . . .  , . . . . . . . . . . . . . .  , . . . .  - . . . . . . .  ~ . .~4. : - . .~  

. . . .  <o ,_ ,  . . . . . . . . . . . . . . .  _ , . _ ~ !  . . . . . . . . .  _ . . . . . .  ~ , .  

- - r . . 1 . , = r b  a : - : .  . "" - . -  .~--~l. ' = I : : . =  : . = - ~ -  - :  . . . . . . . . . . .  - - "  :'::~::--:~:: :=~-=--E:f~].,..,=: ~ 
_ ! ; ; ~ l ~ i l  .t~_ i : _ _  = =  ; ~ I = =  = - - ~ ' = =  : = =  . . . . . . . . . . . . . .  = = = : x ~ :  - " "  : ' -  _ : : ÷ - - ' "  = - = 4 = - =  . . . . . . .  . .  " ~ , - i ' ~ "  

, ___ . .  • . - . - " -~ ' -  l -  . . . . . . . . . . . . .  r".::'~ -~- - ' -  . . . .  " ' : ,  . . "  . . . . .  

.= : :  . . . .  : . . . . . . . . .  i . . - . l _  : . . . . . . .  ~ . . . =  . . . . . . . . . . . . . . . . . . . . . . . . .  ~_.~,.~ . . . .  
. . . . . . .  !°]::-[-~!'::I:--=:::-:-'-----~ - ~  - ' E = . : [ : : :  "' ""-= '-  : ' = - ~ " - ' . - -  = ~ ' - ' = ~ "  

~ : . ~  -=.-~=~ ._:! . . . . . . .  "-1._~--.~ . . . . . . . . . . .  _ : ~  . . . . . . . . . . . . . .  . ~ . . . . . .  

~ ~ i = - i  ..... m - m - : = " . = i . ~ - - . = - - - ~  . - , = - = ' -  . + ~ : + - ' - F - ' ~ . T  - + = ~  7 . ~ - ' - =  
- =  :::: : : : : : : : : : : : : : : : : : : : : :  : . - - :  ~ l : - ,  I :. i ~ ~  " " ' - "  - "  

L 7_ : :  . . . .  ~ " q . . . .  i - ~ -  -" r " - ~  , • . , - . ~ . :  i,~.~ .~. . , . -~-~-,- ' - ; -k- .  ' - ~ ' ~ " , - r - " - ' -  I ~ " - ' ~ , .  y , ~ , . ' - ~ . .  



F1 .  
N -  

- - !  
¢ _ -  

m 
z p 

~ w  

o_~ 

T H E  P.~I. W.  K E L L O G G  C O M P A N Y  

Report No. 2~ 

Z 
O 
I -  

.< 

0c 

IJ- 
,<C 

Z 

W 

i -  



THE ~ . w .  K E L L O G G  COMPANY 
A DIVISION OF PULLMAN INCO~PO~ATEE~ 

~ I ~ S E / I I I ; I C H  ~ Dt : 'W ~" ~ . . .MI : 'N 'T  O E p A I I T M I C N T  

PA GE NO. 47 

REPORT NO. 2 l  

P roiect;on, ~ 

I. Envlronmenta| Testinq of Hiqh Temperature Materla|s 

Oxidation Test #3 wil~ be continued to 1000 hours as soon 
as the required furnace ~arts are received. Upon completion of this 
test~ an,,cher corrosion test will be begun in the same reactor. This 
new test wii]~ however~ be conducted in a reducing atmosphere but 
without c~rbon feed~ a gas mixture being provided to simulaae the 
gasification conditions. The p~:rpose of this new test will be to 
investigate the effect of :orrosion on joints between blocks of 
Monofrax "A". 

2. Gas.ification Rate Testlnq. 

No further r a t e  testing is proposed for the 4 I /4" reactor. 
Process k~search is continuiag this work in their two-inch reactor. 

3. Hechar,~ca| Characteristics Testino 

Work w i l l  con:inue on the large-diameter reactor and 
i ts supports. DeIiver,! of the furnace is expected in July and 
e×perlmencazion should proceeo by early August. 

A sultable simulated meIt materia] wtl| "be sought for 
future c l rcu lat ion experimen:s to eliminat¢ the obvious disadvantage 
of working with molten sodium carbonate at temperatures in the 
neighborhood of lS00"F. 

The 4 ]/4-inch I. O. reactor w i l l  be modified to permit 
experimentation wlth melt quenching. A model "melt quench tower 
w i l l  ~e designed and constructed. Grinding requirements for the 
quenched melt and it~ dissolving rates w i l l  be determined in this 
model to ald in the design of future p i lo t  plant equipment. 
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Vl. MANPOWER AND COST ESTIMATES 

Figure 11 shows the projected breakdown for Phase I for 1966 
as wel] as the actual effort that was ~ade. It can be seen that a 
13.O man-effort was made during April. 

Figure 12 shows the expenditures during April. For the month 
$22~765 was expanded~ not including fee a ~ G & A. The total expen- 
ditures through April were $409~194. including fee and G & A the 
=otal expenditures were $4683392. This is 7~L of the encumber d funds. 
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