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I. INTRODUCTION 

The objective of this contract with the Office of CoB1 Research is 
:o develop the Keilo~g Gasification Process :o ~ha point where iz wil l  
be able~ on a commercial scale: ~o coqvert coal inzo pipeline gas az 
cos: of 50¢/MSCF or hydro§en at 2~¢/MSCF. Five raw materials are to 
be s~ud]ed - -  an anthracite~ a high-volati le bizuminous ceal~ a sub- 
bituminous coai~ ~ i~nite~ and a char. Although Keliogg's experimental 
work wi l l  no~ ex:end beyond the production of raw synzhesis ~as~ the 
overall project musz make en~inaering evaluations for four ulzima:e an6 
produc~s - -  pipel:ne gas~ hydrogen~ synthesis gas~ ~nd transport ~as. 

Bests fo~ :he KeIIos~ Gasifica~ion Process is ~he reaction between 
steam a~ fi;~e cGai ;~ a a~o!ten sal~ ba~h to fork synthesis ~as~ a 
mix:ure of hydrogen and carbon monoxide~ accordi~g to ~he reaction: 

C + HzO + heaz ~ H Z + CO 
(ccal] (steam) Csynthesis gas) 

The necessary heat of reaction is supplied by circu!a:ing a heated 
molzen S~!: sZream. In addTzion~ the moltensalt mixZure is chosen 
to catalyze the gasification reaction so that i~ may be carried out a~ 
c ceiazively Icw temperature. 

The pro~re~ is divi~ed inZo three phases of study extending over 
a five-y~er D~r:od. Phase 13 which is now in progress~ involves several 
concurrent ef@o;t~: 

]. ~encb-sca]e process research - -  to investigate melt propertiesj 
reaction kinetics~ and ~he effect of  process variables. 

2. Ch~ical engineering studies and development - -  to determine 
:he optimum process f i~shee: and operating conditions and 
to coordina:~ experi~,enta] work with overall projec~ objectives. 

. ~chan ; ca l  development - -  to f lnd  acceptable mater ia ls  o f  
co~s: ruc t i~n and develop ~echniques for  handling the molten 
s c l t  and pc~dered coa~. 
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Phase i will be concluded by :he design of a pilot pla~t ~o gasify 
24 n~ns of coal per day, if i= is found :hat a pilot plant program is 
justified by =he bench-scale experimentation and economic studies. 

Phase ii will be devoted largely =o the construction and opera~ion 
cf a pi!et plan: :o convert a varlet'/ of raw maEerials into raw 
synzhesls Bas. The effect of opera~-ng varia=!es founi to he significant 
i~ Phase I will be investigated to ob:ain data for design of a co=merciai 
plant. 

Phase ill will involve =he detailed process design of a co~---~erciai 
plant ~o produg= 250 million standari cubic ~ae= a day of product gas, 
including _ost estzm~zes and projected economics for =ho~e area~ of 
=he country zha~ appear :o cffar co~-raerciai possibilities. 

Bench-scale process research continued iuring =he =on=h with 
experiments desigr, ed to inves=iga:e =he effect of operating ~ressure 
on gasification races and =o study =he factors affecting melt carryover. 
These results will be presented in =~ next monthly progress report. 
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This progress report is =he eighteenth since the con=Fact was 
awarded. It is devoted exclusively zo th~ engineering developmen~ 
~rcgra~ of the firs: ~hase o~ =he con=reo~. 

A new conceptual process flowshee~ limited ~o :he gasificaclon, 
ccrm;uszicn and a~h re=ova! sac=ions of a plan~ capable of producing 
250 million s~andard cubic ~ee= per day of pipeline gas froz b.=uminous 
coal hy :he Kello~& Gasiflca=ion Process has been prepared. The invest- 
men= ~or these sections has bee?. es=ima:ed and a gas cos= has been 
ealculatel for th=se sections and compared with chat originally esti- 
mated by Kellogg in Z=s proposal =o OCK of ~ovember i, lS62. From this 
study, a gas selling price in =he r~ge of 50¢/MSCF is expected ;o be a 
reasonable and achievable goal. This is based on the current estimate 
of abou~ 35¢/MSCF for costs in the gasification, cembus~ion and ash 
removal portions of the overall plant. 

in arriving a~ these cost estimates, new conceptual mechanical 
designs have been pre-ared for all critical process areas in contact 
with mel~ (a ~ixLure of molten sodium ca2bonate, coal and coal ash) 
or melt carry-over. The~e areas include ~he primary reactor vassal, 
overhead separabors, melt cuench tower, and ~ransfer lines. 

These designs are based on the results of an ex~ensive corrosion 
testlng program covering a wide range of refractories and alloys. The 
corrosion zest mediumwas selected so as ~o reproduce closely the con- 
di~ions azbicipaLe~ in ¢o,-.~eroial opera,ion. Thus~ a system was sec up 
containing ~ol~en sodi~ carbonate, coal ash and a graphite which under- 
wen~ gaslf~cat~on or combustion at ~peratures up ~o i$30°F. Graphite 
was usec rather than coal =o simplify the corrosion tests. Of =he 
various materlals tested, Monofrax A (a high-purity, high-density 
al~zina mei~ed at 3900=F and cast in relatively simple shapes) proved 
to be a suitable material. In total exposure of some 1200 hours in 4 
tests, Monofrax A showed average corrosion rates of 0.14 co 0.i8 inches 
per year under gasification conditions and 0.05 inches per year during 
a combus=_~n test. Consequently Monofrax A was selected as the material 
of construction for ~he primary vessels and a conservative figure of 
0.2 ~nches per year was used for design corrosion rate. 

For the conceptual design Monofrax thichn=ss and =empera:ure gra- 
dient are chosen so that any melt =ending to leak through or between 

the l~ning blocks will freeze within =he confines of =he corrosio= ~ 
re~is~an~ material. With a corrosion allowance of 0.2 inches per year, 
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a mizim~ :en-year lining life is anzlclpacei wlth :he desist, ~haz has 
bee~ aiop:ei. 

Nine gaslflca:ion-conbus:ion reactors, each 25 feet in inside 
/ia.ne;er an/ &6 feet hish, are needed = 0  produce 250,w.. SCFD of pipeline 
gas. Tonal cost of the Moncfrax llnln~s is estimated -- very a~proxl- 
=aze!y -- no be 6 =i!iion dollars. $os= of repiacizg =he linings every 
ten years would be abou~ !¢/ZSCF of pipellne gas. 

in addlzion to the conce~ua! designs, a preliminary stuiy was made 
of :he imgortan~ con~rcl functions needed in :he hot moi=en sale system. 
i: ~as found ~haz a feaszble con~roi sysz~ can be se~ up though much 
addi$1onai work is needei zo co=~!ete its design. 

gas cos=, iz is concluded :ha= the ~!an~ is both feasible ant practical 
to build u=illzlng ourren~ technology, materials, an~ faciil;ies, i= shoul~ 
be -~,phasized :ha: ~he designs are concepSual only; final desi~-~s will 
deoenc on z~.e resui:s of pilo$-plan~ experience. 
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iii. FEASIBILITY EVALUATION OF 
GASIFICATION AND ASE .~EMCVAL 

The feasibility o~ designing and building a planz to produce 250 
ilion SCFD of p.pe..ne gas fr~ coal by zhe Ke!_ogg Gasificanion Process 

~s mast evaiua~ed by in%.esbigaTing a full-scale design. Therefore, a 
proa¢&s fiowshee~ for =h~ gasificazion and ash removal see=ions of such 
a mlanz has beer. prepared, ins basic control syste_~ outlined, and its 
znvesbmen= es=ima=ed. From =hose figures a gas cosE has been calculated. 
in con/unc~ion wiEh =his process design, concepzuai mechanical designs 
have been predated for all critical areas in contact wi~h carboneze melt 
or mei5 cac~y-over, including =he primary Feacbor vessel, overhead scp- 
arazors, melt quench rower, and transfer lines. Based on these designs 
ani the econoalc analysis, =he plan= appears bo=n feasible and practical 
50 build u:illzing current technology, mazeriais, and facilities. 

iu should be emphasized =ha= =he designs are conceptual and =ha= 
final designs will be dependent on resu!=s of pilot-planT experience. 

A. S~i=a~iiibv of Ma=eria!s 

Corrosion tests show Zonofrax A to be the mos= consisteiEiy 
accepzable oerfo-~er in con=act with =he liquid melt, =elz interface, 
and vapor s?ace a= cperating temperatures above 1800°F. Corrosion 
data on Mcnofrax A indicate an expected corrosion ra~e of less =han 
0 2 ~nches per year, which should be aEceptab!e for =he co---m~.ercia! 
a~ lica:~on. The results of all Khe corrosion tests carried ou= wizh 
~:onef=ax A are given in Table I. IT should be noted =haE The corrosion 
rates for relatively long exposures to the gasification conditions are 
all below 0.2 inches per year and thee =ha resulzs are consis=enE in 
all the tests in =he program In addition~ the corrosion rate under 
combustion conditions is subs=anEially below =ha= for gasifica=ion. 

Several other materials, namely Zircofrax O, Chromex B, Ritex CB 
and Zircon~a have performed satisfactorily at less severe condibion~ 
than currently contemplated for The co=-~erciai unit. None of these 
ma~eria!s were found ~o be suitable for service a~ the 1800°F level in 
the mclten salt environment, although the perfo.-mance of Zirconia 
Y-i027 may have been adversely affected by =he p=esence of metal alloys 
and ocher refractories that were concurrently tested in order to expe- 
ditious!y screen a wide range of materials. Since Monofrax A has been 
unaffected by the presence of other materials and since i= has an 
acceptable corrosion rate, i= is clearly =he material =o 5e used. 
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FIONOIRAX "A" TI:SI IL(_SULIS 

Opel'atln9 Temperature: -~'l1330"l- 
Ash Conte. l  of  r l e l l :  . ~  lO~,, 

Test ~/ Durat ion At,~iD_-,pller~ Re.~,t,| I s Co_r j 2_  .~; i o j ~ R a  t e 

3 2112 t l rs .  G a s i f i c a t i o n  Sa t i s f ac t , ) l y  O. III i , , / y r  Av!l. 

II 50D l l rs .  Gas i f i ca t ion :  Sat isCacto,  y O. 177 i n / y r  Awj. 

7 ]95 l l rs .  G a s l f i c a t l o n  Satisfactc~r¥ 0 . |35  i n / y r  Avg. 

Oxid. #2 135 l l rs .  Cr.mbust ion Sat i s facto ,  y O.OllG i n / y ,  

Notes: I .  Corros ion ra tes arc, dete.rmined fron~ change in dimensions. 

2. In Jests ill 3 j  |lp and / sample coupons were su|)ported in the , le i t  ! in 
the 9as space above the melt~ a,ld at the gas-melt i n te r face .  In 
ox|dat iowl Test l i2j one sample ,.:as tested in the mel t .  

3. T~sts I~ 2~ 5~ and 6 it~ t h | s  ser l0s  were ca r r i ed  out Io test  m~te r la | s  
o ther  than Hon~frax. 
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Monofrax A is =anufaz=ured by =he Earbison-Carborun~un~ Corpora=ion. 
it _s e h~gh-puri=y al~ina melted in an electric furnace ~t 3900°F and 
cas= ~n graphi=e molds in relatively simple shapes sui=able for block 
~all cozstructzon. 

X0nofrax A is now used in several co._~erciai appiica=icns. 
Blocks of 1C" - ~2" =hicknes~ are use~ ~o line glass runT.aces, where 
~hey ia~E for four =o five years. Several Texaco partial combus=ion 
gcne;ators i:ned ~ith Monofrax A were epera=ed coz=~,ercia!ly, bun are 
nc~ ou~ of service for other reascns. A panel of Monofrax A is curren=!y 
Doing ~ested in an operating blas= furnace and appears =o be perfo.~-r, ing 
sat~sfactortly. Biecks as large as =hree tons have been cast. 
~cgi~_~ing a casting void, which can Pe =inimlzed or excluded by several 
devices, the product has very low porosity. 

The price of Menofrax is in =he order of $!,000 ~o $i ~ ,~uv per 
average non depending on whether regular cas~ blocks or DCL (Diamond 

T • "" Trued Blocks) ~re used. _nlt~l~y, DCL bl~cks are recommended uz=!l 
cc..-:r..erciai performance or pilc~ p!an~ perfo.~nr~.mnce can be evaluated. 

=a .... a_, should be installed in a self-keying pan=am 
w~houz the use of binder. The =-=-apera=ure graiien~ =hrough =he 
"~..o.,~.-ir<>~ should be such as zo assure freezing of the melt within ~he 
confines of Ehe }:onofrax blocks. 

l~ ~hould be noted here than al:hough this presen= discussion has 
been ¢oncerne/ only wi=h non-~ecailic ~a=erials of construcKion, az 
eari~e~ zes~ program indicated that no metallic materials curren=!y 
ava~iab~ are capable of wi=hs=anding =he condiEions of =he gasifica- 
tion sv;ue~. Thus, proces~ designs incorporating ideas such as heating 
the mei~ Ehro~gh a heat transfer surface =o supply =he hear of reac=ion 
have Seen discarded. To ~his degree, ~herefore, the proposed process 
design has been ~reatly influenced by the availabillty of accep=ab!e 
~azerlals of construction. 

B. P_rocessDescripzion 

A process flow diagram for the gasification and ash removal sec- 
tions of a plant capable of producing 250,000,000 s=andard cubic feet 
per day (SCFD) of pipeline gas from bituminous coal is presen=ed as 
Figure !. Because of the large volume of gas produced, these sections 
are su0d~vided in=o nine parallel opera=ing uni=s. All flow rates and 
duties shown on =his flowsheet and mentioned in this description are 
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total quanuities for the nine units. 

SitL=ninous coal from s$orage, ground ~o approximately -12 mesh in 
a preceeding section of the plant (Section i00), is fed :o a set of lock 
hoppers, F-201,a&5, %'hose purpose is to receive the coal a= atmospheric 
pressure and to deliver i: to the process at the operating pressure of 
about 415 psia. Each of ~he lock hoppers operates on a 30-mlnute cycle 
comprising the following steps: 

(i) Filling with coal a= atmospheric oressure 
(2) Pressurizing ~o about 450 psia wiEh synthesis gas or product gas 
(3) Discharging the coal into the steam line 
(4) De-pressurlzing 

The lock hopper sys~ is designed so Ehat while one hopper is being 
filled and pressurized= the other is discharging coal into the process 
ssream. This provides a continuous flow of coal =o the gasifier. 

Coal from F-201,a&b flows by gravity at the rate of i,i00,000 
pounds per hour into a steam line where it is mixad with 420 psia 
steam superhea:ed =o I 0O0°F in preheater C-20!. The amount of steam 
used as a carrier gas is sJ:h that the coal will not be heated above 
about 5C6°F, ~hus preventing the coal from becoming plastic and sticky 
in =ha lines. P~nother st:cam of ~his 1000°F steam is usec to pick up 

a recycle s=re~m of NaHCO3-Na2CO 3 and make-up Na2C03 from lock hoppers 
F-202, a&b. The two solids-containing steam strem~s =hen flow =c the 
gasification section of gasifier-cc~-bustor D-201 together with ~he 
remainder of 5he !0O0°F s:em~. The total steam fed to =he gasifier 
is 1,000,000 pounds per hour. Of this, 920,600 pounds per hour is 
generated in waste hea: boilers C-204, C-206, C-207 and 79,400 pounds 
per hour is ~enera:e~ in waste heat boilers in other sec~ien~ of the 
plant. 

In tha gasifier, the steam and coal are heated to ig30°F by in=i- 
Gate contact with melt (a mixture of co!ten sodiur~ carbonate, coal ash, 
and coal) and react according to the following reactions to ~roduce synthesis 

gas. 
C + E20 ~ >  CO+H2 (i) 
CO+ E 2 0 ~  C02+H 2 (2) 
C ~ 2H2 ~ -  CE& (2) 
CO ~ 3 H 2 ~  CE 4 ~ E20 (4) 
£h%4n =- CH 4 + H 2 • C (5) 

Th= raw synthesis gas leaves the melt at about 1830~F and 405 psia and 
flows .-hrough separator G-20i designed to remove entrained coal particles 
and melt droplets. The gas is then cooled ~o 700°F in exchangers C-201, 
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C-Z03 and C-204 and leaves the gasification secmion at the rare of 
118,105 moles per hour. 

The primary gasification reaction (reaction I) is highly endo- 
=hermic; =he required heat of reaction is supplied as sensible heat of 
circulated melt. in the version shown in Figure i~ =he gasifier-combuscor 
is divided into ~wo sections by a vertical wall which is perforated below 
=he liquid level. By proper choice of gas velocity, a difference in 
degree of aeration of ~he melt in ~he two sec=ion~ is induced• This 
causes me!= ~o clrcula~e ~ro= ~he s>~a=hesis gas section, where i= provides 
the reaction heat, =o =he hearing or combustion section. Im =his latter 
section hea: i~ added to =he melt by direct con=ac~ wi~h hot combustion 
gases. 

The flue gases which supply hear to the coWous=ion section of the 
gasifier-comhus~or are generated by combustion of coal with air. Air 
for ~h~s purpose is compressed a= =he rare of 4,285,200 pounds per hour 
zo 420 psia iz compressor j-201 and is preheated to 1500°F in exchangers 
C-201 and C-203. Combustion occurs in direct con=act with =he me!~, 
transferring hear to the reacting system efficiently. 

The hot flue gases leave the bed at about 2200°F and 405 psia and 
pass through separator G-202 to remove entrained coal and melt. The gas 
Ehen fio~s ~hrough exchangers C-206 and C-202 where i= is cooled =o 1500°F. 
Thi~ s~ream is expanded to substantially atmosphere pressure in J-202, 
which provides all =he power required for air compression plus an additional 
76,80C ~w cf e!ec=ricizy in genera=or J-203. Expanded flue gas at 615°F 
and about ig psla is cooled to 180°F in exchanBers C-207, C-208, and C-209 
anZ is yenned ~o ahe atmosphere a~ =he rare o= 4,655,300 pounds per hour. 

The ash left in the melt by the combustion aud gasification of the 
coal is allowed to build up =o a level of 8 weight percent. A slips=ream 
of the ash - carbon - Na 2 CO 3 mixture is continuously withdrawn from 
D-201 and flows to E-601, where it is quenched to 4Z~°F wiuh a portion 
of a recycle s~lution saturated wi~h NaHCO 3 a= 100°F. Solid melt particles 
~n the resulting slurry are ground in L-603 to facilitate dissolution of 
:he =~iz s~raam. ~he remainder of ~he recycle NaHC03 scream is =hen 
~ixeC with this slurry cooling =he mixture to 228°F. This stream is then 
flashed ~o 16.! psia in F-601, where sufficient holding rime is provided 
=o dussolve =he Na2C03. The bottoms slurry from F-60i is filtered in L-601 
zo se~nra=e ~he ash and carbon (and some undissolved Na2CO 3) from =he 
solution. This residue is sen= =o disposal. 

The filtrate from L-601 is ~,=nped up to 30 psia in J-602 and is fed 
=o =arbonanion rower E-60Z. In =his rower the Na2C03 is reacted 
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with CO 2 fro~ the gas purification system according ~o reaction (6). 

Na2 CO 3 " CO 2 + H20~2Na HCO 3 (6) 
Overhead gas fro~., the tower at 20C°F is cooled ~o 9~°F in C-601 co 
condense wa=er, a porulon of it ~s purged to remove =he impurities 

brought in with ~he CO 2 stream, and the remainder is recycled through 

j-66~ to the mower. Fresh CO 2 is added to the rowe= at the rate of 
I0,400 ~oles per hour. 

The operating temperature at the botT~ of E-602 is 100°F. An 
~hls temperature =he Na ECO 3 concentration exceeds =he solubility limit 
and Na HCO] (along ~izh soma ash) is precipitated. The resulting slurry 
is fiinered in L-602, the N a HCC 3 solu=ion being p~ped up zo 400 psia 
and recycle/ to E-601. The filter residue (Na HCO 5) is dried by ho~ 
gases flowing zhrcugh the drying hood and is returned to lock hoppers 
F-2~52, a&b =o be recycled =o =he gasifier-combustor. 

~h~ raw s}~thesis gas produced in =his section subsequen=ly 
undergoes a single stage of water-gas shift, followed by CO 2- and sul- 
fu=-r~ova! s=eps. The purified synthesis gas (CO + H 2) is then reac~ed 
over a catalyst to ~ro/uze a ~eThane-rich product having a beaming 
value of about 9i0 B=u/SCF. The =cmpressed proiuc= gas is delivered =o 
the gas mains a= I000 psig a= ~he ra~e of 250 million SCFD. 

C. Process Control 

~eans f~r con=rolling some of &he major process variables in the 
gaalfica~ion =zd a~h removal sections are ii!ustraTe~ in Figure 1. i~ should 
be emphasized that ahe instr,-~ents showr, are intended for controlling the 
critical variable& associa&ed wi~h gasification, combus=ion, ani =el~ 
handllng under ncrrml, steady-scare condi=ions only. Ins=r,,--.enza=ion and 
controls required for starT-up and normal and emergency shu~-dowr.s have 
no~ bean included in the present discussion. A =horough analysis of 
start-up procedures aL~d possible malfunctions, which is necessary =o 
develop a eomple=e ins=r,rnentation plan, will be under=eke= a= a lamer =ate. 

i. S=e~-Co=l Feed R~t~s 

Flow rate of total process s=eam =o =he gasifier is recorded and 
co::~rolle= by FRC-I. This raze i5 independently set to yield &he desired 
steam/coal ratio for gasifica=ion. 

A pot=ion of =he no=el gasifier stea.~, the qu~nzi=y being &e~ 
=ndepandenziy and then controlled by ?RC-2, is used to convey need coal 
from lock hoppers F-20i =o =he gasifier. Pressure at =he pickup point 

is measured an¢ recorded by PR-i. Pressure irop through a fixed leng&h 
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of transfer ilne, as measured and recorded by P~W~-i, is an indication 
of coal loading in =he steam. This measurement, Together with =he known 
suaa~ pressure and flow rata, is used uo control zhe flow rate of coal 
frc~. th~ lock hopper. Ultima=ely, the coal rate (hence the desired 
sez~ing o~ =he differential pressure con~roller) is sen by the flow 
race and analysis of =he do',~-sTreams}~nthesis gas. 

Alzhough it is no= shown in Figure I, =he same control set-up 
used for coal would also be used =o control the addition of Na 2 CO 3. 
Na ECO 3 from F-202. 

2. Gas!fief Temperature 

The =empera=ure of ~he mel= in the gasifier is con~rolled by reg- 
ulating zhe flow rate of ccmbusuion air. Mel= =er~perature is measured 
and recorded by TRC-I, and is used to position the inlet guide vanes of the 
centrifugal air compressor, J-201. As uhe mel= ~emperaZure varies, 
the con=roller ~Ii adjus= :hese vanes to permit more or less air =o 
flow ~o =he com'=us~or, thereby genera=inS more or less heat and raising 
or iowerZng =he ~el= temperature. 

3. Melt Circuia~ion RaTe 

With the reactor design sho,^~ in Figure I the rate cf melt circu- 
lar=on between gasifier and combus~or is not controlled independently. 
~a£her, this race of flow will depend on operating cendi=ions and the 
free area provided in the wall separating =he zwo compartments. Differ- 
ential pres&ure between the gasification and combustion see=ions will be 
conzrolied by P~C-2 at a level consistent with =he desired malt circu- 
lation raze and an acceptable rate of gas leakage. The pressure of the 
~iue gas will be allowed to "float" (in effect, the atmosphere exerts a 
back-pressure on the expander and serves as a con=rol valve), %:nile the 
pressure of =he synthesis gas will be controlled do%~s=ream (~nere The 
Uempe~a=ure is lower) to give the specified differential. 

4. Mel= Wi=hdrawal Rate 

The raze of melt withdrawal from the gasifier-combustor, D-201, 
to the quench tower, E-601, is conzrolled by the differential pressure 
~et~een ~hese ~wo vessels. This differential is measured and recorded 
Dy ~d~C-~ and is used =o control the flow race of quench solution to 
E-601. For example, if the pressure in E-601 becomes lower than its 
specified level (yielding a melt wizhdrawai rate which is greater than 
iesired)~ =he flow rate of quench solution will be reduced, resulting 
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zn a higher =empera=ure, hence higher pressure in E-6CI (which will 
restore melt flow race to the desired level). Pressure level zn gasi- 
fler-combustor D-201 is recorded by PR-2. 

The remainder of the quench s~ream is by-passed around E-601 and 
is combined with the hot slurry after grinding. The semperazure of this 
mix-stram~ is continuously recorded bv TKC-2 and is used =o control =he 
tecal flow rase of quench solunion. 

The raze of melt removal is checked periodically by analyzing =he 
~esi-[ues from L-6CI and L-602 together with the quench solution ~o in- 
sure tha~ ash concentration'in D-20! is remaining constant at ~he /esire/ 
~evei. if this level does change, nhe pressure differennial between D-20i 
and E-6GI must be re-set =o increase or reduce ~he melt withdrawal rate, 
as necessary. 

The liquid level in E-601 is heidcons=ant by liquid level con=roiler 
LLC-I attached tO :he let-down valve preceding F-60i. 

D. Reactor Desi%n:. 

For the desi~, capacity, nine (9) large reactors approxima=eiy 23 
feet in diameter and 40 fee= high are required to contain the primary 
reaction. Figure i shows =he general process flow requirements and tem- 
perature-pressure ievels in these reactors. 

Although the concepzuai design discussed herein is based on =he 
use of a single vessel separated by a dividing wail, it must be recognized 
=ha5 two separate vessels could be used. The design considerations 
appl~ed =o the separated vessel are generally applicable =o a :wo-vessel 
system. Since =he dividei vessel presents a more difficult ~esign 
problem i5 has been chosen for consideration in =his feasibility 
~udy. Figure 2 provides a conceptual mechanical design for the 
reactors. 

inlet lines =o =he reactor are unlined eigh:-inch intone! pipe 
~:ith 0.5-inch wall thickness, embedded in =he cen:er dividing wall. 
Six air inlet lines and six coal-steam-carbonate lines are provided. 
The air lines are sized on the basis of approximately 150 fee= per 
second. The coal-steam-carbonate lines are sized on the basis o~ 
approximately 30 fee= per secon~ to minimize erosion and particle 
damage. This velocity is sufficient to transport the solids particles 
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at the anticipated loading of approximately one pound per cubic foot. 
15 may prove desirable to innroduce Ehe coal in just a portion of the 
steam. Thus one or ~wo of =he feed lines would carry a steam-coal- 
carbonate mixture, and the remaining four or five would carry only 
steam. 

Both the product gas and flue gas lines are in:ernally lined with 
four inches of Monofrax A backed by four inches of insulating alumina 
similar :o Norton 4060. The high density and strength at ~e,~perature 
of Monofrax A allows both iim=s :o be sized on the basis of approximately 
150 feet per second for short runs into internally-llned soll/s separators 
(covered elsewhere in this repor$). An 18-inch !D pro4uct line and a 
20-inch !D flue gas line are provided ~n =he design, Both outlets are 
loca;ed at =he top of :he vessel on their respective sides of ~he 6epa- 
ra~mg partition. 

~ne melt removal line is sized to withdraw ~ha entire melt contents 
of the vessel in less than two hours, if emergency shutdo,cn is required. 
The removal rate is limited by the capacities of :he melt quench tower 
and dissolving drums to quench and process the hot melt. 

A four-i,~ch ID in=ernaily-lined, ex=ernaily-heated, double-walled 
pipe is provided =o prevent freezing melt from plugging the removal 
line. Under ne=--mai operating conditions exterral heat is unnecessary 
since the withdrawal flow (one to two fee~ per second) is sufficient 
Go alio~ for heat loss in ~his line with less than i00°F temperature 
drop in the me!t <approximately 1830 to i730°F). This is well above 
the melt solidifying "-~r~perature of approximately 1540°F. Emergency 
melt removal will result in a i0 fps flow in this line. 

Wi=h consideration to the process requirements, all valves or 
similar mechanisms have been eliminated from direct contact with th~ 
molten melt. A more detailed discussion of the instr~r.entation and 
control of the major process variables has already been presented in 
Section C of this report. 

in an ~ergency, =he quench tower can be isolated by allowing :he 
back pressure ~o rise sufficiennly ~o stop the melt flow and allowing 
=he melt zo freeze in =he transfer line. This will provide a sort of 
solid plug valve. The quench vessel could then be depressurized for 
inspection or other work. Operation could be resumed by simply 
repressurizing the quench tower and melting the transfer line plug by 
the electrical heaters provided. 
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The internal lining construction ~s designed to provide for a 
minimum of ten years life before replacement is required. The Monofrax 
A block lining in the melt and melt splash areas has a minimum thickness 
of I0 inches. Heat transfer calcuia~ions have established zha= the 
~empera=ure ~radien~ through =he Monofrax A is such as to insure tha~ 
melt pene:ra=ing between =he blocks will solidify within seven inches 
of ~he melt-block surface. If the corrosion rate is taken as 0.2 
inches per year (greater =ham the experimentally-determined corrosion 
rate), eight inches of block will be left afzer ten years of service. 
Thus, after ten years, a margin of safety of one-inch in block thickness 
will remain before liquid melt may be expected to reach the back-up 
insuia=iou. Since =he zemperature gradient will increase with loss 
of material from the block face, and since the corrosion rate is ex- 
wetted to be less than 0.2 inches per year, the service life of the 
;zoposed li~ing may well be between 12 and 15 years. Backing up the 
Nonofrax liner is a four-inch layer of insulaEing alu~ina blocks set 
~iuh ~Uitabie binder =o prevent any short-term leakage of melt from 
reaching the carbon steel shell. 

The anuicipaTed opera~ing shell temperature of the reactor is 
about 60O"F, which is well below ~he freezing temperature of the mei=. 
AEtach~en~ or built-up areas of the shell should be suitably cooled 
t~ the 600°F level. The ~nderside of the vessel must be adequately 
ven[ilazed to prevent hot spots from occurring. Steam lancing or 
water ~pray cooling should be provided for emergency trea~menz of hot 
~?ots. 

Eight-inch thick blocks of Monofrax are used above ~he melt or 
melu splash zone for corrosion and szructural strength reasons. Four 
inches of insulating alumina is also used as back-no in this area. 
The overhead arch is self-supporting and self-keyed. 

The ~roposed construction offers maximum corrosion protection to 
~he pressure shell while maintaining process heat loss at less than I% 
of ~he reaction heat input. 

E. D~Miding Wall Construction 

The center dividing partition is of stepped, self-keyed con- 
sTructi~n. The partition wall is 30-inches ~hick below the melt and 
hell splash level to provide structural strength Co resist the forces 
of sloshing melt. 
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Above the melt splash level the wall thickness is reduced to 18 
inches. The construction of the wall is such that with the s;iffening 
effect of the air and coal-steam-carbonate lines, sloshing forces of 
the melE bed equal to the differential head developed by one-half =he 
total bed height can be withstood. While =his criterion is reasonable, 
it is possible ~o make the wall stronger by using heavier-wailed pipe 
or rearranging the piping within the wall. 

Aside fro~ the stiffening effect in the dividing wall, entry of 
the inlet lines through the partition wall rather than the bot=om of 
the reactor offers several other advantages. 

First, =he lines will tend to be self-clearing in =ha= gravity 
is in thair favor. Any melt entering these lines will be forced ou= 

by ~he inlet flow. if 5he lines should become clogged with a plug 
of melt, the stoppage of inle~ flow will cause the lines to be heate~ 
to a greater extent by ~he melt in con~ac~ with the wall, causing the 
plu~ =o remel=. 

Second, inlet flow can be directed sideways or down without com- 
p!icatei vessel inte--nals. This should improve contacting in the beds 
ani reduce the possibility of solids or liquid carry-over. 

Third, the in!e= lines help to key the wall blocks and the wall 
=o the reactor shell. The coal-steam-carbonate lines are extended ~o 
~he bc~tom head lining to accomplish this and to provide a self-sus- 
~aining deadman to reduce inlet erosion a= the final ;urn into =he re- 
actor. The deadm~ will be filled with a refractory plug to prevent 
a trapped acc,~ulation of coal and =arbonate particles. 

Expansion of the inlet lines is accon=nodat&d by allowing the inlet 
lines to grow into the reactor when hea~ed. Inlet line cavaties are 
fil!e/ with a compressible insulation to provide short time sealing 
agains~ melt filling the cavities and binding the pipe. In normal 
operation heat transfer calculations indicate the colder inlet flows 
will cause =he melt to freeze in the Monofrax wall block prior :o 
reaching the pipe cavities. 

If pilot plant experience indicates that expansion of these lines 
is a problem with this configuration, the inlet lines could be fixed at 
=he botZom and expansion joznts or packed slip joints used. Since the 
inlet lines are constructed of Inconei, short-time exposure to the melt 
at tem;erature can be tolerated. 
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F. Circulation in the Reee=or 

Appr=xima=¢ly 40 square feet of hole area has been provided in 
zne center partition of the teat=or no allow mel= circulation from 
one side :o =he o~her. This is necessary =o =ransfer =he require/ 
=eac=ion hear from =he co=hug=ion side to =he reac=ion side. A!zhough 
~=all model tests wi=ha 2C0-cenzipolse-viscoslty si=ulated =el= are 
~ianned ~o s=uiy =he teat=or circu!a~ion, pilot-planE =es=s wi~h actual 
~ai= will be necessary to cenfi~ any preliminary results. The hole 
~ae can be adjus=e/ as required, additional design info.-%r,+a=ion is 
require/ ~ deze--~ine =he ex=ent of cross-¢onza=ina=ion of =he vapors 
on each side of the par=izion zesui=ing fro-- leakage through the 
2art~t!on and cn=rain=enz in =he circula=ing =el=. If necessary =o 
reduce =he contamination, separate vessels could be used for =he reac=ion 
a~d combus=ion process connec=ed by U-bend =ransfer lines. Such a 
design ~ould obviously be more expensive an/ compllca=ed and hear loss 
would be somewhat increased. The design, however, also appears =ech- 
n~eaily feasible. 

G. R__~=-ac~or Cons=ruc=ion 

The reaczor vessel shells, while large and of relazively high 
?:egsure for their size, can be fabrica=ed wi$h current =echno!egy 
!hi fac~l~ties. The shell may be shop-fabrica=ed or combina=ion shop 
~nd fieii-fabrlca=ed, depending on =ranspor$a$ion facili=ies and 
location of zhe co~_-ercial plan$. In=e~--nal linings mus= be field- 
ia~rica=ed due =o zh~ na=ure of their cons=ruction. Access zo =he 
inside of the vessel is pro~ded $hrough one or =we large manholes in 
zhe vessel need, depending on final cross-f]ow hole configura=ion in 
~he par~itlon +;all. 

H. Transfer Line Cons=rucmion 

Typ~cai construe=ions of =he various critical =ransfer lines are 
~no%~ on Figure 3. Generally the produc= and flue gas =ransfer lines 
are in~ernaily lined wi=h four inches of Monofrax A followed by four 
~nches of insulating alumina. Construction of the ~[onofrax lining is 
of self-keyed block or cast ring see=ions. ~%e insulating alumina is 
~a fused c~s= ring see=ions of lengths as long as practical ~o preven~ 
=el= infilnra~ion =o =he ~ra.nsfer lines. These lines should be kept 
as shots and as straigh~ as possible =o minimize cos~ and erosion of 
~ne linlng surfaces. 
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The :el= transfer line is lined with two staggered rows of four- 
=nob =n=ck ring sac=ions of Monufrax A. This is followed in =urn by 
an in¢onei pro=active pipe, electrical resistance heating coils, a 
h~gh-:e=perature insulation such as Fiberfrax O, and =he carbon steel 
pressure sh~li. 

!. Melt Ouen=h Tower 

Figure 4 shows =he proposed construction of =he melt quench 
tower. The cower is assen:ially a wa~er-wali dr~r, with a Monofrax 
/=&=rlbu=or cone set on cop o~ a water spray s~and pipe. The eight- 
fro= dia=~r by ~w~n=y-foo= vessel provides a =inimu~holding time 
azd sze~ ilsengaglng space, A par=ially-d±ssolved slurry of solid- 
ifle~ zel~ par=~cles is r~oved fro~ =he bottom of =he ~ower and ~rans- 
farted =o a ~issolving and ~e==llng dru~ by ~ack-pressure-controlled 
b!ow4o~?.. Suff~clen= quench wa=er is provided =o completely elim~ma~e 
the net production of steam s~nce steam produced locally by water con- 
5ac=ing =he melt £s condensed within the quench cower. 

J. Overhead Melt Samara=ors 

The product gas and flue gas lines from the reactor may carry 
over at=rained particles of reactor melt, To eliminate this from =he 
exit atzea~ns: external overhead separauors are included ~n =he feas- 
:biii~}" de~ig~. Figure 5 shows one possible configure=ion of =hose 
~eparators. The product gas separator is approximately eight feet 
in dL~ezer by twenty fee= in length. Corresponding size for the flue 
ga~ separator is ~en fee~ by twenty fee~. The collected melt is 
returned ~o =he reactor in a =ransfer line similar in design to the 
mel£ removal line previously described. Separated vapors or gas are 
sent [o do~r,s=reamhea= exchangers where =he heat is recovered against 
reactor inlet gases. 

Piloa plant opera=ion will be neeEed to confirm=he requiremen= 
for =hose ~epara~ors and establish the degree of baffling required for 
ac~e~tag!e separation. 

K. Liziu~ Costs 

Cos~ of the Monofrax for lining the vessels and transfer lines is 
e~zimated -- very approximately -- at about 6 million dollars. If DCL 
bl~cks (dia==nd-cu= blocks) ~ere needed, ~he cost would increase by 
ab~u~ 50~. Cost of replacing the linings every ~en years would be 
about l¢/nS~ of pipeline gas, even if DCL blocks were used. 
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' Zc its ~. ~)11 C-':* 

Esr:r.ated fixed in~:e.~Tr..en~ for =he gasification and &sh re=oval 
~cc=:.~-~ or & ~-~O-m..llon ECFD pipeizne ~-s p'_-n-~ ~ utilizing the Kellogg 
Gas~f-cazlcn Prcc=ss is $73: 560,030. Usin B this .:bu.a-';- - and .-he maTerlals, 
uLilisies, and labor rec.uirer~en=s for these sac=ions, the ccsz of raw 
s>.-.~hasis gas expressed as cents per MSCF of pipeline gas has been 
caizuiazed an/ is pre-en~ed in Table 2. Costs have been es=in:a-.ed 
according ~o .-ha OCR Ten~.~.:ive S~a-Gard 4ated june 4, 1965. i= shoulc 
be ~r.phasized rhaz these costs represent only .'he conzribunlons of 
gasiflcazion and ash r~moval =o =he totai manufac=uring cos= and selling 
price of -he pipeline gas. 

.qn econ~ic comparison has been =ade of =his present scheme with 
zha~ originally proposed ~o OCR on November i, !962. (i). AlThough =his 
iac.-er plan~ is base/ only on 90 ~iilion SCFD, The co=parison should 
still be valid because a= these large capacities little, if any, 
economic advantage will be realized by increasing ~he capacity. Es=i- 
m~Eud inves=menz for the gasifica.-ion section of =his plant was $23,500,000. 
Once again, gas cos= has been calculated end is presen.-ed in Table 3. 

As can be seen by co=paring Tables 2 and 3, =he present economics 
compare qui~ .~ favorably with those of the proposal. Thus, although .'he 
process is g: & much higher stare of deve!opme~,c today thegn a.- the ~i~e 
of The original proposal, =he costs have not changed significantly. I= 
appears as if The ~oal of a pipeline gas selling price in the range of 
50¢/MSCF is within reach. 

(i) OCR Proposal No. 2i9,. "Proposal For the Development of the Kellogg 
Coal Gasification Process", November i, 1962. 
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ECONOHI.C SUI,II, IARY FOR GASIFICATION ANI) ASII I(I,;HOVAI, SI~C'J'IONS 

COST Of RAW ~ " " , YNI,II,SIS GAS EEI'RI~.~I~I] AS CI<NTS/tlSCI." OF t'II'IH,INI~ (;AS 

Bases: 250,009,000 SCi-'D of Pipeltue Gas from Bituminous Coal 
90 Percent Stre0m Effi.eiency 

Total Fixed Tnvestment --- $73,500,000. 

Ite___9.m Unit Cost Ullits/MSCF PI.C, 

Coal $4/ton O. 0528 tons 
Na 2 CO 3 1.55¢/]b. 1.81 lb. 
Operating Labor $3.20/man-hour 0.00384 man-hours 
Steam 27¢/1000 lb. 12.4 lb. 
Power O. 5¢/KWll 7 .37  KWII 
Boiler Feed Water 25¢/IO00 gal. ll.O gal. 
Cooling Water 1.5¢/1000 gal. 415 gal. 
Maintenance @ 3% of bare cost per year 
Supplies @ 15% of maintenance 
Supervision @ 10% of operating labor 
Payroll Overhead @ 10% of operating labor + supervision 
General Overhead @ 50% of (operating labor + supervision 

+ maintenance + supplies) 
Plant Operating Expenses 

Depreciation @ 5% of fixed investment per year 
Local Taxes and Insurance @ 3°L of fix.ed investment per year 

Sub-total 
Gontingencies (27. of sub-total) 

mS__CrJ, 

2] .1  
2 . 8  
1 .2  
0 . 3  

( 3 . 7 )  c r e d i t  
0 . 3  
0 . 6  
2 . 3  
0 . 3  
0 . 1  
O , I  
2 , 0  

27.4 
4.4 
2.7 

34.5 
0.7 

TOTAL biANUFACTURING COST 35.2 
GAS SELLING PRICI': (Based on 20-year average revenue rcqulremeni) 40.3 
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TABI.E 3 

ECONOHIC SUbg.IARY I.'OR GAS ll: IC,Vfl ON AND ASi[ RI.;HfA'AI. SECI'I ONS 

COST O1; RAW SYNTHES [ S GAS l~,Xl!R_l.~Ssi.;ll A s  c__EN'j'eq/H,qCl-" Oj:'__J!JJ'J.:!.z ~.: c, bs  

Bases: 90,000,000 SCFD of Pipeline Gas from Bituminous Cecil 
90 l)ercent Stream Efficiency 

I n v e s t m e ,  t and l l t i l i t l e s  Laken front OUR Proposa l  No. 
Total Fixed Investmenl. --- $23,500,000 

I t e,,____ 2 Un i_..__tt Co sk  yy, i t s IHSr:L" 1'IX, ~_/..HSC ~i .)'J Xl 

Coal ~4/ ton 0.047 tons  
Na 2 CO 3 1 .55¢/1b .  0 .58 11.. 
Opera t iug  l.abor $3 .20/man-hour  O. 003 man-hours  
Steam 27¢/1000 ]b. 31.2 lb .  
Power 0.5¢/RW11 5.28 KWII 

B o i l e r  Feed Water 25¢/1000 ga ~, 10.6 g a l .  
Cool ing  Water 1 .5¢/1000 ga l .  61.9 g a l .  

219, November ! .  1962 

18 .8  
0 . 9  
1.O 
0 , 8  
2 . 6  
0 . 3  
0.1 
2 . 0  
0 .3  
O. 1 
O. l  
1 ,7 

M a i n t e n a n c e  @ 37. o f  b a r e  c o s t  pe r  y e a r  
Suppl ie . :  (alS°/. of  m a i , t e u a , c e  
Supe rv i6 ion  @ 107. of  o p e r a t i n g  l abor  
P a y r o l l  Overhead O 107. o f  operaLlng  l a b o r  4 s u p e r v i s i o n  
Genera l  Overhead @ 507. of  ( o p e r a t i n g  l a b o r  + s u p e r v l s i o u  

-I n|a/ntenautce q - s u p p ] f e s )  
PlanL OperatJ.ng Expe . ses  28.1 

D e p r e c i a t ' o n  @ 5?. o f  f i x e d  i n v e s L m e . t  p e r  y e a r  4 . 0  
Local ~'axcs and Insurnace @ 3% of fixed investment per year 2.4 

Sub-Lo ta l  35. I 
C o n t i n g e n c i e s  (2% of  s u b - t o t a l )  0 .7 

TOTAL MANUFACTURING COST 35.8  
G/~S SELLING PRICE (BaSed o ,  20 -yea r  ave r age  r e v e ,  ue r eq t | i r eme | | t )  4 0 . 3  

11 I .  

u ~ - - i  p.l 

Z o 
0, o ~  
Pl 

r 

0 

1 Z . . |  
A 
• rn "<  

m 

0 

-.4 

o 

I ; I  

O 



TEE ~.~..W. KELLOGG COMPANY 
A DIVISIO~'~ O~" PULLMAN INCORPORATED 

J:;~;|[AMCH ,~ D[V[ I . : )PMi ;H" ; "  ~I[FARTMJ[N*~ 

PAGE ~0, 26 

28 REPORT ~0. 

IV. MANPOWER AND COST ESTIMATES 

Figure 6 shows ~he projected manpower breakdown for Phase I for 
1966 as w e l l  as t he  a c t u a l  e f f o r t  t hac  was made. I t  can be seen t h a t  
a 14.5 m a n - e r r o r =  was made d u r i n g  J a n u a r y .  

Figure 7 shows the expendi:ures during January. For the month 
$2~036 was e×pended, not including fee and G & A. The total expen- 
ditures through d~nuary were $339~532. Including fee and G & A the 
zoza] expenditures were $390;130. This is 65% 3f zhe encumbered funds. 
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