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The oslective of this contract with the CFiice of Coai Research is
to ceve.iop the Xeiiogg GasiTication Process to the point where it will
be ed'e, on a commercial scale, to convert ccei into pipeline gas at a
cost oF 57 /MSCF or hydrogen et 25¢/MSCF. Five raw materials are to
o¢ studiec -- an anthracite, ¢ high-voiztile bitumirous coal, a sub-
Dituminous zoa., a ltignite, and a char. Although Kellogg's experimentai
wiork wili not extend beyond the production of raw synthesis gas, the
overaii proiect must make enginearing evailuations for four ultimate -end
producis -- pipeiine gas, nydrogen, synthesis g¢as, and transport gas.
for the Kellocg Gasification Process is the reaction beiween
HEY 1 in a moiten sait bath to 7orm synthesis gas, &

n and carbon monoxide, according to the reaction:

-t

o]
"y

[CIR Y]

c + 2.0 + heat =——> &, + co
’ -t - -
{coai) (steam) . (synthesis gas)
neat of reac:ion is supplied by circuiating a heated
2¢diticn, the moiten sait mixture is chosen
on resction SO that 1t may be carried out at

ture. .o -

cde¢ into three phases oF study extending over
se I, wnich is now 1a progress, involves several

i. oSonca-scaie process research —-- to investigate melt properties,
recction kinetics, and the effect of process variables.

2. Chemicei engineering stucies anc develenment -- to determine
Tae Optimum process flowsheet and operating conditicns and
10 coordinate experiments! work with overall project objectives.

3. “echenical cdevelopment -~ to find acceptable materials of
construction and cevelop techniques for nandling the molten
s&it onc powdered coai.
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Thase 1 will be concluded by the design of a pilot plant to gasify 24
tons of coal per day,

Phase t1 will be devoted largely to the constructicn and operation of
a pilct plant to convert a variety of raw materials into vaw synthesis gas.
The effect of operating variables found to be significant in Phase | will
be investigated to obtain data for design of a commercial plant.

Phgze 11! will involve the detailed process design of a commeicial
nlant to oroduce 250 million standard cubic feet a day of product gas,
including cost estimates and projected economics for those areas of
the country that appsar to offer commercial possibilities.



THE M. w. XELLOGG COMPANY —/ AN PAGE NO. 4
A DIVISION OF PULLMAN INCORPORATED '\51‘53 o
REsLaARCH & CEVELENT~NT DEPARTMENT REPORT KO. 21
11. SUMMARY

This procress report is the twenty-first since the awarding of the
contract. 't is concerned with the first ohase of the contract and
summarizes the progress that has been mace in the three principal areacs
now Seing studied: obrocess research, chemical engineering stucdies, anc
mechanical development.

A casificaticn experiment at 10 atmospheres pressure, the highest
pressure tested since the program began, was completed successfuily
during the month. Other conditions included: a temperature of 17LOF,

& sunerficial gas veiocity of 0.5 ft/sec, 2 aguiescent melt cepth of 4
inches, and an initial carbon concentration in melt of 4%. Eight other
¢ata points are available at these conditions, except for the steam
rartial pressure, which rances from § to 55 ssia. Ten additional points
are available at 18L0°F and varving pressures. A plot of these data on
lcgarithnic coordinates showing gasification rate ccnstant versus steam
partial pressure yields twec straight lines {one for each temperature
level), which, it is felt, can be extrapclated confidentiv tc the 400-
psig region at which it is proposed to operate the process commerciaily.

Studies of the effect of melt depth in 2-inch ID and &4,25-inch 1D
reactors were continued. Two successful runs, at b-inch and 8-inch
depths, were made in the larger unit after several attempts Failed because
of heating problems. The measured gasification rate in the deep bed was
only helf that in the 3-inch bed, and it was concluded that the melt had
expanced out of the heated zone. !f so, the effect of bec depth is
confounded. -

The position of the 2-inch ID reactor in its furnace was varied in
several attempts to obtein 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, epparently levelling off at about 50% of the
value measured for the 3-inch depth. The decrease is probably caused by
poorer contacting in deep beds of small diameter. Unfortunateiy, beds
deeper than 8 inches cannct be tested in present equipment. (It should
be notaed that all bed cepths mentioned above refer to depth of quiescent
melt; as noted in Progress Report No. 20, the melt may expand as much as
three-fold under gasification conditions)
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The effect of superficial gas velocity on gasification rate was studied
I3 - 1 ; ° -
in the 2=inch iD reacter at 1740 F, 2 atmospheres, L-inch melt depth, 2.
ash melr, and 4% initial carbon concentration. The rate doubles as super-

“iciae!
at 2.0

. t
I Th2

A

velocity is raised from 0.5 to 1.5 ft/sec. It increases another [
ft/sec, but seems to be levelling off. Inefficient mixing &7 carbon-
melt at low velocities is proposed as the cause.

completa '"process nackage'!' is presented for the production of 250
million standard cubic feet of pipeline gas a day from bituminous coal.
The packege includes a process flowsheet, rrocess description, material
bailance. utilities summary, cipital cost estimate, and computation Of gas
procuction cost and selling price. Estimateu capital investment is about
IL0 miliion ¢ollars. Cas sel ‘ing price is shout 50¢/MSCF, based on $k4/ton
coz! and the CCR standard proczadure for calculating gas cost. The plent
250 produces abou:t 150 megawattis of electricity which is sold as a by-
procuct at 5 mills/kwh, yielding 2 credit of 7.6¢/MSCF of pipeline gas.

=

»
[

specific gesification rate constant of 2.3 hr=! was used in the
flewsheat design, resulting in a volumetric gasification rate of 21 pounds
¢ carton per hour par cubic foot of melt. This is compared in Table |
with recent experimentaliy-mezsured rates.

Unfortunately, no experiment has yet been made to completely simulate
cermareia!l conditions (nor is this pessibie in present_equipment). How-
ever, by using one experimental run {J-9814) as a base case and making the
n2cessary corrections using correlations derived from other experimental
data, one may conclude that the actual rate constant may be 5.9 hr.=1,
ahous 2 1/2 times the rate used in design. -This calculation assumes that
+he correction factors are well defined and that the corrections are addi-
tive, both of which require further investigation. The effect of gasifi-
carion rates hoth higher and lower than that used in the design will be
cdiscussed next menth. -

Oxication Test #3, a long-term corrosion test under simulated combustor con-

ditiens, was interrupted after 846 hours by a furnace failure. Monofrax A
and Inconel 600 have both shown excellent corrosion resistance. The test
wiil be resumed ac soon as possible and continued to 10CC hours. .

% series of tests wess conducted in the 4 1/4%-inch ID reactor to measure
hed awponsion as a function of superficial wvelocity, gzs compositicn, carbon
corcent-ation, ash concentration, and continuous coal fw:eding Superficial
cas velocity is & majer factor, with melt depth a'most doubling as velocity
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is increased Trom 0 to 1.0 ft/sec. Gas composition shows & t=-ond-order
effect, with exnansion cecreasing sligh:ly as Nj, CG?, and steam are v, 4

as tne fluidizing medium. Carbor corcentration has Tittle effect
lisrivm Sec expanzion, and the effec. of ash concentration is not
Zed expansion with continuous coal feedingc and gasifization using
“icial gas velccity of 1.0 Tt/sec is abou: i0C%, the same as when
this suoerficial velocity in the absence of gasification.

on ecui=
clear.
a super-
using
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TABLE 1

COMPARISON OF GASIFICATION RATE USED

FLOWSHEET DESIGN

WITH EXPERIMENTAL RESULTS

Flowshe=t
Parameter Desian
Indepandent Variables::
Feed material . Bitur.- .ous coal
Cesifier temperature, F 1830
Avg. steam pariial pressure,
psia 250
Ash corncentration in melt, % 8
Carbon corcentreticn in melt, % L
Avg. sunerticial gas velocity,
“t/sec 0.9
Bed denth 15
Szecific rate constant, Kk, hr. -1 2.3

Experimental

(Run_J-981%4)

Bituminous coal

1830

Cor-=ctions to experimental rate to match flowsheet operating conditions:

Parameter

Increase avg. steam pressure to
25C psia {(Figure 1)

incriese ash concentraticn *o &%
(Revort No. 15, Figure 35)

Increase superficial velocity to
0.9 fi/sec (Ficure 3}

increase bed depth t¢ 15 feer
(Fiaure 2)

constant, k, hr.~!

N o
e
2%

Ccrrection Factor

X4.2
X 1.8

X 1.2
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~cco—nlishrments

Three major arees of concern have been the effect of decreasing
soeci®iz casificetion rate constant with increasinc bed height, and
the e’“ect of pressure and superficial ve ~cizy on the rate constant.
'l is beliavec that the resuits this month arswer these questions to
2 much higher Jdeg-ee than was oreviously possible. The run results
are sym—zrizecd in Teble I,

Firsz, the effect 0f pressure has been determined o i atmos-
cheres absolite for tne First time (run 2995). This run was made at
(750 F with naximum steam ges2ration and condensation capacity at

C.5 f:/sec superficial veiczity using 2 4-inch bed of sodium carbonate
and 37 carbon from bituminous ecke IV. A :zrand new lncone! resctor,
which ~an very smeothly and cave no operational difficuities was
smpiovyec,

The kinetic rate constant fcr this run and 2!l the other pressure
-uns 2t 2.5 Fi/sec, L-inch bed heicht, and 1740°F have been plotted in
Tleure 1. !: appeers that a iinear relationship bpest describes the
cet2 from 10 osia sin2~ pressure and un. For convenience, the cocrdinate
cr the righi sicde ¢ives gounds of carbon - .ified per hour per cubic
Frot 0f -elr charged at a concentration of 4% carbor in the bed. Data
fc- T80T, with 217 other comcitione identicel, are presented alsc.
Thus,. & reasonable extrapolation to the disired commercial pressure
e <00 »sie cer now be made.

In conneczion with the study of Sed height, two runc were success-
Fully performec in he L.25-inch reactor of the Meshanical Engineering
Pivision (J=5587 and 9288). These runs were made at two bed heights,
L arc 8 inches, using !17%C°F, 1.0 f:/sec superficial velocity, atmos-
pheric pressure, 2/ ash in the melt, and 1% initial carbon from Coxe V.
The rate constant &t the iow bed height was 1.38, abour 22% better than




I TABLE 11 .

GASTFLEATION OF RITURIZONS COKE V1 HOLTEN somion carponate (1)
Ran fo. d- O O LT M oL 0 T 01 M | I I O N e (0 N AL N L MoV Lo
Dare - 1966 T dgn T/ s | el s 1o h il |z | ANV R , iU
Food T T e T T Toka V| .'f'fﬁf',,: S _,‘>_:<v,_m Cake T4 -7y 7 } éi”
7/ Toral Carhon 03,2 93.2 1 gz
Yo Val, Matter 0,6 0.6 I
 Ash h.2 G.2 oo
vy, charged 33 19 176 18 28,5 .3 38 13 19 16 19 h: gﬁ
mesh size TP 12720 I N T > coLE
HapC0 g guis M| nos.7 1900} 1% o} 603.6] 30h.3 | 812.0 ! hos.y| wos. gl nos.y | r (0
Ash = gus 16.6| 8.3 12.7] 6.4} 16,61 8.3] 8.3 8.3 0 . ;e
Zin melt 2 2 2 2 2 2 2 2 2 2 0 o B
S C inwell init. h I I Iy h I 4 h 4 h A 5 %0
fod Height - in. 8 A 8 h 6 3 8 2 [ A ! s &%
—— . . - - - - e . e en v P PIIETSRY O e = b’ R
'ondmons NN NS FRTRURN S l [TV ST PRI RSN MUNUUTU [N SonE
Temp, - r 1 740 17h0 17h0 1736 170 17h0 1732 1740 1740 11727 1740 ; - 7
Pressure - psia 46,01 Wh.7 4.7 W, 71 05,2 bh.s s, 21 W5, 51 h5.2] b5.6 | Vh9.7 i
Steam Pres.-psia 40 i 39.6 12,4 13.21 ho. | 10,2 1,01 40,1 39,71 10.3 132.6 j
Gas in Steam \__-- e o IR Sl P . > 3
Ft/sec Stm. & Gas 1.02 1.0 1,07 1.0} 1.0% 1,03 1.03 1.5 05F 2.0 0.51 |
Minutes to 0% CO | 4o | 30 ~e-t 65135 | 25 w5 | 20 | ks o) 28 25 |
Total Run-min, L5 35 85 75 35 35 50 25 :
cc K0 in/hr N73 {16s 1756 aeko  ai7s 73 (178 pzsd |siz |16 1886 i
cc Hy in/min 2268 [3108 3668 3985 2900 2600  |2h68  h870  [i351 500 5050 ]
esulgs N SNSRI USRI DI RN SRR SRR DS DU N SR |
Total % C toCoxides 99 97 929 100 97 100 101 92 |00 92 100
Gasif. Rate Constants ! .
Basis Input 1.68 2.00 0.69 1.38 1.83 2,40 1.3 2.69] 154 2.54 1.80 ; - =
Basis Output 1,700 2.1 0,69 1.38] 1,94 2.h40 1,29, 3.161 1571 3.05 1,80 y 2 m
Rate-1bs,C/hr/CF ! - -4
a % € in bed 20,1 ) 25.3¢{ 8.1} 16.3]22.9] 28.3 | 15.2} 37.3 | 18.5{ 36.0 | 21.2 s
Salt Carryover-gns A 12.3 6,4 8.1 L./ 13.8 L4 15,7 6.3] 7. 2,2 i
Hotes (2) | (2) | W | (| (2) (3) | (2 | (2 {(2(s5) | {(2) ’
e ! 7 N 0
(1} lIsland Creed #27 bituminous coal coked at 950°C (cokes 1V and V); 2-inch 1D Inconel reactor except -
.95 9987 and 9988; coke charged in nitrogen atmosphere at 0.05-0.1 ft/scc,
(2} Thrae and four-inch beds had reaclor Lottom 8 inches from bottom of furnace; six-inch bed was 5.5
i-~hes from bottom, eight-Inch bed was 2 Inches from bottom. !

(3) Bottom of rcactor was 8 inches from bottom of furnace,
() Runs made in %#.26-inch diameter reactor by Mech, Eng Division.
5) Rate constant corrected from 1710°F (for First 15 min,) to 1740°F glves 3.5.
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rate results from almost equivalent runs in the 2-inch dismeter reactor.
Unfortunetely, the rate constant for the high bed was 0.69, half the
above value; despite twice tha quantity of carbon available, only the
same amcunt reacted as in the low bed. Basad upon expansion studies,
cescribed in last month's summary, the 8-inch bed during gasification
would have erceeded the heating zone of the furnace. Consequently,
isgthermal conditions hardly could have prevailed, and the poor raze
shows 1t.

'n order to eliminate the effect of temperature on reaction rate

as different bed helights, the position of the 2~inch diameter reactor

in the “urnace was varied, thus attempting to obtain similar temperature
srofiles. Temperatures for two runs at 3- and b-inch bed heights showed
icentical rising orotiles. Thermocouples above tre molten salt were
reading 70°F higher than the moiten salt. The reaction ratas and operat-
ina conditions for these runs are given in Figure 2 and Table I

{2-9935, 9986, 9932, 9990).

The effect of increasing bed height, at least from 3 to 6 inches,
was & !9, loss in rate constant for runs in the 2-inch diameter Inconel
reacto-, The run at S-inch bed height expanded during gasificatien
beyond the isothermzl zone of the furnace despite having the reactor
2t its lowest possible position. Thus this point (k = 1.7) was ignored
in drawing the curve for Figure 2. -

4 ce=liberate expansion of a bed out of the Kanthal furnace was
racde with an S-inch bed placed at the usual position for @ 3 or 4 inch
ted (J-9921), thereby raising the bottom of the reactor 8 inches above
the bottem of the furnace. Gasification showed a LO% drop in rate con-
stant “rom the result for a &-inch bed under identical conditions. This,
of course, adds further weight to the conciusion that this system cannot
t an 5-inch bed without temperature effects. Thus, bed heights of
nchezs and hicher must be tested in larger furnace and reactor equip-

It can be concluded that bed height has a significant effect on
reaction rate in the Z-inch diameter reactor. This effect is most
orobanly cue to decreasing efficiency of contact between steam and car-
ton with ‘ncreasing bed height. 1t is suspected that carbon distribution
is at fault.
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The next phase of the work considered the effect of superficial

gas veloccity on the rate of gasification. Up to now tests above | ft/sec
have always plugged. With the new technique of introducing the carbona-
ceous solid into the melt with only nitrogen flowing, devolatilizing for
5 or 10 minutes, then gasifying with steam, runs can be made at higher
velocities without the plugging comp!ications previously experienced.
Runs have been made, as shown in Figure 2, from 0.5 to 2 ft/sec super-
“icial velocity. The run at 2 ft/sec taxed the heat duty of the Kanthal
furnace, &s well 2s the steam generating anc condensing capacity of

the unit. Temperature during the first fifteen minutes was 1710 F and

by a previcus correietion the measured rete censtant was corrected to
17R0°F,  Increasing rate of gasification with increasing velocity strongly
indicetes that contacting or steam and carkon is the principal probiem.

t does appear that very little in rate is to be gained by velocities
zbove 1.8 ft/sec. Thus far it azppears that distribution of carbon in

the molten salt using the 2-inch diameter reactor is the main problem.

It is expectec that this problem will be diminished in larger diameter
TEACLOrS.

A
of interest to point out that salt carryover was lower in the

nch reactor setup than in the 2-inch reactor. Also, during gasi-
atzion at 10 atmospheres pressure and nc ash in the melt, the lowest
t carryover ever recorced was obtained, namely 2.2 grams.

Proiections

Gasification studies to define effects of carbon concentration,
feedstock, particle size, and ash concentration have to bz mede. Return
0 corbustion stucies, especially under pressure, is contemplated.

-
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1V, CHEMICAL ENGINEERING STUDIES AND DEVELOPMENTY

Accomplishments

A complete ''process package'' has beern developed for the production
o7 25C million standard cubic feet of pipeline gas a day from bituminous
coal vsine <ha Kellogg Molten Salt Gasification Process. The package
includes 2 process flowsheet illustrating the conceptual design of the
plant, 2 capital cost estimate, 2 computation of gas production cost and
se!ling price, a material balance, a utilities summary, and a tabulation
of bases snd assumptions incorporated in the design. These elements
are nresented in the following sections.

1. Process Description

The process Tlowsheet for a plant capable of producing
250,000,000 SCFD of pipeiine gas from bituminous coal is pre-
sented as Ficure 4. Flow rates and compositions of the various
numtcered streams on Figure & are shown in Tabie Il1. In addi-
tion, & section-by-section material balance is given in Table
V. A brief description of the flowsheet follows.

a. Section 1GU - Coal Storace and Preparation

Juring eight hours each cay, coal is received by truck
or conveyor belt from an adjacent coal mine gt the rate of
1850 tons per hour. The raw coal travels by belt conveyor
to & coal distributing <enter, where about 550 tons per
hour is dispatched for immediate use and the remainder is
conveyed to the sterage area.

shut conveyor. These piles contain enough ceoal to
oermit the plant to operate for 30 days at normal capa-
city in the event the coat supply is cut off.

Coal is distributed to several storage piles by a
tie

During the 16 hours each day that the mine is neot
operating, coal is reclaimed from a ready storage pile
for use in the process.
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foel From stcrage fiows by belt conveyor to a
Sradford Breaker. where it is reduced in size to about
minus 2 inch. This coa! is then fed to four parallel
hammermills designed to recuce the coai particle size
to minus 12 mesh. The crushed coal travels by conveyor
belt to three parallel coa! storage bunkers, from which
it is carried by conveyor belt to Section 203,

5. Sections 200 and 60C - Gasification and Ash Removal

Bituminous coal from storage, ground to aprroximately
-12 mesh in Section 10C, is fed to a set of ‘ock hoppers,
F-201, 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 415 psia. Each of the
lock hoppers operates on & 30-minute cycle comprising
the following steps:

(1) Filling with ccal! at atmcspheric pressure

(2) Pressurizing to about 450 psia with synthesis gas
or product gas

(3) Discharging the coa! into the steam line

(L) De-pressurizing

The lock hopper system is desigred so that while one hop-
per is beinmc filled and oressurized. the other is dis-
charaing coal into the process stream. This provides e
cont inuous flow of coal to the casifier.

Coal from F-20! a & + flows by gravity at the rate of
1,100.C00C pounds per hour into & steam line where it is
mixed with L£2C psia steam superheaied to 1000°F in pre-
heater £-201. The amount of steam used as & carrier gas,
is such that the coal will nct be heated above abcut 500 F,
thus preventing the coal from becoming plastic ard sticky
in the lines. Anothe- stream of this 1000°F steam is used
to pick up a recycle ctream of NaHCO3-NaZC03 from lock
heoppers F-202 @ & b. The two solids-containing steam
streams then flow to the gasificazion section cf gasifier-’
combustor D-201 togcether with the remainder of the 1006 F
steam. The total steam fed to the gasifier is 1,000,000
pounds per hour. O0f tnis, ©20,600 pounds per hour is
cenerated in waste heat boilers C-204, €-206, C-207 and
72.500 pounds per hour is generated in waste heat boilers
in other sections of the olant.
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In the gasifier, the steam and coal are heated to
1830°F by intimate contact with melt (a mixture of
molten sodium carbonate, coal ash, and coal) and react
according to the following reactions to produce systhesis

gas.
C+H 00— CO+ Hy (1
€O + 30 Zm—== (O + Hy (2)
C + 2Hp ———= CHy (3)
CO + 3Hp=——===> CHy + H,0 (L&)
CmHn ——————2=CHy, + K, + C (5)

The raw synthesis gas leaves the melt at about 1830°F
and 0% psia and flows through separator G-201 designed
t¢ remove entrained coal particles and meit droplets.
The gas is then cooled to 700°F in exchangers C-201,

2-203 and C-20: and leaves the gasification sectlon at
the rate of 118,105 moles per hour.

The primary gasification reaction (reaction 1) is
hichly endothermic; the required heat of reaction is
supplied as sensible heat of circulated melt. In the
version shown in Figure 1, the gasifier-combustor is
divided inio two sections by a vertical wall which is
perforated below the liquid level. PRy pPoper choice
o< gas velecity, a cifference in degree of aeration
of the melt in the two sections is induced. This
causes meit to zirculate from the synthesis gas section,
where it provides the reaction heat, to the heating
or combustion section. In this latter section heat
is added to the melt by direct contact with hot com~
bustion gases. ~

The flue gases which supply heat to the combustion
section of the gasifier-combustor are generated by
combustion of coal with air. Air for this purpose is
compressed a2t the rate of 4,285,200 pounds per hcur to
L20 psia in compressor J- 201 ard is przheated ro 1500°F
in exchangers £-202 and C-20%3, Combustion occurs in
direct contact with the melt, transferring heat to the
reacting system efficiently,
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The hot flue gases leave the bed at about 220C°F

and 405 psia and pass through szparator G-202 to remocve
entrained coal and melt. The ges then flows through .
exchangers (-206 and C-202 where it is cooled to 1500°F.
This stream is expanced to substentially atmosghere
pressure in J-202, which provides all the power required
for air compression plus zn additional 76,800 kw of
electricity in generator [-204. Expanded flue gae at

15°F and about 18 psia is cooled tc 180°F in exchangers
€-207, C-208, and C-209 and is vented 0 the atmosphere
at the rate of 4,655,300 pounds per hour.

The ash left in the melt by the combusticn and aasi-
ficacion of the coal! is aliowed to build up te a ievel
cf 8 weight percent. A slipstream of the ash - carbon -
Na,C03 mixturs is continuously withdrawn from 0-2C1 aud
flows to E-601, where it is cuenched to Ll F with a
portion of a recycle solution saturated with NaHCO3 at
1C0 F. Solid me!t particles in the resulting slurry are
ground in L-503 to faciiitate dissolution of the melt
stream. The remainder of the recycie NeHC03 stream is
then mixed with this slurry, cooling the mixture to
228°F. This stream is then flashed to 16.! osia in
F-501, where sufficient holding time is crovided to
dissolve the ha;C03.  The bottoms slurry-from F-501
is filtered in L-601 to separate the ash and carbon
{and some undissoived Nazcoq) from the solution. This
resicue is sent to cisposal?

The filtrate from L-60! is pumped up to 30 psic in
J-502 and is fed to carbonalion tower E-602. |In this
tower the Na,l03 is reacted with C0p from the gas puri-
fication system according to reaction (6).

NayC03 + CD, + Hpy0—=2NaHCO; {6)

Overtead gas from the tower at 200°F is cooied to 95'F

in C-601 to condense water, & portion of it is purged

to remove the impurities brought in with the CO, stream,
anc the remainder is recvcled through J-5C4 to the tower.
Fresh €0 is added to the tower at the rate of 16,296
moles per hour.
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The operating temperature at the bottom of E-602 is
109°F. At this temperature the N HC3, (along with some
ash) is precipitated. The resultiag Slurry is filtered
in =692, the NJHCO; soiution being pumped up to L0O psia
and recycled to E-80i. The filter residue (NaHLO:) is
dried by her gases flowing through the drying hcod and is
returned to lcck hoppers F=202 a3 & b to be recycled to
the gasifier-combustor.

Because of the large volumes of gases processed,
Sections 200 and 600 consist ¢f nine parallel trains of

operating equipment.

c. Secticon 300 - Shifr Conversion

Synthesis gas leaves Section 200 at the rate of 118,105
moles per hour and flows to Section 300, where about 68
percent of it is Ted to shi¥t converter D-30!, Eoiler
feed water a2t 200 F is fed between beds of catalvst at
the rete of 146,98C sounds per hour to absorb the heat
of reaction. The remzinder cf the synthesis gas is by-
pasced and is combined with the shift effluent. This
stream, at 735 F and having a H2/C0 ratio of about 3.15/1
{in preparation for methane synthesis}, is cooled to
255 F in exchangers C-301, C-302, znd £-303. Condensed
water is separated from the gas in F-302, and the gas is
further cooled to 100 F in C-Z3i4. The gas then Tlows
to scrubbar E-301, where the ga2s 1s countercurrently
scrubbed with clear water to remove trace amounts of
ammonia which might be present.

-

Secticen 300 is ¢zsinnad as fise parallel operating
units.

¢. Section 400 - f4s Purification

The gas purification section is desianed to reduce
the C0, concentration in the shifted synthesis gas to
1.0 mole percent and to reduce the total sulfur concen-
tration to about 0.004 grains/100 SCF of gas. The puri-
fication sequence consists of the "Fluor Solvent CO2
Removal Process' for (0, and bulk sulfur
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removal, follewed by sponge i-on iiron oxice} and
activated carbon for residual H,5 end organic sulfur
removal, respectively. All organic sulfur is assumed
to be carbony! sul<ide {COS). The selectior of the
Fluor process for use here was bssed uporn an economic

comparison with varicus alternate schemes. The quan-
:?:a:ive(results of this comparison were reported
earlier

The shifEed synthesis gas from Section 300 i3
ccoled to 35 F in exchangers C-401, C-402 and C-403.
Hydrate and ice formation is prevented by injection
of l¢an etnylene glycol into the gas. The giyceol is
subsequerntly separated frem the ges in F-502. The
chiiled gas i1s then fecd to absorbter E-4L01, where itz
is countercurrantiy contacred with lean Fluc+ solvent.
Rich solvent leaving the bottom of E-LO1 is cassed ‘
shrouch @ 2Jower reccvery turbine on J-%02 to a 20
osie Flash drum, F-401, for partia! cdesorption of
gases., This is foilowed by a vacuum flash at 3 psie
fcr comolete regeneration of the sclvent. Lean
solvent Trom the vacuum Tlash step is recircuiated to
£-501 throuch J-401. Intermediate flash gas is exchangeu
against feed gas in £-L02 and is combined with the
final flash cas after this gas is compressed from 3
osiy to 20 osia in J-4C2. About 60 percent of the
flashed nases is purged from the system; the remainder
of the gas ‘s compressec to 10 psia in J-422 and flows tc
Section 600,

Clean synthesis gas leaves the absorber et 25°F and
is heaved tu B0'F against feed gas in C-LOi. At this
point the gas contains i.0 percent CO,, & grains HS/i00 SCF,
and 2.2 grains CO0S/1CC SCF, and is next treated for remova!
of residual EoS. The gas is contacted with fineiy divided
iron oxice supported on wood chips, commonly called ''sporce
iron', which removes 55 practically quantitatively by tne
classic iron oxide reaction, as follows:

) Progress Report No. 6, Contract 14-01-00C1-380, January 3i, 1965, P, 3..
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Fep03 + 6Hy0 + 3HaS——>= FepSs - 6Hy0 + 3H,0 7

Periodically, the sponge iron is revivified with air to
carry out the following reaction:

FepS3 - 6Hy0 + 1 1/2055-Fe, 03 * 6Hy0 + 38 (8)

The sulfur s deposited in the amorphous form aroung
the spouge 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-
tains four parallel iron oxide drums, D-401 a-d, fol-~
lowed oy an iron oxide guard chamber D-40C2.

Synthesis gas leaving the iron oxide drums is finally
treated for COS remove'! by adsorption on fixed beds of
activated carbon, D-kG2 a-c. The activated carbon drums
are arranged in ten paraliel trains, each train consisting
of three drums which are manifolded for cyclic operation.
Typizally, for each trein, gas flows through two vessels
in series for twelve hours while the third is being regene-
rated with steam. During thic period any COS JTezkage from
the first drum is retained in the second. t the end of
the period the first drum in line is taken off stream for
regeneraticn, the second drum is moved inmto first position,
and the freshly regenerated drum is placed into second
ons +ion, This cycle is repeated every twelve hours.

Th= purified gas, containing about 1.0 percent CO
ar? an zverage of about 0.00% grains total suifur per
100 SCF, proceeds to Section 500.

e, Section 500 -~ Methane S:nthesis

In this section the purified synthexzis gas is cata-
lytically converted to methane as Tollows:

CO + 3Hy—=CHp, + Hy0 + heat (4) .

The methanation scheme selected for use here is the .
Hot~Gas-Recycle System developed by the Bureau of Mines.
The basis of this selection wasan economic comparison
with the other possible mathanation systems, the results
of which were previously reported, (2)

(2) Progresc keport No. 11, Contract No. 14-01-0001-380, June 30, 1965,
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Gas from Section 400 at 80'F and 30 psia is
preheated tc 400 F in €-501. Ta!s stream is then
mixed with recvcle gas at 583 F zrd flows downward
through iron catalyst reactor D-501. Each reacror
contains four bYeds of iron catalyst in the form of
lathe turnings, witk i~ternal cooling coils located
between beds. /s the gas flows througk the reactors,
heat of reaction is remcved by generating steam in
the coils of waste Yeat boilers C-502, 2-503 and C-504.

Reactor effluent at 626 F is split into three
streams; a hot recycle stream, a cold recycle stream,
and a net reacter effluent. The ccld rezycle stream
s cuoled in exchangers C-505, C-512 and C-506 to
150 F and is separated from entrained condensate in
£-503. The cold recycle is compressed by J-502, pre-
heated to 410°F in C- ~£05, and mixed with the hot
recycle stream. Total recycle gas at a mix tempera-
ture of 573°F is compressed by J-501 and returned to
the reac:or inlets.

Net effluent from D-591, containing an appreciable
quantity of hydrocarbons heavier than methane, flows
to nickel catalyst reactor D-502, where the heavy
hycrocarbons are cracked and the methanation reaction
ic completed. This reactor is physically separated
into three sections, with each section containing an
equs! volume of Raney n :zkel catalyst. Externa!
coolers C-5C7, C-508 and C-509 are provided between
sections to remove tH heat of reaction which is used
to generate steam. J-502 is also designed fcr -ecycle
operation with the -otal recycle gas being fed to the
top bed. Feed to the reactors issplit into three
streams which ar2z fed to each of the three reactor
sections.

Net product from D-502 is cooled to 193'F bv heat
exchange with fresh feed in C-501, further cooled to
100 F in C-510, and is separated From condensate in
F-5CL. The gas is then compressed to 1015 psia in
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J-506, cooled to 100°F in C-511, and deiivered to F-505,
where entrained cendensate is separated and purged from
the system. Final product gas with a heating value of
914 BTU/SCF flows from F-~505 to the gas mains at 1000
psia and 100°F at the rate of 250,000,000 SCFD.

Section 500 employs five parallel operating trains
of scuipment, as indicated on Figure &.

7. Section 1100 - Offsite Facilities

Section 1100 (not shown on Figure 1) includes faci-
Tities for:

(1) generating steam and eiectric power

(2) supplying cooling water, process water and
boiler feed water

(3) providing miscellanecus services necessary
to maxe this a completely self-sufficient
plant

Steam generation facilities comsist soleiy of a
start-up boiler capable of producing 375,000 pounds
per houroof 420 psia steam at 1000°F and 125,000 pounds
per hour of 420 psia, saturated steam. Once the plant
is in Tull operation, encugh steam is generated by
waste heat in the process tc 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 4160, LLO and 110 volts.

A complete utilities summary is included as Table V.

Economics

The cost of producing 250,000,000 SCFD of pipeline gas from

(3)

OCR Tentative Standard for Cost Estimating of Investor-Owned

Plants for Prcducing Pipeline Gas from Coal, June 4, 1965.

bituminous coal according to the process sequence just described
is zalculaeted in Tables VI and Vil, assuming 90 percent stream

efficiency. The procedure used is in accordance with OCR's
tentative standard for cost estimating of pipelinea gas plants.

(3)
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Estimated capital investment is summarized in Table VI,
Shift catalyst ard activated carbon are included in fixed
investment because they have very long lifetimes. Total
caoital investment is about $140,C00,000.

Estimated operating expenses and gas salling price are
shown in Table VIlI. Bituminous coal is charged at S4 per
tor. Tota! operating expense ic calculated to be 41.6€¢/MSCF,
and gas selling price, bzsed on a 20-year average return on

!

equity capital of about S.4 percent, is 50.3¢/MSCF.

It should be noted here that a credit of 7.6¢/MSCF is
taken in the economics fur the excess power produced by the
naste heat (steam) available from the process. !t seems
entirely logical to treat the plant as an eneray certer,
cupplying an area not only with pipeline gas but with
2 nortion of its electric power needs as well. Credit is
taken for the available power at 5 mills/kwh, the cost of
oroducing it in a conventiona! 160-megawatt power plant
burning coalat $4 per ton.

3. Desion Bases and Assumptions

It is the purpose of this secrion to point out the imporc-
ant design bases and assumptions wnich are inherent in Sections
200 and 500 shown in Figure 4.

Calculated economics for the process are based on the
premise that the gasification and ash remova! steps can be
ca-riad out as shown on Figure 4, althougk these two opera-
tions have not as yet been demonstrated on a fully integrated
basis at flowsheet conditions. It has yet to be_proven, for
examole, that the gasifiers can operate at the proposed gasi-
fication and combustion rates (kgas., = 2.3 #C gasified/hr - #C
inrelt = 21,2 #C gasifiec/hr - LF melt; kcomb, = 1-2 #C
burned/hr - #C in hed = 11.6 #C burned/hr - CF melt) at 400
psia, a 2/1 steam/carben ratio, and with melt heights of !5
fee:. n addition, & number of other assumptions had to be
made in preparing this design. Sriefly, the most important
of these are as follows:
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(1) Adequate heat transfer from gas to melt in com-
bustor;

(2) Adequate melt circulation from combustor to
gasifier in order to transfer the required heat;

(3) Separators will remove entrained melt to a point
where the flue gas expander can operate and where no solids
will deposit on downstream surfaces;

(4) satisfactory materials of construction;

(5) Ccmplete combustion of coal to €0, in combustor;

{6) A1l oxygen in gasification coal combines with
hydrogen; :

(7) A1l excess hydrogen ir gasification coal goes
to methane;

(8) Water-gas-shift equilibrium in gasifiers;

(2} Nag €03 losses at 2.4 percent per pass.

3. Projections
1. Pipeline Gas
A similar process package for pipeline gas from subbitumi-
nous coal will be completed. The effect of further variations

- in design bases and assumptions (in addition“to those reported
last month) will be studied.

2. ‘Hvdrogen

A conceptual design of a plant to produce 250 MM SCFD of
hydrogen from bituminous coal will be started. Desired pro-
duct gas characteristiczs were presented in the first monthly
progress report under this project. Subsequent :study showed(h),
however, that product gas cost can be reduced by 10-15% if a
higrer concentration of methane plus nitrogen (5% rather than
1%2) s tolerakle. Since these componants will be inert for
many hydrogen end uses the relaxed specification will be
accepted as the objective of the present study. A complete
product gas specification is presented Lelow:

(%) Progress Report No. 5, Contract 14-01-0001-380, January 31, 1965,
P. oA,
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Quantity, SCFQ 250,000,000
Temperature, F 100
Pressure, .sig 500
Cemposition:
SHY + N ~ 5
CC + {0y 10 opm max.
S compounds I ppm max.

A complete orocess packace for hydrocgen procduction is the
ultimate coa! of this effort.
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! ¢ %
R i SLYCOL TO
i REGENERATION
1
! 4
i
i 20 PSIA |
- — !_1 J- %92 *
] €O, BLOWER
|
| el . ]
125775 MPH PURGE
l C B 15,379 MPH
} O
5
i =
i
I J-403
:coz Bowss | 0 FS'A
| 2360 BHP
| D-402 D-40l,0-d
. ! IRON OXIDE IRON CXIDE DRUMS
! GUARD CHAMBER 12-0"¢$x15-0"
- - 12-0"x15’-0" 1130 CF IRON OXIDE
130 CF 1RON OXIDE PER VESSEL
' PER YESSS. 4 VESSELS PER TRAIN _
I <
leL O 3 —-— B
 WASTE GAS _ } A I } I Z‘—T

o
—
v
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0 e | 22€
C-601 Y

CONDENSER E

498 MM BTU/HR

SURGE { . £-g02 :

, 2,016 MPH 200 A ARIONATION TOWER - i
y (0~ 6% 80 " PROCESS WATER
» : FROM F-302 L

950F 30 Pml 163,000 LB/HR g

30,020 MPX F-602 . 265°F AHOLDIE:

i K0, DRUM PROCESS WATER 10-g"7
i g8-6'¢x2a-ad ROM C-51 B
i ¥ aidaze LB mR 7 " :
H 2

/ S LB/HR ASH FILTER 3

| —_— 270 FT* %

\ s

J-604 g

RECYCLE BLOWER —_— Je

2,260 BHP —

\q Pl

] S
13es 3

LB/HR A

= = ASH  56,10G

c 35,800 by

/ Ne2CO» 18,900 Ne,CC3

b Ha0 2,840 NeHCC

. | 100°8 115,630 H0
b0.396 MPH 1

- — 447993 LB/HR ¥

' =

‘ Hz0 M=

SECTION 100: | 31,700 LB/HR : ;

[ i

COAL STCRAGE i L-602 | =

AND SALT FILTER (WITH DRYING HOODY | |
PREPARATION | | 2,970 FT2 | e

= ' : - |

| Q P2

i +

1 J-603 i

l 1’ PUMP ' :':

i 320G BHP v

H ! LB/HR ; -

| NeHC03i,220,324 | 2

! ASH 15,500 I k!

L ' 1,235,824 | =

________ —-7 \l

| Ne,COx MAKE-UP PG

[ 18,900 LB/HR I

RUN OF MINE BITUMINOUS COAL u ! '
1,100,000 LB/HR ! I
H.H.V.=13,990 BTU/LB | %
MOISTURE= 2.4% ! Poor

. PROXIMATE ANALYSIS ULTIMATE ANALYSIS (DRY} | : | 3
WT.% WT.% : SECTION 600: ASH REMOVAL i

M0 2.4 c 79.4 ' |

2o o i 83 l (9 PARALLEL TRAINS), &

FC  53.5 9 1.2 1

ASH 5.1 %o L3 —e Pk

T00.0 H___ 52 .~ 1000 | T

'I.Anc(;:: 10Gon #-3 l“! i G l / .
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MCKEL CATALYST &

-‘ ‘ [ REACTOR
—— — Pt 5:. O"¢XI9'—O"
8oF : 5C CF CATALVST
22 ~— 6.1 PSIA ] (ZJF?ESFV‘;?%E:T;S
0 |
! 40(
STEAn ﬁxj
| 258000 3/HR  00°F gFw PSO°F STEAM
§ 265,000 .8/1° 1,304,700 LB/HR
—_— ] B.D.
—_ ; 8.00¢C v_a,‘ﬂ’i 1 1 8.0
F-601 -,
OLDING TANK|  — . ‘ ( 42C PSiA 40,300 LE/HR
Q) - (-] >
N-0"gx3-0Y _210°F _ { =50z f29°F U coso7
o Y 420 P5IA
— J STEAM DRUM | waSTE HEAT - 449°F
-/ 4-0"@x16-0" | * BOILER___ | ahe2 e '
] 735 MM BTU/HR ’
325 Psia c-508 ST
! ° - <
g | LB/HR ) S62°F u-505 z |
RECYCLE WASTE HEAT - :
J-601  ngLOy  BIZF0O l COMBRESSOR BOILER —1~ :
PUMP  MeHCOs 453290 | P 2,080 BHP w‘ras MM BTU/HR] ki
90 BrnR  ASH rl SOO . :
c 35,800 3
RO 4,053.250 : Y :
5,426,240 | R P J-503¢
! 1 ¢-509 — PUMP
LB/HR ; 305 PSIA e . 875°F 30? Bd
9,100 ‘ 550°F w;\sag Lré%n ‘ 1
478,000 I 73.5 MM BTL/HR —— 4
4 070,000 i 325 PSIA i
4,557,100 J-504 - 3 550°F B
,557, i J-502 305 PSIA i
PUMP :
N 60 BHP 31,843 MPH )} 5
[l_ 32,896 MPH 3
of ;5
| . 100 400°F ;
{ 1010 PS1A C-501 _-\}
PRODUCT GAS 3
l 27,505 MPH 184 msg‘_f@}gg GAS FROM D- 403 ¥
| 250 ,000,000 SCFD 3
; H.H.V= 9! BTU/SCF 193°F f
g
‘ 300 PSIA 3
1 S C"5|0 :g
' F-505 c-Sif COOLER
| KO DRUM AFTERCOOLER 65 MM ETWHR i
L o"eX 70" 68 MM BTU/HR
: 3-0 ¢X7 ° J=-506 tOOOF ﬁ
PRODUCT GOMPRESS B
| Hp0 23,050 BHP F-504 ;
| 2 0. g
: 1,106 LB/HR 4._'8.%)32.‘;’3‘.. £
3
! r
I Hg0 =
| 96,030 LB/HR :
I i
' ;
SECTION 500: METHANE SYNTHESIS (52
i 3
) 1 ?-‘:~
L ; b
1 i

I
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‘. 558°F 4/0%F(T, /T\I84 MM BTU/HR 540 psiai &/ g
g 1 BO°F 1 WASTE GAS B
\ 93°F+ ‘ 57,609 LB/HR
550°F | !
GAS FROM D-502 | -
£00°F_  BFy | <
345,000 LB/HR — \ !
AM b5 !
LB IRON CATALYST 341PS1A |
. REACTOR 583°F
13-0"gx72-C" | /
17,500 CF |
CATALYST PER / A
VESSEL) c-502 N son [ *
| . > - <
_41?,’:3’_‘ ------ d s RECYCLE CCMPRESSOR ; !
P 37! MM BTU/HR l _,
bt | s c-503
sTEAMDRUM [ | T DlWasTe wear i stEAM
7-G 38X 21'-0 i | 57,600 LB/HR  p.
371 MM BTU/HR i ACTIVATE*
c-504 13-
I _-—— \ ‘ 572 ¢
o —— . P 7| WASTE HEAT ] PER.
BOILER 3 VESSE
Ej 371 MM BTU/HR I 10 PARA’
, PUMP ! :-:
6 " Freor ] 4
626°F @ Y 257,000 MPH i ¥
. 6260F 5
20867 MPH ;
L8 91,132 MPH s ;
| ' :
¢-505 é) 4i0°F | 2
, P> 150°F 327 PSIA =
EXCHANGER\. > { 5
193 MM BTU/HF - —< | :
o - l ;
426%F wresia / | i
&
%
190°F [ :
TO L~60! vty C—) J-502 ] B
PROCESS WATER
SROp > RECYCLE COMPRESSOR :
443,690 LB/HR c.5i2 1,460 BHP l
EXCHANGER ! %
F-503 ' ;
645 Mt BTU/HR £
€-506 K.0. DRUM ! 2
COOLER 7-0'¢x14-0’ ]
387 MM BTU/HR |
H20 1 :'-‘
2iE,a26 LB/HR ‘ B
=
A ‘
3
E
@
(S PARALLEL TRAINS) ‘;
MO. DESCRIPTION DATE BY K .
REVISIONS } ‘,A
{ -

R CYAITAA WA
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o~y
L

’_&bg ' o |
- fy VS

WASTE GAs —entl-

57,609 LB/HR

—~=D-
sl

11\
T STEAM ¢
|

57,600 LB/HR  p-go3,0-¢

ACTIVATED CARBON DRUMS
13-€ ¢ x:5-0"
S72 CF CARBON
PER VESSEL
3 VESSELS PER TRAIN
10 PARALLEL TRAINS

!

; NOTE: ALL QUANTITIES SHOWN ON THIS FLOWSHEET
ARE TOTALS FOR ALL PARALLEL TRAINS
UNLESS OTHERWISE NOTED.

e

o division of FULLMAN INCORPORATED

} >
N
L THE M. W. KELLOGG COMPANY
N

i

PIPEINE GAS FROM BITUMINCUS COAL

g L 250,000,000 STANDARD CUBIC FEET PER DAY
ety S

SCALE:

; None
: DRAWN: Z;E E? OFFICE OF COAL RESEARCH
— CHECKED.

CONTRACT NO. 14-01-000i-380
.l [DATED: </ /6o
) iISSUED FOR

FABRICATION

L.0. 6026 6026-3-5

e e S ———
AT v fcxEp| ISSUED FOR
DATE a8 CH o}

ket ey CONSTRUCTION CLARE
3NS . » (TEM AREA JOB MUMBER DRAWING NUMBER

* S —

T “on oMmvag = i A



TAELE (1t

Process Siregn Balance

240,000,000 SLED Plagting Gay feom BYiuminous Cogl

P Q [ O Q Q
Teaperature, F 3o 80 180 100 10
bressurca Psla 4Q¢ W.7 15 Jj0 20
Moi, / “Hol, Hol. 7 Hol. Hol, /
Flowe Rate dhsue b oty (Ory) Lb/Hr __‘_‘Iul_g_[_u_r_._ {(Ory) Lb/vr ) Mots/tir,l (O0ry) | to/ite, ] Mols, /itr (Dry) } Lb/tir, | Hois/Hr.d (Ory)
(4] 859,000 30,60 13.5 . .- 486,0001 17,330 16,5 4,380 156 1.0
(0, $35,000] 12,160 13,3 --== |1,108,1hd 25,200 17.61,120,510) 25,460 b,y 667,330 | V706 Q67
oy, 1h1.c00f 6,970 7.6 11,5008 6,970 6.7 1,590 99 0,7
"y 82,0uh} 1,022 44,9 L TR _a- 108,600} 54,322 5.9 166 8) 0.5
", 2,950 155 0.4 §3,250,00¢' 116,000 | 79,0 [3,255,460 116,195 Bt.3 9,950 355 Q.3 17 0,6§ ---
1184 9,350 2718 0.) 9,550 281 0.3 5,550 16} 11
cbs 180 131 om - 430 ) o.00} 253 v oo
0, .- 989,000 30,900 | 2t.0 u6, 600 481 .0 aeee EETTY SR 2
“’3 - —e-- 10, 10 158 ] a-- - 29
G P aee- .a-- .- - .e- p— - . -- T - .- VoEm
— Toorx
Total Ory Gas  |1,0607,62u) 91,425 [100,0 {4,239,000 146,900 |100.0 |i,120,30Q 143,010} 100.0 I, Bu6,604 | 104,725 100.0 [659,2%6 | 15,219.6§100,0 * ax
",0 #32,000! 26,680 46,2000 “,5/0 135,00 13,000 5,000 278 2,882 159 ? ;;‘
T - M I4
Tatal Wet Gas  ]2,089,626]118,16¢ l.,w:.,:or‘{ms,hm 1,656,300 156,050 t,851,60h {105,003 J662,168 | 15,178.6 5o E
S— Tt = i ool E Eg
oae
Strean g @ @ @ @ @ E: 28
Temperature, f 80 626 710 % 100 IS 3
Pressurg. Cala o 325 B 6.1 7 t0lo Poey
Hol . ¥, Hol Bol.3 Hol. X Rot, ¥ to-E
Flow Rate Lb/Hr, | twotg/ve 1 (Ory) Lh/rr, FMol,/Me, (nu)__1 topmr  Morssied (0] togme, | motg/mr g (Dry) ) tbos, 1 Hols/ueR  (Ory) o
<} 478,650 17,068 2106 7, \6f 216 0.9 neee .- - 2,970 § 106 3.6 700 25 0.1
€0, 35,200 800 1.0 13,704 993 3.6 6,460 147] teo.o } 113,500 2,581 88,3 | 28,600 650 2.4
iy, 108,840} 6,004 8.6 16,900 15,34 1 56,1 --e- wee- —.e- 1,070 67 2,) }184,000 | 23,997 § 81.3 .
", 108,364 th,182 | 68,4 15,36 8,180 | 29,9 1h 57 1.9} 4,906 | 2,45} 8.9 a
W 9,922] st | o 9,92 LU B I B " 0.4 ---= 1 9,922 35k 1.3 (13}
"3 eeme —.—- see- EEEE 3,740 110 3.0 aeen a
€0s cenn cne- e-e —een ceen .—-- 168 ) 0.1 ———- —ene
0 caea —.—— caee aee ceae cmee cea-
) enes ——-- aeee 121,584 2,240 | 6.2 —.-e men- “eas ---- “me- aeoe
Tots! Dry Gas 740,976] 79,208 1000 LLh, 7228y 27,167 {l00.0 6,46 Wy 00.0 § 121,573 2,92h.h] 100.0 428,128 | 27,479 Rt00.0 ~ 14
Hyt 198 n 81,000 4,500 19, 40! 1,080 1,660 92 h6h 26 $ ’f
= -d
Tatal Wer. Gas e, 176] 12,219 €25,7280 31,867 | zs,lq 1,222 123,233 3,006.4 428,592 | 27,505 H :
R Sheas
t .
wm
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TABLE 1V

Section-by-Section Material Balance

250.000,000 SCFD Pipeline Gas from Bituminous Coal

Section 200

Lb/Hr.
ioolt:
Cazl +o D-201 1,100,000
Stean to D-201 1,000,000
Air to J-201 . 4,285,200
N,HCO3 recycie to F-202 1,235,824
N62C03 make-up to F-202 18,900
Total 7,639,924
Cutput:
Gas to Secrion 300 - 2,089,624
Melt tg Section 500 895,000
Flue Sas From J-202 4,655.300

Total 7,639,924



Pt e r——

Inout:

i .
Qutdut:

* .
Input:

Qutbut:

30

THE 1.¥. KELLOGG COMPANY PAGE NO,
A DIVISION OF PULLMAN INCORPPORATEN
REsgafcn 8 CrvrioomenT DEBAL Tren T REPORT K. 2!
Section 300
Lb/Hr.,
Gas From Section 200 z,08¢,624
3Fy Quench to D-30i 146,980
Process Water to E-30! 360,000
Total 2,596,604
Gas to Section 406 1,85i,60%
Condensate from £=302 163,000
Bortoms from E-30! 582.000
Total 2,596,604
Lb/Hr.
Gas from Section 300 1,851,604
legenargtive steam to D-403 —57.600
Total 1,909,204
Gas t2 Saction 50C 741,174
Purge gas 662,168
Ces 0 Section &00 447,993
F_5 reacte. with iron oxide ir D=4LO1 260
Wasze gas from D-403 HEZ;QQE
Total 1,909,204
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A DIvISION OF PULLMAN INCOPPORATED KE%‘:{’GG
ARESe AACIH & DEVELOPMENT DEPARTMENT REPORT NO. 71
Section 500
Lb/Hr.
Inout:
Gasg from Section 400 741,174
Qu-pit:
Product gas 428,592
Condensate from F=503 215,446
Condensate from F-504 96,030
Condensate from Fe50E 1,106
Total 741,174
Secticon 600
Lb/Hr.
! nput:
Melt from D=201 895,000
Process water to L-601 606,690
Gas from Section 40C 447,993
Total 1,949,682
Quenur:
Na4C03 Recycle to F-202 1,235,824
Solids purge from L-601 ~ 113,640
Overnead from F-601 25,860
Water from L-602 31,700
Condensate from F-602 L19,426
Purge gas 123.233
Total 1,349,683
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TABLE V

Utilities Summary

250.009.C00 SCFD Piveline Gas from Bituminous Coal

Steam ;

. .. | /

L2D psia, kLg F /

/

A. Generation /
/ Normal Production
Section | tem / Lb/Hr.
200 F-203 Steam Drum 920,600
302 F-301 Steam Drum 233,800
[{ole] F-501 Steam Drum 1,3C4,700
F-502 Steamn Drum 258.C00
2,717,100
8. Consumption
Normal Consumption

Section ltem Lb/Hr.
200 D-201 Gasifiers 1,000,000
400 J-402 Turbine ’ 167,000
Miscellaneous Fluor Recuirements 22,5600
J-L03 Turbine 21,700
Regeneration stean to D-403 £7,600
500 J-501 Turbine 133,100
J-502 Turbine 13,4¢€0
J=505 Turbine 18,900
4-506 Turbine 2115000
600 J-504 Turbine 20,700
1100 N-1701 Turbogeneratcr 1,051.10QC

2,717,100
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REPORT KO. 21

Al

Section

N

0
C

oSO

1

Section

Electric Pcwer

GCercration
| tem
J-201 Generator
N=T101 Turbogenerator
Consumntion
ltem
L-10% Bradford Breaker
L-108 Hammermills
Miscellaneous
J=203 Punp
J=301 Pump
J-503 Pump
J=50L Pump
J=£01 Pump
J=-502 Pump
J=603 Pump
Available

Normal Generation
kv

76,800

85,500
162,300

Normal Consumption
kw

125
1,236
145
161
41
228
45

67
336
2,390

157,532
162,300
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A
Section
1100
8.
Section

200

3C0

Loo

600

1100

Froduction

Cooling Water

|tem

L-1101

Consumption

Cooling Towers

C-506
c-510
C-511
J-501
J-502
J-505
J-506

C-501
J-604

N=11C1

Intercocler
Intercooler

Total Section 2C0
Cooler

Surface Conderser
Surface Condenser

Total Section 400

Cooler

Ceoler
Aftercool~r
Surface Condenser
Sirface Condenser
Surftace Condenser
Surface Condenser

Total Section 500

Condenser
Surface Condenser

Tctal Section 600

Surface Condenser

Normal Production
GPM

241,970

Normal Consump:-ion
GPM

18,200
20,400

38,600
25,406

11,400
1,480

12,880

25,800
3,000
-4,530
9,650
610
1,280
14,400

58,680

33,200

1,410
34,610

71,800
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Cooling Water Consumotién Summary
Normal Consumption

Section Title GPM
200 Gasification 38,600
300 3hift Conversion 25,400
Lo0 Gas Purification 12,880
500 Methane Synthesis . 58,680
600 Ash Removal 34,610

1100 Offsite Facilities 7:.800
Total Consumption 241,970

£. Cooling Water Balance

GPM
Recirculated Water 2k1,370
Make-up Water from river water pumps 21.600
Total Water to Ccoling Towers 262,970
Water Losses in Ceoling Towers 21,000
Total Water to process 241,970
Warm Water returned to river 600
Recirculated water : 241,370

Boiler Feed MWater -

1. 200°F. 15 psia

A. Production
Normal Production

Saxstion {tem . Lp/Hr.
200 C-209 BFW Heater 1,217,980
300 C-303 BFW Heater 1,730,000

2,947,980

3. Consumption .
Normal Consumption

Section ltem Lb/Hr.
300 D~-301 Quench 146,980
1100 De-aerators 2.801,000

2,947,950
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11, 214 F, 15 psia

Lb/Hr.

'Y

Normal Production

2,801,000

Lb/Hr.

Normal Consumption

1,160,000

1,641,002

2,801,000

Lb/Hr.

Normal Production

A. Production
Section I tem
110¢ De-zerators
8. Consumotion
Section | tem
200 £-208 BFW Heater
300 C-302 BFW Heater
'11. L00°F, 420 psia
A, Production
Section | tem
200 c-208 BFW Heater
300 C-302 BFW Heater
B. Consumoticn
Sect ion | tem
200 F-203 Steam Drum
300 =301 Steam Drum
500 F-501 Steam Drum
F-502 Steam Drum

1,160,000

1,641,000

2,801,000

Lb/Hr.

Normal Consumption

949,000
~ 241,000
1,345,000
—266,000

2,801,000




Total Process Water

THE M. w. KELLOGG COMPANY o) PAGE NO. 37
A DIVISION OF PULLMAN INCORPORATED KElégGG
RESEARCH A DEVYELOPMENT DEPARTMENT REPORT HO. 21
Boiler Feed Water Balance
A, Losses frem Svstem
Section ltem Lb/Hr.
200 D=-201 Gasifier Steam 1,000,000
F-203 Blow~Down 28,400
300 D-301 Quench 146,980
F=301 Blow-Down 7,200
koo Miscelianeous Fluor Requirements 22,600
D=L(C3 Regeneration 57,600
500 F-501 Biow=-Down L0,300
F-502 81ow=Down 8,000
Total 1,311,08¢C
B, QRecirculation
Feed Water Make-up 1,311,080
Condensate from Surface Condensers 1,636,900
Tetal Boiler Feed Water 2,947,980
Process Water
A. Generarion
Norma! Generation
Section ftem Lb/Hr.
1100 Process water pumps 803,690
B, Consumption
Normal Consumption
Section 1tem Lb/Hr.
300 Warer to E-~301 360,000
600 Wash water to L=601 Lk3,690

803,590
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TABLE V!
INVESTMENT SUMMARY
PIPSLINE GAS FROM EiTUMINOUS COAL
sasis: 250,000,000 SCFD of Pipeiine Gas
a0 Stream Efficiency
Section Title Bare Cost ==
109 Coal Storage and Preparation $ 4,556,200
200 Sasificctien 56,408,100
30¢C Shift Conversion 3,875,400
Loe Gas Purificctinn 19,909,200
500 Methane Synthesis 10,373,100
6C Ash Removal 4,662,900
11090 0<fsite Facilities 14,431,000

Total Bare Cost
Intercst During Construction and
Contractors Overhead and Profit

TOTAL FIXED INVESTMENT

Workina Caoital

30 days Coai Inventorv

36 days Carbonate Inveaicry
30 days Latalyst lnventory
Catalyst Charge

Accounts Receivable at 1% of

Total! Operating Expense
Total Working Capital

TOTAL CAPITAL INVESTMENT

*Bare cost includes materials, freight, construction iabor, field adminis~
{ration and supervision, insurance during construction, zost of tools, field

$ 114,275,000

20,112,000

S 134,387,000

$ 1,580,000
211,000
73,000
29k, 000

3,730.000
5§ 5.888.000
$ 140,275,000

office expense, and cost of home office engineering and procurement.
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TABLE‘vil

ESTIMATED ANNUAL OPERATING COST

AND GAS SELLING PRICE

P{PELINE GAS FROM BITUMINOUS COAL

Basis: 250,000,000 .SCFD of Pipeline Gas
90% Stream Efficiency

ltem S/Year ¢/MSCF

Bituminous Cozl at $% per ton $17,410,000 21.1
Sodium Carbonate make-up at 1.55¢ per

pound 2,320,000 2.8
Miscellaneous Chemicals 173,000 0.2
Sponge iron make-up 58,000 0.07
Methanation catalyst make-up 743,000 0.9
Jirecr operating labor at $3.20 per

man=hour 1,400,000 1.7
Power credit at 5 mills per kwh (6,240,000) (7.6)
Maintenance at 3% of bare cost _ 3,430,000 4.2
Supplies at 15% of maintenance 515,00C 0.6
Supervision at 10% of operating labor 140,000 0.2
Payroll overhead at 10% of operating

‘abor + supervision 154,060 0.2

Generall overhead at 5C% of maintenance
~ supplies + operating labor + super-

vision 2,740,000 3.3
Plant Operating Expenses 22,843,000 27.7
Depreciation at 5% of fixed investment 6,720,000 8.2
Local taxes and insurance at 3% of fixed
investment 4.030,000 * 4.9
Sub-total 33,593,000 40.8
Contingencies 672,090 - 0.8
TOTAL OPERATING EXFENSE $34,265,000 41.6
20-YEAR AVERAGE TOTAL REVENUE REQUIREMENT $41,500,000

AVERAGE GAS SELLING PRICE 50.3
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. Accomplishnents

V. HECHANICAL DEVELOPMENT

1. Environmental Testing of High-Temperature Materials

Oxidation Test #3 continued in progress to the 846-hour
mark during this report period. At this point the furnace failed and

the test was delayed while awaiting replacement parts. The resultsto
846 hours were as follows:

Morofrax 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 tours, is 0.08 in./year. The sample was
still i~ excellent condition and was ~-eturned to

the reacto- to complete the 1000-hour test.

Monofrax M(High-purity cast alumina with 1.1% Si03). -

This sample also has been in the reagtor 846 hours.
The average overall corrosion rate, baced on 846
hours, is 0.27 in./year. The sample still was in
fairly good condition and was returned to complete
the 1000-~hour test.

Inconel 600 - This sample was placed in the rzactor

at the 500-hour mark. Upon examination at the 846~
hour point, the szmple was found to have corroded

at an average rate of 0.01 in./year based on the 346
hours of testing. .

Morganite Trianale R. R. (High=purity alumina) -

This sample was pleced in the test at the 200-hour=-mark,
Upon examination at the 846-hour point the average
corrosion rate for this sample was found to be C.15
in./year based on the 6LE hours of test.
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tonofrax A still appears an excellarnt choice for the intended
use. Incon=! 600 also shows promise for this atmosphnere. The inconel
600 has not, however, been subjected to metallographic examination,
ard could be subject to microscopic penetration.

2. Gasification Rate Testing

Tne & 1/L inch reactor has been used for gasificatic

rate testing with bed heights of 4'' ard 8'". The results of
these tests are reported elsewhere in this report by Process
Research as nart of their work on gasification rate testing.

3. Mechanical Characteristics Testing

A series of tests was conducted in the & 1/4' - 1.D,
reactor used previously for corrosion and gasification rate
testing to determine bed expansion of molten sodium carbonate
with various superficial velocities of steam, nitrogen, and
carbon dioxide. The effect of carbon level and ash corcen-
tration on ved expansion were also explored. Expansion of
the hed with continuous coal feed with 7% ash and 4% carbon
fevel in the bed was investigated.

All the above experiments were conducted with the reactor
top removed to allow observation of the bed and permit measure-
ment of hed expansion by use of a dip stick.

Figure 5 shows the effect of superficial velocity on bed
height of molten sodium carbonate using steam, nitrogen or
carbon dioxide as the fluidizing gas. Figure 6 displays the
same ~'ormation as a percent expansion.

It is interesting to note from these curves that nitrogen
appears to give a 10 to 20 percent greater bed expansion for a
given superficial velocity than either CO, or steam. Due to
the obvious inaccuracies of measuring a bubbling bed height
by a dip stick method, the data should be taken to indicate
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 + 10%; however, in
extreme cases at the higher superficial velocities, variations
of + 25% were noted.
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Figura 7 shows the effect with time of additions of 1, 2, 3
anc¢ - weight percent of coke in a molten sodium carbonate bec being
agirated by nitrogen at 0.1 feet per second cuperficial velocity. The
cata indicates a rapid increase in bed expansion possibly resulting
frem lioeration of voiatile matter in the coke. After approximately
four minutes, the bed level returned to tne level produced by the
acitation gas. A higher superficial velocity of 0.5 FPS was introduced
a®zer 10 tc I15 minutes of each run to .establish its effect with carbon
level. No significant variation was notec with carbor content. It
therefore appears that, within the ronge of up to & percent carbon, care-
hor has little effect on bed expansion.

The effect cf adding i, 2 and L weignt percent of coke :to
a 7-inch high bed of molten sodium carbonate under simulated gasifica-
tion conditions is shown on Figure 8. In general, a rapid expansion
o® the bed occurred follcwcd by @ gradual declima. The decline appears
more gradue! for the higher percent coke addition as would be expected,
It is somewhat surorising to note that a greater maximum bed expansion
was obtained with the 2 percent than with the 4 percent coke addition.
Here agair the difficulty of measuring a bubbling bed may explain the
cifference. Also, t-e bed may have been pre-conditioned in some manner
by the previous additions of 1 and 2 percent coke; although, approxi-
mately one hour was allowed between runs tc complete gasification,

Figure 9 shows the effect of ash concentration on bed expan-
sion. Ash concentrations of 2, 5 and 8 percent were-tested by addition
of L percent coke under simulated gasification conditions (0.1 FPS
superficial velocity N; and 0.9 FPS SPV steam). As can be seen, the
ash concentration appears to have little effect on maximum bed expansion,
Howvever, it does appear to significently increase the time for maximum
expansion to develop anc extend the curation of maximum expansion. It
is of interest tc note that ire maximum bed expansion is neariy 240
percent uncer the conditions of this test. -

Figure 10 provides the results of an exporiment to determine
bed expansion under conditions simulating continuous operation on coal
feed at a rate of 15 lbs/hr per cubic foot of quiescent melt. The
2sh concentration in the carbonate bed was 7 percent at the start of
the experiment but probebly increased to nearly 8 percent at the con-
clusion as a result of the continuous coal feed. A L percent initial
carbon level was obtained by coke addition at the start of the experi-
ment and accounts for the early peax of 1“e plot. Continuous coal
feed was started five minutes after the initial coke addition. The
plot after 30 or 40 minutes irdicates that a bed expansion of about
100 percent could be expected under continuous steady-state conditions.
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Projections

1. Environmenta! Testing of High Temperature Materials

Oxidation Test #3 wil! be continued to 10006 hcurs as soon
as the regquired furnace garts are received., Upon completion of this
test, anrther corrosicn test will be bequn in the same reactor. 7his
new test will, however, be conducted in a reducing atmosphere but
without carbun feed, a gas mixture being provided to simulate the
gasification conditicns, The purpose of this new test will! be to
investigate the effact of zorrosion on joints between blocks of
Honofrax 'AY,

2. Gasification Rate Testing

No further rate testing is proposed for the & 1/4" reactor.
Proccess hesearch is continuing this work in their two-inch reactor.
T

3. Mechanical Characteristics Testing

Work will continue on the iarge-diameter reactor and
its supports. Delivery of the furnace is expected in July and
experimentoazion should proceed by early August.

A suitable simulated melt material will be sought for
future circylation experiments to eliminate the obvious disadvantage
of working with molten sodium carbonate at temperatures in the
neighborhood of 18C0°F, ’

The & V/b4-inch . D. reactor will be modified to permit
experimenta2tion with melt quenching. A model melt quench tower
will e designed and constructed. Grinding requirements for the
cuenched melt and its disselving rates will be determined in this
rmodel to aid in the design of future pilot plant equipment.
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VI. MANPOWER AND COST ESTIMATES

Figure 1! shows the projected breakdown for Phase | for 1966
as well as the actual effort that was nade. It can be seen that a
13.0 man-effort was mace during April.

Figure 12 shows the expenditures during April
$22,765 was expanded, not including fee ¢ 2 G & A,
ditures through April were $409,194.
tota! expenditures were $468,3902.

For the month
The total expen-
tncluding fee and G & A the

This is 78% of the encumber d funds.
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