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I. SUMMARY-

) This progress-report is the thirty-first since the
awarding of the contract. It is concerned with the first phase
of the contract and summarizes the progress that has been made
in the three principal areas now being studied: process research,
chemical engineering studies and mechanical development,

Nine new combustion runs were made with anthracite
to determine the effects on rate of varying air pressure, super-
ficial gas velocity and ash content (and type.) As was the
case for bituminous, air pressure in the range of thpee to
eight atmospheres was found to have no effect on the combustion
rate of anthracite, Increasing the superficial air velocity
from 0.5 to 2 feet per second resulted in an increase in rate
of almost 50 percent,

In making these studies it was found that ash formed
in situ, i.e, mcterial left in the meit from combustion, was
more effective in increasing combustion rate than ash formed
exterrally. This effect has been attributed to a difference in
sulfur (or sulfate) content of the two types of ash. Sulfate,
of course, has previously been shown to be an effective catalyst
for the combustion process,

Five new runs have been made using a gas sampling
probe to determine the efficiency of combustion to carbon dioxide.
Considerable variation in this efficiency was observed as a
function of carbon level, but in all cases the carbon monoxide
content of the gases just above the melt surface was less than
15 percent of the total carbon oxides.,

A preliminary pilot plant process design has been
completed and was turned over to the Mechanical Development group
for review. In the course of preparing this flowsheet, a list of
process questions was developed in an effort to determine the
areas where further bench-scale experimentation is warranted.
Development of such programs is now underway.

Capital cost estimation of hydrogen flowsheet was
continued znd is now near completion, In addition, work was
contirued on the preparation of the design of the synthesis gas
plant. ’

Additional experiments have been carried out to deter-
mine the time required to degasify a melt which has been aerated
with carbon dioxide at velocities up to three feet per seccnd,
Most of the degasification takes place within 10 to 20 seconds
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regardless of the aeration velocity. These results indicate
that a relatively small stilling section will be adequate to

keep cross-flow contamination of the gasifier to an acceptable
level.

Further work has been done on melt circulation to
extend the predictionsto the zero 1ift condition contemplated in
the pilot plant design. These results indicate that the pre-
viously used prediction methods are in reasonable agreement with
the results obtained for water and a 100 cp. glycerine-water
mixture. These prediction methods are presently being used to
determine the circulation rates and to size the melt transfer
lines for the proposed pilot plant.
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II., PROCESS RESEARCH

A. Accomplishments

Anthracite has been used to study the effects on
combustion of air pressure, superficial gas velocity, ash formed
in gitu, and the composition of the product gas by use of a
probe. The results of these experiments are shown in Tables 1 and
2,

1., Effect of Air Pressure on Combustion of Anthracite

It was previously shown that air pressure in the range
of 1 to 8 atmospheres had no effect on the combustion rate
of bituminous coke (Progress Report No. 27, 10/31/66}.

It I3 now shown that runs with air pressures of three
(Run 165) and eight (Run 160) atmospheres gave the same
combustion rate of about ¢ 1lbs. C burned/hr,/cu.ft, melt for
anthracite, It was found absolutely essential that condi-
tions be identical, especially with regard to the level
of ash and/or sulfate buildup in the melt, Runs 161, 162,
163 which used the same melt, but which varied the pressure,
showed increasing rates of combustion with increasing ash
content as is seen in the following tabulation,

Combustion Rate

Run $ Ash in Melt Pressure-psia ibs. C/hr/cu,ft.melt
160 2,0 121 9
161 2.6 is 1y
162 3.2 LS 22
163 3.8 15 22
165 2,0 46 9

Although going from 2,0 to 2,6% ash appeared to improve the
rate frem 9 to 14 lbs. C/hr-CF one other factor must be taken
into account. Sulfur, as sulfate, has an exceptional catalytic
effect cn the combustion of carbon (Progress Report 28,11/30/66).
Anthracite has 0.52% sulfur content (ultimate analysis, dry
basis) which, if all present in the ash, would correspond to
4.4%. However, the actual sulfur content of the ash is only
0.24%, indicating that a considerable amount of sulfur is
driven off during ashirg. When anthracite is charged to '
molten sodium carbonate in nitrogen and then burned, the amount
of the total sulfur that remains in the melt and forms sulfate
ie an unknown entity. Although the changes in combustion rate
are pragently related to the ash level in the meli, a better
correlation must exist for sulfate content, In effect, it
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appears that the ash added in situ, by the anthracite is
congsiderably more effective in increasing the rate than

the ash added from externally oxidized anthractie (as in

Run 160). This suggests some sulfur above that present in
the pre-ashed material is retained by the alkaline melt.

2. Effect of Superficial Air Veleccity on Combustion of
Anthracite

The remaining runs in Table 1, 165 to 168, attempted
to determine the effect of superficial air velocity on
the combustion rate of anthracite. This was done with
fresh melts of sodium carbonate and 2,0% externally
produced anthracite ash for each run, The results show

a slight, but positive, effect of superficial air velocity
on the combustion rate,

Run SGV=-ft,/sec, Combustion Rate
167 0.53 7.1
165 . 0.98 8.6
l68 2,0u 10.3

It is difficult to reconcile this small effect of
velocity and the large effect of melt height with a dis-~
tribution problem of the carbonaceous golid as wag done
with the gasification studies., Nevertheless, it is
believed that distribution of the carbon particles is still
a problzm, but, that the size of the air bubbles (as a
function cf bed depth) is considerably different than the
steam bubbles or that the film through which diffusion of
oxyzen and products occurs is grossly different than the
film for steam-carbon reactions,

3. Probe Experiments on Anthracite Combustion

The experiment reported in October 1965, in which a
probe sampler was used to determine the composition of
the combustion gas directly above the melt before excess
air could oxidize carbon monoxide led to the conclusion
that carbon monoxide did exit from the melt but that the
amount decreased to nil when the carbon concentration in
the melt became about 3.5% or less. The same CO, - cooléd
probe has been ugsed in a series of five axperine&ts.
Runs 169 to 173, to obtain additional data in this crucial
and important area., This probe was placed 8.5 to 11 inches



Run Wo. H-
Dets 1967

Taed
% rixed Carbon
% Totsl Carbon
% volatile Katter
% Ash
Oms. Charge
Nesh 8ize
% Carbon in Melt - Initial

Nelt

% Ash in Nelt
Baight - Inches

Sonditions
Temp. °P - Initied
- Averzge (2)
- paximum
Pressure - psio
Sup. Gas Vel, - ft/esc
Run Time - min
Mr Rate - litem /min

Rssults - Product Gas
% Cog - S min
= 38 sin
- epd
% Oz - 8§ mnin
- 33 min
- ond

Combustion Rate Constant
« Pixed Carbon Consumed

Rate -~ tbs C/hr/cu £t at 4% carbon init.

% Total Carbon - Devolatilized
= Combusted
- Laft +'Losse

Ry

STMMARY OP COMBUSTION RUNS IN MOLIEN SODIUM CARBOMATE (1)

160 161 182 163 164 . 16% 166 167 168
1/18 /a7 1/30 1/31 2/2 2/6 L2/ 2/13 2/1%
- Anthracite >
- - >
) 99.0 .
< 3.9 -
> 11.7 3
" 21.35 »
< 12/20 >
< 4 >
405.7 {3) ”) 3) 405.7 405.7 405.7 405.7  405.7
8.3 - - - 8.3 8.3 8.3 8.3 8.3
2.0 2.59 3.17 3.76 2.0 2.0 2.0 2.0 2.0
4 4 4 4 4 4 4 4 4
1844 1844 1845 |, 1844 1841 1843 1845 1845 1845
1034 1847 1856 1655 1840 1840 1839 1640 1038
1846 1867 1680 1877 1857 1852 16862 1638 1865
120.% 15 44.7 15 1s 45.% 45.0 44.0 45.0
. 1.02 1.29 1.03 0.95 1.07 0.98 1.61 0.52 2.04
3s 60 30 15(4) 10(4) 65 60 80 60
69.4 10.8 26.0 7.9 8.9 24.9 40.7 19.7 51.8
1.0% 8.6 5.1 17.0 6.9 2.6 1.7 3.4 1.38
0.8 2.7 - - - 1 3.1 1.0% 3.0 0.75
0.6 0.7 1.1 12,8 6.3 . 0.8 0.42 0.9 0.4
19.3 1.8 15.3 4.0 13.5 10.0 10.5. 17.8 19.0
20.5 17.8 - - - 19.0 19.5 18.0 19.9
20.3 19.6 19.8 9.5 13.8 20.0 20.5 20.3 20.6
0.7 1.18 1.09 1.85 1.12 '0.73 10.77 0.60 0.87
100 101 99 74 3 98 97 101 99
8.9 13.9 22.3 21.9 11.2 8.6 9.2 7.1 10.3
10.0 16.3 17.4 22.) is5.0 15.0 13.1 12.2 14.5
90.2 B4.4 21.9 51.4 18.1 83.3 3.9 88.8 84.2
- - 1.0 26 67 1.7 3.0 - 1.3

(1) In 2-iuch I.0. Inconal reactor; cosl charged into ¥, at 0,1 £t/sec SGV and hold § minutes bafore air in.

{2} Avorage temperature in 350X carbon consuned perliod.

{3) Rausod meic croi yravious run,

(4) Run terminated aue t» plug- in outlot of condenser.

“oes pedey
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from the bottom of the reactor while employing the
normal 4 inch quiescent bed depth. Splashing of the
melt into the probe nozzle did cause plugging diffi.
culties in the first three runs.: At a height of 11
inches, the least amount of plugging occurred. A
summary of the runs ig presented in Table II and dis-
cussed below,

Table II shows that the first run, with 4% carbon
initially, gave only a trace of CO aftzr 5 minutes of
combustion, Direct reaction of ths anthracite and
the melt lowered the carbon levzl to about 3.3% before
air was introduced. Difficulty with sampling was experi-
enced so that the probe anzlyses at 5 and 10 minutes are
not too reliable. The use of 6% carbon initially in the
succeeding runs was adopted to be able to follow carbon
concentration in the melt and carbon monoxide concentra-
tion in the product gas over a wider range. With each
charge cf anthracite, the sulfur and ash level in the
reused melt became greater, This increased the reaction
rate, thus enabling probe samples to be taken over a
range of rates, from 6 to 17 1bs. C burned/hr./cu.ft, of
melt and to as low as 1.5% oxygen in the combustion gas.

The table shows that an appreciable amount of
carbon reacts in the devolatilization period (no air)
and that the devolatilized gas is rich in carbon monoxide.,
This is a desirable situation, since this will occur in
the gasifier where the coal is fed., Only the devolatilized
coal wiil circulate to the combuster for air oxidation.

Figure 1 presents the relationship of percent carbon
monoxide in the product gas carbon (i. e., CO x 100/C0 ¢+ CO
and the percant carbor left in the melt., Naturallv, con-
siderable variation in the results (saw toothed curves) is
evident. Notably, in the 3 to 5% carbon level in the melt,
the amount of carbon monoxide is of the order of 6 to
13% of the total carbon oxides produced. Below 3% carbon
in the melt, carbon monoxide is less than 6-7% of the total

oxides. Even the probe samples, taken 2,5-3 minutes after

the air was turned on, showed only 7.4 to 12.2% CO in the
carbon oxides (not shown in Figure 1). Such CO ievels in
the commercial unit would not result in a gignificant cost
increase due to the efficiency loss.

?

)
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It is concluded that the melt does a reascnably
efficient job in conversion of carbon to carbon dioxide
in the 2 inch test unit. t 1is felt that the sodium
carbonate catalyzes the reaction of carbon monoxide to
carbon dioxide. In addition, it is anticipated that
the presence of steam in the air will further catalyze
thé CO to CO, reaction as is known in the literature(l)
as well as catalyzin% ;he overall conversion as pre-
viously demonstrated 2),

B, Projections

It is planned to determine the effect of 20% CO
in air on the combustion rate of anthracite. The determiﬁation
of the effect of the concentration of sodium sulfate in the melt
on the combustion of coke will be completed, Attempts will be
made to enhance the rate of gasification of anthracite.

(1) Lowry, H., H., "Chemistry of Coal Utilization", Supplementary
Volume, pgs 776, Wiley and Sons (1963),

(2) Progress Report 14, September 30, 1965.
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TABLE Iy
ANYHRACITE COMBUSTION RUN SUMMARY USING PROBE sAMPLER (1)

Aun Wo. M- 169 170 171 172 1713
Dats 1967 V2% 2/17 2/20 2/11 2/22
Anthracite ~ gus 21.3% 32.03 32.00 32.03 12.03
X C in Melt 4 6 6 6 %
NayC03 ~ gms 405.7 (3) (3} (3) (3)
Ash - gms 8.3 -~ - - -
% Ash in Melt 2.0 1.5 1.5 4.35 5.5
Temp. °F - initial. 1841 1834 1837 1844 .1845
- average (2) 1840 1840 18do 1840 1840 i
- maximum 1853 1870 1871 1871 1890 x
prassure - pela 15 13 15 15 15 !.
Sup. Gas Vel.-- ft/ssc 0.94 0.88 0.95 0,98 0.90 »
Run Time - min 10(4) 40(4) 17 (4) 50 52 4
Alr Rate - 3 Agtn 7.8 7.3 7.9 a.1 7.5 E
Spec. Rate Constant 0.50 0.65 1.03 1.45 1.40 %
Rate - lbs C/hr/cu ft 5.9 1.2 12.2 17.1 16.5
X Total C - Devol. 17 ] 17 20 20 1
Comb. 15 sg 40. 79 79
Left &8 K1} 43 1 1
Gan Analyses .
pevol. Ges - X CO 27.5 10.4 a.2 37.4 4.7
% €0, 12.2 6.8 9.4 12.0 10.5
probe - Time - min - 2.5 3 2.5 2.5
% co - 0.85 1.7 2.4 2.0 %
% 03 - 10.7 13.6 17.2 16.%
x 02 - 8.2 5.4 1.3 1.7
Tim - min s s 5 s 5
% co tr 0.99 1.8 2.6 240
% 00y s.7° 13.2% 14.0 17.5 17.8
% 02 13.5 6.5 5.4 1.6 1.6
Time - nin 10 10 12 15 11
% o tx 1.1 0.7 0.9 1.1
X c0, .3 9.7 13.5 14.0 15.8
%0, 16.2 10.6 6.9 7.7 2.8 ;
probe Height - in. from btm. 8 ;

1) xm 2-inch I.D. Inconel reactor; coal charged in Nz at 0.1 ft/sec SGV and held S minutes bsfore air in.

w
3
(-]
[
™
-
>
-
-
T e bedey

{2} average temperature in rate determined period.
(3) Reused melt from prqvloul cun.

(4) Run ended due to plug in probe. M 20 —PouA
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FIGURE

RELATIONSHIP OF CARBON MdNOXIDE CONTENT
IN
PROBE PRODUCT GAS TO CARBON LEVEL IN MELT FROM
ANTHRACITE COMBUSTION

14 LI 1O Y O
CONDITIONS |
H=172 n
1840°F -
: | ATM ABSOLUYE PRESSURE |-
t2 > 1 FT/SEC SGv »
i 2.5-5.3% ASH -
/| 6% CARBON INITIAL n
+ n H=173 }  INCH BED |
i e i
10 A -
15 a7
= v ——
13 Y
HE !
jz 7 y
8 é ; [ LY ;\—-% \
S /
| > X ki
e R
1S+ B-170 ]
- o= »
8 E 3 ! it
o f { ‘\ 7 ‘\
o yimal N
Ho 11/
H i : 1 I A
hE
4 E %:"
- =: {
i
[
1
\ \ L
\ 4
2 um { ! / 11
1
\ ¥
| PEE
PERCENT CARBON IR MELT -+ A
Po) S IO L T S N N D 0 TS Y DN O

L S 4 3 2 ! o



THE M. W, KELLOGO COMPANY Page No. .. 30....-

Desertment :

Report Mo. . .31

III. CHEMICAL ENGINEERING STUDIES AND DEVELOFMENT

A. Accomplishments

1. Pilot Plant Design

A preliminary process design of the one-ton-per-hour
gasification pilot plant has been completed, The flowsheet
has been turned over to the Mechanical Development Department
for sizing of the melt transfer lines and for estimation
of the required amounts of the 1lift gases (air and steam)
needed to circulate the melt at design rates. Further
study of this flowsheet ig continuing in an effort to "fix"

a final process design as soon as possible,

A list of process questions has been drawn up in an
effort to delineate those areas where additional experi-
mental work is required before commercialization of the
process. It is also anticipated that such a list will
serve as a basis for planning the future Process and Mechanicel
Research programs in order that the pilot plant may be
built and operated with the highest degree of certainty.

2. Flowsheet Studies

Capital cost estimation of the hydrogen-from-coal plant
continued through February and costs of essentially all of
the major process equipment have been obtained. Estimation
of the erection cost 1s now underway. The major delay in
determining this cost has been due to conflicts in schedul-
ing in the Estimating Section - a section available to alli
phases cof the Research Department. !lowever, these problems
have now been cleared up, and there should be no difficulty
in proceeding through to completion of the estimate.

Work on the design of a plant capable of producing
synthesis gas from bituminous ¢ocal has alsoc continued,

B. Projections
l. Pilot Plant Design

Modifications to the pilot plant process design will be
made in accordance with the present review and the sugges-
tions made by the Mechanical Development Department, Complete
equipment specifications of the items on the final flowsheet

will then be made so that the process can undergo a compiete
mechanical design.,
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2. Flowsheet Studies

Work will continue 2nd hopefully conclude, on the
cost estimation of the hydrogen plant. Gas costs using
this figure will then be calculated.

Process design of the synthesis gas plant will also
continue during March,
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IV. MECHANICAL DEVELOPMENT

A, Accomglishments

1. Mechanical Characteristics Testing

" Additional tests have been conducted to determine
degasification time for a molten sodium carbonate bed
with eight percent ash, Carbon dioxide was used to
aerate the bed at superficial velocities up to three
feet per second in the test apparatus previously used
to determine melt bed expansion.

The electrical dip stick was placed at various heights
above the bed and the time was measured from the time the
gas supply was shut off until contact was broken between
the melt and the dip stick. The results of these tests
are shown on Figures 2 and 3. As can be seen in Figure 3,
the degasification time sharply increases below a 1/2-
inch gap. :

The data indicates the majority of degasification
takes place within 10 to 20 seconds regardless of the
aeration superficial velocity. Complete degasificztion
would appear to take in the order of two to five minutes
based on extention of the data to zerc gap. A 1l/2-inch
gap represents a contamination level of 0.007 cubic feet
of gas per cubic feet of melt and is within the acceptable
limit presently set. Thus, a stilling section providing
10 to 20 seconds hold-up would appear adequate to reduce
the cross-flow contamination to an acceptable level,

2, Melt Circulation

Both experimental and analytical work has been done
to extend melt circulation predictions to the essentially
zero lift condition contemplated in the pilot plant design.
Figures 4 and 5 show the results of this work. On Figure 4
it is interesting to note that maximum flow rates are
obtained with air lift superficial velocities between two
and five feet per second and that significant reductions
in flow rate are obtained only below two feet per second
for water and one foot per second for the 100 cp. mixture,
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The analytically predicted flow rate for watsr at
five fps air lift superficial velocity was exactly that
obtained experimentally. For the 100 cp. mixture the pre-

dicted value was approximately 35 percent below the actual

value which was to be expected based on previous calcula-
tions,

As a result of this work, we are prepared to predict
melt circulation rates and size transfer lines for the
propcsed pilot plant. A computer program is being prepared
to assist in the necessary prediction calculations.

Projections

1. Mechanical Characteristics Testing

An experimental test setup to determine entrainment
in the aeration gas exiting a sodium carbonate melt bed is
being constructed. Firure 6 slhows the propcsed test setup.
Temperature measurements will be taken along the leagth of
the outlet linc so that if carry-over deposits are found
at particular locaticns a deposit temperature can be
obtained. Total carry-over will be determined by weigh~
ing the exit line and filter bafore and after eack run.
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